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An undecasubstituted chloroiron corrolate, octamethyltriphenylcorrolatoiron chloride, (OMTPCorr)FeCl, has been
synthesized and studied by X-ray crystallography and *H and *C NMR spectroscopy. It is found that, although the
structure is slightly saddled, the average methyl out-of-plane distance is only 0.63 A, while it is much greater for
the dodecasubstituted porphyrinate analogue (OMTPP)FeCl (1.19 A) (Cheng, R.-J.; Chen, P.-Y.: Gau, P.-R.; Chen,
C.-C.; Peng, S.-M. J. Am. Chem. Soc. 1997, 119, 2563-2569). In addition, the distance of iron from the mean
plane of the four macrocycle nitrogens is also smaller for (OMTPCorr)FeCl (0.387 A) than for (OMTPP)FeCl (0.46
A). The H and *C NMR spectra of (OMTPCorr)FeCl, as well as the chloroiron complexes of triphenylcorrolate,
(TPCorr)FeCl; 7,13-dimethyl-2,3,8,12,17,18-hexaethylcorrolate, (DMHECorr)FeCl; 7,8,12,13-tetramethyl-2,3,17,18-
tetraethylcorrolate, (TMTECorr)FeCl; and the phenyliron complex of 7,13-dimethyl-2,3,8,12,17,18-hexaethylcorrolate,
(DMHECaorr)FePh, have been assigned, and the spin densities at the carbons that are part of the aromatic ring of
the corrole macrocycle have been divided into the part due to spin delocalization by corrole — Fe st donation and
the part due to the unpaired electron present on the corrole ring. It is found that although the spin density at the
B-pyrrole positions is fairly similar to that of (TPCorr)FeCl, the meso-phenyl-carbon shift differences on — J, are
opposite in sign of those of (TPCorr)FeCl. This finding suggests that the radical electron is ferromagnetically coupled
to the unpaired electrons on iron, rather than antiferromagnetically coupled, as in all of the other chloroiron corrolates.
The solution magnetic moment was measured for (OMTPCorr)FeCl and found to be uer = 4.7 £ 0.5 ug, consistent
with S = 2 and ferromagnetic coupling. From this study, two conclusions may be reached about iron corrolates:
(1) the spin states of chloroiron corrolates are extremely sensitive to the out-of-plane distance of iron, and (2)
pyrrole-H or -C shifts are not useful in delineating the spin state and electron configuration of (anion)iron corrolates.

Introduction functions essential for life, and the elucidation of both the
geometric and the electronic structures of these compounds
és of paramount importance for the detailed understanding
of the complex mechanisms of biological systenfairther-
more, the possibility of mimicking the complex chemistry
exhibited by metalloporphyrins in living organisms with

The investigation of porphyrins and their metal complexes
is an intriguing arena for researchers, because the richnes
of the properties of these compounds is of interest to
scientific disciplines ranging from medicine to materials
science:? Metalloporphyrins in living systems play many
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synthetic models opens the possibility of exploiting them in
a wide range of different applications, from medical fiélds
to catalysts and sensdrs.

their bis-imidazole complexé$,as well as their complex
formation with and autoreduction by the cyanide téand
we unambiguously showed their characterization as Fe(lll)-

This appealing scenario is even more enriched by the Corr(2—s) z-cation radicals. A more detailed study, cor-
preparation of porphyrin analogues, that is, macrocycles with roborated by magnetic susceptibility, NMR, and $8bauer

modified molecular skeletorfsThese porphyrin analogues

spectroscopies, as well as DFT calculations, showed that the

are interesting from both theoretical and applicative points data were only consistent with the chloroirgroctaalkyl-

of view, because they allow investigation of the structure

property relationships and, consequently, the rational modi-

fication of a metal derivative for a specific application.
Among the plethora of porphyrin analogues reported in

the literature, corroles have received increasing attention in

the past few years.® The reason for the interest in these

porphyrin-related macrocycles is mainly due to the coordina-

tion chemistry of corroles, which show unique and intriguing

corrolates having the electron configuration Fe(lll) corrolate-
(2—e) m-cation radical, while for a phenylirofi-octaalkyl-
corrolate, the results indicated the Fe(lV) corrolate)(3
formulation, although in this case, the corrole also behaves
as a noninnocent ligand, with significant positive and
negative spin densities at various sites on the macrocycle,
where the sum equals zero.

Significant input into the characterization of metallocor-

behaviors that are clearly distinguishable from those of rolate complexes has been the definition of synthetic routes

porphyrins. The electron configuration of metallocorrolates

for the preparation of 5,10,15-triarylcorrof€s3! In this case,

has been the focus of particular attention because the formaff fact, corroles can be prepared in gram quantities by using
oxidation state of the coordinated metal in corrole derivatives facilé synthetic procedures from commercially available

is sometimes higher than that of the corresponding metal-

loporphyrinates®'! However, the noninnocent character of
corrole ligands makes difficult and elusive the exact defini-
tion of the electronic configuration of some metal deriva-
tives!? Recent careful analysis & NMR data has greatly
helped this definitior}?

The seminal work in the field of iron corrolates was the
report of the Vogel group on iron derivatives of 2,3,7,8,-
12,13,17,18-octaethylcorrole (OECott)n these complexes,
the formal oxidation state is Fe(lV), and this feature is
particularly intriguing because Fe(lV) porphyrinates have

been proposed as reactive intermediates in some enZymes.

It was thus interesting to determine if Fe(IV) could be
stabilized when coordinated to corroles. However, the

starting materials; furthermore, different substituents can be
introduced both at thg-pyrrole and at themesecarbon
positions, thus allowing a fine-tuning of the electronic
characteristics of the corrole ligand.

We have reported studies of a series of chloroiron
triphenylcorrolates byH and'°F NMR spectroscop§?3the
results obtained showed that in all of these complexes,
including the chloroiron tris(pentafluorophenyl)corrolate, the
electronic structure is Fe(lll)Corr{2). In contradiction to
these results, Gross and co-workers claimed that there is
“...no indication for corrole radicals” but rather simply stated
that the chloroiron complexes have the Fe(IV) corrote(3
electronic configuratiod* More recently, this group has
claimed that all halogen anion iron triphenylcorrolates contain

characterization of these iron corrolates did not completely (16) caj s.: walker, F. A.; Licoccia, Snorg. Chem 2000 39, 3466-

elucidate their electronic configurations, because two dif-

ferent structures are compatible with some of the experi-

mental data: Fe(IV)Corr(3) or Fe(lll)Corr(2—e), where the

macrocycle is a one-electron oxidized radical. We contributed

to this field by reporting and interpretidgl NMR and EPR
spectroscopic data for chloroirgtioctaalkylcorrolates and
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Fe(lV), on the basis of the changes in pyrrole-H shifts as a electron configuration® These complexes, as the nonco-

function of the halide iod® In particular, this group has

ordinating CIQ™ salts, have extrapolated pyrrole-H chemical

assigned and compared the pyrrole-H shifts of the four halide shifts of about—45 ppm at 25°C.38 Note that only the

complexes of haloiron triphenylcorrolates (16, +3, —4,
=3l ppm; CI: +3,—-8,—3,—34 ppm; Br: —4, —14, -2,
—35 ppm; I': —24,—26,+1, —36 ppm, respectively, at 20

iodoiron triphenylcorrolate of the haloiron sefefas an
average pyrrole-H shift in this range at ambient temperatures.

As mentioned above, fo6 = 1 Fe(lV), the electron

°C, listed in the order 2,18-, 8,12-, 7,13-, and 3,17-H) to configuration is expected to be eithe(yzdledyzl or d(zzdyzldxyl,
those of the halomanganese(lll) tetraphenylporphyrif&ates while for S = 3/, Fe(lll), the electron configuration could
and have noted that the pyrrole-H chemical shifts becomebe either @?2d,'d,'d2t or d?d, dy'd2t. For the first
larger in magnitude upon going through the series F, Cl, Br, configuration of each of these oxidation states listed, there
13 and that the same thing happens for haloiron(lll) is one unpaired electron in each of tiesymmetry orbitals,

porphyrinates, although the signs of the shifts are oppésite.

On the basis of this similarity, which did not include the

dy; and d, while in the second configuration of each, there
is only one unpaired electron present, which is shared

actual chemical shifts, or even their signs, they concluded petween the two dorbitals. Such dunpaired electrons can
that the electron configuration of the haloiron triphenylcor- be readily delocalized to the-symmetry orbitals of the

rolates is that of Fe(IV) Corr(3).3® However, the oxidation

corrolate macrocycle that have a nodal plane between two

states and electron configurations of these systems differ,opposite nitrogens, that is, those that would be called the

with halomanganese(lll) porphyrinates beirfgSi= 2, with
the electron configuration beingAtl!d.,'d2%; haloiron(lll)
porphyrinates being®lS = %/, with the electron configu-
ration being dd,*dy'd2'de- 2t and the supposed haloiron-
(IV) corrolates being 4§ S= 1, with the electron configu-
ration being either gdtd,* or dd, dyt. The first two of

3e(r) or 4e(r) orbitals of a porphyrin ring. In comparison,

if the macrocycle is planar, or at least not ruffled, no
delocalization to the corrolate is expected as a result of an
unpaired electron in the ,gd orbital®® All chloro- and
phenyliron corrolate structures reported previously exhibit
no ruffling of the macrocyclé**°Thus, for the three lowest-

these three systems have pyrrole-H chemical shifts that differenergy d orbitals of botls = 1 Fe(IV) andS = 3/, Fe(lll),

by ~110 ppm 30 and+78 ppm, respectively, at 3%C)
and different patterns of spin delocalization, withspin
delocalization from the,d.2 electron having a marked effect

only the d, unpaired electron(s) is (are) expected to be
involved in spin delocalization to the corrolate ring, by Corr

— Fe s donation to the half-filled d orbital(s). However,

upon the chemical shifts of high-spin Fe(lll) porphyrinates as we will show below, th&= %, Fe(lll) state also has an
in comparison to those of Mn(lll) porphyrinates, where that unpaired electron in theabrbital, and this unpaired electron

orbital is empty?®

has important consequences for the pattern of spin delocal-

The haloiron triphenylcorrolates, on the other hand, with ization observed for complexes 8f= 3/, Fe(lll) as compared
the pyrrole-H chemical shifts given above, have average to S= 1 Fe(lV).

pyrrole-H chemical shifts that vary widely with the halide,
with [Dpyr—nO= —9, —21, —27.5, and—42.5 ppm for the
F-, CI7, Br7, and I complexes, respectively, while for the

Six of the frontier orbitals of the corrolate macrocycle,
plus the two d orbitals of the metal, are shown in Figure
1A% The four lowest-energyr orbitals are usually filled;

Mn(lll) and Fe(lll) tetraphenylporphyrinates, the chemical the two d, orbitals contain either two or three electrons,
shifts vary by less than 2 ppm through the series, at a given depending upon electron configuration, while theg*)-
temperature. ThUS, it is difficult to ascertain how the authors like orbitals are empty Sp|n delocalization can occur from
could come to the conclusion that a simple comparison of the metal d orbitals to the corrolate ring by Corr Fe

chemical shifttrendsfor three different metal complexes,

donation utilizing the3e(r)-like orbitals, the symmetry

having different electron configurations and using different jnteraction for which is shown in Figure 1B, or by Fe

orbitals for spin delocalization and having different chemical Corr s donation utilizing thete(z*)-like orbitals, which also
shifts (even different signs), nevertheless, have the “same”have proper symmetry to interact with the arbitals. For
orbitals of the macrocycle being involved in spin delocal- |ow-spin Fe(lll) porphyrinates, it has been shown conclu-
ization in all three cases, and that this proves that the haloironsijyely over many years that th@e¢r) orbitals are used

corrolates are Fe(IV) Corr(3) rather thanS = ¥, Fe(lll)

Corr(2—e), with antiferromagnetic coupling between iron and

macrocycle electrons.

One system that would have been a better analogue for

the comparison ofH NMR shifts to those of the supposed
haloiron(lV) corrolates is the phenyliron(IV) porphyrinates,
which have been shown to ha®= 1 with d.?ds!d,*

(34) Simkhovich, L.; Goldberg, I.; Gross, iorg. Chem2002 41, 5433~
5439.

(35) Simkhovich, L.; Gross, anorg. Chem.2004 43, 6136-6138.

(36) La Mar, G. N.; Walker, F. AJ. Am. Chem. Sod.975 97, 5103—
5107.

exclusively??=45 and while it was thought for many years,

(38) Balch, A. L.; Renner, M. WJ. Am. Chem. Sod.986 108 2603—
2608.
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D. P.; Debrunner, P. G.; Scheidt, W. R.Am. Chem. S04994 1186,
7760-7770.
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Chem.200Q 39, 2704-2705.

(41) Hickel molecular orbitals, calculated utilizing the program MPOR-
PHw, available on the website http://www.shokhirev.com./nikolai/
programs/prgssciedu.html.

(42) Walker, F. A.; La Mar, G. N. NMR Studies of Paramagnetic
Metalloporphyrins. InThe Porphyrins Dolphin, D., Ed.; Academic
Press: New York, 1979; Vol. IV, pp 61157.
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P.; Balch, A. L.Inorg. Chem.1999 38, 3040-3050.
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4e(1)-like
A A
dr d
A A
3az,(m)-like 1a,(m)-like
A A
3e(m)-like 3e(m)-like

Figure 1. (A) The nodal properties and electron density distributions of
the frontierz molecular orbitals of a metal corrolate such as chloroiron
octamethyltriphenyl corrolate, @&s symmetry, and the metal d orbitals of

m symmetry with respect to the corrolate macrocycle. The names of the
analogous frontier orbitals of a metalloporphyrin are also givenaBe(
like, 1agy(77)-like, 3ax(7r)-like, and4e(r*) -like]. Only the top pair of orbitals

is empty; the relative energies of each member of the pairs of orbitals is
not shown. The metal.dorbitals are of proper symmetry to overlap with
the 3e(r)-like or thede(r)-like orbitals of the corrolate, but in analogy to
what is found for metalloporphyrinaté%#> the filled 3¢()-like orbitals

are expected to interact much more strongly with thebitals than are

the empty4e(r)-like orbitals. (B) Overlap of two opposite nitrogens of the
corrolate ring for the3e(r)-like orbitals with one of the metal,dorbitals,
drawn to show this interaction when the metal is out of the plane of the
four macrocycle nitrogens. (C) Overlap of two opposite nitrogens of the
corrolate ring for the8ay(7)-like orbital with the metal d orbital, drawn

to show the symmetry interaction of the corrolate ring with this metal orbital,
which can only occur when the metal is out of the plane of the four
macrocycle nitrogens.

based upon the experimental observation of significant spin
density at themesecarbons, that high-spin Fe(lll) porphy-
rinates utilized mainly thée(z*) orbitals?? it has recently
been shown that the spin density observed at rtfese
carbons of chloroiron(lll) porphyrinates arises from a sym-
metry-allowed interaction between the unpaired electron in
the dz orbital of high-spin Fe(lll) and th8ay(:) porphyrin
orbital that arises because the metal is out of the plane o
the macrocyclé® Thus, at the present time, there is no
evidence that thde(z*) orbitals are involved at all in the

(44) Walker, F. A.; Simonis, U. Proton NMR Spectroscopy of Model
Hemes. InBiological Magnetic Resonanc8erliner, L. J., Reuben,
J., Eds.; Plenum Press: New York, 1993; Vol. 12, pp-1334.

(45) Walker, F. A. Proton NMR and EPR Spectroscopy of Paramagnetic
Metalloporphyrins. InThe Porphyrin Handbogkadish, K. M., Smith,
K. M., Guilard, R., Eds.; Academic Press: San Diego, CA., 2000;
Vol. 5, Chapter 36, pp 81183.

(46) Cheng, R.-J.; Chen, P.-Y.; Lovell, T.; Liu, T.; Noodleman, L.; Case,
D. A. J. Am. Chem. So@003 125 6774-6783.

spin delocalization of high-spin Fe(lll) porphyrinates, and
thus, we would not expect them to be involved in either
intermediate-spin Fe(lll) porphyrinates or in Fe(lV) porphy-
rinates. Thus, for botts = 1 Fe(IV) andS = ¥/, Fe(lll)
corrolates or porphyrinates, we expect to have at least the
same amount of spin delocalization from the metal to the
B-pyrrole carbons as is observed &+ Y/, Fe(lll) corrolates

or porphyrinates and approximately twice as much, if there
are two d unpaired electrons on the metal, rather than one,
as in the case of low-spin Fe(lll), where each of 8&r)-

like orbitals of Figure 1A is involved in Corr~ Fe &
donation and their contributions are additive. That this is a
reasonable assumption is clearly shown by the chemical shift
of the pyrrole-H of the phenyliron(lV) tetraphenylporphy-
rinates quoted above:45 ppm at 25C .28 This corresponds

to a paramagnetic shift of54 ppm, or—27 ppm per d
unpaired electron. In comparison, as shown previotfshy,
[(TPP)Fe(HIm)]*, which has one dunpaired electron, has

a pyrrole-H paramagnetic shift 626 ppm at 25°C.

Thus, spin delocalization that takes place as a result of
Corr— Fe xr donation to the half-filled gorbital(s) of the
metal should lead to positive spin density at fheyrrole
carbons. As has been known for more than 30 years, positive
spin density at carbons that are part of theystem yields
negative chemical shifts for protons attached directly to those
carbons (the McConnell equatiot?)}” and hence, negative
spin density leads to positive chemical shifts of directly
bound protons. In light of this known relationsHfo#>47 it
is interesting that the chemical shifts of theeseH
resonances of the chloroiron octaalkylcorrolates -ai&0
to +190 ppm at ambient temperatufé4® ThesemeseH
shifts are opposite in sign and much larger in magnitude than
those observed for high-spin iron(lll) porphyrinates such as
(OEP)FeCl, where theneseH chemical shift is—56 ppm
at 21°C,** and for the (g, d,,)*dy! low-spin ruffled complex
[(OEP)Fet-BuNC),]*, where themeseH chemical shift is
about —53 ppm at 21°C*8 Such large positive chemical
shifts for these chloroiron corrolate protons, directly bound
to themesecarbons, which represenégatie spin densities
at themesecarbons of the corrolate, thusannotarise from
delocalization of the gelectron(s) to the macrocycle but,
rather, indicateantiferromagnetic couplingbetween an
unpaired electron on the macrocycle and the unpaired
electrons on the metal.

As has been shown previously by bdtH NMR spec-
troscopy®183249and DFT calculation&®° the total spin
density at the eigh#-pyrrole carbons of chloroiron triphenyl-

sand octaalkylcorrolates is far smaller in magnitude than that

present at the thramesecarbons of the chloroiron corrolates
(> lpmesd ~ 0.75,% | ppyrrolel ~ 0.25), and the sign of the sum
of the spin densities at the meso positions is negative, while

(47) Carrington, A.; McLachlan, A. Ontroduction to Magnetic Resonance
Harper & Row: New York, 1967; pp 8683.

(48) 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 12109-12118.

(49) Ghosh, A.; Steene, B. Inorg. Biochem2002 91, 423-436.

(50) Steene, E.; Wondimagegn, T.; GhoshJAPhys. Chem. B001 105
11406-11413.

Inorganic Chemistry, Vol. 44, No. 20, 2005 7033



the sum of the spin densities at tfigpyrrole positions is
approximately zeré® This is because thpositive spin at
those -pyrrole carbons that results from Corr Fe
donation is approximatelganceledby the negative spin at
thoses-pyrrole carbons that results from the corrolate radical
electron in the3a(77)-like orbital. As we have showi, it

is antiferromagnetic couplingpetween the unpaired electron
in the metal ¢ orbital of S = 3/, Fe(lll) and that in the
macrocycle 3a()-like orbital, an interaction that only

Nardis et al.

corrolate?® and this observation has nothing to do with the
authors’ statements that the electron configuratio® s 1
Fe(lV). The'H NMR spectroscopic behavior of the various
spin and oxidation states of metal complexes of tetraphe-
nylporphyrins has been known for many years, summarized
in a number of comprehensive reviei¥g? 4> and shown to
obey very simple rules for the mechanisms of spin delocal-
ization based upon the electron configuration of the metal;
this body of knowledge should not be ignored by researchers

becomes possible because the metal is out of the plane ofvho wish to interpret the chemical shifts obtained for new

the macrocyclé? that produces the very positiveeseH
shifts observed for chloroiron octaalkylcorrolatés® This
interaction is shown in Figure 1C. These large, positive
meseH chemical shifts translate into thery negatie spin
densitiesobtained either from NMR spectral shifts by using
the McConnell equatidid+> 4547 or from DFT calcula-
tions!®50 Thus, the observation ofery positve meseH
chemical shifts for chloroiron corrolatesf, itself, definitively

metal complexes.

The phenyl-H chemical shifts, previously shown to be very
important in establishing the sign of the spin density at the
mesecarbons of metallotetraphenylporphyrinates or -triph-
enylcorrolates? were given in this work¥ only for the
iodoiron 2,6-dichlorotriphenylcorrolate complex, and al-
though only about half the chemical shift differenég, —

Op, is observed £10.5 and—11.2 ppm for 5,15-Ph and

shows that a corrolate radical, antiferromagnetically coupled —11.7 and-12.1 ppm for 10-PR} relative to those observed
to the metal electrons, is present. This was concluded andfor the chloroiron triphenylcorrolate complex-21.7 and

published in this journal by us over 5 years a§dn that

—21.9 ppm for 5,15-Ph ang20.6 and—20.7 ppm for 10-

paper, we quoted the work of Balch and co-workers on the Ph)3? the pattern is exactly the same as that observed for

sr-cation radical of the oxidation product of theesehydroxy
OEPFe(lll) complex, OEP@eBr?* an Fe(lll) macrocycle
radical withmeseH resonances at about 230(2) and 345(1)
ppm at 24°C. In this work, published in 1993, the complex
was shown to be an overéll= 2 complex consisting o8

= 5/, Fe(lIll) antiferromagnetically coupled to an oxophlorin
radical, in which the radical electron is in t{3ap()-like

the chloroiron comple®? with proton shift difference®,

— Jp being negative, as outlined recently in detalNegative
shift differencesd, — J, thus, indicated to us a negative
spin density for the iodoiron triphenylcorrolate complex of
that study?® That the iodoiron complex should show less
negative spin density at theesecarbons than does the
chloroiron complex is consistent with the fact that it is usually

orbital of that macrocycle. Despite this, and our publications found that iodide complexes of iron porphyrinates (and

on the similar NMR spectra of the chloroiron octaalkyl-
corrolate¥® and themesephenyl shifts of the chloroiron
triphenylcorrolaté?3? Gross and co-workers insist upon
ignoring mesesubstituent shifts.

An additional problem with the recent report of Simk-

presumably corrolates as well) have the metal less shifted
out of the mean plane of the four nitrogen atoms of the
macrocycle than do the chloride complexéshich would
decrease thez-3a(7)-type overla@® mentioned above and
shown in Figure 1C. Thus, the recent paper of Simkhovich

hovich and Gross is that, although a major point is made by and Gros¥ that suggests that the haloiron triphenyl-
these authors concerning the difference in line widths of the corrolates should be formulated as Fe(lV) Cotff3again,
four halide complexes and that this leads to the conclusion uses*H NMR shifts incorrectly.Correct interpretation of

that they contain Fe(IV3 none of the literature cited in that

their results’® thus, indicates no need for any modification

paper with respect to these line widths mentions effects of of the conclusion reached by us eadfdf32*°that the

the halide ligand on the line widths of the resonances.

electronic ground state of the haloiron corrolates is mainly

However, it has been known for more than 30 years that a S= ¥/, haloiron(lll), S= 1/, corrolate(2-+) complexes, with

large contribution to the!H line widths of haloiron(lll)

antiferromagnetic coupling between metal and macrocycle

complexes, in particular, is due to changes in the electronunpaired electrons.

spin relaxation rateR;e = Tic %, which is proportional to

Although all of our previous experimental results are in

the line width of the resonance, whose magnitude is inversely agreement with the noninnocent character of corroles in their

proportional to the square of the zero-field splitting constant,

D, for the halide, which increases in the orderFC| < Br
< 152 (Rie = T1e ' O LW 0O D?).53 This information has

chloroiron complexes, a much more complete mapping of
the spin density in iron corrolates may be obtained fféth
NMR investigations, which can give additional insight into

been included in comprehensive reviews on the NMR spectrathe electron configuration of these complexes. Therefore, in

of iron porphyrinates for the past 27 yedf$® Hence, it

this paper, we report thBC NMR characterization of the

should have been no surprise that the iodoiron corrolate haschloroiron complexes of 7,13-dimethyl-2,3,8,12,17,18-hexa-
much sharper signals than does the corresponding fluoroironethylcorrole (HDMHECorr), 7,8,12,13-tetramethyl-2,3,17,-

(51) Balch, A. L.; Latos-Grazynski, L.; Noll, B. C.; Szterenberg, L.;
Zovinka, E. P.J. Am. Chem. Sod.993 115 11846-11854.

(52) Brackett, G. C.; Richards, P. L.; Caughey, WJSChem. Physl971,
54, 4383-44401.

(53) La Mar, G. N.; Walker, F. AJ. Am. Chem. Sod973 95, 6950~
6956.
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18-tetraethylcorrole ((TMTECorr), 5,10,15-triphenylcorrole
(HsTPCorr), and the phenyliron complex ogBIMHECorr

(54) Scheidt, W. R. InThe Porphyrin Handbogkkadish, K. M., Smith,
K. M., Guilard. R., Eds.; Academic Press: Boston, 2000; Vol. 3,
Chapter 16.
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and the first characterization of the fully substituted chloro- the NOESY experiments was 20 ms. All 2D spectra were collected
iron complex of 2,3,7,8,12,13,17,18-octamethyl-5,10,15- with 2048 data points in the timension and 256512 blocks in
triphenylcorrole (HOMTPCorr). This latter complex is  the t dimension with 256512 scans per block. 1C NMR
interesting because it contains bgfkpyrrole andmeso spectra were acquired over 16 000 data points with a 50 ms

substituents on the macrocycle frame; its molecular structure, 2caUisition time, a 50 ms relaxation delay, and-400 000 scans.
determined by single-crystal X-ray diffraction, gives the The magnetic susceptibility of (OMTPCorr)FeCl was measured

necessary information on the deviations of the macr | by the NMR method of Evaf$using the equation of Sur for the
Y € devialions of the macrocycle geometry of a superconducting magpbfeln a typical experiment,

from planarity, _Wh'Ch allows us to '”t,erPrEt .the influence of a 4.29 mg sample of solid (OMTPCorr)FeCl was dissolved in 0.5
ring conformation on the electron distribution. mL of CD,Cl, containing a small amount of tetramethylsilane
(TMS) to yield a nominal concentration of 11.9 mM in the outer
concentric NMR tube (Wilmad); CETI,/TMS from the same stock
Preparation of Complexes.DMHECorrFeCl*® DMHECorr- solution was used in the inner tube. Because the NMR spectrum
FePht8 and TPCorrFeCP from earlier work were used in these of (OMTPCorr)FeCl from the same sample showed the presence
studies. HTMTECorr and its chloroiron complex were prepared of large diamagnetic impurity resonances, as shown in the Results
as previously describe@>>The fully substituted HOMTPCorr was section, the intensities of the resonances of (OMTPCorr)FeCl as
prepared as previously descril?éd. compared to those of the diamagnetic impurities-a2 5 ppm and
Chloroiron 2,3,7,8,12,13,17,18-Octamethyl-5,10,15-triphenyl- ~ 7—8 ppm were used to estimate that the complex contained
corrolate. HzOMTPCorr (0.142 g; 0.22 mmol) and diiron nona- impurities with approximately 14 C/H- 1:1, 20 C/H~ 1:2, and
carbonyl (0.142 g; 0.39 mmol) were dissolved in toluene, 50 mL, about 10 C/H~ 1:3 per formula unit of (OMTPCorr)FeCl, or about
and the reaction mixture was refluxed under nitrogen. The progress36—42% impurity; part of this impurity content may be due to the
of the reaction was monitored by UWis spectroscopy. After 2 h, presence of some-oxo dimer, [[OMTPCorr)FeD, while the rest
the solution was cooled to room temperature and stirred under airappears to be due to corrole decomposition products. Correction
for 10 min. The solvent was then removed under reduced pressureof the concentration of the paramagnetic complex for the ap-
and the crude product was purified by chromatography on silica proximate mass of the impurities yielded a concentration of 7.2
gel. The red-brown fraction corresponding to fh@xo complex mM. From this concentration and the measured= 93.5 Hz at
was eluted with a mixture of dichloromethane/methanol (98:2). The 22 °C, using Pascal's constafitsto estimate the diamagnetic
solvent was evaporated, and the solid residue, dissolved in susceptibility of the corrole ligand, a correctad = 10.28x 1073
dichloromethane, was stirred with hydrochloric acid (1 M; 30 mL) K~!was obtained, which yielded an approximate = 4.92us. If
for 5 min. The organic phase was dried over anhydrous sodium only the impurity peaks at -12.5 ppm were utilized for this
sulfate, and the desired product was obtained after recrystallizationcorrection, the approximate.s = 4.50ug. Therefore, we take the
from hexane/dichloromethane (2:1). Yield: 0.122 g, 76%. Thin- approximate. to be the average of these estimates,.4,Aith
layer chromatography (TLC) studies after column chromatography, an estimated error a£0.5xg. The magnetic moment measurement
treatment with HCI, and recrystallization all continued to show the was repeated twice.
presence of a faster-moving brown spot attributable to the formation ~ X-ray Crystallography. Crystals suitable for X-ray characteriza-
of the antiferromagnetically coupledoxo dimer, [[OMTPCorr)- tion were obtained by crystallization from dichloromethane/
FeLO, presumably on the TLC plates. The possible presence of hexane. Intensity data were collected at low temperatures, using
colorless impurities was not determined, although they are clearly graphite monochromated Mod<radiation on a Nonius KappaCCD
present, as evidenced by the NMR spectra, discussed below.diffractometer fitted with an Oxford Cryostream cooler. Data
(OMTPCorr)FeCl has a much higher tendency than (TPCorr)FeCl reduction included absorption corrections by the multiscan method,
to form theu-oxo dimer and does so even upon standing in GHCI  using HKL SCALEPACK®? Crystal data and experimental details
presumably because of traces of water in the solvent. Repeatedare given in Table 1. The structure was solved by direct methods
purification by column chromatography did not improve the purity and refined by full-matrix least squares, using SHELXEQAII
of the sample. H atoms were visible in difference maps but were placed in
Iron porphyrinates used for characterizing @ chemical shifts idealized positions. A torsional parameter was refined for each
of the carbons 06 = %/,, S= 3/,, and the twdS = ¥/, ground-state methyl group.
complexes were prepared as described elsewftmrevere obtained . .
from Frontier Chemical or Mid-Century Chemical companies. ~ Results and Discussion

NMR Spectroscopy.'H and**C NMR spectra were recorded Synthesis and Optical Spectral Characterization.
?rz a:]::ukg; 4%?;;370%' Zpe;:;)l?gﬁ; OZirft'r;? 1Ej§|5_%l%gm|\;i|r (TMTECorr)FeCl and (TPCorr)FeCl were prepared as previ-
quency of 495. £ quency ' z ously reportetf by reaction of the corrole free base and FeCl
Chemical shifts were referenced to the residual solvent peak. Thein refluxing N, N-dimethylformamide. The intermediatexo

1H—-13C HMQC spectra were recorded using the 5 mm inverse- " A )
detection probe with decoupling during acquisition (HMGE dimer was then converted to the corresponding chloroiron

heteronuclear multiple-quantum coherence). A recycle time of 200 derivative by treatment with dilute HCI. When the same
ms and a refocusing time of 2.5 ms were used. The water method was used to prepare the (OMTPCorr)FeCl, very poor

elimination by Fourier transformnuclear Overhauser effect spec-

trometry (WEFF-NOESY) experiment utilized a relaxation delay Egg EV‘?”;' E.JFK/'I ;g;]e'g-e ?gncilggg 52013559(1)%
L . ur, S. KJ. . , .
of 100 ms and a recovery delay of 130 ms. The mixing time for (59) Kahn, O.Molecular MagnetismVCH: New York, 1993; pp 24.

(60) Otwinowski, Z.; Minor, W.Methods in EnzymologyCarter, C. W.,

Experimental Section

(55) Murakami, Y.; Matsuda, Y.; Sakata, K.; Yamada, S.; Tanaka, Y.; Jr., Sweet, R. M., Ed.; Academic Press: New York, 1997; Vol. 276,
Aoyama, Y.Bull. Chem. Soc. Jpri98], 54, 163-169. Macromolecular Crystallography, Part A, pp 30326.

(56) Yatsunyk, L. A.; Carducci, M. D.; Walker, F. A. Am. Chem. Soc (61) Sheldrick, G. M.SHELXL97 University of Gdtingen: Gitingen,
2003 125, 15986-16005. Germany, 1997.
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Table 1. Experimental Details and Crystal Data for [OMTPCorrFeCl]

compound Fe corrole
CCDC deposit no. 253431
empirical formula FelCasH3oCl
color/shape brown/fragment
fw 727.10
cryst syst triclinic
space group P1
temp, K 100(2)
cell constants
a A 10.833(3)
b, A 13.153(3)
c, A 14.140(6)
o, deg 64.200(12)
B, deg 87.175(13)
y, deg 72.484(16)
cell volume, & 1722.0(10)
Zz 2
density (calc), g/cth 1.402
Ucal, CMT L 5.56
transm coeff 0.8430.983

diffractometer/scan
radiationd

cryst dimension, m#h
reflections measured

Nonius KappaCGb/
Mo Ko (0.710 73 A)
0.10x 0.10x 0.03

25 140

Rint 0.057
independent refins 6082

26 limits 5.0< 20 <50.2
limiting indices +12,4+14,+16
reflns observed 4205
criterion for observed I > 20(1)
data/params 6082/468
R(obs) 0.061

R(all data) 0.100

Ru, F¥(all data) 0.142

H-atom treatment idealized
max. residual peaks (e&) 1.20,—0.47

yields were obtained and significant decomposition of the

starting macrocycle was observed during the reaction. We

have, thus, used KHEO) as a metal carrier in refluxing
toluene to achieve the formation of the complex in good
yield. A chromatographic workup on silica gel afforded the
u-oxo dimer, which was not isolated but, rather, quantita-
tively converted to the chloroiron derivative by treatment
with dilute HCI.

The UV—visible spectrum of (OMTPCorr)FeCl is reported

Nardis et al.

T T T T 1
400 300 600 700 8OO
,nm
Figure 2. UV-visible spectrum of (OMTPCorr)FeCl in dichloromethane.

Figure 3. Molecular structure of (OMTPCorr)FeCl, showing the penta-
coordination of the metal and the slight saddling of the macrocycle. The

in Figure 2. The shape of the spectrum is intermediate amongnumbering of the methyl groups in the structure is not the same as the

those of chloroiron complexes gfoctaalkyl- and of 5,10,-
15-triarylcorrolates: it does not show, in fact, the split Soret
band of 5,10,15-triarylcorrolatoiron chloride comple&&isut

the main absorption band present at 379 nm is broader tha
that of the correspondingroctaalkyl derivative$? It is worth
mentioning that the Soret band is not significantly red shifted,

n

numbering used for assignment of the NMR spectra (Figure 4).

modate the steric hindrance of peripheral substituents without

undergoing the severe distortions from planarity observed

for the fully substituted porphyrins (see also next section).
Structure. The molecular structure of (OMTPCorr)FeCl

as observed in the case of dodecasubstituted porphyrinis shown in Figure 3. The iron atom is pentacoordinate, with

complexe$* This feature is similar to what was observed
in the case of (OMTPCorr)CoPR# and it seems to further
confirm the peculiar ability of the corrole ligand to accom-

(62) Steene, E.; Wondimagegn, T.; GhoshJAPhys. Chem. B001 105
11406-11413.

(63) Erben, C.; Will, S.; Kadish, K. M. IiThe Porphyrin Handbogkadish,

K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: New York,
2000; Vol. 2, pp 233-300.

(64) Senge M. O. IThe Porphyrin Handbogkadish, K. M., Smith, K.
M., Guilard, R., Eds.; Academic Press: Boston, 2000; Vol. 1, pp-239
347.

(65) Paolesse, R.; Licoccia, S.; Bandoli, G.; Dolmella, A.; Boschindrg.
Chem.1994 33, 1171-1176.
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a slightly distorted square pyramidal geometry.—Re
distances are in the range 1.886¢4)927(4) A, and those

in the five-membered chelate ring are slightly shorter, by an
average of 0.028 A, than those involved in only six-
membered chelate rings. The four N atoms are coplanar to
within 0.035(5) A, and the Fe atom lies 0.3865(8) A out of
this plane, less than in (OECorr)FeCl (0.42Apr the
dodecasubstituted porphyrinate complexes (OMTPP)FeCl
(0.46 A¥5 and (TGTPP)FeCl (0.485 Ay’ The Fe-Cl

(66) Cheng, R.-J.; Chen, P.-Y.; Gau, P.-P.; Chen, C.-C.; Peng, S.-M.
Am. Chem. Sod 997, 119, 2563-2569.
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Figure 4. 1D 'H and HMQC spectrum of (OMTPCorr)FeCl, using the numbering system appropriate for describing the pyrraigesaedrbons to
which the substituents are attached, rather than the numbering system of those substituents used for the crystal structure shown in Figiré’@. The
correlations for the four methyl, twpara-phenyl, and foumetaphenyl groups are shown; the relaxation times ofdho-phenyl carbons are too short
to allow the correlations to be detected. THRE chemical shifts of all detected HMQC crosspeaks are included in Table 2. Recorded@, @D25°C.

distance is 2.2420(14) A, and the-F&l bond tilts slightly yltetraphenylporphinatoiron(lll) chloride(OMTPP)FeCl
away from the five-membered chelate ring, with-Ne—Cl (1.19Af5—and two tetras§,3'-tetramethylene)tetraphenylpor-
angles averaging 105.@or the five-membered chelate ring  phyrinatoiron(lll) anion complexes(TCsTPP)FeCl and (T&
and 98.7 for the six-membered chelate ring opposite it. As TPP)FeON®@(0.86 and 1.19 A, respectivel§)The structure
expected, the bite angle in the five-membered ring, 80.38- of (OMTPCorr)FeCl is very similar to that of (TPFPCorr)-
(16)°, is smaller than those of the six-membered rings, 87.99- FeCl, where TPFPCor+ 5,10,15-tris(pentafluorophenyl)-
(15)—93.84(15). The coordination of Fe imposes a flattened corrole®® That complex also has square pyramidal coordi-
saddle shape on the octamethyltriphenylcorrolate ligand. nation geometry, with the Fe atom lying 0.3670(11) A out
Methyl groups C20, C21, C24, and C25 lie an average of of the N, plane, and all its FeL distances agree within
0.51 A out of the N plane on the same side as the Fe atom. experimental error with those of (OMTPCorr)FeCl.

Methyl groups C22, C23, C26, and C27 lie an average of NMR Spectroscopy.The 1D*H NMR spectrum and the
0.75 A out of the plane on the opposite side. These deviationscorresponding HMQC spectrum of (OMTPCorr)FeCl are
from the N, plane are much smaller than those observed for shown in Figure 4, where it can be seen that the crosspeaks
several dodecasubstituted porphyrin complexes, octameth<or all four types of methyl groups, as well as the 5,15- and

(67) Yatsunyk, L. A.; Walker, F. AJ. Porphyrins Phthalocyanine)05 (68) Simkhovich, L.; Galili, N.; Saltsman, I.; Goldberg, I.; Gross|brg.
9, 214-228. Chem.200Q 39, 2704-2705.
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Figure 5. Curie plot for the four methyl resonances of (OMTPCorr)FeCl.

32

The extrapolated diamagnetic shifts (assuming strict Curie behavior) are
given as the constants in the linear regression of each line. As is clear from

these values, the extrapolated diamagnetic shifts are witBippm of the
expected diamagnetic shift of these methyl groups.

10-phenyl groups (except for tletho-carbons), are clearly

Nardis et al.

the ethyl groups and a comparison of ieNMR shifts of

the variably methyl/ethyl-substituted corrolates; these as-
signments are summarized in Table 2. The largest difference
observed in these complexes is in the phenyl-carbon shifts
of (OMTPCorr)FeCl and (TPCorr)FeCl. We will analyze
these differences in more detail below.

Unfortunately, we have been unable to detect the HMQC
or 1D 13C signals for themesecarbons of any of the iron
corrolates; the proton signals [&t170 to+190 ppm at 25
°C for (DMHECorr)FeCl are very broad, and th&C
signals are expected to be much broader as a result of very
fastR; andR; relaxation rates (very shoft andT, relaxation
times), which arise from both the metal and ligand dipolar
relaxation mechanisms, both of which depend on the inverse
distance between the unpaired electron and the carbon of
interest to the sixth powep.”°In addition, the ligand-centered
dipolar relaxation mechanism depends on the square of the
amount of delocalized spin density present at the carbon of
interest,pc,>’* which is on the order of 5 times greater in
magnitude for thenesecarbons of the chloroiron corrolates
of this study than for the largest spin density of fpyrrole

resolved. Assignments were made on the basis of the HMQCcarbons. Thus, thmesecarbon resonances are expected to

spectrum for the methyl groups and a comparison ofthe
NMR shifts of this complex to those of (DMHECorr)FeCl,

be at least 25 times broader than the broagepyrrole
carbon resonance of (TPCorr)FeCl, which we have only been

(TMTECor)FeCl, and (TPCorr)FeCl. All assigned reso- able to detect in these natural-abundati€esamples by the

nances are labeled. It should be noted that there are two larg

impurity peaks, labeled X, that extend from 1 to 2.5 ppm
and from 78 ppm. Such impurity peaks are frequently
observed for metallocorrolates, and even'thé&lMR spectra

of commercial samples of the free-base tris-(pentafluorophe-

nyl)corrole, HTPFPCorr (Alfa), show large impurity peaks.
As mentioned in the Experimental Section, these impurity
peaks may arise, in part, from the formation of thexo
dimer, [[OMTPCorr)Fe)O, but slow decomposition of the

macrocycle during metal insertion and thereafter cannot be
ruled out. These impurity peaks must be considered when
the magnetic moment of the complex is calculated (see

Experimental Section and below).

£D HMQC technique (Supporting Information, Figure S3),

and we were unable to detect the HMQC crosspeak from
the 3,17-carbon, whos# resonance is at40 ppm at 25

°C (1D *H spectrum shown in Figure S2 of the Supporting
Information, although broad 15C resonances were detected
for this and thea-carbons of this complex, Table 2). We
have searched over théC chemical shift region of=2000

ppm but have found only one broad resonance at1700

to —1800 ppm; however, this same broad resonance is also
present when only CDglis present in the NMR tube,
indicating that it is an artifact. It is unfortunate that the
meseC signals cannot be detected, because according to both
theH NMR spectrd*16-32and the DFT calculation'$, most

The temperature dependence of the proton resonances off the negative spin density of the chloroiron corrolates is

(OMTPCorr)FeCl was investigated, and the Curie plot for
the four types of methyl groups present in this complex is

present at the thremesecarbons.
For comparison to the chloroiron corrolates, the 4D

shown in Figure 5. As expected based upon previous @d HMQC spectra of (7,13-DMHECom)FePh are shown

work 16:18.693|| resonances exhibit strict Curie behavior, with
the methyl-H shifts extrapolating to within less th&2 ppm

in Figure 7. The chemical shifts and assignments of these
resonances are given in Table 3. The HMQC crosspeaks for

of the diamagnetic shift expected for these protons. The the meseH resonances observed #49 and+53 ppm at

complex is of fairly low solubility ¢13 mM), and 2- and
4-fold dilutions did not affect the chemical shifts of the
resonances.

For comparison with the NMR spectra of the undecasub-
stituted (OMTPCorr)FeCl shown in Figure 4, the #®and
HMQC spectra of (TMTECorr)FeCl are shown in Figure 6,
where all assigned resonances are labeled. ThéHLBnd
HMQC spectra of (DMHECorr)FeCl and (TPCorr)FeCl are
shown in Supporting Information Figures-S$2. All *H and
13C chemical shift assignments for the chloroiron corrolates

were made based upon NOESY and HMQC spectra for

(69) Cai, S. Ph.D. dissertation, University of Arizona, Tucson, AZ, 2001.
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ambient temperatures could not be found overtfierange
of —150 to—650 ppm, although we estimate that they should
occur at about-500 ppm.

Analysis of 3C Paramagnetic Shifts of the Corrolate
Complexes of This Study.The observed chemical shifts,
Oobs Of the complexes of this study, and all other paramag-
netic complexes, are the sum of two contributions, the
diamagnetic contributionyqis, that is, the chemical shifts of
the resonance(s) of interest of a diamagnetic complex of the

(70) Bertini, I.; Luchinat, C. InPhysical Methods for Chemist&nd ed.;
Drago, R. S., Ed.; Saunders: Mexico, 1992; Chapter 12.

(71) Unger, S.; Jue, T.; La Mar, G. N. Magn. Reson1985 61, 448—
456.
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Figure 6. 1D H and HMQC spectrum of (7,8,12,13-TMTECorr)FeCl, showingHe-13C correlations for the two methyl groups (8,12 and 7,18) and the
two ethyl groups (2,18 and 3,17). TH& chemical shifts of all detected HMQC crosspeaks are included in Table 2. Recorded@, @D25°C.

same or similar structure to that of the paramagnetic complexof 20.09 ppm?? for both of these complexes, the average

of interest, and the paramagnetic contributiops3424° 13C chemical shift is, thus, 20.1 ppm. The diamagné&i@
5= 5 shift of the pyrrole-CH group of [(ETIO)Co(1-Melmy]ClI
obs = Odia T Opara @) is 20.3 ppm® the chemical shifts of diamagnetic com-

plexes are not very sensitive to axial ligation, as shown by
the fact that the'3C chemical shift of the Ckicarbon of
(OEP)Zn is 20.2 ppn® Thus, the diamagnetic shifts of
porphyrin and corrolgg-CH, groups are very similar. The
chemical shift of the pyrrolg-CHs; carbons of [(ETIO)Co-
(1-Melm)] " is, however, somewhat different from theCH,
shifts: 12.2 ppm. The (OECorr)SnCIl and [(ETIO)Co(1-
Melm),]CI chemical shifts just mentioned are summarized
in Table 4.

Thus, to determine thparamagneticshifts of the protons
and carbons of the complexes of this study, we must know
the observed chemical shifts of diamagnetic complexes of
the same or similar structure to those of the chloroiron and
phenyliron corrolates. Although detailé#C chemical shifts
are not available for many diamagnetic metal corrolates, they
have been reported for (OECorr)SnCl and (OECorr)SiPh.
For the former, thé3CH, chemical shifts range from 20.89
(2,18) to 19.65 ppm (8,12), with an average chemical shift
of 20.12 ppm, while for the latter, they range from 20.83
(2,18) to 19.65 ppm (8,12), with an average chemical shift

(73) Okazaki, M.; McDowell, C. AJ. Am. Chem. S0d984 106, 3185~

3190.
(74) Balazs, Y. S.; Saltsman, |.; Mahammed, A.; Tkachenko, E.; Golubkov,
(72) Kadish, K. M.; Will, S.; Adamian, V. A.; Walther, B.; Erben C.; Ou, G.; Levine, J.; Gross, ZMagn. Reson. Chen2004 42, 624-635.
Z.; Guo, N.; Vogel, Elnorg. Chem.1998 37, 4573-4577. (75) Goff, H. M. J. Am. Chem. S0d.981, 103 3714-3722.
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Table 2. Proton and Carbon Chemical Shifts of FeCl Corrolates at@%Solvent= CD,Cly)

7,8,12,13-(TMTECorr)FeCl 7,13-(DMHECorr)FeCl (OMTPCorr)FeCl (TPCorr)FeCl
assignmenit  spin densit§ H (ppm) 13C (ppm) H(ppm)  ¥C(ppm)  H(ppm)  BC(ppm)  H (ppm) 13C (ppm)
2,18 +0.05 30.0,17.5 —-74.8 30,17.5 -73.7 46.4 (43.7) —93.3 +6.7 -18.8
av: 23.8 av: 23.8
(0.6) (178.5) (0.6) (178.1)
3,17 —0.04 21.7-4.6 +11.7 21.2-55 +14.9 9.7(18.0) +17.4 —40 428.9
av: 9.0 av: 7.9
(2.5) (122.4) (2.5) (118.4)
7,13 +0.02 18.4 -8.8 18.3 -7.9 20.9(18.5) —125 -5.0 172.8
8,12 —-0.01 33.3 —-35.3 276,38 —21.0 30.6(33.8) —32.7 -6.5 210.0
av: 15.7
(1.3) (158.6)
othef 582.1, 605.2,
623.3, 631.0
meso5,15 —-0.23 174 N.C
mesel0 —0.26 187 N.C
5,150-Ph 16.5 N. O¢ 25.0 —296.0
16.0 N. O¢ 23.8 —279.5
10-0-Ph 15.3 N. O¢ 23.0 —378.6
5,15mPh —0.5,-1.0 83.1,847 —25(av) 141.2
10-m-Ph 1.9 78.2 —3.5 (av) 115.5
5,15p-Ph 10.5 117.8 19.5 68.4
10p-Ph 10.6 118.2 17.3 80.5

aBased on methyl, ethyl substitution at 7,13-(DMHECorr)FeCl and 7,8,12,13-(TMTECorr)FeCl and calculated spin densities;sethiftCéiven in
parenthesed.Reference 185 Methyl shifts of MeCorrFeCl® given in parentheseg.Quaternary carbons, probably the faucarbons, although twmese
C’s and two phenyl-&s are also quaternary carbons and should be observed; nevertheless, they are expected to have negative chefriitmlaibsisved.

To determine the expectgriramagnetishift of the CH
or CHs carbons bound to thé-pyrrole positions of the iron
corrolates because of a singlg dnpaired electron being
delocalized from the metal to th8e(r) orbital(s) via

has these resonances~at16.6 ppm (2,18)~124.3 ppm
(17), ~128.3 ppm (7,13), and-128.9 ppm (8,12§* These
metallocorrolaté*C chemical shifts may also be compared
to those of appropriate diamagnetic Co(lll) porphyrindtes.

macrocycle— Fexr donation, the best examples are the well- The!*C shift of theS-pyrrole carbons of [(TPP)Co(1-Melgh
characterized low-spin Fe(lll) porphyrinate complexes that Clis 134.6 ppnT° and that of the-pyrrole carbons of (TPP)-

are known to have aq(dy,,d,,)® electron configuration, that
is, those bound to imidazolé%#?-4> The chemical shift of
the B-pyrrole-CH, carbon of [(OEP)Fe(1-Melng)Cl at 26
°C is —23.6 ppm, while that of [(ETIO)Fe(1-MelrClI is
—23.2 ppm at the same temperatfréhe chemical shift of
the p-pyrrole-CH; carbons of [(ETIO)Fe(1-Melm)Cl is
slightly different, —34.6 ppm, also at 26C. All of these
values are included in Table 4. Thus, from eq 1, tfe
paramagnetic shift of a Gitarbon attached to th&pyrrole
position of a low-spin Fe(lll) porphyrin (having a single d

Zn is 132.0 ppnT® both of which are more similar to the
chemical shifts of (OECorr)Sn€l than to those of the
3-nitro-substituted derivative of the gallium(lll) corrolate
given above. The (OECorr)SnCl, (OECorr)SnPh, and [(TPP)-
Co(1-Melm}]Cl data are included in Table 4. In comparison,
the chemical shift of theg-pyrrole carbons of [(TPP)Fe-
(HIm);]Cl at 25°C is 94.3 ppm (this work, Table 4), slightly
different from that derived from Goff's data at 2€ for
the corresponding bis-1-Melm complex (98.6 ppfiyhus,
using our data, thé3C paramagnetic shift of #-pyrrole

unpaired electron) at ambient temperature is approximately carbon of a low-spin Fe(lll) porphyrin having a single d

—44 ppm, while that of a Cklcarbon attached to the same
position is approximately-47 ppm. As discussed in the
Introduction, for two d unpaired electrons, which may be
present for eitheB = 3/, Fe(lll) or S= 1 Fe(IV) and which
can be delocalized to the macrocycle by Cerr Fe &
donation from the tw@e(r)-like filled orbitals of the corrole,
we would, thus, expect that th#& paramagnetishift would
be double this value, or about88 and—94 ppm, respec-
tively, for a §-CH, and 3-CH; carbon. These values are

unpaired electron is about48 ppm, and the expected
paramagneticshift due to two ¢ unpaired electrons, for
eitherS=3/,Fe(lll) or S= 1 Fe(IV), would thus be double that
amount,—96 ppm. These values are included in Table 5.
The mesecarbon chemical shifts of (OECorr)SnCl are
+94.4 (5,15) and-89.0(10) ppn'? while the chemical shift
of the mesecarbons of [(ETIO)Co(1-Melm)Cl is +96.7
ppnY® (listed in Table 4) and that of (OEP)Zn i596.5
ppm”® In comparison, thenesecarbon chemical shift of

presented in Table 5, where they are used to determine thg(OEP)Fe(1-Melmy]Cl is +23.6 ppni® (Table 4), that of

amount of excess spin density due to the corroledical

[(OEP)Fe(5-MelmH)Cl is +25.0 ppm’? and that of [(ETIO)-

electron for each of the complexes having alkyl substituents Fe(1-Melm}]Cl is +23.5 ppm, all at 28C.”® Thus, the**C

on thef-pyrrole carbons.

paramagneticshift of a mesecarbon of a low-spin Fe(lll)

For the pyrroles-carbon resonances themselves, the porphyrin (having a single .dunpaired electron) is ap-
B-pyrrole carbon chemical shifts of (OECorr)SnCl range from proximately—72 ppm. For two dunpaired electrons, which

132.6 to 140.2 ppri (Table 4), while the 3-nitro-substituted
derivative of, presumably, (EPCorr)GaPy (although the
phenyl substituents are not defined in the tabl&6fshifts)

7040 Inorganic Chemistry, Vol. 44, No. 20, 2005

(76) Strohmeier, M.; Orendt, A. M.; Facalli, J. C.; Solum, M. S.; Pugmier,
R. J.; Parry, R. W.; Grant, D. Ml. Am. Chem. S04997, 119, 7114~
7120.
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Figure 7. 1D H (top left) and two expanded region HMQC spectra of (7,13-DMHECorr)FePh, showirtitHEC correlations for the 7,13 methyl group
and the three ethyl groups (2,18; 3,17; and 8,12). One of the 3,Lk#€3dnances is not included in the windows used for the HMQC spectra of this figure,
but its 13C shift is the same as that of the other 3,17,@drbon 250 ppm). The window of the lower-left-hand HMQC spectrum is that of the expanded
region of the'H spectrum between 75 and 20 ppm, and that of the right-hand HMQC spectrum is of the expanded region betweerb3apandThe
phenyl resonances, including those of thého- (—149 ppm) andparaH (—74.9 ppm) are not shown in the 11 spectrum, and no HMQC crosspeaks
were observed for any phenyl-carbon resonances because of their short relaxation tim&€ @emical shifts of all detected HMQC crosspeaks are
included in Table 3. Recorded in GOl; at 25°C.

Table 3. Proton and Carbon Chemical Shifts of the FePh Corrolate at

25 °C (Solvent= CDCly)

7,13-(DMHECorr)FePh

assignmerst spin density IH (ppm) 13C (ppm)
2,18 —0.01 29.0,14.0 —78.9
av: 21.5
(3.7) (159.1)
3,17 +0.06 96.9, 57.5 —250
av: 77.2
(7.2) (o
7,13 —0.002 -1.8 +24.7
8,12 +0.02 64.9, 36.3 —154.3
av: 50.6
(4.3) (129.4)
mese5,15 —0.04 54.0
mesel0 —0.04 49.9
Ph-o-H —149 —c
Phm-H —-3.8 —c
Php-H -74.9 —c

aBased on calculated spin density and methyl substitution. Ethyl CH

shifts given in parenthesesTaken from ref 18 Not observed.

may be present for eithes = 3/, Fe(lll) or S= 1 Fe(IV),

we would, thus, expect tHéC paramagneticshift to be about

—144 ppm. Both of these values are presented in Table 5,
where they are used to determine the amount of excess spin
density present, beyond that expected for delocalization from
the d, orbital(s) and, thus, due to the corrolatgadical. It
should be noted that thmesecarbon paramagnetic shift of
these low-spin Fe(lll) porphyrinates is large, despite the fact
that there are nodes at theesecarbons of th&e(r) orbitals

of the porphyrinate ring. Thiparamagneticshift is due to

spin polarization from the adjacent carbon atdfns.

The ortho-, meta, andpara-phenyl carbons of (TPP)Zn
have°C chemical shifts of 134.4, 127.5, and 126.5 ppm,
respectively® while those of [TPPCo(1-Melrg)Cl are 134.1,
127.1, and 128.2 ppm, respectivélyTable 4) and those of
[TPPFe(ImH)]CI are 130.8, 124.6, and 126.5 ppm, respec-
tively’ (Table 4). Thus, theparamagneticshifts of mese
phenyl-carbons due to a singlguhpaired electron are 3.3,
—2.5, and—1.7 ppm, respectively, values which are negli-
gible to the accuracy of this desired separation of the
chemical shifts observed for the chloroiron corrolates into
the constituent contributions discussed in the sections on

Inorganic Chemistry, Vol. 44, No. 20, 2005 7041
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Table 4. Proton and Carbon Chemical Shifts of Representative Cobalt(lll) and Iron(lll) Porphyrinates (SelN&DiCl, or as Marked)

porphyrin spin meso nesephenyl pyrrole pyrrole CH H 13
complex state T H 35C H 35C H 3C H 13C Om—O0p Om—0p ref
(OECorr)SnCl S=0 ambient 9.8 94.4 (5,15) 132.6 (2,18) 4.2 20.0 72
9.7 89.0 (10) 140.1(3,17) 4.0 19.9
140.2(7,13) 4.1 20.0
136.6 (8,12) 4.1 19.7
(OECorr)SnPh S=0 ambient 131.3(2,18) 424.1 20.8 72
139.0(3,17) 4.24.1 20.0
139.3(7,13) 4.24.1 19.9
135.7(8,12) 4.24.1 19.7
[(ETIO)Co(1-Melm}]* S=0 299 103  96.7 141.8 4.1 20.3 (gH 75
3.7 12.2(CH)
[(TPP)Co(1-Melmy]* S=0 299 119.9 o} 134.1 134.6 75
m 127.1
p 128.2
(OEP)FeCl S=°%, 298 —55.9 43.7,40.2 80.0 ™™
(OETPP)FeClI S~ 5, 298 0,10.7 —(1,4) 45.2, 53.9 5.9 03 TW
0,8.2 24.1 5.7 5.3
m 13.0 144.6 —(2,3) 38.5, 61.3
m,12.8 149.9 35.3
p7.1 144.3
285 0;11.2 356.2
0,85  360.0
(TPP)FeCIQ S=73/, 298 010.0 269.8 3.4 25 TW
m11l.6 140.2
p8.2 137.7
[(OEP)Fe(HIM)]* S=1, 298 3.0 23.6 6.6 —23.6 TWA
d7
[(OEP)Fe(1-Melmy* S=1, 299 23.6 146.7 —23.6 75
d'[
[(ETIO)Fe(1-Melm)}]t  S=1%, 299 3.1 235 147.5 6.8 —23.2 (CH) 75
d, 16.0 —34.6 (CH)
[(TPP)Fe(HImM)]*+ S=1, 298 05.0  130.8 —16.9 94.3 -0.1 -1.9 Twe
d, m6.2  124.6
p6.3 126.5
[(TPP)Fe(1-Melmy]* S=1, 299 54.9 98.6 75
d'[
[(TMP)Fe(2-MeHIm}]* S=1%, 233 m6.0 128 R*—-12.0 77 TW
d, m6.7 126 B*—155 89
mg6.9 122 RB°—175 94
m9.1 135 R°—-19.2 98
[(OETPP)Fe(HIm)* S=1, 298 055  104.1 12.4,5.1 -1.0 -0.3 Twe
d, m5.9  125.0
p6.9 125.3
285 04.6 106.6 10.8,4.2 —255 1.0 4.6
m6.6  125.1
p5.6 124.5
[(OEP)Fet-BUNC)]*  S=1, 223 —58.2 491.1 7.4 1.7 80
Chy
[(TPP)Fet-BuNC)]*™ S=1Y, 223 997.3 0—-24 579.6 11.2 60.0 156 —17.2 80
dy m16.5 149.3
p0.9 166.5
[(OMTPP)Fe{-BuNC),]* S=1%, 223 979.4 01.0 568.8 -2.1 18.9 10.8 23.6 80
Oy m15.0 169.9
p4.2 146.3
[(OETPP)FeBUNC)]t S=1, 223 416.2 05.8  316.0 9.8 —-11.0 5.1 7.0 80
Ohy m1l.5 1457
p6.4 138.7

aTW = this work.? P;—P4 = 4 B-pyrrole resonances observed as a result of the symmetry of the ruffled porphyrinate ring with this bulky ligand bound
to Fe(lll).

radical spin density at themesecarbons of the chloro- and donation, and the residual due to the corraleradical

phenyliron corrolates. electron, in order that we may see where this radical electron
Radical Spin Density at the/-Pyrrole Carbons of the resides on the macrocycle. This is an approximate treatment,
Chloroiron Corrolates. Using the estimates of the contribu- for we have not separately accounted for the metal- and
tion of spin delocalization from the metal, dunpaired ligand-centered pseudocontact contributiéres justification
electron(s) to the spin density at tlffepyrrole andmese for this neglect of the pseudocontact contributions, we cite

phenyl carbons just discussed, we have constructed a tablahe fact that metal-centered pseudocontact shifts are relatively
of estimated totaparamagneticshifts and the separation of small (<10 ppm)?>7>77and ligand-centered pseudocontact
these into the contributions expected from the delocalization shifts parallel the contact shifts in magnitude and sign, but
of metal electrons to the macrocycle through CerfFe = are much smaller than the contact shifts10%)/577 To
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Table 5. 13C Paramagnetic Shifts and Their Separation into Those Arising from ttaed Corrole Radical Electrons

13C Paramagnetic Shifts, ppm

or Ph
complexdpard 2,18 3,17 7,13 8,12 meseC o] m p
(TMTECorr)FeCl —95 -8 —29 —55 N. 0P
Ogr® —44 (—88) —44 (—88) —47 (—94) —47 (—-94) —73 (—146)
Ocorr rad —51(-7) +36 (+80) +18 (+65) —8 (+47)
radical spin densiy® +0.053 ¢-0.0079 —0.037 (-0.083 —0.019 (-0.068 +0.008 (-0.049
total 5-pyrrole radical spin density +0.01 -0.39
total mesoradical spin densiy —-0.72
total 5-pyrrole + mesoradical spin density -0.71(1.1)
(DMHECorr)FeCl —94 -5 —28 —41 N. OP
Oart® —44 (—88) —44 (—88) —47 (—94) —44 (-88) —73 (—146)
Ocorr rad —20 (—6) +39 (+83) +19 (+66) +3 (+47)
radical spin densif# +0.051 ¢-0.00§ —0.040 (-0.0849 —0.019 (-0.067 —0.003 (-0.049
total 3-pyrrole radical spin density —0.02 (-0.39
totalmesoradical spin density —-0.72
total 5-pyrrole + mesoradical spin density —0.74 -1.11)
(TPCorr)FeCl —151 +289 +33 +73 N. 0P —430,—414 +14 —58
—513 —12 —46
Oart® —48 (—96) —48 (—96) —48 (—96) —48 (—96) -3 (-6) —3(=5) —2(-3)
Ocorr rad —103 (-55) +337 (+385) +81 (+129) +121 +169) —423,—-407 +20 —58
—506 -6 —46
radical spin densify® +0.016 ¢-0.009 —0.053 (-0.060 —0.013 (-0.020 —0.019 (-0.02§ N.OP
total 5-pyrrole radical spin density -0.14 -0.19
total mesoradical spin densiy -0.73
total 5-pyrrole + mesoradical spin density —0.87 (-0.92
(OMTPCorr)FeCl —106 -5 —25 —45 N. OP N.OP —44-42 —10
—49 -10
Og® —47 (—94) —47 (=94) —47 (—94) —47 (—94) —-3(—6) —-3(-5) —2(=3)
Ocorr rad —59 (—12) +42 (+86) +22 (+69) +2 (+49) N. OP —39,—-37 —8(-7)
—44 -8 (=7)
radical spin densif§# +0.048(+0.010) —0.034(—0.070) —0.018(—0.056) +0.002(—0.040) &)
total 8-pyrrole radical spin density +0.004(—0.31)
totalmesoradical spin density +0.38
total S-pyrrole+ mesoradical spin density +0.38(+0.07)
(DMHECorr)FePh ~ —99 —270 +5 —174 N. OP
Ogr® —44 (—88) —44 (—88) —47 (—94) —44 (—88) —73(—146)
Ocorr rad —55 (—11) —236 (—182) +52 (+99) —130 (—88)
radical spin densify? +0.012(+0.002) +0.048(+0.037) —0.012(—0.022) +0.026(+0.018) —0.061 (5,15)
—0.058 (10)
total 8-pyrrole radical spin density +0.15(+0.07)
total meso radical spin density —0.1% —0.18

total 8-pyrrole+ meso radical spin density +0.03(—0.05);—0.03 (—0.23)

2 Paramagneticshift dpara= dobs — Odia, Where the diamagnetic shifts used are those of (OECorr)8n€N. O. = not observed Value for one ¢
unpaired electron; values for twg; dinpaired electrons given in parentheses. For the chloroiron corrolates except for (OMTPCorr)FeCl, the spin densities
are consistent with those of the,3@r)-like corrolate orbital if there are two,dunpaired electrons, while for the phenyliron corrolate, they are somewhat
more consistent with that orbital if there is only ong uhpaired electron; for (OMTPCorr)FeCl, the spin densities are marginally consistent with the
presence of one,dinpaired electrorf! See text for the method of calculation of spin densitfd3FT-calculated value from ref 18Calculated fromdpa{mese
H) for (DMHECorr)FeCl (Table 2), the spin densities at thesecarbons of the chloroiron corrolat&sanddpa{meseH) for (DMHECorr)FePh (Table 3).

convert paramagneticshifts into spin densities, we have shift. We have then multiplied this value by tharamagnetic
taken the difference in chemical shift between the 2,18- and shift due to the corrolate radical electron derived in Table
3,17-CH carbons (Table 2) and divided that value by the 5,

difference in totafs-pyrrole-carbon spin densities calculated

by DFT methods for the 2,18- and 3,17-carbof®.05 — {[pc(2,18) = pc(3,17)/[0pd2,18) — Opd3,17)} x

(—.0..04) = +0.09)8 tp optain the.amount of spin density Opard 7,13 OF 8,12)= p(7,13 0r 8,12) (2)
arising from all contributions that is representgdabl ppm

(77) Bertini, I.; Luchinat, C.; Parigi, G.; Walker, F. A. Biol. Inorg. Chem. Results Obtame_d for thésC paramagneugshn‘ts of all
1999 4, 515-519; 846. complexes of this study are summarized in Table 5.
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As can be seen from the results presented in this table,shift (+428.9 ppm). If the DFT-calculated total spin densities
for the two chloroiron octaalkylcorrolates, those of TMTECorr at the 2,18 and 3,17 positions, which included both metal
and DMHECorr, whether we consider one or twaupaired and macrocycle contributions to the spin densiti€§.04,
electrons to be present, the spin density at gagyrrole —0.03, respectively’}® are used as were those of hi@yrrole
carbon is quite similar for the two. Furthermore, thpyrrole CH, or CH; groups in eq 2 to estimate the spin density at
spin densities for (OMTPCorr)FeCl at each position are very each-pyrrole carbon that is due to the corrolate radical
similar to those of the two octaalkylcorrolates. From the electron, one predicts that the spin density due to the corrolate
values given in Table 5, if it is assumed that there is only unpaired electron at the 2,18 positions is ab&0t009 for
one ¢ unpaired electron, then the largest corrole radical spin the presence of two.dunpaired electrons, while that at the
density is at the 2,18-carbons and is positive, abei05; 3,17 carbons due to the radical electron-i8.060, that at
for the 3,17-carbons, the spin density is ab#ytof this the 7,13 carbons is0.020, and that at the 8,12 positions is
magnitude and is negative, abot.04; at the 7,13-carbons,  —0.026, a total 0f-0.19 for two d electrons that is due to
it is about/s of the 2,18-carbon spin density magnitude and the  radical electron. Thus, all four chloroiron corrolates
also negative, about0.01 to —0.02; at the 8,12-carbons,  of this study discussed thus far show similar patterns of
the spin density is very small and the sign varies. By having positive and negative spin density at {Bgyrrole carbons
accounted for the contribution of the Spin delocalization from of the macrocyde_ Nevertheless, the sum of the Spin densities
the single metal 4 unpaired electron, we thus would gt gl eightg-pyrrole carbons for the triphenyl- or octaalkyl-
conclude that the totgd-pyrrole radical spin density at all  ¢corrolates indicates that the eightpyrrole carbons carry
eight carbons for the two chloroiron octaalkyl corrolates only —0.2 to —0.4 of the corrole radical spin density and
ranges from+0.02 to—0.02, very small values. thatthey are, thus, not the most definii carbon positions

In the case of two dunpaired electrons, théC chemical o probein order to determine the existence and location of
shifts of the 2,18 carbons of alkyl groups attached to the the spin of the corrolater radical. Rather, we must

p-pyrrole carbons are largely accounted for by spin delo- jyestigate thenesecarbonparamagneticshifts.
calization from the metal to the macrocycle, and thus, the Radical Spin Density at the meseCarbons of the

r1a8d|calbelectr|o n contrlbgtes qg%g'ﬁ!fet splfntrcljer;sg.a;t?; 2, Chloroiron Corrolates. One of the best systems for observ-
carbons. in comparison, shiits ot the 3,27, 7,13, ing large spin delocalization from metal d orbitals to
and 8,12 carbons are large and positive, indicating excess

) . ; macrocycler orbitals is the bigert-butylisocyanide com-
negative spin density at thogepyrrole carbons due to the lexes of iron porphvrinated454 These complexes have
corrole radical electron, about0.08,—0.06, and—0.03 to P porphy . P

—0.05, respectively, a total of abot0.34 to—0.38 for the very large negativeneseH shiﬁg or very large positive
eight S-pyrrole carbons of the two octaalkylcorrolate com- phenyl-Hon n 0o and om — ép Sshgt differences fomese
plexes. Smaller values are found for low-spin Fe(lll) pggirt]i)\//;?:ssggiznps?r:il?t:g%gifiE;l azr;ir:g;?iz\éz% ;'aargli
porphyrinates, where only spin delocalization is possible, b B . .
+0.10® and+0.06 to+0.077° note that the sign of the spin 4. These very largpositie C Sh";ts represent large positive
density is the opposite of that observed for the chloroiron spin ?.ensnn.-:‘s(?t th@es?ct:re;;bons% vghmh S]:J tgr;]gest thellt, V.V'th
octaalkylcorrolates, again, indicating antiferromagnetic cou- negative spin erl5|ty at tieesecarbons of the corro'e 1ing
pling of the radical electron. the chemical shlft§ shquld be very negatlye. [ThreseC
Summarizing both possibilities, of one or twe ahpaired resonances are shifted in an opposite directightpyrrole-C

electrons, either there is essentially zero radical spin densityfgor.]ar:jceS Itn paramagn.etlclzl wonp;nrghyntnsﬁe:(}ggt 3\/_'
at the eightg-pyrrole carbons (one) or there s0.34 to spin density) was originally pointed out by Ve

—0.38 radical spin density at the eighpyrrole carbons (two :az\geo(ljooked %S tfa;]r asZO(iOf ppn; Eﬁnd as far p05|t|veBas q
d,, unpaired electrons) of the chloroiron octaalkylcorrolates. ppm) but have not foun €se resonances. base

The patterns of radical spin density obtained for these three 2" the spin+density estimateg]zfor mmsecqrbons (?f [(TPP)-
complexes are more consistent for the case of two d Fe(PhNC)]_ (pc ~ +0.06),® the chemical shift of the
electrons than for only one, when compared to the expectedcorresPond'ng'BUNE complex 997 ppm) g;md that of the
electron density distributions shown for the,&a)-like [(OEP)Fe(-BuNC)]" complex (-491 ppm)i® and the spin
orbital of Figure 1A (small density at the 2,18-carbons, densities of the chloroiron corrolates calculated by DFT
largest at the 3,17-carbons). Therefore, we will emphasize Methods of about-0.25 eactt? themesecarbon resonances
the case of two delectrons for the chloroiron octaalkyl- could be in the chemical shift range as negative-a$00
and triphenylcorrolates in the following discussion, and we (1)r even as negative as3750 ppm. Thus, we cannot use
have bolded those calculated spin densities in Table 5. -C NMR shifts to determine the spin density at these

In comparison, for the triphenylcorrolate, (TPCorr)FeCl, carbons experimentally.
the 2,183-carbons have the most negati€ shift (—18.8
ppm), while the 3,1B-carbons have the most POSItivie (80) Ikeue, T.; Ohgo, Y.; Saitoh, T.; Yamaguchi, T.; Nakamura)mdrg.

Chem.2001, 40, 3423-3434.
(81) Rivera, M.; Caignan, G. A.; Astashkin, A. V.; Raitsimring, A. M.;

(78) Basu, P.; Shokhirev, N. V.; Enemark, J. H.; Walker, F.JAAm. Shokhireva, T. K.; Walker, F. Al. Am. Chem. So@002 124, 6077
Chem. Soc1995 117, 9042-9055. 6089.

(79) Yatsunyk, L. A.; Shokhirev, N. V.; Walker, F. Anorg. Chem2005 (82) Astashkin, A. V.; Raitsimring, A. M.; Kennedy, A. R.; Shokhireva,
44, 2848-2866. T. K.; Walker, F. A.J. Phys. Chem. 002 106, 74—82.
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Nonpolar Chloroiron Corrolate

We have shown previously thatesephenyl-proton shifts
can be useful for determining ttségn of the spin density at
the mesecarbons of iron tetraphenylporphyrinatésTo
determine theamountof spin density at thenesecarbons
of the phenyl-substituted chloroiron corrolates, (TPCorr)-
FeCl and (OMTPCorr)FeCl, we must have a means of
convertingmesephenyl-H or -C shifts or shift differences
(for example,om — dp) into mesecarbon spin densities.
While this cannot be done from first principles, we can
estimate the mespc using themeseH shift differencedn
— Op of [(TPP)Fe{-BuNC),]", +15.6 ppnm® Table 4, and
the estimated value of the mesefor this complex;+0.0682
along with the value 0d., — d,, obtained for (TPCorr)FeCl,
Table 1,—22 (5,15) and-20.8 (10) ppm, which yields values
of mesopc = —0.087 (5,15) and-0.080 (10). However,

electrons, it may have ferromagnetic coupling of metal and
macrocycle electron spins. This could occur if the complex
consists of intermediate-spin Fe(lll) ferromagnetically coupled
to a corrole radical to give a8 = 2 system. To determine
whether this is the case, we measured the value.pby
NMR method<’ %8 Based upon the mass of the sample used,
an initial value ofue = 3.8 ug was obtained. This value is
larger than the 2.87g expected for ars = 1 system but
considerably smaller than expected for &= 2 system.
However, because of the large impurity peaks intthélMR
spectrum of (OMTPCorr)FeCl (Figure 3), which are probably
due to a combination of the-oxo dimer [[OMTPCorr)Fe

and polydimethylpyrrole/benzyl-unit-containing polymers or
corrole ring decomposition products, we tried to account for
this impurity based upon the intensity of the impurity

these values are much smaller than those obtained from theesonances at-12.5 ppm and 78 ppm. On the basis of the

DFT calculationg® —0.225 (5,15) and-0.280 (10). There-
fore, either the estimated spin density of thesecarbons
of [[TPPFe{-BuNC),]" is too small by a factor of 3 (unlikely,

intensity of those peaks, we estimate a purity of the
paramagnetic (OMTPCorr)FeCl complex of aboutit 3%.
Making this correction to the concentration of the complex

based upon simulations of the pulsed electron-nuclear doubleshifts uef to larger values, which indicates a value consider-

resonance (ENDOR) spectra of [(OEP)Fe(PhIC) or the
magnitude of the phenyl-H shift differences of the chloroiron
corrolate radicals do not reflect the magnitude of the spin
density at thenesecarbons. Thus, we have also investigated
the behavior of the phenyfC 6, — 6, of (TPCorr)FeCl as
compared to that of [[TPP)ReBUNC),]*: the former has
shift differences of+72.8 (5,15) and+35.0 (10) ppm
(calculated from the phenyl-C shifts given in Table 2), while
the latter has &m — dp = —17.2 ppm. From these values
and a mes@c = +0.06 for the latter, the mesa: values
for (TPCorr)FeCl are-0.254 (5,15) and-0.122 (10). These

ably larger than 3.8&g and estimated to be within the range
of 4.7 + 0.5 ug; a value ofus = 4.90 ug is expected for
four unpaired electrons. The solution magnetic moment
supports the proposal of ferromagnetic coupling of the iron
and corrole radical electrons to gige= 2 for (OMTPCorr)-
FeCl and the metal electron configuration.{d,)3dxd2",
with only one ¢ unpaired electron, although from the data
at hand, we cannot determine the strength of the coupling.
That ferromagnetic coupling could be possible is supported
by the smaller distance of the iron out of the mean plane of
the four nitrogens (0.387 A) as compared to that found for

spin densities for the 5,15-carbons are of similar magnitude (OECorr)FeCl (0.42 A}* which would decrease thezet

to those obtained by DFT calculatiotfsand that for the 10-
carbon is a factor of 2 smaller than calculated. Thus, it

ax(m)-type overlap (Figure 1C) shown previously by DFT
calculations to be responsible for the antiferromagnetic

appears that, at least for the corrolate radical-containing coupling in the chloroiron octaalkyl- and triphenylcorro-
complexes, and perhaps for other macrocycle complexes adates!® This out-of plane distance is larger than that found

well, phenyl-carbo®d,, — J, values are much more reliable
at predicting spin densities at thmesecarbons than are
phenyl-proton shift differences. Detailed investigations of
other systems will be required in order to determine the
relative usefulness dH and'C phenyl shift differences in
cases where macrocycle radicals are not involved.

On the basis of the behavior of the phenyl-H and phenyl-C
shift differences for (TPCorr)FeCl, we have used the shift
differencesdm — d,, for the phenyl carbons of (OMTPCorr)-
FeCl [-33.9 (5,15) and-40.0 (10) ppm] and the values of
Om — Op for the phenyl carbons of [(TPP)ReBUNC)]*
(—17.2 ppm) to determine the spin densitie€.118 (5,15)
and+0.140 (10), respectively. From this estimate, it is clear
that there is significanpositive spin density at thenese
carbons of (OMTPCorr)FeCl. The total of tfiepyrrole spin
densities found for (OMTPCorr)FeCl (Table 5) and these
carbon spin densities just calculated account06r40 (for
one d; unpaired electron}-0.09 for two) unpaired electron

for the phenyliron complex (OECorr)FePh (0.27'Adlis-
cussed below, which was found to be best described & an
= 1 Fe(lV) center bound to a noninnocent corrolate)(3
anion* Thus, the (OMTPCorr)FeCl complex gives us a view
of how sensitive the electron configuration of the metallo-
corrolates is to not only the identity of the axial ligand but
also the amount of out-of-plane displacement of the metal.
Radical Spin Density at the 5-Pyrrole and meso-
Carbons of the Phenyliron Corrolate. The phenyliron
corrolate of this study, (7,13-DMHECorr)FePh, for which
the paramagneticshifts at the pyrrole-CHand -CH carbons
and the residuaparamagneticshifts that are due to the
corrolatesr radical are also included in Table 5, shows a
somewhat different pattern of residual spin densities. As
summarized in Table 5, if we consider ong dnpaired
electron to be present, then there is small positive radical
spin density at the 2,18-, 3,17-, and 8,12-carbons and small
negative radical spin density at the 7,13-carboh8.011,

on the corrole ring that has positive spin, the same sign as+0.048,+0.026, and—0.011, respectively), for which the

that of the metal electrons.
Thus, depending upon whether (OMTPCorr)FeCl, with a
somewhat saddled macrocycle, has one or twargaired

sum of the radical spin densities at the eighpyrrole
carbons ist+0.15. If, instead, we consider twg, électrons
to be present, then most of the observed negati
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paramagneticshift of the 2,18-carbons is accounted for by
delocalization of the metal,celectrons to the corrole ring,
yielding small positive spin density at these positions, with

Nardis et al.

the undecasubstituted corrolate (0.387 A) than for the
octasubstituted corrolate (OECorr)FeCl (0.422%9r the
dodecasubstituted porphyrinates (OMTPP)FeCl (0.4% A)

larger positive spin density at the 3,17 and 8,12 carbons,and (TGTPP)FeCl (0.485 AY’ This smaller out-of-plane

and negative spin density at the 7,13 carbof®.002,
+0.037,+0.018, and—0.020, respectively) in this case, a
total of +0.074 from the excesSC paramagneticshifts at
the S-pyrrole CH, and CH positions of this study. Small
spin density at the thremesecarbons,—0.04 each, was
found from DFT calculation& If we use the'H paramag-
netic shifts of themeseH of the chloroiron complex of this
same corrolate4164 (5,15) and+177 (10) ppr?, along
with the calculated spin densities at these positiorn8.23
and —0.26, respectively) and themeseH paramagnetic
shifts of the phenyliron corrolateH43.6 (5,15) and+39.7
(10) ppm?] to calculate the spin densities, we fingd =
—0.061 (5,15) and-0.058 (10). These values are slightly
larger in magnitude but of the same sign as the DFT-
calculated spin densitiég.These values lead to the total
excess spin density beirg0.03 (—0.05 for two d. unpaired
electrons) for the eighi-pyrrole and threenesecarbons due

distance is believed to be the reason for the ferromagnetic
coupling betweers = 3/, Fe(lll) and the corrolate radical to
yield anS = 2 (OMTPCorr)FeCl complex, as shown both
by NMR shifts {3C) of the phenyl carbons that are opposite
in sign Om — 6,) from those of (TPCorr)FeCl (and the same
sign as those of [(TPP)ReBUNC)]", Table 4), and by
solution magnetic moment measurement. Interestingly, if we
had only measured thHél chemical shifts of (OMTPCorr)-
FeCl, we would not have discovered its different spin
coupling pattern, for théH shift differences §m — d;) are

of the same sign and approximately the same magnitude for
(TPCorr)FeCl and (OMTPCorr)FeCl (Table 2). It is, thus,
clear that*C chemical shifts are powerful tools for defining
the sign and magnitude of the spin densities at various carbon
positions of paramagnetic metallomacrocycles and appear
to be more reliable thatH shifts and shift differences. The
much smaller spin densities at the eighpyrrole carbons

to the radical electron using the DFT-calculated Spin denSitieSVersus those at the thragsecarbons of all of the chloroiron

or —0.03 (~0.23 for two ¢, electrons) due to the radical
electron using theneseH shifts. Because the phenyl anion
should be a much better acceptor than the chloride ion, it
should tend to lower the energies of thg ahd g, orbitals;
in addition, the metal is not shifted as far out-of-plane as it
is for the chloroiron corrolates. Thus, we favor the
(dy»0y)%(dyy)* electron configuration and the presence of only
one ¢, unpaired electron for this complex. Therefore, as
concluded previousl{® the excess spin density on the
corrolate ring at thgs-pyrrole andmesecarbons of (7,13-
DMHECorr)FePh due to a corrolate radical electron is very
small. Thus, we conclude that, for the phenyliron corrolate,
the metal is approximately Fe(IV) and the corrolate is
approximately 3 in charge, but the macrocycle is non-
innocent.

Conclusions.The undecasubstituted chloroiron corrolate,
(OMTPCorr)FeCl, has a molecular structure that is much

corrolates, together with the fact that tBe(r)-like orbitals

as well as th8a,(7)-like orbital of the corrolate macrocycle
have similar patterns of electron density at {hyrrole
carbons (Figure 1), which, with opposite spin contributions
approximately canceling, makes it clear that theyrrole
carbon shifts (as well g8-substituent H or C shifts) are not
useful for defining the electron configurations of metallo-
corrolates. Without analyzing th@eseH or mesephenyl
carbon shifts, the electron configurations of metallocorrolates
cannot be reliably determined.
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less distorted from planarity than its dodecasubstituted and friendship.

chloroiron porphyrinate counterpart, (OMTPP)F&CRoth

have saddled macrocycles, but the average methyl out-of-

plane distance is only 0.63 A for the former, while it is 1.19
A% for the latter. The Fe out-of-plane distance (from the

Supporting Information Available: Figures S+S3 ['H and
HMQC NMR spectra of (MgEtsCorr)FeCl and (TPCorr)FeCl] are
available free of charge via the Internet at http://pubs.acs.org.

mean plane of the macrocycle nitrogens) is also smaller for IC0504846
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