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To understand the orientation effect of coordinated imidazole ligands, a series of low-spin (tetraalkylporphyrinato)-
iron(l1l) complexes, [Fe(TRP)(lz}™ and [Fe(TRP)(L)(CN)], carrying at least one orientationally fixed imidazole

(L) have been prepared. THed NMR pyrrole signals of a series of [Fe(TRP)(2-Me}iri)have shown considerable
downfield shifts as thenesosubstituent becomes bulkier, from30.4 (R= H) to +5.6 ppm (R= Pr) at—71

°C. These complexes have exhibited four pyrrole signals at lower temperature due to the hindered ligand rotation.
The spread of the pyrrole signals decreases from 9.4 (Me) to 8.2 (Et) and then ®rbgpMm. The downfield
pyrrole signals together with the small spread in [FB(P)(2-Melm)]* are in sharp contrast to the other low-

spin complexes with orientationally fixed imidazole ligands; the chemical shifts and spreads of the pyrrole signals
in [tetrakis(2,4,6-trialkylphenyl)porphyrinato]iron(lll) complexes [Fe(R-TPP)(2-Mg)ijR = Me, Et,Pr) are
ca.—20 and ca. 9 ppm, respectively,-af1°C. The EPR spectra of a series of [Fe(TRP)(2-Me]mjvere then

taken at 4.2 K. While the R= H, Me, and Et complexes have shown so-called “laggs; type” spectra as in

the case of [Fe(R-TPP)(2-Melg}}, theiPr complex has exhibited an “axial type” spectrum. The result indicates
that the electron configuration of the ferric ion of [F&TP)(2-Melm)]* is presented by the unusuak4dd,,)*-

(dyy)* in contrast to the other low-spin complexes where ferric ions have 1é(¢t,, dy,)° configuration. When

one of the 2-Melm ligands in [Fe(TRP)(2-Melg) is replaced by CN, not only the/Pr but also the Me and Et
complexes have shown thegfdd,,)*(dx,)* configuration as revealed from the EPR spectra. The pyrrole signals
of the'Pr complex [Fe(TPrP)(2-Melm)(CN)] have been observed at 12.2, 14.1, 14.8, and 16.2 ppmildC.

Thus, the spread is only 4.0 ppm. The value is quite different from that of the corresponding [Fe(Me-TPP)(2-
iPrim)(CN)] where the spread reaches as much as 11.4 ppm. On the basis of these results, it is concluded that
the spin distribution on the pyrrojg-carbons in the complexes with,{dd,,)*(dy)* is rather homogeneous even

if the coordinated imidazole is orientationally fixed. On the contrary, the fixation induces a larger asymmetric
spin distribution on these carbons in the complexes wif})Ady, d,,)* configuration.

Introduction methyl signals in low-spin hemoproteins as compared with that
of synthetic ferric porphyrin complexes with the same axial
ligands!'® For example, the spread of the methyl signals in horse
heart cytochrome, which has histidine and methionine as axial
ligands, is reported to be 30.0 pgi.Similarly, the spreads of
the methyl signals in cytochromg and cytochrome imida-
zole, both of which have two imidazole ligands at the axial
positions, are 20.5 and 13.5 ppm, respectiVéh?as compared

Studies on the orientation effect of the axially coordinated
imidazole ligands on the heme properties have attracted much
attention in these years in connection with the biological system
where the coordinated ligands are tightly fixed in the cavities
of heme proteind~® The importance of the orientation effect
was originally recognized by the large spread of the heme
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with 3.2 ppm in protohemin bis(imidazolé) The large spreads

Nakamura et al.

four mesocarbons from the mean porphyrin plane reaches as

of the methyl signals have also been observed in metmyoglobinmuch as 0.72 A. This indicates that the complex has two

cyanidel4~16 cytochrome ¢ cyanidel17 lignin peroxidase
cyanidel® and HRP cyanidé® all of which carry histidyl

imidazole and cyanide as axial ligands; the spreads of the methylperpendicularly to each other.

cavities developed along the diagonalts—Fe—Crnesoaxes and
that the coordinated imidazole ligands are placed in the cavities
Thus, the solid structure is

signals are 22.2, 11.1, 29.3, and 25.9 ppm, respectively, asmaintained even in solution.

compared with 5.4 ppm in the protohemin with imidazole and
cyanide? These results suggest that naturally occurring hemo-
proteins have a large asymmetric spin distribution on the

Splitting of the pyrrole signal was commonly observed in
the low-spin [tetrakis(2,4,6-trialkylphenyl)porphyrinato]iron(lil)
complexes [Fe(R-TPP)(k)* (R = Me, Et, 'Pr) carrying a

peripheral carbon atoms, although the degree of spread issterically hindered imidazole (L) such as 2-Melm, 2-Etim, 2-

different from protein to protein. In contrast, the synthetic

iPrim, 1,2-Me2Im, 1-Me-2Prim, and BzInm?* The pyrrole

complexes generally have homogeneous spin densities on thesignals of these complexes were observed-&tto —27 ppm
peripheral carbon atoms. The large spread of the methyl signalswith the spread of 812 ppm at—56 °C. The EPR spectra
in hemoproteins has been reproduced even in the syntheticgenerally showed a so-called “larggax type” signal, a signal

model complexes if they carry imidazole ligands with fixed
geometry. Thus, the spread of the methyl signals in the

imidazole chelated heme reaches as much as 17.1%ppm.

Similarly, the pyrrole signals in the imidazole-appended heme
spread over 12 ppm® On the basis of these studies, it is

with gmax > 3.0 as the sole observable spectral featufEhe
“large gmax type” EPR spectra together with the extremely
upfield shifted pyrrole protons in the NMR spectra clearly
indicate that the ground-state electron configuration of iron is
presented by the usual,(Jf(dy, dy»)° in which the ¢, and g,

generally accepted that the fixation of the coordinated imidazole orbitals are nearly degenerai&:2¢ The reason for the upfield

ligand induces large asymmetric spin distribution on the
peripheral carbons.

shift of the pyrrole protons is ascribed to the charge transfer
from the porphyrin 3gx) and 3g(y) to the iron d, and d,

Some years ago, we have reported the first example of theorbitals, respectively, since thegerbitals have large electron

hindered rotation of axially coordinated imidazole ligand in bis-
(2-methylimidazole)mesetetrakis(2,4,6-trimethylphenyl)-
porphyrinatgiron(lll) chloride, [Fe(Me-TPP)(2-Melm)Cl.1°:20
Unlike the other complexes with fixed imidazole ligands, this

densities on the pyrrolg-carbong’ Thus, the fixation of
unsymmetrical 2-Melm ligands would lower the porphyrin
symmetry fromDy, to C,, resulting in the asymmetric spin
distribution on the porphyrin peripheral carbons. This must be

complex is quite unique in a sense that the nonequivalence ofone of the reasons for the spread of the four pyrrole signals,

the pyrrole protons is observed only when the rotation of the
coordinated imidazole ligand is hindered. In fact, the complex
showed a single pyrrole signal at a very high fiedd;-10.8
ppm at 25°C, which split into four signalsy —14.7,—19.0,
—21.0, and—23.3 ppm, at-56 °C. The spread of the pyrrole
signals, 8.6 ppm at-56 °C, suggests an asymmetric spin
distribution on the peripheral carbon atoms due to the fixation
of the coordinated imidazole ligands. The frozen conformation

8—12 ppm at—56 °C, in [Fe(R-TPP)(L)]".%*

A much larger asymmetric spin distribution has been expected
in the complexes with parallelly fixed imidazole ligands, since
this alignment of the axial ligands can lift the degeneracy of
the d, orbitals; the unpaired electron of iron resides mainly in
one of the d(dy, and d;) orbitals which is transferred into one
of the 3g orbitals of porphyrin, resulting in the large asymmetric
spin distribution. However, there have been no reports so far

in solution was determined to be the one where the ligands areon the fixation of two planar ligands in a parallel fashion on

placed perpendicularly along the diagonghete—Fe—Cmeso
axes?22 The structure was further supported by the X-ray
crystallographic analysis of the analogous [Fe(Me-TPP)(1,2-
MezIm),]ClO4.22 The porphyrin ring of this complex showed
a highly S-ruffled structure where the average deviation of the
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the NMR time scale. The crystallographic result mentioned
above suggests that the parallel conformation must be very
unstable since the second planar ligand has to coordinate to the
ferric iron perpendicularly to the cavity, resulting in the large
steric repulsion between the ligand and the porphyrin core. In
a previous paper, we have prepared mixed-imidazole complexes
such as [Fe(Et-TPP)(rim)(1-Melm)]" in which one of the
axial ligands, 2Prim, is fixed and the other is rapidly rotating

on the NMR time scalé® Since the orientation effect of the
rapidly rotating ligand is canceled out, one can expect that these
complexes might be good substitutes for the complex having
two ligands aligned in parallel. The pyrrole signals of [Fe(Et-
TPP)(2iPrim)(1-Melm)}" appeared at —13.8,—18.1,—27.9,

and —33.2 ppm at—56 °C. Thus, the spread of the signals
increased to 19.4 ppm, which is almost twice as much as that
of other complexes carrying two hindered ligands. One problem
in this complex is that the 1-Melm ligand, although rotating
rapidly on the NMR time scale, still tends to take a perpendicular
conformation in each moment of rotation. Thus, the better
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(meseaTetraalkylporphyrinato)iron(lll)

candidate for the study on the orientation effect of axial ligands
must be the complex carrying a planar imidazole ligand (L)
and a linear cyanide ligand (C\as presented by [Fe(R-TPP)-
(L)(CN)]. If rotation of the imidazole ligand is hindered, the
complex would give similar information that could be obtained
from the complexes with parallel fixed imidazole ligands.
Recently, we have reported another iron porphyrin system
in which rotation of the coordinated 2-Melm is hindered on
the NMR time scale. They are a series of bis(2-methylimida-
zole)(mesaetetraalkylporphyrinato)iron(lll) complexes [Fe(TRP)-
(2-Melm)] ™ (R = Me, Et, andPr)2® In the case of the methyl
complex, the pyrrole signals started to split belewl °C and
showed four signals at —6.3,—11.3,—14.4, and—15.7 ppm
at —71 °C. Thus, the spread of the pyrrole signals was 9.4
ppm, which is quite close to that of [Fe(Me-TPP)(2-Meljt)
8.9 ppm, at the same temperatételn the isopropyl complex,
on the contrary, the spread decreased to 3.5 ppm3&t°C.
These results suggest that the fixation of the imidazole ligand
does not always induce a large asymmetric spin distribution on
the peripheral carbons. Acquiring the basic knowledge of the
factors which control the spin distribution on the peripheral
carbons in low-spin ferric porphyrin complexes is quite impor-
tant to understanding the physicochemical properties of the
naturally occurring hemoproteins. Here, we report (i) the
synthesis and characterization of the low-spire§etetraalkyl-
porphyrinato)iron(lll) carrying orientationally fixed imidazole
(L) ligands [Fe(TRP)(LY]™, (ii) the synthesis and characteriza-
tion of the first examples of the mixed-ligand complexes
carrying cyanide (CN) and orientationally fixed imidazole (L)
ligands in both ihesetetraalkylporphyrinato)iron(lll) [Fe(TRP)-
(L)(CN)] and (mesetetramesitylporphyrinato)iron(lll) [Fe(Me-
TPP)(L)(CN)] complexes, (iii) the observation of the unusually
small spread of the pyrrole signals in the mixed-ligand isopropy!
complexes [Fe(PrP)(L)(CN)] as compared wtih the other
complexes such as [Fe(Me-TPP}{L) and [Fe(Me-TPP)(L)-
(CN)], and (iv) the reasons for the homogeneous spin distribu-
tion in the former complexes as compared with the latter ones.
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[Fe(TRPY(L),1* [Fe(TRP)(L)YCN)]

Experimental Section

Spectral Measurement. *H NMR spectra were recorded on a Jeol
LA300 operating at 300.4 MHz*C NMR spectra were recorded either
on a Jeol LA300 operating at 75.5 MHz or on a Jeol JNM620 operating
at 155.9 MHz for carbon. Chemical shifts were referenced to residual
CHDCl, (6 = 5.32 ppm). EPR spectra were measured at 77 and 4.2
K in frozen CHCl,—CH;OH solution with a Brucker ESP-300
spectrometer operating at X band equipped with an Oxford helium
cryostat.

Synthesis. (i) [Fe(TRP)(L}]". A series of tetraalkylporphyrins
were prepared according to the literatéfté' Insertion of iron was

(29) Nakamura, M.; lkeue, T.; Neya, S.; Funasaki, N.; Nakamuréndig.
Chem.1996 35, 3731-3732.

(30) Neya, S.; Yodo, Y.; Funasaki, N. Heterocycl. Chen1993 30, 549—
550.
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carried out in propionic acid using Fef8H,O. The high-spin ferric
porphyrin complexes [Fe(TRP)]CI thus obtained were purified by
chromatography on silica gel using @H,—CH3;OH as the eluent and
recrystallized from ChCl,—hexane. Bis(imidazole) complexes [Fe-
(TRP)(LY]" (R = Me, Et,'Pr; L = 1-Melm, 2-Melm, 2iPrim) were
synthesized by the addition of 2.5 mol equiv of imidazole (L) into,CD
Cl, solutions of the high-spin [Fe(TRP)]&l.

(i) [Fe(TRP)(L)(CN)]. To a CDCI; solution of low-spin bis-
(imidazole) complex [Fe(TRP)(k)" placed in an NMR sample tube
was added KCN in CEDD or tetrabutylammonium cyanide (BUfCN~)
in CD,Cl, at—78°C to form [Fe(TRP)(L)(CN)]. Temperature is very
important to obtain the pure complex; addition of KCN at the ambient
temperature resulted in the formation of both [Fe(TRP)(L)(CN)] and
[Fe(TRP)(CN)]~. In the following experimental procedure to prepare
the mixed-ligand complexes, only [Fe(THP)(1-Melm)(CN)] and [Fe-
(TMeP)(1-Melm)(CN)] are described in detail. All of the other
complexes were prepared by the similar procedure as [Fe(TMeP)(1-
Melm)(CN)].

[Fe(THP)(1-Melm)(CN)]. To a 300uL CD.Cl,—CDsOD (9:1)
solution of [Fe(THP)]CI (1.2 mg, 3.& 107® mol) and KCN (1.5 mol
equiv) was added a COI, solution of 1-Melm at—78 °C. The
reaction was monitored by4 NMR. The mixed-ligand complex was
formed when 3QL (3.0 mol equiv) of 1-Melm was added as a €D
Cl, solution. Addition of a KCN solution into [Fe(THP)(1-Mela)
was unsuccessful since [Fe(THP)(1-Mejfwas highly insoluble in
CD.Cl,. *H NMR (CD,Cl,—CD3;OD, —35 °C): —24.9 (8H, Py H),
—0.1 (4H,meseH), 20.0 (3H, Im-CHj).

[Fe(TMeP)(1-Melm)(CN)]. To a 250uL CD,Cl, solution of [Fe-
(TMeP)]CI (1.5 mg, 3.3x 10°® mol) placed in an NMR sample tube
was added a 50L CD.Cl; solution of 1-Melm (3.0 mol equiv). The
cooled solution {78 °C) of the low-spin [Fe(TMeP)(1-Melm)* thus
formed was titrated with a CfOD solution of KCN. The reaction
was monitored by théH NMR spectrum. After the total addition of
30 uL (2.0 mol equiv to the complex) of the solution, thid NMR
spectrum showed a complete formation of the mixed-ligand complex
[Fe(TMeP)(1-Melm)(CN)]. *H NMR (CD.Cl,—CDs;0D, —35 °C):
—6.7 (8H, Py H), 42.2 (12HmeseCHs), 7.5 (3H, Im—CHs).

(ii) Fe(Me-TPP)(L),]". Synthesis anéH NMR spectra of a series
of bis(imidazole) complexes of (tetramesitylporphyrinato)iron(lll) [Fe-
(Me-TPP)(LY]" have already been reported in our previous paper.

(iv) [Fe(Me-TPP)(L)(CN)]. To a CDCl, solution containing [Fe-
(Me-TPP)(LY]" was added 2.0 mol equiv of KCN at78 °C. In the
following experimental procedure to prepare the mixed-ligand com-
plexes, only [Fe(Me-TPP)(1-Melm)(CN)] is described in detail as a
typical example. Other complexes were prepared by the similar
procedure.

[Fe(Me-TPP)(1-Melm)(CN)]. To a 250uL CD.Cl, solution of
high-spin [Fe(Me-TPP)]CI (2.1 mg, 2.4 10°® mol) was added a 50
uL CDCl; solution of 1-Melm (3.0 mol equiv) to form the low-spin
complex. To the low-spin complex thus formed was added al30
of a CD;0D solution of KCN (2.0 mol equiv) at-78 °C. Complete
formation of the mixed-ligand complex was confirmed by tHeENMR
spectral change!H NMR (CD,Cl,—CD;0D, 25°C): —14.9 (8H, py
H), 0.93 (12H,0-CHj3), 1.08 (12H,0-CHg), 1.76 (12H,p-CHs), 6.33
(4H, mH), 6.41 (4H,m-H), 11.8 (3H, Im-CHj).

Results

IH NMR Spectra. (i) [Fe(TRP)(L)2]*. The H NMR
spectra of [Fe(TRP)(1-Meln*, [Fe(TRP)(2-Melmj]*, and
[Fe(TRP)(2iPrim)]* (R = H, Me, Et,'Pr) were taken in CB
Cl, at various temperatures, and their chemical shifts-3b
and—71°C are listed in Table 1a. The pyrrole protons of the
complexes having botmesealkyl groups and bulky imidazole
ligands showed signal splitting at low temperature. While the
meseunsubstituted complexes [Fe(THP){) gave pyrrole
signals at extremely high magnetic field, tHer complexes
showed them in a so-callediamagnetic regiohregardless of
the axial ligands. The pyrrole signals of the Me and Et
complexes appeared in the middle. In general, bis(2-Melm)



2408 Inorganic Chemistry, Vol. 37, No. 10, 1998 Nakamura et al.

Table 1. 'H NMR Chemical Shifts of a Series of Low-Spin (Tetraalkylporphyrinato)iron(lll) Complexes, [Fe(TRP)L)Fe(TRP)(CN)]~,°
and [Fe(TRP)(L)(CN}

(a) [Fe(TRP)(L)]* and [Fe(TRP)(CNJ)

Py HofL mesea-H of L Im—CHz of L
R 1-Melm 2-Melm 2lPrim CN~ 1-Melm 2-Melm 2iPrim  CN~ 1-Melm 2-Melm  2iPrim
He —24.0 —225 e —23.6 24.4 14.7 e
H¢ —30.9 —30.4 e —29.2 29.9 175 e
Me®¢ —-19.6 —8.2 7.4 0.0 8.7 38.7 39.4 64.3 19.0 3.5-5.1
Med —24.3 —6.3,—11.3,—14.4,—15.7 —4.9,—10.5,—12.8,—15.6 1.1 8.9 39.0,49.6 38.8,50.3 789 21.2-16 -—24,-124
Ett —-19.7 —9.4 —7.8 —-3.0 24 16.9 17.8 27.8 19.0 2.8—4.8
Et —25.9 —9.8,—-14.1,-17.1,—18.0 —5.9,—10.2,—13.0,—14.3 —-5.0 0.6 15.4,16.4,17.8 17.8,20.5 30.3 229 221.7,—10.2
iPe 2.8 26,3.8,6.9,7.3 2.3,5.3,5.3,6.6 12.1 18.3 17.9,21.3 15.8,18.8 27.8 1915 —-4.0,—-9.1
ipd 3.0 25,39,7.8,8.2 2.5,6.3,6.7,7.9 129 215 20.4,25.2 17.6,21.4 30.9 0:%.8 —4.6,—10.2
(b) [Fe(TRP)(L)(CN)]
Py Hof L mesea-H of L Im—CHz of L

R 1-Melm 2-Melm 2lPrim 1-Melm 2-Melm 2Prim 1-Melm 2-Melm 2Prim
He —24.9 —21.0 e (-0.1) (0.2) e 200 214 e

HI  —27.1 —268 e (-3.8) (-2.9) e 266 273 e

Me* —-6.7 1.8 2.9 42.2 66.2 71.6 75 -08 -50
Med -71 27 4.0 52.6 783 89.3 74 —-20 -6.7
Et¢ -7.7 18 1.9 17.7 334 33.9 77 —03 —48
Etd -9.7 15 f 20.2 38.6 40.4 88 —-06 -—-6.2
iPe 117 10.8,12.3,12.6,14.0 11.0,11.8,12.2,141 257 27.5 (broad) 26.8(2H),27.2(2BF —6.0 —4.8

ipd 13.3 12.2,14.1,14.8,16.2 12.2,13.6,14.2,16.3 30.1 32.4(2H), 33.1 (1H), 33.7 (1H) 32.2 (broad) —3.6 —-73 58
aThis work.? Reference 32 Chemical shifts at-35 °C. 9 Chemical shifts at-71 °C. ¢ Solubility is too low. Signals are too broad.

and bis(2Prim) complexes exhibited the pyrrole signals at lower (a) [Fe(TRP)(L),I"
magnetic field than the corresponding bis(1-Melm) complexes. 20 ;
In Figure 1a are given the Curie plots of the pyrrole signals in
[Fe(TRP)(1-Melm)]* and [Fe(TRP)(2-Melm)*. Although the
pyrrole protons of [Fe(TRP)(2-Melri)" showed four signals
at low temperature, the average positions were used in the Curie
plot. Except for théPr complexes, the slopes of the Curie plots
were negative; both [Fe{®rP)(1-Melm)]* and [Fe(TPrP)(2-
Melm),] ™ showed small but positive slopes. For comparison,
the chemical shifts of the bis(cyanide) complexes [Fe(TRP)-
(CN);]~ are also listed in Table 138.

(i) [Fe(TRP)(L)(CN)]. ThelH NMR spectra of [Fe(TRP)-

(R, L)

o
<

Chemical Shift (3, ppm)
o

tes——ta——— ('Pr, 2-Melm)
s ('Pr, 1-MeIm)

<

\ (Me, 2-Melm)

(Et, 2-Melm)

(1-Melm)(CN)], [Fe(TRP)(2-Melm)(CN)], and [Fe(TRP)(2- -30 Q (Me, 1-Melm)
iPrim)(CN)] were taken in CBCl,—CDsOD over a wide f ; (Et, 1-Melm)
temperature range;14 to—82°C. The chemical shifts at35 0.003 0.604 0.005 0.006 I 2-Melm)
and —71 °C are given in Table 1b. The Curie plots of the VTK Y (H, 1-Melm)
pyrrole signals of [Fe(TRP)(1-Melm)(CN)] and [Fe(TRP)(2-

Melm)(CN)] are given in Figure 1b. In a series of [Fe(TRP)- 20 (b) [Fe(TRPYL)(CN)] (R, L)
(1-Melm)(CN)] complexes, the unsubstituted complexsmri) " - ('Pr, 2-Melm)
showed a pyrrole signal @ —24.9 ppm at—35 °C, which is ) = | ('Pr, 1-MeIm)
quite typical as a low-spin ferric porphyrin complex. The Me ) 10¢

and Et complexes exhibited them at lower fiedd,—6.7 and ) e ——o—] (Me, 2-Melm)
—7.7 ppm at—35 °C, respectively. In the case of ther g 0 (Et, 2-Melm)
complex, the pyrrole signal appeared at fairly low fielel, 1.7 @

ppm. Neither pyrrole namesealkyl signals of these complexes q .10 | (Me, 1-MeIm)
showed appreciable broadening even—#&2 °C. While the B (Et, 1-Melm)
pyrrole signals of the unsubstituted and Et complexes moved é .20 B :

to higher magnetic field as the temperature was lowered, that

of the'Pr complex moved to the opposite direction. The pyrrole 30/ "~

signal of the Me complex showed little dependence on tem- ) \\

perature. ThéH NMR signals of both the pyrrole anteso v \\ (H, 2-Melm)
a-protons in [Fe(TRP)(2-Melm)(CN)] appeared at lower mag- 0605 0.000 0005 oo0e & Melm
netic field as compared with those of the corresponding [Fe- UTKY

(TRP)(1-Melm)(CN)]. AIFhough the S|gnal§ in the Me and Et Figure 1. Curie plots of the pyrrole signals.
complexes showed considerable broadening at lower tempera- ‘ .
ture, they did not split even at71 °C. The clear splitting of  the signals was observed, however, in fRecomplex [Fe(F
PrP)(2-Melm)(CN)]; the pyrrole protons gave four signals with
(32) Nakamura, M.; Ikeue, T.; Fujii, H.; Yoshimura, T.Am. Chem. Soc. ~ €qual integral intensities at 12.2, 14.1, 14.8, and 16.2 ppm
1997 119, 6284-6291. and themeseCH showed three signals with 2:1:1 intensity ratios
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Figure 2. 'H NMR spectra of (a) [Fe(PrP)(2-Melm)(CN)] and (b)
[Fe(Me-TPP)(2-Melm)(CN)] taken at-71 °C in CD,Cl,. The inset
shows thelH NMR spectrum of the corresponding pyrrole-deuterated
complex taken at the same temperature.

at 32.4, 33.1, and 33.7 ppm af71 °C as shown in Figure 2a.
In the case of [Fe(TRP)(Zrim)(CN)], both the pyrrole H and
meson-H signals of the isopropyl complex [FEPTP)(2Prim)-
(CN)] showed splitting even at10 °C; the pyrrole protons
showed four signals while theeseo. protons gave two signals
with equal intensities at 35 °C. The result contrasts with the
case in [Fe(PrP)(2-Melm)(CN)], where theneseco. protons
gave three signals with 2:1:1 intensity ratio. Further lowering
of the temperature caused broadening ofittesea signals and
gave a single line at71 °C.

(iii) [Fe(Me-TPP)(L) J]*. The'H NMR spectra of [Fe(Me-
TPP)(LY]* have already been reported in our previous paper.

For comparison with other complexes, the chemical shifts are

listed in Table 2a.

(iv) [Fe(Me-TPP)(L)(CN)]. The!H NMR spectra of [Fe(Me-
TPP)(L)(CN)] (L= 1-Melm, 2-Melm, 2Prim) were measured
in CD,Cl,—CD3OD over a wide temperature range. The
chemical shifts of these complexes at 25 afidl °C are listed
in Table 2b. In [Fe(Me-TPP)(1-Melm)(CN)], the pyrrole signal
appeared at-14.9 ppm at 25°C and moved to the higher

magnetic field as the temperature was lowered. The sharpnessdppeared ag

of the signal was maintained even-af1 °C. In contrast, [Fe-
(Me-TPP)(2-Melm)(CN)] showed a pyrrole signal-aé.3 ppm

at 25°C, which broadened considerably at lower temperature

and started to split below91 °C. Much clearer splitting of
the signal was observed in [Fe(Me-TPPY¥2im)(CN)], where
the pyrrole signals appeared all2.7,—5.8, —1.4, and—0.9

Inorganic Chemistry, Vol. 37, No. 10, 1998409

at 25°C. When the temperature was lowered, carbon signals
of the porphyrin core spread into 2 or 4 peaks even in the Me
complex. Because of the low solubility and low signal-to-noise
ratios, the signal assignment was not completed at low tem-
perature. Thus, only the chemical shifts of tlnesocarbons

at 25 and—60 °C are listed in Table 3.

Spread of the Signals. The spread of the pyrrolg- and
mesoa-proton signals is defined by the maximum difference
in chemical shifts at low temperature where the rotation of axial
ligands is slowed on the NMR time scale. These values are
extracted from Tables 1 and 2 and are summarized in Table
4a—c.

(i) Pyrrole Proton Signals. The spread of the pyrrole signals
in [Fe(TRP)(LY]" decreased as the bulkiness of theeso
substituents increased. In the case of [Fe(TRP)(2-Mgim)
the spreads were 9.4, 8.2, and 5.7 ppm-@i. °C for the Me,

Et, and 'Pr complexes, respectively. Similarly, the spread
decreased from 10.7 (R Me) to 8.4 (Et) and then to 5.4R()
ppm in [Fe(TRP)(ZPrim)]*. A much smaller spread was
observed in the mixed-ligand complexes [Fe(TRP)(L)(CN)],
although the signal splitting was observed only in tRe
complexes. The spreads were 4.0 and 4.1 ppm for [Pef}-
(2-Melm)(CN)] and [Fe(TPrP)(2LPrim)(CN)], respectively. In
the case of the tetraarylporphyrin complexes, [Fe(R-TPER)(L)
the spreads were 9-11.3 ppm. In contrast to the tetraalkyl-
porphyrin system, the spread further increased when one of the
axial ligands was replaced by CNthe spread of [Fe(Me-
TPP)(2iPrim)(CN)] was 11.4 ppm as compared wtih 10.9 ppm
in [Fe(Me-TPP)(2Prim)] .

(i) Meso a-Proton Signals. The spread of themeso
o-signals decreased on going from the bis(imidazole) complex
to the corresponding mixed-ligand complex. Thus, in the
2-Melm series, it changed from 4.8 ppm in [F&TP)(2-
Melm),;]* to 1.3 ppm in [Fe(TPrP)(2-Melm)(CN)}. Similar
decrease was observed in théP2Hm series, from 3.8 ppm in
[Fe(TPrP)(2iPrim)]* to ca. 0.4 ppm in [Fe(PrP)(2iPrim)-
(CN)].

EPR Spectra. (i) [Fe(TRP)(2-Melm)]*. Although bis-
(imidazole) complexes were EPR silent at 77 K, they gave clear
signals at 4.2 K as shown in Figure 3. The unsubstituted
complex [Fe(THP)(2-Melm)]*, though too insoluble to obtain
a spectrum with good signal-to-noise ratio, showed a lgrge
type signal ag = 3.45. The Me and Et complexes exhibited
broad signals agg = 2.9 and 3.0, respectively. In contrast, the
iPr complex showed an axial type spectrum where a sharp signal
= 2.58. The EPRj values of these complexes
are listed in Table 5.

(i) [Fe(TRP)(2-Melm)(CN)]. The mixed-ligand complexes
were obtained by the addition of 2.0 mol equiv of JBOCN~
as a CHOH solution into a CHCI, solution of [Fe(TRP)(2-
Melm);]*. The EPR spectra of these complexes taken at 4.2

ppm at—85°C as shown in Figure 2b. The assignment of these K are given in Figure 4. Although the unsubstituted complex
signals was confirmed by the spectral comparison with the Showed a larg@max type spectrum, the Me and Et complexes

corresponding pyrrole deuterated complex. Dho-methyl

showed sharp axial type spectra. Close inspection of the figure

protons also showed Comp]icated Signa]s at this temperature_revealed that the Sample was contaminated with small amounts

13C NMR Spectra. The!3C NMR spectra of unlabeled [Fe-
(TMeP)(2-Melm}]*, [Fe(TEtP)(2-Melmyj]*, and [Fe(TPrP)-
(2-Melm)]™ were taken at various temperatures.

of bis(cyanide) and bis(imidazole) complexes. Further addition
of cyanide into the solution increased the intensity of the peak

In these ascribed to bis(cyanide). Thus, by the addition of various

complexesmesecarbon signals appeared at the lowest magnetic amounts of cyanide into [Fe(TRP)(2-Melg), we were able

field. While the Me and Et complexes showed thesosignals
at 6 195 and 200 ppm, respectively, tHer complex showed
two signals at much lower magnetic field, 323 and 394 ppm

to assign the signals derived from the mixed-ligand complex.
The g values of these complexes are listed in Table 5 together
with those of the corresponding [Fe(TRP)(GN)32
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Table 2. 'H NMR Chemcial Shifts of a Series of Low-Spin [Fe(Me-TPP)L} and [Fe(Me-TPP)(L)(CNY]

L Py-H o-Me m-H p-Me Im—Me
(a) [Fe(Me-TPP)(LY*
1-Meln¥ —-17.2 0.8 6.0 17 17.0
1-Melnt —30.9 0.0 4.9 1.0 25.7
2-Meln¥ —10.8 15 7.2 2.0 5.3
2-Melnt —24.4,—22.0,—20.0,—15.4 —7.6,—3.3,4.8,10.8 5.5,55,6.8,9.8 0.8,2.2 5.0
2-Prlne —10.8 18 7.6 2.9 —-2.3
24Prlm¢ —24.3,—-21.2,-19.4,—-13.4 —-7.1,-2.7,6.2,125 7.2,7.2,7.6,10.6 11,27 —10.9,0.0
(b) [Fe(Me-TPP)(L)(CN)]

1-Meln¥ -14.9 09,11 6.3,6.4 1.76 11.8
1-Meln? —23.4 0.6, 0.7 6.4,6.5 1.46 16.3
2-Meln¥ —6.3 15,17 8.1,82 2.34 3.2
2-Melmft —6.1 (broad) 1.5 (broad) 9.7,9.8 2.58 3.1
2-Prlne —6.1 18,19 8.20, 8.23 2.10 —2.4
2-4Prlm? -12.9,-6.7,-1.9,—-1.5 —6.6,—1.8,3.5,4.1,5.7 8:210.3 27,29 —6.2

aData from ref 242 This work. ¢ Chemical shifts at 28C. 9 Chemical shifts at-71 °C. ¢ Several signals for ther-protons were observed at

—85°C at¢ 9.8, 10.0, 10.5, 10.9, 11.1, and 11.5 ppm.

Table 3. 13C NMR Chemical Shifts of thévlesoCarbons in
[Fe(TRP)(2-Melm)]Cl Taken in CDC}
R 25°C —60°C AS2
148
Me 194.6 265 117
Et 200.0 b b
: 322.5 397
P 393.8 507 110

aDifference in chemical shifts at-60 °C. P Signals were not
observed due to the low solubility.

Table 4. Spread of the Pyrrole andesoo-Proton Signals at-71
°C

(a) Pyrrole Signals (Tetraalkyl Complexgs)

[Fe(TRP)(LY]*" [Fe(TRP)(L)(CN)]
R 2-Melm 2iPrim 2-Melm 2iPrim
Mel 9.4 10.7 b b
Et 8.2 8.4 b b
iPr 5.7 54 4.0 41
(b) Pyrrole Signals (Tetraaryl Complexes)
[Fe(R-TPP)(L)]" [Fe(R-TPP)(L)(CN)]
R 2-Melm 2iPrim 2-Melm 2iPrim
Me 9.0 10.9 b 11.4
Et 9.5 11.3 d d
Pr 8.9 104 d d
(c) Mesoa-Signals (Tetraalkyl Complexées)
[Fe(TRP)(LY]" [Fe(TRP)(L)(CN)]
R 2-Melm 21Prim 2-Melm 2iPrim
Me 10.6 11.5 b b
Et 2.4 2.7 b b
Pr 4.8 3.8 1.3 ca.0.4

aThis work. Signal splitting was not observed even-afl °C.
¢ Data in ref 24 were extrapolated to71 °C. ¢ Not examined.

Discussion

Stable Conformation. Low-temperaturéH NMR spectrum
of [Fe(TPrP)(2-Melm)(CN)] showed four signals for the pyrrole
protons and three signals for theesea protons. The intensity
ratio of the latter signals was 2:1:1 as shown in Figure 2a. On
the basis of the splitting pattern of thel NMR signals, the
frozen conformation of this complex was determined to be the
one where the coordinated 2-Melm is aligned along the:&
Fe—Cnesoaxis as shown in Figure 5a. The low-temperature
IH NMR spectra of [Fe(PrP)(2iPrim)(CN)] showed four
signals for the pyrrole and two signals with equal intensities

iPr

Et

Me

M/\HMWH WWWH"WWVW«

T ¥
300 400 500

Ficld[mT}
Figure 3. EPR spectra of a series of [Fe(TRP)(2-Mejm)taken at

4.2 K in frozen CHCI, solution. From the top to the bottom,R'Pr,
Et, Me, and H.

200

Table 5. EPR Parameters of [Fe(TRP)(2-Mekit) (A),2
[Fe(TRP)(2-Melm)(CN)] (B),2 and [Fe(TRP)(CNJ~ (C)° Taken at
4.2 K in CH,Cl,—CH3OH Solution

A B C
Rolgd gyl 1gd  1od loyl 19l lod  lgyl 19
H c c 345 ¢ c 33 ¢ c 35
Me ¢ 21 29 25 25 1% 243 243 1.69
Et ¢ 1.9 3.0 25 2.5 16 247 247 1.61
iPr 258 258 145 245 245 167 235 235 1.82

aThis work. ® Data from ref 32¢ Difficult to determine. Calculated
value.
for the mesea protons. Thus, the stable conformation in this
complex is consistent with the one given in Figure 5b.
However, the chemical shift of one of theesoo-protons could
coincide with the other. This is possible because itieso
o-signals in [Fe(TPrP)(2-Melm)(CN)] appeared in quite a
narrow region, 32.4 (2H), 33.1 (1H), and 33.7 (1H) ppm-&i
°C. Thus, we cannot rule out the conformation given in Figure
5a. Considering the fact that the porphyrin ring in the Ni(T
PrP) is highly deformed and has two cavities along the diagonal
Ciness—Fe—Cesoaxes2? it might be much reasonable to consider
that the 2/Prim ligand is placed along the cavity as in the case
of [Fe(T'PrP)(2-Melm)(CN)].
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[Fe(H-TPP)(2-Melmy] *.34 Thus, the electron configuration of
[Fe(THP)(2-Melm)]* should be presented as)d(dk, dy,)°.
In the case of [Fe(TMeP)(2-Mels]) and [Fe(TEtP)(2-
Melm),] ", the EPR spectra were quite unusual in a sense that
they gave single unsymmetrical signal. Although thealues
of these complexes were quite small, 2.9 and 3.0 for the Me
and Et complexes, respectively, their spectra resemble dgrge
type signal in shape. Similar EPR spectra were reported by
Safo et al. in bis(3-ethylpyridine)- and bis(3-chloropyridine)-
{mesetetramesitylporphyrinagaron(lll) complexes, which
showed single-feature larggax type spectra but with unusually
low g values, 2.89 and 3.07, respectivély Thus, the present
EPR results together with the upfield-shifted pyrrole signals,
—8.2 (R= Me) and—9.4 ppm (R= Et) at —35 °C, suggest
that the ground-state electron configuration of the ferric ions in
[Fe(TMeP)(2-Melm)]* and [Fe(TEtP)(2-Melm] ™ is (dy)?(tkz
dy,)® although the energy differences betweep ahd dy(dy,,
dy,) orbitals are expected to be much closer than that of [Fe-
(THP)(2-Melm}]*. In the case of [Fe(PrP)(2-Melm)]*, a
sharp axial type EPR signal and an extremely downfield-shifted
pyrrole proton signals were observed, which clearly indicate
that the electron configuration of the iron is best presented by
the unusual (g, d,)*(dx)™

(i) [Fe(TRP)(L)(CN)]. The data in Table 1b show that the
pyrrole protons of [Fe(TRP)(L)(CN)] appear at lower magnetic
field than those of the corresponding [Fe(TRP)t) In the
complexes with L= 2-Melm, for example, the pyrrole chemical
shifts of [Fe(TRP)(2-Melm)(CN)] were-21.0,+1.8,+1.8, and
+12.4 ppm at-35°C for R=H, Me, Et, andPr, respectively,
as compared with-22.5, —8.2, —9.4, and+5.2 ppm in [Fe-
(TRP)(2-Melm}]*. As for the unsubstituted complex, [Fe-
(THP)(2-Melm)(CN)], the upfield shifted pyrrole signal together
with the largegmaxtype EPR signal aj = 3.3 shown in Figure
4 suggests that the electron configuration should be presented
by (dy)?(dk dy2)3. In contrast, the pyrrole signals in the Me
and Et complexes appeared in a so-catl@magnetic region
which might be the indication that the electron configuration
of these complexes changed fromyf&{dyz dy,)° to (ks dy)*-
(dxy)* by the replacement of one of the imidazole ligands with
CN~. Infact, these complexes showed axial type EPR spectra
as shown in Figure 4. ltis, therefore, concluded that the electron
tconfiguration of the ferric ions in [Fe(TRP)(2-Melm)(CN)] is
i 2%(dyy)* if the mesecarbons carry alkyl

M

I

i

400 500

Field[mT]|
Figure 4. EPR spectra of a series of [Fe(TRP)(2-Melm)(CN)] taken
at 4.2 K in frozen CHCIl,—CH;OH solution. From the top to the bottom,

R = 'Pr, Et, Me, and H.

200 300

(b)

Figure 5. Conformation of the mixed-ligand complexes. The imidazole
ligand is aligned along the diagonal (ahdss—Fe—Cmesoaxis and (b)
N—Fe—N axis.

The conformation of the coordinated imidazole ligand in [Fe-
(Me-TPP)(2-Melm)(CN)] is determined to be similar to that in
[Fe(T'PrP)(2-Melm)(CN)] on the basis of thel NMR splitting
pattern. Especially suggestive is the splitting pattern ofiteéa
protons shown in Figure 2b. These protons showed at leas
five signals in the region between 9.8 and 11.5 ppm, which is 9Ven by (dz dy
only explainable by the conformation given in Figure 5a. substituents.

Electron Configuration of Iron. (i) [Fe(TRP)(L) 2]*. The (iii) [Fe(Me-TPP)(L)2]* and [Fe(Me-TPP)(L)(CN)]. As
IH NMR data in Table 1a show that the pyrrole signal in [Fe- shown in Table 2a,b, all the pyrrole proton S|gna!s in [Fe(Me-
(TRP)(L)]* moves to the lower magnetic field as the bulkiness TPP)(L]" and [Fe(Me-TPP)(L)(CN)] appeared in the high-
of the mesosubstituent increases. In a series of [Fe(TRP)(2- field region typical to the low-spin complexes;30 to—6 ppm
Melm),]* complexes, for example, the pyrrole chemical shift at —71°C. Thus, the electron configuration of the ferrlcllons
changed from-22.5 ppm in [Fe(THP)(2-Melma)* to+5.2 ppm  Should be presented by the usual)& (d dy)°, which is
(average of the four signals) in [FEPFP)(2-Melm)]* at —35 supported by the EPR spectra of [Fe(Me-TPP)(LYeported
°C. In a previous paper, we have observed a similar phenom-Previously; [Fe(Me-TPP)(2-Melra)" showed a larggmaxtype
enon in the low-spin [Fe(TRP)(CH) and ascribed it to the ~ SPectrum withg = 3.17, and [Fe(Me-TPP)(HIn)" gave
change in electron configuration of the ferric ion from the usual fhombic spectrum witly, = 2.92,g, = 2.29, andy, = 1.57242°
(d)(0ks )% in the R= H complex to the unusual The EPR spectrum of the analogous [Fe(H-TPP)(Py)(CN)] was

d,)*(dh)! in the R='Pr complexd2 The EPR results given in also reported to show a largp.ax type signal ag = 3.313°
Figure 3 and Table 5 clearly indicate that the change in electron  (iv) Correlation between Pyrrole and Imidazole Methyl
configuration also takes place in this system. In the case of Shifts. The chemical shifts of the coordinated imidazole protons
[Fe(THP)(2-Melm)]*, the largegmax type signal centered at can be affected by the electron configuration of the ferric ion.
= 3.45 was observed. This value is quite C|osg to 3.40 of If the electron Configuration of the ferric ion is the USU%@

(33) Jentzen, W.; Simpson, M. C.; Hobbs, J. D.; Song, X.; Ema, T.; Nelson, (34) Walker, F. A.; Reis, D.; Balke, V. LJ. Am. Chem. S0d.984 106,

N. Y.; Medforth, C. J.; Smith, K. M.; Veyrat, M.; Mazzanti, M.; 6888-6898.
Ramasseul, R.;. Marchon, J.-C.; Takeuchi, T.; Goddard, W. A., lll; (35) Inniss, D.; Soltis, S. M.; Strouse, C. E.Am. Chem. S0d988 110,
Shelnutt, J. AJ. Am. Chem. S0d.995 117, 11085-11097. 5644-5650.
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Figure 6. Correlation of the chemical shifts &35 °C between pyrrole
and imidazole methyl proton signals in a series of complexes [Fe(TRP)-
(2-Melm)]* (1, R=H; 2, R= Me; 3, R= Et; 4, R=Pr), [Fe(TRP)-
(2-Melm)(CN)] (5, R=H; 6, R= Me; 7, R= Et; 8, R= Pr), [Fe(Me-
TPP))(2-Melm)]* (9), and [Fe(Me-TPP)(2-Melm)(CN)]10).

(dy dy)3 the imidazole signals are expected to appear at
paramagnetically shifted positiof%. This is because the
imidazole p orbitals have correct symmetry to interact with
the singly occupied iron.dorbitals. In contrast, the paramag-
netic shifts of the imidazole protons must be rather small in the
complexes with the unusualgdd,,)*(dx)* configuration, since
the unpaired electron is in theyrbital which is orthogonal
to the imidazole porbitals in aDan porphyrin complex. Thus,
examination of the relationship between pyrrole and imidazole
methyl shifts must be a good test to confirm the electron
configuration of the low-spin ferric porphyrin complexes; the
paramagnetic shift of the imidazole methyl protons is expected
to decrease as thmesosubstituent becomes bulkier. Figure 6
shows the relationship between the pyrrole and imidazole methyl
shifts in [Fe(TRP)(2-Melmj* and [Fe(TRP)(2-Melm)(CN)].
As the pyrrole signals move to the lower magnetic field, in other
words, as the electron configuration of the ferric ion changes
from (dy)?(dyz 0y2)° to (ks dy)*(dxy)?, the imidazole methyl
signals shift to the higher magnetic field, from 21.4 ppm in
[Fe(THP)(2-Melm)(CN)] to—6.0 ppm in [Fe(TPrP)(2-Melm)-
(CN)] at —35 °C. Since the chemical shift of the imidazole
methyl protons in the corresponding diamagnetic [CR(P)-
(2-Melm)] " is —2.3 ppm3” the paramagnetic shift actually
decreased as the electron configuration changes fred(¢dl.,
dy)® to (de dy)*(dyy)*. It should be noted that the complexes
4 and6—8 in Figure 6, all of which are located to the right and
bottom of the graph, have the ferric ions with{cH,;)*(0xy)*
configuration as confirmed by the EPR spectra.

Factors Stabilizing the Unusual Electron Configuration.
(i) Bulky Meso Substituents. In a previous paper, we have
concluded that the low-spin [Fe(TRP)(GIN) with a deformed
porphyrin ring tends to have a ferric ion with the unusual
electron configuratio®? According to the recent studies on the
molecular structure of a series of [Fe(TRP)Ni] complexes, the
ruffling dihedral angle, defined by the,8—NC,, for nitrogens
in the diagonal pyrrole rings, increases as the size ofrthso
substituents increases; the angles in the Me, Et, ‘@d
complexes are calculated to be 25.3, 21.0, and°36e3pec-
tively.33 The ruffling would cause two major effects on the

(36) Satterlee, J. D.; La Mar, G. N. Am. Chem. Sod.976 98, 2804
2808.

(37) Saitoh, T.; Ikeue, T.; Ohgo, Y.; Nakamura, Wetrahedronl997, 53,
12487-12496.
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interaction between iron and porphyrin orbitals: (i) the decrease
in the interaction between iron.@, and d,) and porphyrin
3¢, orbitals due to the less effective overlap of the orbfals
and (ii) the increase in the interaction between irqp ahd
porphyrin a, orbitals as Walker and co-workers pointed &t
The weakened .,dand 3gq interaction would stabilize the,d
orbitals and contribute to the formation of the unusugal (},)*
(dyy)* electron configuration. The latter interaction, the interac-
tion between iron g and porphyrin g, orbitals becomes possible
in the complexes witlg, ruffled structure since the;gorbital,
which is orthogonal to thexglorbital in the porphyrin complex
with a D4n Symmetry, hasy components and thus can interact
with the dy orbital. The strong a—d,y interaction would
destabilize the g orbital relative to the g and d orbitals and
contribute to the change in electron configuration frorg)fel
(dyz, )% to (i, dy)*(dy)t. Because of these reasons, the ferric
ions in the complexes with highlg-deformed porphyrin ring
exhibit (d, d,)*(dx)®. Recent studies by Latos-Grazynski and
co-workers using highly deformed chiroporphyrins have shown
the same result$. One of the experimental methods to ascertain
the importance of the,a—dyy interaction is to measure tHéC
NMR spectra of a series of complexes. Since'fiizchemical
shift directly reflects the spin densities on carbéhghe
complexes with the (d d,,)*(dy)* configuration are expected
to show themesocarbon signals at more paramagnetically
shifted positions than those with the)d(dx, d,)® configura-
tion; the a, orbital has a large spin density on tmeeso
carbons? The data in Table 3 indicate that, while the Me and
Et complexes gave singlets@tl94.6 and 200.0 ppm at 2€,
respectively, théPr complex showed two signals due to the
hindered rotation of the imidazole ligands at much lower
magnetic field, 322.5 and 393.8 ppm. If we assume the
chemical shift of the analogous diamagnetic [Co(Me-TPP)(2-
MeBzIim)] ™, 119.5 ppm at 25C, as a diamagnetic refererfte,
the isotropic shifts of the R= Me, Et, and’Pr complexes are
calculated to be 75.1, 80.5, and 238.7 ppm (average of two
signals), respectively. Since the electron configuration of the
Me and Et complexes is determined ag)@d.,, dy,)® and that

of the 'Pr complex as (g, d,)*(dxy)* on the basis of the EPR
results, the large spin densities on thesocarbons in théPr
complex are interpreted as the consequence of the unusual
electron configuration caused by thg-ad,y interactions in this
complex#

(i) Bulky Axial Ligands. The unusual electron configuration
would be stabilized by the coordination of bulky imidazole
ligands, since the coordination induces further deformation of
the porphyrin ring?337:4547 Thus, the complexes with bulkier

(38) 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
7760-7770.

(39) Cheesman, M. R.; Walker, F. A. Am. Chem. So4996 118 7373~
7380.

(40) Wolowiec, S.; Latos-Grazynski, L.; Mazzanti, M.; Marchon, J.-C.
Inorg. Chem.1997, 36, 5761-5771.

(41) Goff, H. M. J. Am. Chem. S0d.981, 103 3714-3722.

(42) Fajer, J.; Davis, M. S. lithe PorphyrinsDolphin, D., Ed.; Academic
Press: New York, 1979; Vol. IV, pp 197256.

(43) Nakamura, M.; Ikezaki, AChem. Lett1995 733-734.

(44) A recentH NMR study on the low-spin bis(cyanide) and bis(pyridine)
complexes of (quinoxalino)(tetraphenylporphyrinato)iron(lll) have
revealed that the electron configurations of the iron(lll) of these
complexes are also presented as, (@,)*(dx)*, which was explained
in terms of ther-accepting nature of this porphyrin as compared with
that of TPP: Wojaczynski, J.; Latos-Grazynski, L.; Glowiak|iarg.
Chem.1997, 36, 6299-6306.

(45) Scheidt, W. R.; Kirner, J. F.; Hoard, J. L.; Reed, CJAAmM. Chem.
So0c.1987 109 1963-1968.

(46) Nakamura, MBull. Chem. Soc. Jprl995 68, 197—203.
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80 Thus, the iron ¢ orbital can be stabilized by the cyaniae
R= Meu orbitals due tar back-bonding from metal to ligarfd. In the
A Me and Et complexes where the porphyrin deformation is
60 R =FEt shallow, d, orbitals are slightly higher than theydbrbital as
: revealed from the EPR spectra of [Fe(TMeP)(2-Melhjand
[Fe(TEtP)(2-Melm)]*. Coordination of cyanide decreases the
7 energy level of the g orbitals through g—p.+ interaction,
40 ] . resulting in the change in electron configuration from,)d
/‘" }s/ R="Pr v
8

0 (dyz Gy)°% to (Cip 0Oy)*(dyy). In the 'Pr complexes where the
/6/ 6 §/ porphyrin ring is highly deformed, electronic effect of the axial
45 23 27 ligands would be less important than that in the Me and Et

20 Sy % complexes, since the energy level of thg arbital is already

2 /1 higher than that of the,dorbitals. This is the reason why the

24 - chemical shifts of the pyrrole anghesoa-protons in the/Pr

complexes are less dependent on the axial ligands than those

of the Me and Et complexes; pyrrole signals in fhecomplexes

appeared in a relatively narrow regiof,0.2—12.3 ppm, as

.20 compared with those of the Me complexés;-19.6 to 2.9 ppm.

-30 -20 -10 0 10 20 Common NMR Features of the Complexes with (g, dy,)*
Pyrrole Proton Shift (6 ppm) (dxy)* Configuration. Figure 7 clearly shows that the com-

Figure 7. Correlation of the chemical shifts at35 °C between pyrrole plexes with (. d,)*(dy)" configuration have pyrrole signals

1 i 3
andmesou-proton signals in a series of [Fe(TRP))and [Fe(TRP)-  at much lower field than those with F(dk dy)° The
(L)(CN)] complexes. Numbersl—6 represent the bis(imidazole) borderline of the chemical shifts separating the two classes of

complexes [Fe(TRP)(L)*, where L is Im (), 1-Melm @), 2-Melm complexes seems to be around 0 ppm-&5 °C in the
(3), 2-Etim @), 2/Prim (5), and 1,2-Melm (6). Numbers7/—9 represent complexes examined in this study. In the Me and Et series,
the mixed-ligand complexes [Fe(TRP)(L)(CN)], where L is 1-Melm  the complexes8 and 9 satisfy this condition. The electron
(7). 2-Melm @), and 21Prim (9). configuration of8 has already been confirmed to be,{dl,)*-
- . . (dyy)* by the EPR spectra. Although the EPR spectrurf f
imidazole ligands are expected to show pyrrole signals at lower 5, aijable, the ferric ion of this complex is supposed to have
magnetic field than those with less bulky imidazole ligands. It the (dke dyz)4’(dx)1 configuration on the basis of the NMR
is also expected that the buII§y imidazole ligands shiftrtieso chemic,al shifts.y In the case of tHer series, all the complexes
a-protons to further lower field due to the strongesedy examined satisfy the condition, indicating that the electron
interaction. To find out if this is the case, the correlation of configuration of these complexes should be presented by (d
the chemical shifts between the pyrrole andsoa-protons in dy)(chy)?* regardiess of the axial ligands
+ . .

Elée('_l'rlf]P)(L)z]l lland CEFE(LTRP)(L?(CdN)] W?S efa'\\;nlredzaﬁSI Another common feature of the complexes with the unusual
5 Etl ez?;'? |gand Sl(z)l\jxam”]reh are Tt -Melm, F €M, electron configuration appears in the slopes of the Curie plots.
7' m, ttk: T'Ehanl ’f'-ldgmh:ft ?bretshuths glvenlln |g|ure The Curie plots of the pyrrole signals in the low-spin ferric

suggest that the fow-Tield Snifts ot bo € pyrrole o porphyrin complexes usually give large negative slopes ranging
a signals increase as the axial ligand changes in the following from —9000 to —5000 ppmK in the case of [Fe(R-TPP)-
order: Im @), 1-Melm @) < 2-Melm (3), 2-Etim ), 2-Prim (L)2]T.2453 In fact, the Curie slopes of the typical low-spin
(Si)' 1-Melm(CN') (7) < 1,2-Mglm (6) < 2-Melm(CN") (8), complexes examined in this study such as [Fe(THP)(1-Mgtm)
Z-Prlm(CN-) ©. Thqs, the complexes with bulkier imidazole and [Fe(THP)(2-Melm)(CN)] were-8900 and—7700 ppmK,
Ilgands generally shift bOth. th_e pyrrole arqdesoa-proton . respectively, as shown in Figure 1a,b. As thesosubstituent
Zlgnal_z tg th; lower magnetic field, supporting the hypothesis and imidazole ligand become bulkier, the Curie slope gradually

escribed above. - -

L R . . . . increased; the slopes in [Fe(TEtP)(2-Mejjm)and [Fe(TEtP)-

(iii) Axial Ligands with Low-Lying #* Orbitals.  Figure 7= 1 10y weee—Ssg)o f(;md—2)§00 pp]rT:)K, regpe(ctively)/.
shows thaF cyanide is more effectl_ve ligand than imidazole _for All of these complexes are supposed to have the ferric ions with
the _formathn_of the comple_xes with unusual electron con_flg- the usual (g)%(dxs d)? electron configuration as judged from
uration. This is clearly seen in the Me and Et complexes; mixed their pyrrole shifts and/or EPR spectra. On the contrary, the
Ilgiand complexes 1-Melm(CN (7), 2-Melm(CN') (8), and Curie slopes were positive in the complexes witky,(dy,)*

2- PrIm(_CI\_r) (9) showed pyrrole a_n(he_soq s_lgnals at lower (dyy)* configuration; the slopes of [FE@rP)(2-Melm)]*, [Fe-
magnetic field than the corresponding bis(imidazole) complexes (TMeP)(2-Melm)(CN)], and [Fe(PrP)(2-Melm)(CN)] were
1-Melm @), 2-Melm @), and 2'Prim (). Ithas been reported +660, +1100 and+2000 ppmK, respectively. The only
that (de, d,)(dy)* state can be stabilized relative ty](de  gyception was [Fe(TEtP)(2-Melm)(CN)], which showed a very
dy2) by_ the coordination Of. the éX'al ligands with weak small negative slope;370 ppmK. Thus, the'H NMR spectral
o-donating and strong-accepting ability:> 834851 Although ¢ 1 re< of [Fe(TRP)(la)* and [Fe(TRP)(L)(CN)], where the
cyanide ligand is a strong donor, it also acts as acceptor. ferric ions are presented by,dd,)*(dy)?, include adownfield
shift (lower than 0 ppm) and positive Curie slopeof the pyrrole

meso o-Proton Shift (6 ppm)

(47) Momot, K. I.; Walker, F. A.J. Phys. Chem. A997 101, 2787

2795.

(48) Simonneaux, G.; Hindre, F.; Le Plouzennec,|ivbrg. Chem.1989 (51) Pilard, M.-A.; Guillemot, M.; Toupet, L.; Jordanov, J.; Simonneaux,
28, 823-825. G. Inorg. Chem.1997, 36, 6307-6314.

(49) Guillemot, M.; Simonneaux, @. Chem. Soc., Chem. Comm@895 (52) Lukas, B.; Silver, Jinorg. Chim. Actal986 124, 97—100.
2093-2094. (53) Walker, F. A.; Simonis, U.; Zhang, H.; Walker, J. M.; Ruscitti, T.

(50) Walker, F. A.; Nasri, H.; Turowska-Tyrk, |.; Mohanrao, K.; Watson, M.; Kipp, C.; Amputch, M. A.; Castillo, B. V., lll; Cody, S. H,;
C. T.; Shokhirev, N. V.; Debrunner, P. G.; Scheidt, W. R.Am. Wilson, D. L.; Graul, R. E.; Yong, G. J.; Tobin, K.; West, J. T,;

Chem. Socl1996 118 12109-12118. Barichievich, B. A.New. J. Chem1992 16, 609-620.
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signals. The complexes that satisfy thése NMR spectral
features are considered to exhibit axial type EPR spectra.
Spin Distribution on the Peripheral Carbons. The data
in Table 4 indicate that the spread of the pyrrole proton signals
decreases as tlmeesaosubstituent becomes bulkier. In the case
of [Fe(TRP)(2-Melm)]*, the spread was 9.4 (Me), 8.2 (Et) and
5.7 (Pr) ppm at—71°C. In the mixed-ligand complexes such
as [Fe(TPrP)(2-Melm)(CN)] and [Fe(PrP)(2iPrim)(CN)], the

Nakamura et al.

that the spin densities on thmesocarbons in [Fe(PrP)(2-
Melm)(CN)] are much more homogeneous than those in [Fe-
(T'PrP)(2-Melm)] ™, although the spin densities themselves are
larger in the former than in the latter.

Direct evidence for the spin distribution on theesocarbons
was obtained from th&C NMR chemical shift. While theneso
carbon signals of the Me complex was observed at 148 and
265 ppm at-60 °C, those of théPr complex appeared at much

spread further decreased to 4.0 and 4.1 ppm, respectively lower field, 397 and 507 ppm at the same temperature. These

indicating that the spin densities on the pyrrglearbons are

data indicate that the spin densities of thesocarbons in the

quite homogeneous. In contrast, the spread of the pyrrole signalsPr complex with (g, d,;)*(dy)* configuration are much larger

in tetramesitylporphyrin system was much larger; it was 9.0
ppm in [Fe(Me-TPP)(2-Melm)*, 10.9 ppm in [Fe(Me-TPP)-
(24Prim)]*, and 11.4 ppm in [Fe(Me-TPP)(Prim)(CN)] at
—71°C. Since the complexes with relatively small spread of
the pyrrole signals such as [F&PTP)(2-Melm)]* and [Fe(T-
PrP)(2-Melm)(CN)] showed axial type EPR spectra, it might

than those in the Me complex with,(3f(dx, dy)® configuration,
although the difference in spin densities among foueso
carbons is quite similar between these two complexes; the
chemical shift differences at60 °C were 117 and 110 ppm,
respectively. The results suggest that the spin densities among
four mesocarbons are much more homogeneous in '#re

be natural to consider that the homogeneous spin densities orcomplex than in the Me complex.

the pyrroleS-carbons are the consequence of the unusygl (d
dy)*(dyy)* configuration.

The similar trend was observed in the relationship between
the spread ofmesoa-proton signals and the EPR values,
though the data for the comparison are quite limited. The
spreads ofmeseCH signals and EPRp values in [Fe(TPrP)-
(2-Melm)(CN)] were 1.3 ppm+71 °C) and 2.45 (4.2 K),
respectively, while those in [Fe@#rP)(2-Melm)]™ were 4.8
ppm and 2.58. Since thg; value of the former is smaller than
that of the latter, the ferric ion in the former must have a much
purer (dg dy)*(dyy)* configuration?®:54-56 |n fact, the energy
differences betweengand dr orbitals calculated based on the
EPRg values were 3.4Band 2.14 for [Fe(TPrP)(2-Melm)-
(CN)] and [Fe(TPrP)(2-Melm)]*, respectively. This means
that the ferric ion of the former has 94%4dt},)*(dx)* character
while that of the latter has 84%. It is noteworthy that these
CH signals in [Fe(TPrP)(2-Melm)(CN)] appeared at rather low
field, 32.4, 33.1, and 33.7 ppm, as compared with those in [Fe-
(T'PrP)(2-Melm)]*, 20.4 and 25.2 ppm. The results indicate

(54) Taylor, C. P. SBiochim. Biophys. Actd977 491, 137—149.

(55) Bohan, T. L.J. Magn. Resonl977 26, 109-118.

(56) Palmer, G. Inron Porphyrins Part TwoLever, A. B. P., Gray, H.
B., Eds.; Addison-Wesley Publishing Co.: Reading, MA, 1983; pp
43—-88.

Conclusion

Combined'H and3C NMR and EPR studies of a series of
low-spin ferric porphyrin complexes, [Fe(TRP)gL) and [Fe-
(TRP)(L)(CN)], where R= H, Me, Et, or'Pr and L is 1-Melm,
2-Melm, or 2iPrim, have revealed that electron configuration
of these complexes changes fromy#{dx, )3 to (ks dy)*

(dyy)* as the bulkiness ofmesealkyl group increases. When
the rotation of axially coordinated 2-Melm or'Rflm is frozen

at low temperature on the NMR time scale, both the pyrfole
andmesoa-proton signals as well as thmesecarbon signals
have shown splitting. On the basis of the chemical shifts and
the spreads of these signals, it is concluded that the major spin
densities in the complexes withgdd,)*(dy,)* electron con-
figuration are on thenesecarbons and that the spin distributions
on the fourmesocarbons as well as on the eight pyrrole
pB-carbons are quite homogeneous. On the contrary, the major
spin densities in the complexes with.fd(dy, d,)® electron
configuration are on the pyrrol@-carbons and the fixation of
the coordinated imidazole ligands induces relatively large
asymmetric spin distribution both on the famese and on the
eight pyrrolef-carbons.
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