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A number of mono(imidazole)-ligated complexes of perchloro(meso-tetramesitylporphyrinato)iron(ill), [Fe(TMP)L]-
ClO,, have been prepared, and their spin states have been examined by *H NMR, **C NMR, and EPR spectroscopy
as well as solution magnetic moments. All the complexes examined have shown a quantum mechanical spin
admixed state of high and intermediate-spin (S = 5/2 and 3/2) states though the contribution of the S = 3/2 state
varies depending on the nature of axial ligands. While the complex with extremely bulky 2-tert-butylimidazole (2-
Bulm) has exhibited an essentially pure S = 5/2 state, the complex with electron-deficient 4,5-dichloroimidazole
(4,5-Cl,Im) adopts an S = 3/2 state with 30% of the S = 5/2 spin admixture. On the basis of the H and **C NMR
results, we have concluded that the S = 3/2 contribution at ambient temperature increases according to the following
order: 2-Bulm < 2-(1-EtPr)im < 2-Melm < 2-Etim < 2-Prim < 4,5-Cl,Im. The effective magnetic moments determined
by the Evans method in CH,Cl, solution are 5.9 and 5.0 ug at 25 °C for [Fe(TMP)(2-Bulm)]CIO, and [Fe(TMP)-
(2-MeIlm)]CIO,, respectively, which further verify the order given above. Comparison of the NMR and EPR data
has revealed that the S = 3/2 contribution changes sensitively by the temperature; the S = 3/2 contribution
decreases as the temperature is lowered for all the mono(imidazole) complexes examined in this study. The solvent
polarity also affects the spin state; polar solvents such as methanol and acetonitrile increase the S = 3/2 contribution
while nonpolar solvents such as benzene decrease it. These results are explained in terms of the structurally
flexible nature of the mono(imidazole) complexes; structural parameters such as the Fe(lll)=Naia bond length,
displacement of the iron from the N4 core, tilting of the Fe(lll)~Naa bond to the heme normal, orientation of the
coordinated imidazole ligand, etc., could be altered by the nature of the axial ligands as well as by the solvent
polarity and temperature. Some mysteries on the spin states of cytochromes ¢’ isolated from various bacterial
sources are possibly explained in terms of the flexible nature of the mono(imidazole)-ligated structure.

Introduction Contribution of theS= 5/2 or 3/2 state changes depending
Cytochromes’ are a unique class of heme proteins found on the bacteria. In most cases, the oxidized form of iron is
in photosynthetic, denitrifying, and nitrogen fixing bacteria. predominantly in thes = 5/2 spin state though the contribu-
The heme iron is pentacoordinated with a solvent-exposedtion of theS= 3/2 state increases in cytochronessolated
histidine residue as the fifth ligaridThese proteins exhibit ~ from some bacteria such &svinosumandRb. capsulatud*
unusual EPR spectra which are ascribed to a unique spinTo reveal the factors affecting the spin states of cytochromes
state, a quantum mechanical admixture of a high-spin ¢, a systematic study using synthetic models is necessary.
(S = 5/2) and an intermediate-spir8 (= 3/2) state:® Several groups proposed that the model complexes such as
[Fe(OEP)ICIQ exhibit a spin state similar to that of
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cytochromeg'.5~1? Since then, a number of model complexes
that reproduce the spin states of cytochroridsave been
prepared and their spectroscopic, magnetic, and crystal-
lographic properties have been characterizetf. However,

the preparation of the model complexes with the mono-

(imidazole) coordination has been hampered because of the

instability of the mono-adducts relative to the corresponding
bis-adductd?-23 For example, even if less than 1.0 equiv of
imidazole (L) is added to a Gi€l, solution of [Fe(TPP)-
Cl], the bis(imidazole) adduct [Fe(TPRJCI becomes the
sole product, leaving the unreacted [Fe(TPP)CI] in soluifon.
Valentine and co-workers reported the formation of mono-
(imidazole) adducts such as [Fe(TPP)(4-Melm)]ShRd
characterized the complexes by means of-tié and EPR
spectroscopy? In the previous paper, we reported that the
addition of less than 1.0 equiv of sterically hindered
imidazoles(L's) such as 1,2-dimethylimidazole to the com-
plex with a weak CI@" ligand, [Fe(TPP)]CIQ, led to the
formation of the mono(imidazole) adducts [Fe(TPP)L]¢IO
together with the:-oxo dimer?> We have then expected that
the addition of 1.0 equiv of hindered imidazoles to [Fe-
(TMP)CIOy] could form the corresponding mono(imidazole)
adducts [Fe(TMP)L]CI@as a sole product since the forma-
tion of theu-oxo dimer is prohibited due to the presence of
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Chart 1
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H Me 2-Melm Cl _ Cl _ 45Chim
H Et 2-Etlm R
H pr 24Prm R EANI
H 'Bu 2'Bulm R..JCEN’)EH
Me H 1-Melm Ve
Me Me 1,2-Me2Im R R' R" Imidazoles
Me Et 1-Me-2-Etlm pr—
i R ~ _i Bzlm
Me 'Pr 1-Me-2-'Prim H Me H 2-MeBzlm
Me Me H 1,2-Me,;BzIm
H H Me 5,6-Me,Bzlm

the ortho-methyl group£® We have actually observed what
we expected and have reported the NMR results of some
mono(imidazole) complexes as a communicaffBince the
method to obtain mono(imidazole) adducts in high concen-
tration has been established, our next purpose is to reveal
the factors affecting the spin states of these complexes. We
have measured the UWis, 'H NMR, *C NMR, and EPR
spectra of a number of [Fe(TMP)L]Ckas shown in Chart

1, where L’s are HIm, 2-RIm (R= Me, Et,'Pr,'Bu), 1-Me-
2-RIm (R = Me, Et,'Pr), some alkyl-substituted benzimi-
dazoles, and halogenated imidazole. We have also measured
the solution magnetic moments of some mono(imidazole)
complexes. On the basis of the spectroscopic and magnetic
results, the factors affecting the spin state of mono(imidazole)
ligated complexes have been extracted. This study sheds light
on the longstanding problems on the spin states of cyto-
chromesc'.

Experimental Section

Materials. 2-MeBzIm, 1,2-MeBzIim, 5,6-MeBzim, HIm,
1-Melm, 2-Melm, 2-Etim, 2PrIm, 4-Melm, and 1,2-Mgm were
purchased from Tokyo Kasei, and 4,561 was purchased from
Aldrich. These imidazoles were purified either by sublimation or
by recrystallization from benzene before use. TMPFMPH,(py-
ds), TMPH,(metads), and their iron(ll) chlorides and perchlorates
were prepared according to the literat@?é.

Synthesis. (i) 2Bulm. 2-Bulm was prepared according to the
literature?® To a solution of pivalaldehyde (2.00 g) in methanol

(26) Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans,
B. J.J. Am. Chem. S0d.981 103 2884-2886.
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Boso, B.J. Am. Chem. S0d.985 107, 354—-360.



Models for Cytochromes'c

(20 mL) was added 40% glyoxal (3.39 g) in 50 mL of water. The
solution was cooled to €C to which 28% aqueous NH11.44 g) 1
was added. After the mixture was stirred for 15 h, the white solid

precipitated was collected by filtration. The solid was dried for 1 0.8
day to yield the crude product, which was purified by sublimation.
Yield: 1.15 g (40%)*H NMR (25°C, 6): 1.35(9H, s, CH), 6.91 8 0.6
(2H, s, ring CH), 8.99 (1H, s, NH). S
(i) 2-(2-EtPr)Im. This compound was similarly prepared from ‘é 0.4
2-ethylbutanal, glyoxal, and NHYield: 1.33 g (41%)!H NMR 2 0.2
(25°C, 9): 0.81 (6H, t, CH), 1.70 (4H, m, CH), 2.61 (1H, m,
CH), 6.95 (2H, s, ring CH), 10.18 (1H, s, NHFC NMR (25°C, 0
0): 12.1 (CH), 27.9 (CH), 43.6 (CH), 121.6 (4,5-C), 152.0 | | : |
(2-C). 0.2

. 300 400 500 600 700 800
Spectral Measurements.For UV—vis measurements, a GH

Cl, solution of [Fe(TMP)]CIQ was prepared in a graduated flask

and used as a standard solution. A constant volume of the solution 1
was taken from the standard solution and poured into several 5
mL graduated flasks containing various amounts of 2-Melm. The 0.8

concentration of [Fe(TMP)]Clg¥for the UV—vis measurement was
maintained at 7.7M by the addition of a certain volume of GH

Cl,. The UV—vis spectra were measured on a SHIMADZU qé 0.4

MultiSpec-1500 spectrophotometer at ambient temperaturéH-or g

NMR measurement, a 7.5 mM GOl, standard solution of § 0.2

[Fe(TMP)]CIO, was prepared. In each measurement, a 650 <

CD,Cl; solution was taken from the standard solution and poured 0

into an NMR sample tube under argon atmosphere. AGD 0.2 | | | |
standard solution of imidazole was prepared so thatu20 “300 400 500 600 700 800
corresponds to 1.0 equiv relative to [Fe(TMP)]GIQ\fter the A(nm)

addition of the relevant imidazole, thel NMR spectra were taken g ,re 1. (a) Uv—vis spectral change obtained by the addition 605
on a JEOL LA300 spectrometer operating at 300.4 MHzfdr equiv of 2-Melm to a CHCl, solution of [Fe(TMP)]CIQ at ambient
Chemical shifts were referenced to the residual peaks oflOGD temperature. The blue and red lines correspond to the-\d¥ spectra of
0 = 5.32 ppm. Fori’C NMIR measurements, a GO solution 80 B, 20k S 28 000 eci of 2 Meim
containing 29 mg of [Fe(TMP)],ClQNaS pl'a(.:ed inan NMR gample topa CHCl, sc?lution of [Fe(¥MP)]CIQ at ambient tempgrature.

tube, to which a CBECl, solution containing 1.61.5 equiv of

imidazole was added with a microsyringe to form a ca. 40 mM Table 1. UV—Vis Absorption Maxima {max nm) of [Fe(TMP)L]CIQ
solution. Thel®3C NMR spectra were taken on a JEOL LA300 and [Fe(TMP)L]CIO4 Determined at 25C in CH,Cl, Solution

spectrometer. Chemical shifts were referenced to the residual peaks L [Fe(TMP)LICIO, [Fe(TMP)L;]CIO,
of CD.Cly, 6 = 53.8 ppm. For EPR measurement, a&0CH,Cl, :
solution was taken from the 7.5 mM stock solution and placed into Him 412 510 575 690 416 453(sh) 551
an EPR sample tube. After the addition of 415 equiv of -Melm 412 511 572 692 418 459(sh) 515 563 600
S -Etl 412 513 570 693 419 460(sh) 520 563 602
imidazole, the EPR spectra were recorded at 4.2 K on a Brucker 2.ipim 414 510 571 689 418 463(sh) 516 562 602
E500 spectrometer operating at X band and equipped with an 2-(1-EtPr)im 413 510 579 692 a
Oxford helium cryostat. 2-'Bulm 414 509 561 691 a

Effective Magnetic Moments.The effective magnetic moments a Formation of the bis-adducts is not observed even by the addition of

(u1™) were determined in solution by the Evans method usinggCH 2000 equiv of the ligands.

Cl, as the chemical shift referené&The magnetic momentg )

of the reaction products were determined relative to that of high-

spin [Fe(TMP)CI] {2*" = 5.92 ug) according tou:®™ = (Avy/ isosbestic points at 370 and 407 nm. Similar spectral change

Avy)V2u,¢ whereAv; andAv, are the difference in chemical shifts ~ was observed in the Q-band regions. The new complex shows

of CH.Cl, in [Fe(TMP)L]CIO, and [Fe(TMP)CI], respectively. Amax (l0g €) at 412 (4.99), 511 (4.05), 572 (3.46), and 692
(3.41) nm. Figure 1b shows the U\Wis spectral change

Results and Discussion observed when a much larger amount of 2-Melm, £25
15 000 equiv, was added to the solution. The Soret band at

Formation of Mono-Adducts [Fe(TMP)L]CIO 4. (1) 412 nm showed a red shift with increased intensity and

UV—Vis Spectroscopy. Figure 1la shows the Uvvis reached 418 nm. The complex obtained by the addition of

spectral change observed when 2-Melm was added up t015 000 equiv of 2-Melm is easily identified as the bis-adduct

1.25 equiv relative to [Fe(TMP)]CIO As the ligand was  [Fe(TMP)(2-Melm)}]CIO, by the spectral comparison with

added, the intensity of the Soret band of [Fe(TMP)]C#  the authentic sample. Thus, the complex formed by the
398 nm weakend and a new band at 412 nm increased withaddition of 1.25 equiv of 2-Melm is assigned to the mono-

— . . addcut [Fe(TMP)(2-Melm)]CIQ Table 1 shows thémax
(28) ﬂ%tjﬁg;ae; lkari, MKogyo Kagaku Zassfii96q 72, 179-183 (in values of a series of [Fe(TMP)L]ClQogether with those
(29) Evans, D. F.; James, T. A. Chem. Sacl979 723-726. of the corresponding bis-adducts. Thgax values of the
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Table 2. INMR Chemical Shifts ¢, ppm) of [Fe(TMP)L]CIQ
Determined by 25C in CD,Cl, Solution Together with Int(%8)
axial ligands pyrrole meta Int(%)
Him 20.7 (15.1) 13.2,12.5(16.9, 15.5) 42
5-Melm 31.0 (40.4) 13.7,12.8(18.1, 16.4) 35
2-Melm 35.1(29.3) 14.3,13.2 (17.5, 15.6) 32
2-Etlm 32.4(16.9) 14.1,13.1(16.7, 15.0) 34
2-Prim 30.5(4.4) 14.0,13.1(15.9, 14.5) 35
2-(1-EtPr)Im 54.1 (84.4) 15.4,14.1 (20.2, 17.5) 19
2-Bulm 78.5(122.6) 13.0,12.0(17.2,15.1) 1 o
1,2-Melm 25.4 (29.6) 13.9,12.9 (17.8, 15.9) 39
1-Me-2-Etlm 19.0¢12.0) 13.4,12.6 (14.9, 13.6) 44
1-Me-2iPrim 13.9 (-23.5) 13.2,12.4 (14.1, 13.0) 47 (a) ) u {_/"Yi
Bzlm 27.7 (28.4) 14.0,13.0(18.2, 16.1) 37
5,6-MeBzIim 43.3(70.1) 14.9,13.6 (19.2, 16.8) 26
2-MeBzIm 27.0¢13.4) 14.1,13.0 (14.8,13.2) 38
1,2-MeBzIm 13.7(—26.6)  13.5,12/514.1,12.7) 47
4,5-Chlm —15.3(-56.2)  10.5,10.5(12.4, 11.6) 68 m \\J
cl-¢ 79.8(125.2)  15.9,14.3 (222, 19.2) 0 @__'Z‘__w___}U L
Clo,~d —9.3(-61.6) 11.4 (11.6) 64
aData in parentheses are the chemical shifts-80 °C. P Data are
obtained by the extrapolation from low temperatdrf=e(TMP)CI].
4 [Fe(TMP)]CIQ,.

( my Py,
monoadducts are quite close to those reported by Valentine

: W
et al. for [Fe(TPP)(4-Melm)]Shfin toluene solutiort?
(2) 'H NMR Spectroscopy. Formation of the mono-
(imidazole) adducts is also confirmed by thE NMR
spectral change observed when imidazoles are added to the J
CD,CIl; solutions of [Fe(TMP)]CIQ. Table 2 lists the @
20 1 0 a0

chemical shifts of a series of mono(imidazole) adducts
assigned on the basis of the discussion given below. ppm

(i) Imidazole (HIm) Adduct. Figure 2 shows théH NMR Figure 2. *H NMR spectral change of [Fe(TMP)]ClQaken in C[Cl,
spectra observed after the addition of imidazole (HIm) to Zg'u”if',??b%é%gqifit\ir(g;eo_ascédgaouri'v?f((Bag"%“:qimf’g?éﬁacl’; g'gg:leéagxyoﬁ
the CD.Cl, solution of [Fe(TMP)]CIQ. When 0.29 equiv my, and m and Py, Py, and Py are themetaand pyrrole protons of [Fe-
of HIm relative to [Fe(TMP)]CIQ was added, each signal (TMP)ICIO,, [Fe(TMP)(HIM)]CIQ,, and [Fe(TMP)(HImJJCIO,, respec-
corresponding to [Fe(TMP)]Cl{decreased in intensity and ~ "VeV'
the new signals assigned to the pyrrole (20.7 ppm)ragth  equiv of the ligand, the signals for [Fe(TMP)]Cj@Imost
protons (12.5 and 13.2 ppm) increased; the assignment ofdisappeared. In contrast to the case of HIm, the signals for
these signals was unambiguously done by the spectralthe bis(imidazole) adduct were not observable. Thus, the
comparison with the deuterated complexes. Three signalssolution contains almost exclusively the mono-adduct [Fe-
with equal integral intensities appeared fairly downfield, 48.0, (TMP)(5,6-MeBzIm)]CIO,, which shows the pyrrole signal
84.3, and 99.6 ppm. These signals were assigned to the ringat 43.3 andnetasignals at 13.6 and 14.9 ppm. Two methyl
protons of the coordinated imidazole. Since the integral signals of the coordinated imidazole, each corresponding to
intensity of each signal was 1/8 of that of the pyrrole signal 3H relative to the pyrrole signal, were observed at 8.2 and
at 20.7 ppm, the product was identified as the mono- —0.2 ppm. A broad signal corresponding to 1H appeared at
(imidazole) adduct [Fe(TMP)(HIm)]CIOWhen 0.87 equiv  fairly downfield, 52.2 ppm, which was assigned to one of
of HiIm was added, the signals for [Fe(TMP)]Gl@irther the ring protons of the coordinated ligand. When more than
decreased in intensity and those for the well-characterized1.25 equiv of the ligand was added, every signal started to
bis(imidazole) adduct [Fe(TMP)(HInICIO, appeared. The  broaden, suggesting that the ligand exchange occurs on the
population ratios of [Fe(TMP)]CIQ [Fe(TMP)(HIm)]CIG,, H NMR time scale between the mono- and bis-adducts; the
and [Fe(TMP)(HIm)|CIO, were estimated to be 24, 67, and  rate for ligand exchange is much faster in [Fe(TMP)(5,6-
9%, respectively. The rate of ligand dissociation in the Me,BzIm)]CIO, than in [Fe(TMP)(Im)]CIQ due to the steric
monoadduct is slow on théH NMR time scale at 25C bulkiness of 5,6-MgBzIm. By the addition of 3.0 equiv of
because the pyrrole amdetasignals of the three complexes  the ligand, a broad pyrrole signal for the bis-adduct was
appeared separately. Further addition of imidazole increasedobserved at-6.7 ppm.
the bis-adduct, which became a sole component when 2.2 (jii) 2-tert-Butylimidazole (2-Bulm) Adduct. Figure 4a
equiv of the ligand was added. shows théH NMR spectrum of the sample prepared by the

(i) 5,6-Dimethylbenzimidazole (5,6-MgBzIm) Adduct. addition of 1.5 equiv of 2Bulm into the CDCI, solution
Figure 3 shows théH NMR spectral change observed when of [Fe(TMP)]CIQO,. Formation of the mono(imidazole) adduct
5,6-dimethylbenzimidazole (5,6-MBzIm) was added to the  is clearly shown by theert-butyl signal at—1.38 ppm
CD,ClI; solution of [Fe(TMP)]CIQ. By the addition of 1.25  together with the twanetasignals at 12.0 and 13.0 ppm.

6228 Inorganic Chemistry, Vol. 41, No. 24, 2002
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(a)
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Figure 4. (a) ™H NMR spectrum of [Fe(TMP)(2Bulm)]CIO,4 obtained

(® Py, by the addition of 1.5 equiv of Bulm into a CQCl, solution of [Fe-

— (TMP)]CIO4 at 25°C. (b) *H NMR spectrum of [Fe(TMP)(4,5-@im)]-

60 40 N 20 o 20 ClO4 obtained by the addition of 1.0 equiv of 4,5,Bh into a CD,Cl,

ppm solution of [Fe(TMP)]CIQ at —50 °C.
Figure 3. 'H NMR spectral change of [Fe(TMP)]ClQaken in CQCl, . .

solution at 25°C after the addition of various amount of 5,6-p&zIm: sample. By the addition of an excess amount of the ligand,
(La)1 0.0 equiv; ((jb) 0.50 e?wr:/; (c) 1.25 equiv: (d) 1a5L63qu: ((je) 3.0 iqulv- the signal at-1.6 ppm increased in intensity and those at

1 is assigned (0 one of the ring protons, and and L’ are due tothe  _34 1°anq 38 3 ppm decreased. Thus, the signals 38.3

methyl protons of the axial ligand in [Fe(TMP)(5,6-MzIm)]CIlO,. )
and —1.6 ppm were assigned to the pyrrole protons of the

The pyrrole signal appeared fairly downfied, 78.5 ppm. By mono- and bis-adducts, respectively. Tietasignals for
further addition of the ligand, thiert-butyl signal gradually the three complexes are similarly assigned; two signals at
moved downfield, indicating that the interconversion between 10.8 and 11.5 ppm were assigned to thetasignals of the
the coordinated and free ligands occurs rapidly. Even by the mono-adduct. The small signal was observed fairly down-
addition of large excess of the ligand, the bis-adduct was field, 114.1 ppm, which was assigned to the coordinated
not formed since no appreciable spectral change wasimidazole proton of the mono-adduct since the integral
observed for the pyrrole antetasignals. intensity of this signal is ca. 1/8 of that of the pyrrole signal
(iv) 4,5-Dichloroimidazole (4,5-Cblm) Adduct. The at —38.3 ppm.
pyrrole signal of [Fe(TMP)]Cl@moved upfield as the ligand (v) Mono-Adduct of Other Imidazoles. Mono-adducts
was added at 258C. After the addition of 1.0 equiv of the of a wide variety of imidazoles were similarly prepared. In
ligand, the pyrrole signal shifted te17.5 ppm; themeta general, hindered imidazoles such as 2-alkylimidazoles,
signal showed little change and appeared at 10.6 ppm as dl-methyl-2-alkylimidazoles, and benzimidazoles tend to form
singlet. Thus, the NMR spectrum is quite similar to that of rather pure mono-adducts by the addition of-1113 equiv
[Fe(TMP)]CIO, except for the position of the pyrrole signals. of the ligands. Quite pure mono(imidazole) adducts was
The result suggests that the ligand exchange among threebtained in solution when excess amount of the extremely
possible species, [Fe(TMP)]CIO[Fe(TMP)(4,5-Clim)]- bulky 2-(1-EtPr)Im was added. In contrast, the contamination
ClO4, and [Fe(TMP)(4,5-GIm);]CIO,, is fast on the'H of the bis-adduct was observed when less hindered imida-
NMR time scale. To freeze the ligand exchange process, thezoles such as HIm and 1-Melm were added.
IH NMR spectra were measured at lower temperature. Both Reasons for the Formation of Mono(imidazole) Ad-
the pyrrole andnetasignals broadened and started to split ducts. Bis(imidazole) adducts are usually prepared by the
below 0 °C. At —50 °C, clearly separated signals were addition of more than 2.0 equiv of imidazoles to the solutions
observed at-34.1, —38.3, and—1.6 ppm for the pyrrole  of (porphyrinato)iron(lll) chlorides. Thus, a possible proce-
protons as shown in Figure 4b. The signal-é34.1 ppm dure to prepare a mono(imidazole) adduct is to add exactly
was assigned to the pyrrole protons of [Fe(TMP)]¢CHD 1.0 equiv of the imidazole ligand. However, mono(imidazole)
the basis of the spectral comparison with the authentic adducts are difficult to obtain by this method, because the
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K value for eq 1 is much smaller than tKeg value for eq

2 when X is a commonly used chloride ligarid; and K,
values are reported to be 1:6 10 and 3.3x 10° M1,
respectively, for the formation of [Fe(TPP)(2-Melm)]Cl and
[Fe(TPP)(2-Melmy|Cl.?

[Fe(porphyrin)X]+ L = [Fe(porphyrin)L]X 2)

)

In the present study, we used [Fe(TMP)]Gl@stead of [Fe-
(TMP)CI]. Because of a fairly weak ligand field strength of
ClO,4~,1530a quantitative reaction took place in most cases;
addition of 1.0 equiv of imidazoles led to the exclusive
formation of mono(imidazole) adducts. The result indicates
thatK; of [Fe(TMP)]CICy is much larger than that of [Fe-
(TPP)CI]. In fact, theK; value for the formation of [Fe-
(TMP)(2-Melm)]CIO, was estimated graphically from the
change in absorbance at 397 nm to be 21106 M1
according to the method of Rossotti and Rossét# Thus,
the Ky value of [Fe(TMP)]CIQ toward 2-Melm increased
1.3 x 10 times as much as that of [Fe(TPP)CI]! The large
K; value should be ascribed to the weak Fetl§IO4 bond

as compared with the Fe(IH)Cl bond. Several lines of
evidence on the weak Fe(IH)CIO, bonding have been

[Fe(porphyrin)L]X+ L == [Fe(porphyrin)L;]X

obtained by the NMR spectroscopy. For example, [Fe(TMP)-

Cl] showed two signals for theneta protons in CRCI,
solution, while only one signal was observed for [Fe(TMP)]-

Ikezaki and Nakamura

bis-adduct could be hampered due to the strong steric
repulsion between the axial ligand aodho-methyl groups.

In fact, theK; value of [Fe(TMP)(2-MelmyCIO,4, 4.8 x

10* M1, is much smaller than that of [Fe(TPP)(4-Melin)
Sbk, 10/ M1, reported by Valentine and co-workéP hus,

in the case of extremely bulky Bulm, only the mono-
adduct was formed even in the presence of excess amount
of the ligand.

Spin States of Mono(imidazole) AdductsSpin states of
mono(imidazole) adducts have been examined on the basis
of the 'H NMR, 3C NMR, and EPR spectroscopic results
as well as magnetic measurement.

(1) *H NMR. (i) Chemical Shifts of the Pyrrole Protons.
Chemical shifts of the pyrrole protons and their temperature
dependence are good probes to determine the spin state of
iron(lll) ions343¢ In the case of high-spin§( = 5/2)
complexes, thg-pyrrole protons give signals fairly down-
field, ca. 80 ppm at 25C. These signals move further
downfield as the temperature is lowered. In the case of
intermediate-spin§= 3/2) complexes, the unpaired electrons
in the d, and g, orbitals are transferred to the porphyrin
ring via 3g(porphyrin)—d,(iron) orbital interactions. Since
the 3¢ orbitals have large coefficients at the pyrrole
pB-carbons, the interactions induce considerable amount of
spin densities on these carbon atoms. Thus, the pyrrole
signals of the protons directly bonded to these carbons appear
at extremely upfield position and move further upfield as

ClO,. The result suggests that the ligand dissociation takesthe temperature is lowered; the purest intermediate-spin

place rapidly in the latter complex, which in turn indicates
the weak Fe(l11)-ClO,4 bonding in CDCI; solution. In GDg
solution, however, themeta protons of [Fe(TMP)|CIQ
showed two signals, suggesting that the FedT)O, bond

is strengthened in a less polagl solution. Correspond-

complex, [Fe(TPP)](CBHClg), shows the pyrrole signal
at —62 ppm at 25°C.2®° In the case of the admixed
intermediate-spin § = 3/2, 5/2) complexes, the pyrrole
signals appear between these two extrem@§), to—60 ppm
at 25°C. The contribution of th& = 3/2 in the admixe®

ingly, a considerable amount of the bis-adduct was formed = 5/2, 3/2 spin system, which is signified as Int(%) in the

in C¢D¢ solution even in the reaction between [Fe(TMP)]-
ClO,4 and 1.0 equiv of 2-Melm; the solution contained 20

following discussion, can be estimated on the basis of the
pyrrole proton chemical shifts. If we assume that the

and 30% of the mono- and bis-adducts, respectively, togetherPopulation of theS = 1/2 spin state is negligibly small in

with [Fe(TMP)]CIQ,. The high preference of Ctoward Fe-
(1) was also clearly exhibited by the following experi-
ment: addition of 0.5 equiv of BM*CI~ into the CQCl,
solution of [Fe(TMP)(2-Melm)]CIQ@ almost quantitatively
decomposed the mono-adduct to give [Fe(TMP)(2-Mghm)
ClO4 and [Fe(TMP)CI] according to eq 3.

2[Fe(TMP)(2-Melm)ICIQ + Bu,N‘CI” =
[Fe(TMP)CI] + [Fe(TMP)(2-Melm)]CIO,, + Bu,N"CIO,”
()

Steric effects also contribute greatly to the formation of

the mono(imidazole) adducts. In this study, we used [Fe-

(TMP)]CIO, instead of [Fe(TPP)]CIQ Because of the
presence of the bulkgrtho-methyl groups, formation of the

(30) Evans, D. R.; Reed, C. A. Am. Chem. So200Q 122,4660-4667.

(31) Rossotti, F. J. C.; Rossotti, H. lfhe Determination of Stability
ConstantsMcGraw-Hill: New York, 1961; p 277.

(32) Neya, S. Morishima, I.; Yonezawa, Biochemistry1l981, 20, 2610~
2614.

(33) Scheidt, W. R.; Lee, Y. J.; Luangdilok, W.; Haller, K. J.; Anzai, K.;
Hatano, K.Inorg. Chem 1983 22, 1516-1522.
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the mono(imidazole) adducts, the Int(%) is given as follows,
whered is the observed chemical shift of the pyrrole protons:

(4)

It should be noted that eq 4 is applicable only to the iron-
(Il complexes ofmesetetraarylpoprhyrins such as TPP and
TMP; pure intermediate-spin complexes with highly ruffled
porphyrin ring such as [Fe{frP)(THF}]CIO,4 show pyrrole
signals at much more downfield region due to the less
effective overlaps between the iron dnd porphyrin 3g
orbitals!®%" The Int(%) values of a series of mono(imidazole)

Int(%) = [(80 — 6)/140] x 100 (%)

(34) Goff, H. InIron Porphyrins Lever, A. B. P., Gray, H. B., Eds.;
Physical Bioinorganic Chemistry Series 1; Addison-Wesley: Reading,
MA, 1983; Part |, pp 237281.

(35) Walker, F. A.; Simonis, UParamagnetic Molecule®erliner, L. J.,
Reuben, J., Eds.; Biological Magnetic Resonance, Vol. 12; Plenum
Press: New York, 1993; pp 13274.

(36) Walker, F. A. InThe Porphyrin Handbogk<adish, K. M., Smith, K.

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

(37) Bertini, I.; Luchinat, C. INMR of Paramagnetic Substancésver,

A. B. P., Ed.; Coordination Chemistry Reviews 150; Elsevier:
Amsterdam, 1996; pp 2975.
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Figure 5. Curie plots of the pyrrole anthetaproton signals of some mono(imidazole) complexes: (a) pyrrole signals; (b) aversgedignals; (c)
correlation of the chemical shifts between the pyrrole aretaproton signals. [Fe(TMP)(8Bulm)]CIO4 is given bym.

complexes at 25°C are listed in Table 2. It is worth  Table 3. *3C NMR Chemical Shiftsd, ppm) of Carbons in
describing that the Int(%) values are quite different between [Fe(TMP)LICIO, Determined at 25C in CD,Clz Solution

[Fe(TMP)(2iPrim)]CIO; and [Fe(TMP)(2Bulm)]CIO,, 35 axial ligands a-Py B-Py meso ortho
and 1%, respectively, though both complexes carry bulky  Him 637 748 305 274, 259
imidazole ligands. Thus, [Fe(TMP){Bulm)]CIO, exhibits g-me:m ;g;‘r ggg ggé gii’ ggg
. . . -velm ’
an essentially pure high-spin gharacter. In contrast, [Fe- 5 i 717 862 301 311, 299
(TMP)(4,5-CLIm)]CIO,4 has a quite large Int(%), ca. 70%, 24Prim 679 836 390 308, 297
as is revealed from the existence of a fairly upfield shifted 2-t(l-EtF’r)|m 1051 1147 448 351, 342
pyrrole signal,—15.3 ppm at 25°C. On the basis of the i-zB-K/IIQIm 15% 1533 §’$58 33025’2385
chemical shifts listed in Table 2 and the Curie plots shown  1-Me-2-Etim 545 727 368 291, 282
in Figure 5a, we have concluded that the Int(%) increases é—'\lﬂe-ZJPf'm g;‘g ggg gﬁg ggggf
. . zZlm ’
according to the order given by eq 5. 5.6-MeBzIm 914 1002 281 320, 306
. : 2-MeBzIm 549 775 437 316, 309
2-Bulm < 2-(1-EtPr)im< 2-Melm < 2-Etim < 2-Prim < 1,2-MeBzIm 383 645 413 241,216
4,5-CLim (5) Cl-a 1204 1327 525 408, 372
' ClO4 b 176 377 252 217
(i) Chemical Shifts of the metaPhenyl Protons.One a[Fe(TMP)CI]. b [Fe(TMP)]CIO,.

of the characteristic features in tH¢ NMR spectra of high-
spin complexes such as [Fe(TPP)CI] and [Fe(TMP)CI] is the
downfield shift of themetaphenyl protons; [Fe(TMP)CI]
gives these signals at 14.3 and 15.9 ppm at@5*3¢ The
pure intermediate-spin complex [Fe(TPP)]({@®&Cls) shows

the corresponding signals at 9.1 ppm in benzene soldtion.
Thus, the chemical shift of thmetaphenyl protons can also
be a probe to determine the spin states. Although the . Lo -
difference in chemical shifts of the two extremes is rather €/€Ctron in the d orbital, it must be difficult to extract the
small, 5-7 ppm, the chemical shifts in Table 2 and the Curie infprmation on the spin states on the basis of the chemical
plots given in Figure 5b roughly correspond to eq 5 shifts ?f the ligand protons. )

determined by the pyrrole shifts. A notable exception is [Fe-  (2) “C NMR. We have established thafC NMR
(TMP)(24Bulm)]CIO, which shows thenetasignals much spectroscopy is a powerful tool for determining the spin state

more upfield than they are expected from the chemical shifts 2"d €lectron configurations of iron(Ifj 2 Table 3 lists the
of the pyrrole protons. Figure 5¢ shows the correlation chemical shifts of some carbon atoms. In the case of the

between the pyrrole shifts and the averageetashifts of ~ M9N-Spin complexes, the unpaired electron in the .
the 15 mono-adducts. Good linear line with correlation OrPital is transferred to the porphyrin carbons widonds.
coefficient of 0.973 has been observed if we exclude the 'NUS: these carbons give signals at fairly downfield; the
data of [Fe(TMP)(2Bulm)]CIO,. In the case of [Fe(TMP)- chemical shifts of ther-pyrrole,3-pyrrole, andnesacarbons
(Z'tBUIm)_]CIO“’ themesamesityl groups and the coordinated (38) Ikeue, T.; Ohgo, Y.; Saitoh, T.; Nakamura, M.; Fujii, H.; Yokoyama,
2-'Bulm ligand are supposed to rotate about thgs& Cipso M. J. Am. Chem. So@00Q 122, 4068-4076.

and Fe(|||)—Naxia| bonds, respectively, to remove the severe (39) Ikeue, T.; Ohgo, Y.; Saitoh, T.; Yamaguchi, T.; Nakamura]mérg.

. . . . . . Chem 2001, 40, 3423-3434.

Supporting Information. All the complexes examined show
the ring protons at fairly downfield region, 4820 ppm.

The results suggest that the complex has unpaired electron
in the dz orbital, which is transferred to the ligand protons
througho bonds to induce downfield shift. Since both the
high-spin and intermediate-spin complexes have unpaired

metasignal. Nakamura, MAngew. Chem., Int. EQ001, 40, 2617-2620.
. . : ; (41) Ikezaki, A.; Nakamura, Minorg Chem.2002 41, 2761-2768.
(iii) Chemical Shifts of the Ligand Protons. The chemi- (42) Ikezaki A Ikeue, T.. Nakamura, Maorg. Chim. Acta2002 335,

cal shifts of the ligand protons are listed in Table S1 of the 91-99.
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Figure 6. Curie plots of the carbon signals of mono(imidazole) complexes:.a{pyrrole signals; (b)3-pyrrole signals; (c) correlation of the chemical
shifts of thea-pyrrole, f-pyrrole, andmesocarbons against the chemical shifts of the pyrrole protons.

at 25°C are 1204, 1327, and 525 ppm, respectively, in [Fe-
(TMP)CI]. In the case of the intermediate-spin complexes,

these carbons should give signals at much more upfield

(a)

region because of the absence of unpaired electron in the

de—y2 orbital. Thus, the increase in the upfield shifts of the
porphyrin carbons corresponds to the increase inShe
3/2 contribution. Figure 6a,b shows the Curie plots of the
a- andpg-pyrrole carbon signals of a series of [Fe(TMP)L]-
ClO,, respectively. The upfield shifts of the ands-pyrrole

signals clearly increase by the same order given in eq 5.

Figure 6¢ shows the correlation of the chemical shifts of the
pyrrole protons with those of the-pyrrole, 5-pyrrole, and
mesocarbons in all the mono(imidazole) adducts examined
in this study. Good linearity with correlation coefficients of
0.981 and 0.990 is observed for tlheands-pyrrole carbons,
respectively. The correlation is, however, quite poor for the
mescocarbons, suggesting that the chemical shifts oftieso
carbons are not much different between 8w 5/2 andS
= 3/2 spin states. Thus, threesocarbon shifts cannot be a
good probe to determine the contribution of the= 3/2 in
the admixedS = 5/2, 3/2 spin system.

(3) EPR. EPR spectra were taken for the complexes
obtained by the addition of 1-01.3 equiv of a series of
imidazole ligands (L’s) to CECl, solutions of [Fe(TMP)]-

*
* (b)
" (©
b o b b o by bl
0 100 200 300 400 500
mT

Figure 7. EPR spectra (CkCly, 4.2 K) of the samples obtained by the
addition of 1.1-1.3 equiv of imidazoles into [Fe(TMP)]CL) where
imidazoles are (a) HIm, (b) 5-Melm, (c) 2-MeBzIm, and (d¥&H{m. The
signal for [Fe(TMP)]CIQ is signified by the asterisk.

2.3 ascribed to the bis-adduct [Fe(TMP)(5-Mej[@)O..
Figure 7c shows an axial signal@t= 2.53 ascribed to [Fe-
(TMP)(2-MeBzIm}]ClO4.44 The axial type EPR spectrum

ClO,. Figure 7 shows some typical spectra obtained by the indicates that the complex has low-spin iron(lll) with the

addition of (a) L= HIm, (b) 5-Melm, (c) 2-MeBzIm, and
(d) 2'Bulm. The EPR spectra commonly showed a small
signal atg = 4.3 ascribed to the starting [Fe(TMP)]CIO
except for those of the complexes carrying sterically very
hindered imidazoles such asBulm. Figure 7a shows some
intense signals aroungl = 2.8 and 2.3 in addition to the
signal atg = 4.3. The spectrum indicates that the mono-
(imidazole) adduct [Fe(TMP)(HIm)]CIQwhich is the major

less common (g, d,,)*(dx)* electron configuratiof?36.38:3

As mentioned, Figure 7d shows a quite pure spectrum for
the mono-adduct; no signals for the bis-adduct nor for [Fe-
(TMP)]CIO, were observed. Table 4 lists thg values
determined by the computer simulation of the observed
spectra. The Int(%) values, calculated by 106(®n)/2 in

the admixedS= 5/2, 3/2 spin system, are also listed in Table
4 As the data in Table 4 indicate, most of the complexes

species at the temperature range where the NMR spectra aréave shown similar degree of spin admixture 18%. Some

taken, decomposed to [Fe(TMP)]Clénd [Fe(TMP)(HImy-
CIO4 according to eq 6; [Fe(TMP)(HIRICIO, is reported
to show a rhombic EPR spectrum wigh= 2.92, 2.29, and
1578
2[Fe(TMP)(HIM)]CIO, =

[Fe(TMP)(HIm)]CIO, + [Fe(TMP)]CIO, (6)

Figure 7b also shows weak rhombic signalgat 2.9 and

6232 Inorganic Chemistry, Vol. 41, No. 24, 2002

mono(imidazole) complexes carrying less hindered imida-
zoles such as Him and 5-Melm exhibit slightly larger Int-

(%) values. In contrast, the mono(imidazole) complexes with
sterically very hindered imidazoles such as 2-(1-EtPr)Im and

(43) Nakamura, M.; Tajima, K.; Tada, K.; Ishizu, K.; Nakamura]mabrg.
Chim. Actal994 224, 113-124.

(44) Nakamura, M.; Nakamura, NChem. Lett1991 1885-1888.

(45) Palmer, G. Irron Porphyrins Lever, A. B. P., Gray, H. B., Eds.;
Addison Wesley: Reading, MA, 1982; Part Il, pp-438.
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Table 4. EPRg Values of a Series of Mono(imidazole) Complexes
Taken in Frozen CbCl, Solution at 4.2 K

axial ligands [+} Ox Ox Int(%)
Him 5.75 5.65 1.99 15
5-Melm 5.80 5.60 1.99 15
2-Melm 5.90 5.70 2.00 10
2-Etlm 5.90 5.70 1.99 10
24Prim 5.90 5.70 1.99 10
2-(1-EtPr)Im 6.00 5.80 1.99 5
2-4Bulm 6.25 5.75 1.99 0
1-Me-2-Etlm 5.85 5.70 2.00 11
1-Me-2Prim 6.10 5.70 2.00 10
Bzlm 5.90 5.60 2.00 13
5,6-MeBzIim 6.00 5.60 1.99 10
2-MeBzIm 5.90 5.80 1.99 8
1,2-MeBzlm 5.95 5.75 2.00 8

2-Bulm have shown much smaller spin admixture; th'e 2-

Bulm complex exhibits an essentially pure high-spin state.

Im exhibit smaller Int(%) as compared with less bulky
imidazoles such as 2-Melm, 2-Etlm, andP&im; the Int-
(%) is nearly 0% in the case of'Bulm complex. Extensive
works on the admixeds = 5/2, 3/2 spin state in five-
coordinate iron(lll) porphyrins have revealed that the Int-
(%) increases if either one or some of the following
conditions are satisfied: (i) The axial ligand field is
weakened?® (ii) The deviation of iron from the N4 plane is
decrease(® (iii) Electron-donating groups are introduced at
the porphyrin peripher{?'8 (iv) The porphyrin ring is
deformed!®*° The steric repulsion between the 2-R group
and the porphyrin core in [Fe(TMP)(2-RIm)]CiCcould
expand the distance between the imidazole nitrogen and the
N4 plane; the FeNquia bond length increases form 1.975
to 2.004 A as the axially coordinated 1-Melm is replaced
by 2-Melm in low-spin six-coordinated [Fe(TMPy]t.51:52

Several discrepancies exist among the data obtained by thdn the case of [Fe(TMP)(Bulm)]CIO,, the distance should

EPR and NMR methods; while thel and*C NMR methods
have revealed that both [Fe(TMP)(1-MeRXm)]CIO, and
[Fe(TMP)(1,2-MeBzIm)]CIO, show 47% of theS = 3/2
contribution, the EPR method exhibits only-80%. The

be the largest because of the severe steric repulsion between
thetert-butyl group and the porphyrin core. As a result, the
central iron is dragged toward the imidazole nitrogen and is
located at the position where the deviation from the N4 plane

discrepancies should be ascribed to the difference in tem-is larger than that in any other complexes. Increase in the
peratures where the spectra are taken; EPR spectra were takegut-of-plane deviation of iron should stabilize tBe= 5/2

at 4.2 K while NMR spectra were measured at 4300 K.

spin state because the energy level of thgaorbital drops.

Comparison of the data in Tables 2 and 4 reveals that theThe deviation of iron is expected to be smaller as the axial

Int(%) values at 298 K are larger than those at 4.2 K for all

ligand changes from bulky Bulm to less bulky 2-Melm,

the complexes examined. The results could be explained in2-Etlm, and 2PrIlm, resulting in the increase in the Int(%)
terms of the temperature dependence of the structural changeof the corresponding complexes. It is difficult, however, to

In the previous paper, we reported that the FeNyial
bonds in six-coordinated [Fe(OETPPYIO, specifically
contract as the temperature is lowetg8ince the contraction
of the Fe(lll)~Naxia bond corresponds to the increase in the
axial ligand field, it destabilizes thezabrbital and increases
the S= 5/2 contribution in theS = 5/2, 3/2 admixed spin
systentt’

(4) Effective Magnetic Moments.Determination of the
effective magnetic moments of mono-adducts is difficult

explain the subtle increase in the Int(%) values on going
from [Fe(TMP)(2-Melm)]CIQ to [Fe(TMP)(2-Etim)]CIQ

and then to [Fe(TMP)(Z2Prim)]CIOy; the chemical shift of
the pyrrole signal changes from 29.3 to 16.9 and then to 4.4
ppm at—80 °C. Similar tendency is found in a series of
[Fe(TMP)(1-Me-2-RIm)]CIQ as is clearly shown in th&H
and*3C NMR chemical shifts listed in Tables 2 and 3; the
chemical shifts of the pyrrole protons are 29-6,2.0, and
—23.5 ppm at-80°C for R= Me, Et, andPr, respectively.

because of the contamination of a small amount of bis-adductThe coordination structures of these complexes such as the

and/or starting [Fe(TMP)]Cl@complex. Thus, the effective

Fe(Il)—Naxia bond length, the out-of-plane displacement of

magnetic moments were measured by the Evans method onlythe Fe(lll) ion from the N4 plane, the tilting of the Fe(HH)

for the mono-adducts carrying bulky imidazoles such as [Fe-

(TMP)(2-Melm)]CIQy, [Fe(TMP)(5,6-MeBzIm)]CIO,, and
[Fe(TMP)(2:Bulm)]CIQO4; these complexes can be obtained

Naxial bONd from the heme normal, and the orientation of the
imidazole plane relative to the diagonaj,Nie—Fe—Npyrole
axes could mainly be determined by the steric interactions

without appreciable contamination of the other complexes of the axial ligand with the porphyrin core and/oreso

as is revealed from th#d NMR spectra shown in Figures 3

and 4a. The effective magnetic moments of [Fe(TMP)(2-

Melm)]CIO,, [Fe(TMP)(5,6-MgBzIm)]ClO,4, and [Fe(TMP)-
(24Bulm)]CIO, were determined to be 5.0, 5.2, and 5
respectively, at 25C in CH,CI, solution. Thus, the results
are consistent with the order given in eq 4.

Factors Affecting the Spin States of Mono(imidazole)
Adducts. (i) Steric Effects of Imidazole.As mentioned, this

study has shown that the Int(%) is influenced by the bulkiness (49)

of the 2-R group in a series of [Fe(TMP)(2-RIm)]GlO
Extremely bulky imidazoles such asBdlm and 2-(1-EtPr)-

(46) Ohgo, Y.; Ikeue, T.; Nakamura, Nnorg. Chem.2002 41, 1698~
1700.
(47) Weber, P. CBiochemistry1982 21, 5116-5119.

mesityl groups; the electronic effects are supposed to be quite
similar among 2-alkylimidazoles. Because the R groups are
either primary or secondary, the steric repulsion between the
axial ligand and the porphyrin core is not much different

among the complexes; the steric repulsion could be relieved

(48) Scheidt, W. R. InThe Porphyrin Handbogkkadish, K. M., Smith,

K. M., Guilard, R., Eds.; Academic Press: San Diego, CA, 2000; Vol.
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by the conformational change of the alkyl group. On the other
hand, the steric repulsion between the axial ligand and the
mesomesityl groups must be different depending on the
bulkiness of the alkyl group. Scheidt and co-workers recently
reported that the off-axis tilt of the Fe(H)Naxia bond from
the normal to the porphyrin ring in [Fe(TPP)(2-Melm)] is
8.3.5% The off-axis tilt must be much larger in [Fe(TMP)-
(2-'Prim)]* due to the presence of tlwetho-methyl groups
and much bulkier 2-isopropyl group. As a result, the tilt angle
in [Fe(TMP)(2!Prim)]* is expected to be larger than those
in [Fe(TMP)(2-Etim)} and [Fe(TMP)(2-Melm)i, which in
turn weakens the ligand field strength of théP2im ligand.
Thus, the out-of-plane displacement of the iron decreases in
[Fe(TMP)(2iPrim)]*, leading to the increase in tfg= 3/2
contribution. To compare the ligand field strength between
the 2-Melm and 2Prim ligands in the mono(imidazole)
complexes, the NMR samples consisting of [Fe(TMP)]£IO
and 0.5 equiv of the ligands were prepared. THENMR
spectra of these samples showed 1:1 mixture of [Fe(TMP)]-
ClO4 and [Fe(TMP)L]CIQ. As the temperature is raised,
the metaand pyrrole signals started to broaden due to the
ligand exchange. While the half-height width of theeta
signal increased from 13 Hz at 2& to 178 Hz at 8CC in
[Fe(TMP)(2iPrim)]CIO,, the corresponding signal in [Fe-
(TMP)(2-Melm)]CIO, showed much smaller increase, 15 Hz
at 25°C and 44 Hz at 80C. The results suggest that the
2-4Prlm ligand in [Fe(TMP)(2PrIm)]CIO, is more labile than
the 2-Melm ligand in [Fe(TMP)(2-Melm)]CIQ which in
turn suggests that the ligand field strength of th&@m
ligand is much weaker than that of the 2-Melm ligand in
the mono(imidazole) complexes [Fe(TMP)L]ClMetailed
comparison of the molecular structures of [Fe(TMP)-
(2-'Bulm)]ClO4, [Fe(TMP)(2Prim)]CIQ,, and [Fe(TMP)-
(2-Melm)]CIO, determined by the X-ray crystallographic
analyses are necessary to prove the speculation, which i
now in progress in this laboratory; only one example has
been reported on the structural analysis of 5-coordinate
mono(imidazole) complex, [Fe(OEP)(2-MelmyP

(i) Electronic Effects of Imidazole. NMR and EPR
results have shown that the contribution of ®e= 3/2 in
the admixedS = 5/2, 3/2 spin system varies from an
essentially pures = 5/2 state to the predominat= 3/2
state depending on the nature of the axially coordinated
imidazole ligands. Obviously, the electron-withdrawing sub-
stituents at the imidazole ring are playing an important role
to stabilize theS = 3/2 spin state as is revealed from the
pyrrole proton chemical shifts of [Fe(TMP)(4,5h)]CIOy;
the Int(%) of this complex is estimated to be 68%. Because
of the presence of the electron-withdrawing groups, the
ligand field strength of the imidazole is weakened and the
dz orbital is stabilized. Weak axial ligand field would also
affect the deviation of iron from the mean N4 plane; the
iron would be dragged toward the center of the N4 cavity
by the relatively stronger equatorial ligand field as compared
with the axial ligand field. Decrease in the out-of-plane
deviation of iron would destabilize theed2 orbital. Thus,

(53) Ellison, M. K.; Schultz, C. E.; Scheidt, W. Rorg. Chem2002 41,
2173-2181.
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Figure 8. Change in chemical shifts of the pyrrole protons observed by
the addition of various amounts 0§05, CDsCN, or CD;0D into a CD-
Cl solution of [Fe(TMP)(2-Melm)]CIQ at 25°C.
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the energy gap between the dnd dz_y2 orbitals increases,
resulting in the stabilization of th8 = 3/2 spin state.

(i) Solvent Effects. The chemical shifts of the pyrrole
protons in [Fe(TMP)(2-Melm)]CI@Q were affected by the
solvents. While the pyrrole signal was observed at 35.0 ppm
in CD,ClI; solution, it moved upfield as a polar solvent such
as CXCN or CD;OD was added to the GBI, solution of
[Fe(TMP)(2-Melm)]CIQ; the pyrrole signals reached 27.2
and 23.4 ppm in CECl, solutions containing 15% GICTN
and 15% CROD, respectively. In contrast, the pyrrole signal
moved downfield and appeared at 37.0 ppm in,CB
solutions containing 15% of nonpolag@s. Figure 8 shows
the change in chemical shifts of the pyrrole signals observed
by the addition of (a) €Ds, (b) CD;CN, and (c) CROD.

As mentioned, the chemical shift of the pyrrole protons is a
good probe to determine th® = 3/2 contribution. The
upfield shift of the pyrrole signals in polar solvents corre-
sponds to the increase in the Int(%). The result indicates that
the Fe(lll)~Naxia bond is weakened as the polarity of solvent
increases. In other words, 2-Melm ligand behaves as a
weaker ligand in polar solvent than in less polar solvent.
Thus, the Fe(lll) ion is dragged toward the center of the N4
cavity, resulting in the increase in the Int(%). In nonpolar
solvents such as benzene, the Fe{iN), bond is strength-
ened, resulting in the decrease in the Int(%).

Biological Implication. The oxidized cytochromes have
been studied widely by various methods such as NKIEE

(54) Emptage, M. H.; Xavier, A. V.; Wood, J. M.; Alsaadi, B. M.; Moore,
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2061.
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(58) Banci, L.; Bertini, |.; Turano, P.; Vicens Oliver, NEur. J. Biochem
1992 204, 107-112.

(59) Bertini, I.; Gori, G.; Luchinat, C.; Vila, A. Biochemistry1993 32,
776-783.
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Models for Cytochromes'c

EPR?236485resonance Ramah,% MCD,’® Méssbauerf} 73
and EXAFS spectroscopy.Interestingly, the contribution

and/or basic protein residues in a slightly different way
among the protein®:”5-82 Such a difference in microenvi-

of the S= 3/2 state is different not only depending on the ronment is expected to alter the spin state of the Fe(lll) ion.
bacterial source of the proteins but also depending on theln this study, we have shown experimentally that Se
spectroscopic methods applied for the measurement. For3/2 contribution increases as the polar solvents such as
example, while EPR spectroscopy has revealed that themethanol and acetonitrile are added. It is expected that the
cytochromest' isolated from photosynthetic bacteria such NH of the coordinated imidazole ligand involves in hydrogen
asRb. capsulatusndR. palustrisexhibit ca. 40% of theS bonding with polar solvents such as methanol. If this is the
= 3/2 contribution at pH 7.2, those isolated froR. case, the hydrogen bonding would increase $he 3/2
molischianumandR. rubrumhave shown 13% of th& = contribution. In fact, the X-ray crystallographic analysis of
3/2 contributior? Furthermore, NMR study has revealed that Rb. capsulatufias shown a hydrogen bonding between the
the latter proteins are essentially in a pure high-spi coordinated imidazole (His122) and water molecdl€or-
5/2 state’ respondingly, th& = 3/2 contribution of the cytochromz
Cytochromeg' are usually found as dimers. Despite low reached as much as 4098 In contrast, the structural
homology in the amino acid sequences, the overall folding analysis ofR. molischianuninas shown that the coordinated
of the monomers is similar. They possess a heme prosthetidmidazole (His122) is not involved in hydrogen bondifig.
group covalently bound to the protein via two thioether Correspondingly, th&= 3/2 contribution decreased to 13%
linkages that are provided by a conserved-€Xs-Y —Cys— as determined by EPR spectgroscéplye S= 3/2 contribu-
His motif near the C-terminal regioff.8 The heme ironis  tion was estimated as 0% B NMR spectroscopy’ On
five-coordinated with a solvent-exposed histidine residue. the basis of these results, we propose tihat hydrogen
Although the X-ray crystallographic analyses have revealed bonding of salent molecules to the coordinated histidy!
the structural similarity among these proteins, the microen- imidazole ligand rather weakens the ligand field strength
vironment around the heme center is slightly different among and increases the S 3/2 contribution in the admixed S
the proteins. Thus, the solvent-exposed histidine residues/2, 3/2 spin system
could involve in the hydrogen bonding with water molecules  5q mentioned, another ambiguity frequently encountered
in cytochrome<' is that even the same species exhibits a
different spin state depending on the spectroscopic methods
applied for the measurement. For example, while EXAFS
or EPR spectroscopy indicates a significant contribution of
the S = 3/2 state forR. molischianuf’* or R. rubrum?®74
NMR and MCD studies suggest that these species exhibit
an essentially pur€= 5/2 character at room temperatfé°
As mentioned, we have experienced similar discrepancies
on the spin states in this study; ti&= 3/2 contribution
determined by the NMR method at ambient temperature is
different from that determined by the EPR method at 4.2 K.
The discrepancies seem to be originated from the lability
intrinsic to the mono(imidazole) structure. That is, the
structural parameters such as the FefiN)i bond length,
out-of-plane displacement of the Fe(lll) ion from the N4
plane, tilting of the Fe(lll)Naia bond from the heme
normal, and orientation of the imidazole plane relative to
the diagonal Nmoie—Fe—Npymoe axes are easily perturbed
not only by the steric and electronic effects caused by the
axial ligands but by the solvent and temperature effects;
lowering the temperature or changing the solvent polarity
could affect the structural parameters mentioned above and
induce the change in spin state of the Fe(lll) ion. We have
reported in the previous papers that some six-coordinated
iron(lll) porphyrin complexes exhibit a contraction of the
Fe(Il)—Naxia bonds as the temperature is lowered and induce
the spin transition fron$= 3/2 toS= 1/22%46Thus, one of
the reasons for the ambiguities on the spin states of
cytochrome<' should be ascribed to the structural change
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around the heme center caused by the temperature wher&hanks are due to the Research Center for Molecular
the spectral measurements are carried out. Materials, Institute for Molecular Science (IMS).
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