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A series of low-spin six-coordinate (tetraphenylchlorinato)iron(lll) complexes [Fe(TPC)(L),]* (L = 1-Melm, CN-,
4-CNPy, and 'BuNC) have been prepared, and their 1*C NMR spectra have been examined to reveal the electronic
structure. These complexes exist as the mixture of the two isomers with the (dy)%(dx,, d,)® and (dx, d,)*(dy)*
ground states. Contribution of the (d, d,,)*(dy)* isomer has increased as the axial ligand changes from 1-Melm,
to CN~ (in CD,Cl, solution), CN~ (in CDs0D solution), and 4-CNPy, and then to 'BuNC as revealed by the meso
and pyrroline carbon chemical shifts; the meso carbon signals at 146 and =19 ppm in [Fe(TPC)(1-Melm),]* shifted
to 763 and 700 ppm in [Fe(TPC)(‘BUNC),]*. In the case of the CN~ complex, the population of the (d;, dz)*(dx)*
isomer has increased to a great extent when the solvent is changed from CD,Cl, to CD3;OD. The result is ascribed
to the stabilization of the dy, and d,, orbitals of iron(lll) caused by the hydrogen bonding between methanol and
the coordinated cyanide ligand. Comparison of the *C NMR data of the TPC complexes with those of the TPP,
OEP, and OEC complexes has revealed that the populations of the (dy, dy,)*(dy)* isomer in TPC complexes are
much larger than those in the corresponding TPP, OEC, and OEP complexes carrying the same axial ligands.

Introduction The family of green heme proteins is now quite large,
Nature utilizes iron porphyrins as the prosthetic group for containing hemel;, an iron isobacteriochlorin dione, or heme

the majority of heme proteins involved in oxygen transport, & @n iron chlorin, as prosthetic groupghus, cytochrome
oxygen and peroxide activation, and electron transfer. Thus bd oxidase is a bacterial terminal oxidase that contains three

there is a considerable amount of data for the physical cofactors: alow-spin heme§s8, a high spin hemebt99,
properties of iron porphyrins to explain their biological and @ chlorind.3™> Whereas X-ray structures have been
properties. In contrast, the electronic structure of iron chlorins Published for several hemeopper cytochrome oxidases,

still represents a recent active and challenging hbemause 1O Crystal structure is available yet for the cytochrobee
iron chlorins have been identified as the prosthetic groups f@mily. The molecular mechanism of the enzyme action has

of a number of heme proteins only in recent y&ahschlorin been studied in much less deféithan the hemecopper
is an hydroporphyrin with one reduced pyrrole double bond oxidases. Hemel has also been_fognd in catalases, such as
in the macrocyle ring. hydroperoxidase I, fronEscherichia colP In contrast to
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cytochromebd oxidase, the crystal structure of catalase HP spin iron(lll) tetraphenylchlorit? species have been inves-

Il from E. coli has been determined showing a hethe
prosthetic group with &is-hydroxychloriny-spirolactoné®
and a tyrosine as the proximal ligahdA hemed prosthetic

tigated with X-ray crystallography. We now rep&i€ NMR
analyses of a series of low-spin six-coordinated iron(lll)
tetraphenylchlorin complexes. The purpose of this study is

group with the same configuration has also been found in to extend the coverage of the electronic ground state of iron

the crystal structure d®enicilliumvitale catalasé? Evidence
favoring coordination of a tyrosinate proximal ligand to the
chlorin iron of E. coliHp II catalase was previously proposed
by Dawson et at® Sulfmyoglobint4**and sulfhemoglobit
are also green heme proteins.

Since the reference paper reported by Holm and co-

workers in 1981/ many investigations of the NMR and EPR
spectra of low-spin iron(Ill) complexes of reduced porphyrins
have been published very recentfyby us®?2 and
others!>23-32 The nature of the electronic ground state is

not always clear, and more information is needed with these
systems. Magnetic circular dichroism spectroscopy has also

been shown to be of great utility in the identification of
proximal and distal axial ligands in chlorin-containing
proteins®334*However, only a limited number of iron chlorin
complexes such as high-spin iron®)3 high-spin iron-
(111, 3937 (,-ox0)bis[(tetraphenylchlorin)iron(111){8 and low-

(9) Chiu, J. T.; Loewen, P. C.; Switala, J.; Gennis., R. B.; Timkovich, R.
J. Am. Chem. S0d.989 111, 7046-7050.

(10) Andersson, L. A.; Sotiriou, C.; Chang, C. K.; Loehr, T. M.Am.
Chem. Soc1987, 109, 258-264.

(11) Bravo, J.; Verdaguer, N.; Tormo, J.; Betzel, C.; Switala, J.; Loewen,
P. C.; Fita, I.Structure1995 3, 491-502.
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chlorin models using®C as NMR probes.

Experimental Section

Synthesis.Free base TP€&, Fe(TPC)CHC Fe(TPC)(CESGs),1°
[Fe(TPC)(1-Melm)]Cl,2° and [Fe(TPCYBUNC),](CF:S0s)!° were
prepared as described previously.

[Fe(TPC)(CN),JNBu,4 was prepared by the addition of 550
of CD,Cl, to the mixture consisting of Fe(TPC)CI (30nol) and
2.5 equiv of tetrabutylammonium cyanide. The solution was taken
into an NMR sample tube for thtH NMR measurement. The
characterization of all the complexes was done by meari$of
and13C NMR spectra as given in Results and Discussion.

[Fe(TPC)(4-CNPy)](CF3S0s). Titration experiment revealed
that the addition of 10 equiv of 4-CNPy is enough for the com-
plete conversion of Fe(TPC)(GEG;) to [Fe(TPC)(4-CNPyy-
(CRS0s). Thus, the sample for the NMR measurement was
prepared by the addition of 550L of CD.Cl, to the mixture
consisting of Fe(TPC)(GSG;) (54 umol) and 10 equiv of 4-CNPy
placed in a reaction vial. The solution was then taken into an NMR
sample tube.

mese3C-Enriched [Fe(TPC)(1-Melm),]Cl and [Fe(TPC)-
(CN),JNBu,4. mese!3C-enriched free base TPC was prepared using
13C-enriched benzaldehyde and pyrrole according to the liter&ture.
It was then converted to Fe(TPC)CI by the literature metfod.
mese!C-enriched [Fe(TPC)(1-MelndCl was prepared by the
addition of 550uL of CD,Cl, to the mixture consisting afhese
13C-enriched Fe(TPC)CI (14mol) and 4 equiv of 1-Melm placed
in a reaction vial.mese!'3C-enriched [Fe(TPC)(CMINBu, was
similarly prepared from 4 equiv of tetrabutylammonium cyanide
and mese!'3C-enriched Fe(TPC)CI(14mol).

mesoeC-Enriched Fe(TPC)CIO,. To the mixture of AgCIQ
(69 umol) and Fe(TPC)CI (5Zmol) was added 10 mL of THF.
The solution was stirred for 20 min at room temperature. After
evaporation of the solvent, dichloromethane (3 mL) was added to
the resultant solid and the suspension was filtered to remove AgCI.
This procedure was repeated twice. The filtrate was evaporated,
and the resultant solid was dried in vacue fbh at 25°C. The
prechlorate salt, Fe(TPC)CjQthus obtained was used without
further purification.

Caution! Perchlorate salts are potentially explosive when heated
or shocked. Handle them in milligram quantities with care.

(33) Huff, A. M.; Chang, C. K.; Cooper, D. K.; Smith, K. M.; Dawson, J.
H. Inorg. Chem.1993 32, 1460-1466.
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Chem.1994 33, 5042-5049.
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105, 4108-4109.
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R. A.; Spartalian, K.; Ibers, J. Al. Am. Chem. So04985 107, 4207~
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4566.
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Am. Chem. Socl969 91, 7485-7489.
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meseC-Enriched [Fe(TPC)(4-CNPy)]CIO 4 and [Fe(TPC)- Pyrroline 1213
(‘BUNC)]CIO 4. mese!3C-enriched [Fe(TPC)(4-CNP3CIO, was l T
prepared by the addition of 550L of CD,Cl, to the mixture mm 2o l
consisting of Fe(TPC)CIg13 zmol) and 10 equiv of 4-CNPy. The (b) s

solution was taken into an NMR sample tube for the NMR
measurementmese'3C-enriched [Fe(TPCBUNC)]CIO, was
similarly prepared from 3 equiv dBUNC and Fe(TPC)CIQ(26 L L A

,umol). 10 8 pp(in 4 2
[Co(TPC)(CN),]JNBuy. Free base chlorin was treated with 13 8,17

equiv of CoC}-6H,0 in refluxing CHC—CH3OH (3:1) solution \) h j

for 4 h#1 The reaction mixture was washed with water to remove .

L e B e e B e B O B B B B B B B ™

the inorganic material. The organic layer was dried over sodium

. 30 20 10 0 -10 -20 -30
sulfate for 1 h. The solution was evaporated to dryness, and the ppm
resultant cobalt(ll) complex, Co(TPC), was dried in vacuo for 4 h
at 25°C. The solid still contained some amount of free base. Thus, 718
the reaction was repeated for the complete conversion of the free
base to the cabalt(ll) complex. To a 5aQ volume of CD,Cl, @

solution of Co(TPC) (15umol) was added a CITl, solution 1213
containing 2.5 equiv of tetrabutylammonium cyanide. The solu-
tion, after being stirred fol h in avial, gave cobalt(lll) complex Pyrroline ppm

[Co(TPC)(CN}]NBu,4 in a quantitative yield'H NMR and 13C
NMR chemical shifts determined in GDI, at 298 K are given in 817
Results and Discussion. |

L.

NMR Spectroscopy.Samples for NMR studies were prepared T e T [ e e R
by the addition of 55@L of CD,ClI; to the reaction vial containing 30 20 10 0 -10 -20 -30
Fe(TPC)X and excess ligand under argon atmospherand3C ppm
NMR spectra were recorded on a JEOL LA300 spectrometer Figure 1. H NMR spectra of [Fe(TPC)(CNXNBus) taken in (a)
operating at 300.4 MHz fotH. Chemical shifts were referenced CD.Cl; and in (b) C3OD solutions at 298 K. Strong signals ascribed to
to the residual peak of dichloromethadgefo = 5.32 ppm for'H the butyl protons are observed between 1 and 4.5 ppm.
and 53.8 ppm fot*C) and methanot, (6 = 3.30 ppm for'H and Chart 1. (a) Atom Numbering and (b) Atom Labeling in
49.0 ppm for'3C). UV—vis spectra were recorded on a Shimadzu [Fe(TPC)L]* with C,, Point Group
MultiSpec-1500 at ambient temperature. (@) (b o

Results

Assignments of'H NMR Signals. The'H NMR spectra
of [Fe(TPC)L]* where the axial ligands are PMRh®
1-Melm?® P(OMe)}Ph?t and 'BUNC'® have already been
reported in detail. In the following discussion, we will
describe the signal assignments of three new complexes
including diamagnetic [Co(TPC)(CHNBuL,.
[Fe(TPC)(CN)](NBu,). Figure 1 shows théH NMR aq-C: carbon atoms at the 1, 4, 6, 9, 11, 14, 16, and 19 positiEs.
spectra of [Fe(TPC)(CN) taken in (a) CRCI, and (b) and -H: carbon and hydrogen atoms at the 7, 8, 12, 13, 17, and 18
CD.0D solutions al 298 K. Because of the presence of BISHors respeciel, Fyroine C and pyvaine . caron andyogen
the pyrroline ring, these complexes belong to @¢ point 10, 15, and 20 positions.
group. Thus, the pyrrole protons give three signals signified
as 7,18-H, 8,17-H, and 12,13-H as shown in Chart 1, and 7.94, 6.95 ppm) and (6.66, 7.88, 6.88 ppm) (S-2). The
the ortho, meta andpara protons give two signals. These complete signal assignment was achieved by the NOE
signals were assigned on the basis of the relative inten-difference spectra. Irradiation of the signal-aL.9 ppm
sity and multiplicity of each signal together with the 2D (12,13-H) caused the enhancement of the signal at 6.66 ppm.
COSY experiments. In the case of [Fe(TPC)(gN)Yaken Thus the signal at 6.66 ppm was assigned tootttieo-H of
in CD.Cl, solution, the pyrrole signal at1.9 ppm was  the 10,15-phenyl rings (S-2). Similarly, irradiation of the
assigned to the 12,13-H since no cross-peak was observedsignal at—26.0 ppm caused the enhancement of the signal
In contrast, a cross-peak was observed between the signalat 6.66 ppm (S-2). Thus, the signals-826.0 and 3.3 ppm
at 3.3 and—26.0 ppm (Supporting Information S-1). Thus, were assigned to the 8,17-H and 7,18-H, respectively.
these two signals were assigned to the pyrrole protons in As is clear from Figure 1, the chemical shifts of
the same pyrrole ring; i.e., 7,8-H and 17,18-H. Two sets of [Fe(TPC)(CN)]~ in CDsOD solution are quite different from
the phenyl signals were assigned on the basis of thethose in CRQCI; solution. The signals observed in gDD

homonuclear selective decoupling; they areng, p) = (6.38, solution were similarly assigned on the basis of the relative
intensity and multiplicity of each signal, selective homo-
(41) Karweik, D. H.; Winograd, Ninorg. Chem 1976 15, 2336-2342. nuclear decoupling, NOE difference spectra (S-3), and 2D
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(b) °C NMR theH NMR spectrum of [Fe(TPC)(4-CNPy]) taken at 253
W —T T T i K where the ligand exchange is slow enough to give clearly
B DL resolved signals. These signals were assigned similarly by
SO it =S R ‘L COSY spectra as in the case of [Fe(TPC)(g§N}S-6, S-7).
H § ; The Curie plots of the pyrroline and pyrrole-H signals are
é g I given in Figure 3c. The slopes of the Curie lines are.3
£ B 100 i A I x 10t and+0.41 x 10* ppmrK, respectively, which are quite
_TE g fprte i close to the corresponding values of [Fe(TPC)(§N)n
2 5 wa_j—_f T CDsOD. Thus, the electronic ground state of [Fe(TPC)-
! (4-CNPy)] " is considered to be similar to that of [Fe(TPC)-
I e (CN);]~ in CD;0OD.
0o 2 40 6 8 100 Co 2 4|n 60 glu 100 [Co(TPC)(CN),]JNBu,. Determination of thetH NMR
CD;0D(Volume %) CD;0D(Volueme %) chemical shifts of diamagnetic [Co(TPC)(GIMWBu, is

(F:iglJ(r)eDZ_- ngnge in r(]a}HCNl}/IR alnd_ (b)l?EMEP?emical shiftswhen  necessary to know the isotropic shifts of paramagnetic
Syr%bolsl?neza):eo, ;;3r:oﬁne-ﬁé,s?,ijg?l-r|];: 1[23(3-H;|:)|,(%r\1b]7-Hét82y$r?bc|§I.s [Fe(TPC)LZ]i' The signal aSSIQnment. was carried ou_t by
in (b): ®@, pyrroline-C;0, 7,18-C;a, 12,13-C;, 8,17-C; redD, meso-C. means of 1D homonuclear decoupling and NOE differ-
ence spectroscopy (S-8) as well as 2D COSY spectroscopy
COSY spectra (S-4, S-5). For example, the signal at 8.7 ppm(S-9). The chemical shifts of thertho andmetaprotons in
showed a correlation peak with that at.0.8 ppm (S-5). one phenyl ring were determined to be 7.81 and 7.56 ppm,
Thus, these signals were assigned to the 7,8,17,18-H. Theespectively, while those of the other phenyl ring were
complete signal assignment was achieved by the NOE determined to be 8.00 and 7.63 ppm, respectively, by the
difference spectra. Thus, the signals at 8.7 aiid.8 ppm COSY spectra (S-9). Theara signals were almost overlap-
were assigned to the 7,18-H and 8,17-H, respectively. Figureping with themetasignals in each case; they appeared at
2a shows the change in chemical shift of the pyrrole and 7.58 and 7.61 ppm. The NOE difference spectrum showed
pyrroline-H signals when CfDD is added to the CiZI, the increase in intensity of thertho signals at 7.81 ppm
solution of [Fe(TPC)(CNJ~ at 298 K. When the volume %  when the pyrroline signal at 4.00 ppm was irradiated (S-8).
of the added CBODD reached 15.4%, the pyrrole signals at Thus, the signals at 7.81 and 8.00 ppm were ascribed to the
3.3, —1.9, and—26.0 ppm shifted to 7.1, 0.9, and16.4 ortho protons of the 5,20- and 10,15-phenyl groups, respec-
ppm, respectively. Thus, the signals at 8.7, 2.3, anl@.8 tively. The signals at downfield regions, 8.08 (d) and 8.36
ppm observed in CEDD solution correspond to the signals (d) ppm, were assigned to the pyrrole 7,8,17,18-H, while
at 3.3,—1.9, and—26.0 ppm observed in CIQl, solution, the singlet at 8.28 ppm was assigned to the 12,13-H. The
which in turn indicate that they are assigned to 7,18-H, NOE difference spectrum showed the increase in intensity
12,13-H, and 8,17-H, respectively. It should be noted that of the pyrrole signals at 8.08 ppm when thr¢ho signals at
the spread among the pyrrole signals decreased from 29.37.81 ppm was irradiated. Similarly, the intensity of the
to 19.5 ppm as CELl; is replaced by CBDD. Figure 3a,b pyrrole signals at 8.28 and 8.36 ppm increased when the
shows the Curie plots of the pyrroline and pyrrole-H signals orthosignal at 8.00 was irradiated. Thus, the doublets at 8.08
of [Fe(TPC)(CN)]~ taken in CBCI, and CRQOD solutions, and 8.36 ppm were assigned to the 7,18-H and 8,17-H,
respectively. In both cases, the chemical shifts vary linearly respectively.
with 1/T, but the extrapolated lines do not pass through the  The chemical shifts of these complexes are given in Table
diamagnetic value at T/= 0. Especially, the pyrroline and 1. The axial ligands are arranged in the descending order of
8,17-H signals showed a large positive and negative slopethe pyrroline shifts, which corresponds to the ascending order
in CD.Cl, solution, +2.7 x 10* and —2.5 x 10* ppmK, of the 8,17-H shifts.
respectively. The intercepts atTLE O for these signals Assignments of*C NMR Signals. Full analysis of the
reached as much as67 and 59 ppm, respectively; the 3C NMR spectra of low-spin [Fe(TPC)" have not been
chemical shifts of the corresponding signals in diamagnetic reported before. In the following discussion, we will describe
[Co(TPC)(CN}]~ are 4.0 and 8.4 ppm. In GDD solution, the signal assignments of the complexes carrying 1-Melm,
the signs of the Curie slopes of the pyrroline and 8,17-H CN~ in CD.CI; solution, CN" in CD3;OD solution, 4-CNPy,
signals were reversed and their absolute values wereand'BuNC as axial ligands.
diminished to a great extent; they werel.1 x 10* and [Fe(TPC)(CN),](NBuy). Figure 5a shows the proton-
+0.37 x 10* ppnrK, respectively. The intercepts atTl# decoupled3C NMR spectrum of [Fe(TPC)(CM) taken in
0 for the pyrroline and 8,17-H decreased to 42.4 a23.5 CD.CI, solution at 298 K. Thex- and 5-C give four and
ppm, respectively. Thus, it is clear that the electronic ground three signals, respectively, and tinesg ipsa o-, m-, and
state in CDRCI, solution is quite different from that in  p-C give two signals as revealed from Chart 1. Signal
CD;0OD, which will be discussed later. assignment of the carbons with directly bonded protons such
[Fe(TPC)(4-CNPy)](CIO4). At ambient temperature, the  as pyrrolines, pyrrolef3, o, m, andp has been done on the
ligand dissociation in [Fe(TPC)(4-CNRYj is taking place basis of the relative intensity and multiplicity of the signal
on thelH NMR time scale to give broad signals ascribed to in the proton coupled spectra together with & °C}
the free and coordinated ligand molecules. Figure 4 showsHMQC experiments. For example, th€ signal at 48 ppm
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(b) CN-(CD;0D) (c) 4-CNPy
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Figure 3. Curie plots of the'H NMR signals: (a) [Fe(TPC)(CN)~ taken in CDCly; (b) [Fe(TPC)(CN)]~ taken in CROD; (c) [Fe(TPC)(4-CNPy] ™

taken in CDCl,. Key: @, pyrrol-H; red®, pyrroline-H.

F g THF

7,18

o THF

Pyrroline

[

1213 THF

THF

[
6

-10
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-30

Figure 4. H NMR spectrum of [Fe(TPC)(4-CNPy}) taken in CRCl,
at 253 K. Signals signified by'LA’, o', m', andp' in the spectra indicate
the ligand, pyrrole-H, andhetasignals of [Fe(TPP)(4-CNP3))". S and F
are the signals for the solvent and free ligand, respectively.

in CD.ClI; solution, which showed a correlation peak with
the proton signal at-1.9 ppm, was assigned to the 12,13-C

(S-10). Similarly, the signals at17 and 254 ppm were
assigned to the 7,18-C and 8,17-C, respectively, since thesdively, by the heteronuclear selective decoupling of the
signals have correlation peaks with the proton signals at 3.3corresponding proton signals &85, —10, and—1.0 ppm,

and —26.0 ppm, respectively (S-11, S-12). The pyrrgle-
signals were also assigned by the heteronuclear selectivevere discriminated from the andmesacsignals by partially
decoupling (S-13). The assignments of theneso andipso
signals are much more difficult. In the inset of Figuré Ba
given the partially relaxed proton decouplédC NMR
spectrum, which is obtained by the I8&—90° pulse

sequence withr = 75 ms. Because of the short relaxation

times of thea, 5, andmesocarbons relative to those of the
o, m, p, andipso carbons, the former gave positive signals signals at 224, 171, 146;19, and—91 ppm were assigned
while the latter gave negative ones. Thus, the six unassignedo either themesoor thea. signals. We could unambiguously
signals in a wide frequency range, i.e., 192, 162, 130, 76, assign the signals at 146 ard.9 ppm to themesocarbons
—20, —87 ppm, were assigned either to tmesoor to the
o carbons. As shown in Figure 5awve could unambiguously
assign the signals at 192 and 76 ppm to itmesocarbons
by usingmese*C enriched [Fe(TPC)(CN). The other four
signals at 162, 130,20, and—87 ppm were then assigned

to thea carbons.

The 3C NMR spectra of [Fe(TPC)(CN) taken in
CD3OD solution at 298 K is given in Figure 5b. Tlem,

p, pyrroline, andp signals were assigned similarly on the
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basis of the HMQC method (S-14, S-15, S-16). Figure 5b
shows thé3C NMR spectrum ofmese'*C-enriched complex.
The strong signals at 293 and 262 ppm were assigned to the
mesocarbons. The other four signals with short relaxation
times at 43, 31;-19, and—89 ppm were then assigned to
the o carbons. Figure 2b shows the change'3@ NMR
chemical shifts when CEDD was added to the GIOI, solu-
tion of [Fe(TPC)(CNj]~. The titration experiment enables
the correlation of the signals in GDI, solution to the
corresponding signals in GDD. As in the case of pyrrole-H
signals, the spread of the pyrrgfesignals decreased from
271 to 183 ppm as CfZIl, was replaced by C{DD.
[Fe(TPC)(1-Melm),]CIl. Figure 6a shows the proton-
coupled®®C NMR spectra of [Fe(TPC)(1-Melr)" taken
in CD.Cl, solution at 298 K. Signal assignment of the
carbons with directly bonded protons such as pyrrofine-
o, m, and p was carried out on the basis of the relative
intensity and multiplicity of the signal in the proton coupled
spectra together with the heteronuclear selective decoupling
method. Thus, the broad doublets at 288, 113,-aBd8 ppm
were assigned to the 8,17-C, 12,13-C, and 7,18-C, respec-

respectively (S-17). As shown in Figure 6b, theosignals

relaxed NMR spectra because the former signals were
negative while the latter were positive when the spectrum
was taken with the pulse interval 75 ms in the 1:80—90°

pulse sequence. When the temperature was lowered to 273
K, the signal at-=19 ppm split into two signals, indicating
that they accidentally overlapped at 298 K. Thus, the five

by usingmese'*C-enriched [Fe(TPC)(1-Melrsl)" as shown
in Figure 6¢. Thus, the other 4 signals at 224, 1719,
and —91 ppm were assigned to tlhecarbons.

[Fe(TPC)(4-CNPy)]CIO,. Figure 7a shows the proton-
coupled’®C NMR spectra of [Fe(TPC)(4-CNPy) taken
in CD.ClI, solution at 253 K. The most downfield shifted
signals, 476 and 486 ppm, were assigned tartkecsignals
since themese'*C-enriched [Fe(TPC)(4-CNP3}) exhibits
two signals at nearly the same positions as shown in Figure
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Table 1. 'H NMR Chemical Shifts of [Fe(TPC)(L)* and [Co(TPC)(L)]* in CD,Cl; at 298 K

complexes pyrroline 7,18 8,17 12,13 o} m p ref
[Fe(TPC)L)*
PMePh 64.6 0.7 —57.8 0.7 6.85 6.98 7.62 7.71 7.10 7.44 18
1-Melm 39.1 -1.0 —35.0 —10.0 6.17 6.17 7.22 7.11 7.11 6.91 20
CN~ 25.8 3.3 —26.0 -1.9 6.38 6.66° 7.94 7.88 6.99 6.88 this work
CN™-2 6.8 8.7 —10.8 2.3 5.80 6.56° 9.6A 9.28 6.63 6.7# this work
P(OMe)Ph 0.9 10.9 —-11.5 5.6 3.7 4.4 11.55 11.2 5.8 5.65 21
4-CNPy nd 14.4 —-8.9 4.5 3.77 4.600 11.48 10.87® 5.65 5.60 this work
4-CNPy —-0.1 16.0 —6.6 4.4 2.76 3.64 12.54 11.74 5.17 5.01 this work
'BuNC —36.0 7.9 5.1¢ 7.2 —0.39 1.3 14.7 12.9 3.07 3.42 19
[Co(TPC)Ly]*
CN~ 4.00 8.08 8.36 8.28 7.81 8.0¢ 7.56 7.63 7.58 7.6 this work

a]n CD30OD solution.P Data at 253 K¢ The assignment of the signals at 7.9 and 5.1 ppm could be revérBeatons at 5,20-phenyl ringgProtons at
10,15-phenyl rings’ 9Protons belong to the same phenyl group.
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m'm ppm
o p Figure 6. 13C NMR spectrum of [Fe(TPC)(1-Melr)" taken in CRCl;
0o T xS solution at 298 K: (a) proton-coupledC NMR spectrum; (b) partially
relaxed proton-decouple®®C NMR spectrum; (c) proton-decouplédC
NMR spectrum ofnese'3C-enriched complex. Signals signified by, ',
] andmeso are ascribed to [Fe(TPP)(1-Melsi).
/I Pyrroline )
B Although we could not observe timeso!*C signals by the
@ B ”’eT o Jﬁ mesal| Il | i" Lo conventional single pulse measurement even by usiesp
‘ 4 C-enriched complex, two signals certainly appeared at 700
300 200 100 0 100 and 763 ppm as shown in the inset (a) when some strong
ppm

signals were eliminated by the proton decoupled partially
relaxed'*C NMR spectrum. In the inset (b) is given th€
NMR spectrum of a narrow region between 0 and 40 ppm.
The proton-coupled partially relaxedC NMR spectrum
shown in the inset (c) revealed that the methyl signals of
the coordinatetBuNC exactly overlapped with the pyrroline
signals. It should be noted that pyrroline-C signal appeared
comparison of Figure 7c,d; Figure 7d shows the proton- at+20 ppm while the corresponding signals of all the other
coupled partially relaxed spectrum where tpgo-C exhibit complexes were observed at rather upfield positions;-2&
negative signals due to the longer relaxation times asto —71 ppm.
compared with thex-C. [Co(TPC)(CN),]NBu.. Signal assignments of diamagnetic
[Fe(TPC)(BUNC);]CIO,. Figure 8 shows the proton- [Co(TPC)(CN}NBu4were carried out by 1D and 2D NMR
coupled®®C NMR spectrum of [Fe(TPCBUNC),]* taken spectroscopy. Signal assignment of the carbons with directly
in CD.Cl; solution at 298 K. Signals were assigned similarly. bonded protons such as pyrrolifepyrrolef3, o, m, andp

Figure 5. 13C NMR spectra of [Fe(TPC)(CM)~ taken in (a) CRCl, and

(b) CDsOD solutions at 298 K. Insets: 'jgartially relaxed spectrum;‘(a
mese3C-enriched [Fe(TPC)(CN)~; (b)) mese!3C-enriched [Fe(TPC)-
(CN),]*. Signals signified bymes6 are ascribed to thenesosignal of
[Fe(TPP)(CNy]~. The butyl signals of tetrabutylammonium cyanide are
signified by asterisks.

7b. Thea andipsosignals were discriminated by the spectral

Inorganic Chemistry, Vol. 45, No. 17, 2006 6733



lkezaki et al.

Pyrroline

(c) B ' Pyrroline o
W v JL
r T | T T T T | T T T T | T T T T | T T T T |
0 =50 -100 -150 -200
pm
meso
(b) meso
M
B ; Pyrroline

(@) meso M

L L L L L L L L L L L L |

600 500 400 300 200 100 0 -100 -200

ppm

Figure 7. 13C NMR spectra of [Fe(TPC)(4-CNPy) taken in CRCI; solution at 253 K: (a) proton-coupled spectrum; (b) proton-decoupled spectrum of
mese3C-enriched complex; (c) proton-coupled spectrum-@00 to 50 ppm region; (d) proton-decoupled partially relaxed spectrum260 to 50 ppm
region.
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Figure 8. 13C NMR spectra of [Fe(TPCBUNC),]* taken in CRCl, solution at 298 K. Insets: (a) downfield region of theese'3C-enriched complex;
(b) proton-coupled3C NMR spectrum between 0 and 40 ppm; (c) proton-decoupled partially reld&NMR spectrum of the same region as (b).

were carried out on the basis of tH&l{'*C} HMQC done by the HMBC experiment. Thus, the signal at 109.9
experiments. Thus, the signals at 128.2, 133.8, and 129.6ppm was assigned to the 5,20-C since it showed correlation
ppm were assigned to the 7,18-C, 8,17-C, and 12,13-C, peaks with théH signals at 4.0 ppm (pyrroline-H) and 7.81
respectively. Similarly, the signal at 34.8 ppm was assigned ppm (rtho-H) in the HMBC spectra (S-18). Similarly, the

to the pyrroline-C. Signal assignment of the carbons without signal at 123.0 ppm was assigned to the 10,15-C since it
directly bonded protons such asesg ipso, and a-C was showed a correlation peak with thie signals at 8.00 ppm

6734 Inorganic Chemistry, Vol. 45, No. 17, 2006
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Table 2. 13C NMR Chemical Shifts of [Fe(TPCY* and [Co(TPC)(CNy~ in CD.Cl, at 298 K&
(a) Chlorin Ring

complexes pyrroline meso o 7,18 8,17 12,13
[Fe(TPC)Ly]*

1-Melm —70 146 (56) -19 224 (42) 171 -19 -91 —23(99) 288 113 (99)

CN- -71 192 (89) 76 162 (41) 130 -20 -87 —17 (90) 254 48 (90)

CN-=P —45 293 (184) 262 43 (27) 31 -19 -89 16 (89) 199 54 (89)

4-CNPy -25 413 (243) 396 11 (46) —-19 -35 —129 20 (150) 222 77 (150)

4-CNPy -34 486 (289) 476 —44 (-17) —67 —100 —172 12 (113) 213 57 (113)

BUNC 20 763 (767) 700  —179 (—294) —204 —297 —342 85 (83) 70 86 (83)
[Co(TPC)Ly]*

CN- 35 110 (119) 123 155 (143) 147 139 142 128 (133) 134 130 (133)

(b) Phenyl Group

complexes ipso o] m p
[Fe(TPC)Ly]*
1-Melm 139 129 (137) 136 147 (131) 127 128 (125) 127 128 (126)
CN~ 118 115 (127) 177 173 (149) 129 132 (125) 129 130 (127)
CN-b 58 84° (104) 258 229 (195) 140 135 (131) 134 134 (133)
4-CNPy —-15 22 (74) 331 288 (225) 144 137 (132) 140 145 (137)
4-CNPy —-57 —7 (46) 385 326 (259) 148 138 (133) 143 145 (139)
‘BUNC —104 —104 (—123) 552 432 (458) 159 145 (146) 153 153 (165)
[Co(TPC)Ly]*
CN- 142.7 131.8 (127) 132.8 133.9 (135) 127.9 127.5 (127) 127.2 127.2(128)

aData in parentheses are the chemical shifts of the corresponding signals of [Fe{FRPYL[Co(TPP)(CNJ . P In CD3;0D. ¢ Data at 253 K¢ Carbons
at 5,20-phenyl ringst Carbons at 10,15-phenyl ringReference 429 Reference 45.

Scheme 1. Two Types of Electronic Ground States
A2y _ day
- d,2

(ortho-H). The signals at 142.7 and 141.8 ppm were assigned
to theipso-C since they showed the correlation peaks with
the metaH signals at 7.56 and 7.63 ppm, respectively. The dz?

signals at 154.5 and 141.7 ppm were assigned to the 1,4-C

and 11,14-C, respectively, due to the presence of the A

correlation peaks at 4.00 (pyrroline-H) and 8.28 ppm dyz 4 v —T— yy
(12,13-H), respectively. The other two signals, 147.1 and e Y -

138.8 ppm, were assigned to the 6,19-C and 9,16-C though ” ’,,-ﬂ: )

the complete assignment is not successful at this point. d
Table 2 shows th&C NMR chemical shifts of [Fe(TPC)-

L,]* and [Co(TPC)(CNyj~, where the axial ligands of d, type

[Fe(TPC)Ly]* are arranged in the same order as those in

Table 1. The data ir_1 Table 2 clgarly indicate that the p_yrroline state, the complexes usually exhibit a nearly planar porphyrin

and mgso_carbon signals continuously move downfield as ring. Both the pyrrole-H ancheseC signals appear at rather

the axial ligand changes from 1-Melm‘8uNC. The chem- field positions due to the.e-3e, interactions. This is

ical shifts of thgmeso a, ﬁ,.and phenyl carbon signals of  pacause the 3erbital has large coefficients at tifepyrrole
the corresponding porphyrin complexes, [Fe(TRP)land and zero coefficient at thmesocarbon atomé$3 In the case
[Co(TPP)(CNj)]~, taken under the same conditions are also

dyy type

listed in the parentheses of Tablg?2. (44) Ikeue, T.; Ohgo, Y.; Saitoh, T.; Nakamura, M.; Fujii, H.; Yokoyama,
M. J. Am. Chem. So@00Q 122 4068-4076.
Discussion (45) Ikeue, T.; Ohgo, Y.; Saitoh, T.; Yamaguchi, T.; Nakamura)mdrg.

Chem 2001, 40, 3423-3434.
: ; : (46) lkeue, T,; Ohgo, Y.; Ongayi, O.; Vicente, M. G. H.; Nakamura, M.

Electron Copflgurgtlons of the Iron(lll) Chlorinates. Inorg, Chem 2003 42, 55605571,
General Consideration.As shown in Scheme 1, there are (47) Rivera, M.; Caignan, G. Anal. Bioanal. Chem2004 378, 1464

i 3 1483.
two4typels (.)f electror_uc_ground states,yl_%(dxz, déz) and ((_11, (48) Hoshino, A.; Nakamura, MChem. Commur2005 915-917,
dy)*(dxy)*, in low-spin iron(lll) porphyrinated? Extensive  (49) Hoshino, A.; Ohgo, Y.; Nakamura, Nhorg. Chem2005 44,7333
studies using NMR spectroscopy have revealed that not only 7344

A - . (50) Safo, M. K.; Walker F. A.; Raitsimring, A. M.; Walters, W. P.; Dolata,
the pyrrole-H but also theneseC chemical shifts are D. P.. Debrunner, P. G.; Scheidt, W. R Am. Chem. S04994 116
powerful probes to elucidate the electronic ground stafé. 7760-7770.
_ani + i 2 3 (51) Walker, F. A.; Nasri, H.; Turowska-Tyrk, I.; Mohanrao, K.; Watson,
In the low-spin [Fe(TPP)}]* with the (dy)*(dy, dy,)* ground C. T.; Shokhirev, N. V.; Debrunner, P. G.; Scheidt, W. R.Am.
Chem. Soc1996 118 12109-12118.

(42) Ikezaki, A.; Ikeue, T.; Nakamura, Mnorg. Chim Acta 2002 335 (52) Pilard, M.-A.; Guillemot, M.; Toupet, L.; Jordanov, J.; Simonneaux,
91-99. G. Inorg. Chem.1997, 36, 6307—6314.

(43) Walker, F. A. InThe Porphyrin Handbogk<adish, K. M., Smith, K. (53) Simonneaux, G.; S€hemann, V.; Morice, C.; Carel, L.; Toupet, L.;
M., Guilard, R., Eds.; Academic Press: San Diego, CA, 2000; Vol. Winkler, H.; Trautwein, A. X.; Walker, F. AJ. Am. Chem. So200Q
5, Chapter 36, pp 81183. 122, 4366-4377.

Inorganic Chemistry, Vol. 45, No. 17, 2006 6735



lkezaki et al.

of the (dw d,)*(dy)* type complexes wittDs, symmetry, ghallIrItZC Hlfckel Fr_(;ﬂtierzodrbitals 3m‘Gthe Céjhlgtrir: Rli?ng fotr Iaot\;v-scpin
the_cLy orbital is orthogonal to any of '_[he porphyrin frontu_ar Liec(htgnbgrr\;résx::dw\;val(k )’(G d)® Ground State Reported by Cai,
orbitals. Actually however, the low-spin complexes adopting

the (do dy)*(dxy)* ground state almost always exhibit the
ruffled structure®53 Thus, the iron g orbital can interact
with the porphyrin a, orbital because both orbitals are
signified as b in the ruffled complexes wittDyq sym-
metry435455 The interaction between these two orbitals
should induce a large downfield shift of tineeseC signal
since the @, orbital has a large coefficient at theesocarbon
atoms. By contrast, the pyrrole-H signal appears close to the
diamagnetic position despite thgad,y interaction, because

the @, orbital has zero coefficient at the pyrrole carbon
atoms®® We have recently found the direct EPR evidence
showing that low-spin [Fe(TArP)(CN) (Ar = 2,4,6-
triethylphenyl) exists as an equilibrium mixture of the two
isomers with different electronic ground staté8ecause

the energy gap between these two isomers is expected to be
quite small, they are rapidly interconverting in solution as
shown in eq £7°8Thus, the observed chemical shift of the
nucleus i, signified byji(obs), is expressed by eq 2, where
0i(d,) andoi(d,y) are the chemical shifts and pfdand p(dly)

are the population of the isomers with thef&{dx, dy,)°

and (d d,)*(dy)* ground state, respectivelyHowever, this
aspect may be more complicated if we consider that excited
states can be thermally populated, as it has been previously
reported in some cases with low-spin iron(lll) heme proteins S,
and iron porphyring259-62

a8 The highest (singly) occupied orbital is.6A—>. A—; and S are
analogues of the 1aand 3a, orbitals of the porphyrin ring, respectively.

(A (s &> (s 6" ()" g o
heavy mixing among metal d and chlorin orbitals. In
0,(obs)= p(d,)d,(d,) + p(dxy)éi(dxy) 2) addition to _the;e interactipng, thg, drbital can .interact with
the S, orbital if the chlorin ring is ruffled as in the case of
The molecular orbitals of the chlorin ring are different from the porphyrin complexe¥.The NMR chemical shifts listed
those of the porphyrin because of the reduction of one of in Tables 1 and 2 should be the results of orbital interactions
the pyrrole rings. Recent theoretical work on the electronic mentioned above. Thus, we have determined the electronic
structure of low-spin (octaethylchlorinato)iron(lll) complexes structures of a series of complexes on the basis ofithe
with the (dy)?(dxs dy,)® ground state has shown that the;,A  and**C NMR chemical shifts.
and S, orbitals correspond to the dér) and 3ayr) [Fe(TPC)L,] " (L = PMe,Ph, 1-Melm). These complexes
orbitals, respectively, in thé®s, porphyrin complexe& have been reported to adopt the)#d,, d,)® ground state
Similarly, the A, and S, orbitals correspond to the &g) on the basis of théH NMR and EPR spectroscopy as well
and 3g(x) orbitals, respectively. These orbitals are shown as X-ray crystallographi?2°The *C NMR chemical shifts
in Chart 2. The important consequence from the calculation listed in Table 2 also support the{d(dx, dy)® ground state.
is that the ¢, orbital appears to interact almost equally with The average chemical shift of theesocarbon signals of
the two antisymmetric orbitals, A and A_;, because of the  [Fe(TPC)(1-Melm)]* is 64 ppm, which is ca. 53 ppm more
upfield than that of diamagnetic [Co(TPC)(GN). Among

(54) Ghosh. 46 Sonzalez. £ Vangberg, IT.Phys. Chem. B399 103 the six 8-C, 8,17-C have the largest spin densities as is
(55) Cheng, R.-J.; Chen, P.-Y.; Lovell, T.; Liu, T.; Noodleman, L.; Case, revealed from their largest downfield shift, 288 ppm, together
D. A. J. Am. Chem. So@003 125 6774-6783. with the largest upfield shift of the 8,17-H;35.0 ppm,

(56) zsémgzngrfg;é G.; Hindre, F.; Le Plouzennec,IMrg. Chem 1989 respectively. Thus, the major interactions that affect!te

(57) lkezaki, A.; Nakamura, Minorg. Chem 2002 41, 2761-2768. and 3C NMR chemical shifts in these complexes are the

(58) Rivera, M.; Caignan, G. A.; Astashkin, A. V.; Raitsimring, A. M.; _ ; _
Shokhireva, T.K.; Walker, F. Al. Am. Chem. So2002, 124, 6077~ .dyz A_Z. and to a minor extent they#-A-; and d.—S-,
6089. Interactions.

(59) Kurland, R. J.; McGarvey, B. R. Magn. Resonl97Q 2, 286-301. - 1 1

(60) Shokhirev, N. V.; Walker, F. Al. Phys. Chem1995 99, 17795~ [Fe(TPC)(CN_)Z] ' The. H. and “C NMR spect_ra O.f
17804, [Fe(TPC)(CN})]~ shown in Figures 1 and 5 are quite sim-

(61) \?varlllfi, LF E/:estink L; étrllchinag gaggelrgategiifggi%khirev, N. V. ilar to those of [Fe(TPC)(1-Melm)" if they are taken in
alker, F. A.J. Am. Chem. So . . . .
(62) Bertini, I.; Luchinat, C.; Giacomo, Eur. J. Inorg. Chem200Q 2473~ CDCl; solution. The Iarge Upﬂeld shift of the 8,17-H26

2480. ppm, together with the large downfield shift of the pyrroline-
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H, 25.8 ppm, clearly indicates that the complex also adopts

the (dy)?(dx» d,2)® ground state. In other words, the isomer
with the (dy)?(dx», dy)° ground state predominantly exists in
the equilibrium state. It should be noted that the population
of the (d, dy)*(dx)* isomer in [Fe(TPC)(CN]~ is much
larger than that in [Fe(TPC)(1-Melg}}J since themeseaC

[Fe(TPC)(‘BUNC),] . This complex is well characterized
to adopt the (d, d,)*(dy)* ground state on the basis of the
'H NMR, EPR, and X-ray crystallographiy.The large
upfield shift of the pyrroline-H signak-36.0 ppm, suggests
that the pyrrolinex-C has a sizable amount of negative spin.
Corresponding to a large upfield shift of the pyrroline-H

signals in the former complex appeared more downfield than signal, this complex exhibited the pyrroline-C signal at fairly

those of the latter one.

Addition of CD;0OD to the CDBCI; solution of [Fe(TPC)-
(CN),]~ greatly affects the chemical shifts of the pyrroline-H
andmeseC signals as shown in Figure 2a,b; the pyrroline-H
signal shifted upfield from 25.8 to 6.8 ppm while threeseC
signals shifted to the opposite direction from 192 and 76
ppm to 293 and 262 ppm. The large downfield shift of the

downfield position, 20 ppm. The result again indicates that
the zr spin density at the pyrroline-C has changed from a
large positive to a negative value as the axial ligand changes
from 1-Melm to‘BuNC. We expected, however, that the
pyrroline-C signal of [Fe(TPCBuUNC)]" should appear
much more downfield than the corresponding signal of
diamagnetic [Co(TPC)(CN)~, 34.8 ppm, because of the

meseC signals suggests the increase in spin densities at thepresence of negative spin at the neighborin®’s. The

mesocarbons caused by the interaction betweena®d the
half-filled dyy, orbital in a probably ruffled chlorin core. These
results clearly indicate that the isomer with the,(d,)*
(dyy)* ground-state predominates in €OD solution. This
is because the hydrogen bonding between;@D and
coordinating CN lowers the energy level of the*(CN™)
orbital and stabilizes theygdand d, orbitals relative to the

smaller downfield shift could be explained in terms of the
cancellation of the contact contribution to the pyrroline-C
signal due to the negative spin at the two adjaces@’s.
That is, the downfield shift of the pyrroline-C caused by the
negative spin at the directly bondedC is canceled by the
upfield shift caused by the negative spin at the othearbon
atom.

dy, orbital. The same phenomenon was observed in the As shown inthe data in Tables 1 and 2, the chemical shifts

porphyrin complexe&57 Figure 3a,b shows the Curie plots
of theH signals in [Fe(TPC)(CN)~ determined in CBCl,
and CXOD solutions, respectively. The large positive slope
of the pyrroline-H signal in CBCI, solution,+2.7 x 10*
ppmK, changed to the negative onel.1 x 10* ppmK, in
CD;0D solution, which is consistent with the large decrease
in ot spin densities at the pyrroline-C. The fact that the
8,17-H and pyrroline-C signals still appear rather upfield
positions,—10.8 and—45 ppm, respectively, suggests that
a considerable amount of thed(dx, d,)% isomer exists in
the equilibrium state.

[Fe(TPC)(4-CNPy)]*. The 'H NMR data in Table 1
suggest that the chemical shifts of [Fe(TPC)(4-CNPyare
quite close to those of [Fe(TP{P)(OMe)Ph},]* adopting
the (do dy,)*(dyy)* ground staté! The large downfield shifts
of the meseC signals, which reached 486 and 476 ppm,

of all the pyrrole-H ands-C in [Fe(TPC)[BUNC)]*" are
much closer to their diamagnetic positions than those of any
other complexes examined in this study. The results suggest
that the spin densities at t|%eC are quite small in [Fe(TPC)-
(‘BUNC)] . The most characteristic feature in tH€ NMR
spectrum is the large downfield shifts of theeseC signals,
763 and 700 ppm, which are ascribed to the large amount
of spin densities at these carbons caused by the strong
interaction between the_g and half-filled dy orbital. In
contrast, all the neighboring carbons that are directly attached
to themeseC exhibited the signals at significantly upfield
positions; thea- andipso-C signals appeared at179 to
—342 ppm and at-104 ppm, respectively. This is because
the larger spin densities at themesocarbon atoms polarize
the adjacent fress—Ca and Gness—Cipso bONdsE8-69

Curie Plots of the Carbon Signals.Figure 9A shows the

suggest the increase in positive spin at these carbon atomsurie plots of themese, a-, -, and pyrroline-C signals of

caused by the interaction between; &nd half-filled dy
orbital. Correspondingly, the negative slope of the pyrro-
line-H Curie plots shown in Figure 3c increased-tt.3 x

10* ppmrK. The results indicate that the replacement of the
axial cyanide ligand by 4-CNPy greatly stabilized the,(d
dy)*(dx)? isomer. It should be noted, however, that the
8,17-H and pyrroline-C signals appeared rather upfield
positions, —8.9 and —25 ppm, respectively. The results
suggest that the population of theyjé(dy, d,)® isomer is
still not small.

(63) Nakamura, M.; Ikeue, T.; Fuijii, H.; Yoshimura, J.Am. Chem. Soc
1997 119 6284-6291.
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a series of [Fe(TPCY*, where L’s are (a) 1-Melm, (b) CN

(in CD.Cl,), (c) CN~ (in CDsOD), and (d) 4-CNPy. Curie
plots of the'BUNC complexes were not available because
the signals were too broad to detect at lower temperatures.
In Figure 9A, the Curie plots of thenesosignals are
expressed by the red filled circle. They exhibited a good
linearity though the intercepts atTl# O deviated from the
corresponding diamagnetic values. The average slopes and
the intercepts for these complexes are as follows:—&3

x 10* ppmK, 175 ppm; (b)—6.0 x 10* ppmK, 338
ppm; (c) 10 x 10* ppmK, —62.5 ppm; (d) 13x 10*
ppmK, —16.1 ppm. The slopes of the Curie plots clearly

(68) Goff, H. M. Nuclear Magnetic Resonance of Iron Porphyringron
Porphyrins, | Lever, A. B. P., Gray, H. B., Eds.; Physical Bioinorganic
Chemistry Series 1; Addison-Wesley: Reading, MA, 1983; pp237
281.

(69) 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 9. Curie plots of the carbon signals in a series of (A) [Fe(TPC)-
Lo]* and (B) [Fe(TPP)&*, where red-, blue-, and black-filled circles
represent theneso o, and pyrroline signals, respectively, and the open

square indicates thg signals.

indicate that the 1-Melm and CN(in CD,Cl,;) complexes
exist mainly as the (g)*(dy, dy,)® isomer while the CN (in
CD3;0OD) and 4-CNPy complexes exist mainly as the,(d
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dy,)*(dyy)* isomer at higher temperature. Similarly, the nega-
tive deviation in the CN (in CDsOD) and 4-CNPy com-
plexes should be ascribed to the increase in population of
the (dy)*(dw» dy)° isomer at higher temperature. Another
notable feature in Figure 9A is the difference in spread of
the pyrroles chemical shifts given by black open circles.
While the maximum differences in the chemical shifts of
thef signals were 461 and 458 ppm at 223 K for the 1-Melm
and CN (in CD,Cl,) complexes, respectively, they were 183
and 197 ppm at the same temperature for the  CN
(CDs;0OD) and 4-CNPy complexes, respectively. The result
suggests that the spin densities at the periplfetakre quite
different in the former complexes adopting the){d,., d,,)*
ground state while they are not much different in the latter
complexes with the (g d,)*(dy)* ground state. Similarly,
while the differences in the chemical shifts of theeso
signals were 230 and 221 ppm at 223 K for the 1-Melm and
CN~ (in CD.Cl;) complexes, they were only 8 and 34 ppm
for the CN™ (CD;0OD) and 4-CNPy complexes, respectively.
The differences in chemical shifts among the nonequivalent
B-C andmeseC signals clearly indicate that the_Aand
A, orbitals in Chart 2 interact with the singly occupiegd d
orbital in [Fe(TPC)(1-Melrgl™ and [Fe(TPC)(CNJ~ (in
CD,Cly) while the S; orbital mainly involves in the inter-
action with the singly occupiedgorbital in [Fe(TPC)(CNy~

(in CD;0OD) and [Fe(TPC)(4-CNPy)".

Comparison with the Analogous ComplexesFirst, we
have compared the electronic structures of the TPC com-
plexes with those of the TPP complexes. Table 2 shows the
3C NMR chemical shifts of a series of [Fe(TPG)t and
[Fe(TPP)L]*. As mentioned, the presence of the unpaired
electron in the ¢ orbital induces the large downfield shift
of the mesosignal together with the large increase in the
Curie slopes. Thus, the electronic structures of [Fe(TPC)-
L,]* were compared with those of [Fe(TPR)tin terms of
themesacarbon chemical shifts and the Curie slopes. Figure
9B shows the Curie plots of theesqa, ands carbon signals
of a series of [Fe(TPPY*, where L's are (a) 1-Melm, (b)
CN~ (in CD.Cl,), (c) CN~ (in CDsOD), and (d) 4-CNPy.
As in the case of the chlorin complexes, thesosignal of
the 1-Melm and the CN (in CD,Cl,) complexes showed a
positive deviation, while that of the CN(in CD;OD)
complex showed a negative deviation. In the case of the
4-CNPy complex, the Curie plots showed a considerable
curvature. We observed a similar temperature dependence
of the mesaosignals in some highly saddled complexes with
weak nitrogen bases such as [Fe(OETPP)}Pyjand
[Fe(OMTPP)(4-CNPy] *.#670The phenomenon was ascribed
to the spin transition betweed= 3/2 andS = 1/2. Thus,
the curvature of the Curie plots in [Fe(TPP)(4-CNfy)
could be explained in terms of the equilibrium among,(d
dy)4(dyy)?, (dy)%(dy, dy;)3, and S = 3/2. The slopes and

dy,)*(d,)* isomer. One of the reasons for the deviation from intercepts of [Fe(TPPY* are (a)—2.5 x 10* ppnrK, 138
the diamagnetic positions in these complexes should beppm, (b) —4.0 x 10* ppmK, 222 ppm, (c) 3.8x 10
ascribed to the temperature dependence of the equilibriumppmK, 57 ppm, and (d) 3.2« 10* ppmK, 170 ppm; the
constant given in eq 1. Thus, the positive deviation of the curved plots in (d) was treated as a linear line. Thus, the

mesasignals in the 1-Melm and CN(in CD,Cl,) complexes
should be ascribed to the increase in population of the (d

6738 Inorganic Chemistry, Vol. 45, No. 17, 2006
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slopes of the CN (in CD;OD) and 4-CNPy complexes in  signal intensity, signal multiplicity, homo- and heteronuclear
TPC are 3-4 times larger than those of the corresponding selective decoupling, partially relaxé¥C NMR spectra, and
TPP complexes. In addition to the Curie slopes, Ittheso NOE difference spectra together with the 2D COSY and
carbon signals of [Fe(TPC)(CH) (in CD;OD) and HMQC measurements. Th@ese'*C-enriched complexes
[Fe(TPC)(4-CNPy)* always appeared more downfield than have been used successfully for the unambiguous assign-
those of the corresponding TPP complexes. These resultaments of themesocarbon signals. As in the case of the
clearly indicate that the TPC core stabilizes thg, (d)* corresponding porphyrin complexes [Fe(TP#jl-the con-
(dyy)*t isomer more effectively than the TPP core. The result tribution of the (d,, d,)*(dy,)* ground state has increased as
should be ascribed to the flexible nature of the chlorin ring the axial ligand changes from 1-Melm, to CNin CD.Cl,
as compared with the porphyrin rifigln contrast to the case  solution), CN (in CD;OD solution), and 4-CNPy, and then
of the CN- and 4-CNPy complexes, the spin densities at to ‘BUNC. In the case of the CNcomplex, the population
the mesocarbons in [Fe(TPCBUNC),]™ and [Fe(TPP)- of the (d., dy)*(dy)! isomer has increased to a great extent
(‘BUNC),]* are supposed to be quite close becausenbso when the solvent is changed from &I}, to CD;OD, which
signals of the TPC and TPP complexes appeared at 732 (oris ascribed to the hydrogen bonding between the coordinated
average) and 767 ppm, respectively. Thus, both [Fe(TPP)-cyanide ligand and methanol. While the 1-Melm andCN
(‘BUNC)] ™ and [Fe(TPC)YBUNC),] " exclusively exist asthe  (in CD.Cl; solution) complexes exist almost exclusively as
(Oxz 0y2)*(dyy)* isomer. the (dy)?(dy, d,;)® isomer, the CN (in CD;OD solution) and
Secondary, we have compared the electronic structures ofthe 4-CNPy complexes exist as the mixture of the isomers
the TPC complexes with those of the OEC complexes with the (dy)*(dyx, dy2)° and (d, dy,)*(dx)? ground state. In
reported by Cai and co-worketdThe largest difference was  the case of [Fe(TPCRUNC),]*, themeseC signals appeare
observed in the spin densities of the pyrrolinearbon atoms ~ extremely downfield, 763 and 700 ppm, while all the
between [Fe(TPCHBUNC)]™ and [Fe(OECJBUNC)]". pyrrole-H signals are observed quite close to their diamag-
While [Fe(TPC)BUNC),]* showed the pyrroline-H signal  netic positions. Thus, th8uNC complex is considered to
at—36 ppm at 298 K [Fe(OEC){BUNC),]* exhibited the  exist exclusively as the {gd d,,)*(dx,)* isomer. Because of
corresponding signal at 128 ppm at 213 K; this signal appearsthe large positive spin at ttraesccarbon atoms, the pyrroline
at ca. 140 ppm at 298 K as is revealed from Figure 11 of ref a carbons of this complex have negative spin, which induces
32. The result indicates that the pyrrolinecarbons have  the large upfield shift of the pyrroline-H;-36.0 ppm,
considerable amount of positive spin in [Fe(OEBYNC),] together with the downfield shift of the pyrroline-C signal.
while they have negative spin in [Fe(TPBNC)]*. Comparison of the spectral data between [Fe(TBE)and
Although the pyrrolinex spin densities are quite different, [Fe(TPP)L;]* has revealed that the population of the,(d
these complexes commonly have large positive spin at thed,;)*(dy)* isomer is much larger in the TPC than in the TPP
mesocarbons as is revealed from the downfield shift of complex if the axial ligand is CNiin CDsOD solution) or
the meseC and the upfield shift of theneseH signals. Cai 4-CNPy, which is partly ascribed to the flexible nature of
and co-workers explained the unusual spin distribution in the chlorin core as compared with the porphyrin core. If
[Fe(OEC){BUNC),]* in terms of the rapidly interconverting  the axial ligand iSBUNC, both [Fe(TPC)BUNC)]* and
equilibrium mixture between planar and ruffled structures; [Fe(TPP)BUNC),] " exist exclusively as the (g d,;)*(dx,)*

the unpaired electron occupies predominantly theubital isomer. Recently, Cai and co-workers have suggested that
in the planar complex and theyarbital in the ruffled oné? [FE(OEC){BUNCY),]* exists as a mixture of the planar and
This is in sharp contrast to the case of [Fe(TPRYNC),] *, ruffled conformations with the unpaired electron predomi-
which exists exclusively as the probably ruffled{a},,)*- nantly in the ¢, and d, orbitals, respectively? Thus, the

(dyy)* isomer. The difference should again be ascribed to the present study reveals that the TPC complexes stabilizes the
flexible nature of the TPC ring as compared with the OEC (dy, dy,)*(dy)* ground state more effectively than the TPP,
ring. Immediately after we submitted this paper, a paper OEC, and OEP complexes carrying the same axial ligands.
written by Cai and co-workers appeared on the Web, which  Acknowledgment. This work was supported by the
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