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The NMR and EPR spectra of two bisimidazole and three bispyridine complexes of tetraphenylchlorinatoiron(lll),
[(TPC)Fe(L)]* (L = Im-dy, 2-MeHIm, 4-Me,NPy, Py, and 4-CNPy), have been investigated. The full resonance
assignments of the [(TPC)Fe(L),]* complexes of this study have been made from correlation spectroscopy (COSY)
and nuclear Overhauser enhancement spectroscopy (NOESY) experiments and Amsterdam density functional (ADF)
calculations. Unlike the [(OEC)Fe(L),]* complexes reported previously (Cai, S.; Lichtenberger, D. L.; Walker, F. A.
Inorg. Chem. 2005, 44, 1890—1903), the NMR data for the [(TPC)Fe(L).]* complexes of this study indicate that the
ground state is S = 1/, for each bisligand complex, whereas a higher spin state was present at
NMR temperatures for the Py and 4-CNPy complexes of (OEC)Fe(lll). The pyrrole-8,17 and pyrroline-H of all
[TPCFe(L),]* show large magnitude chemical shifts (hence indicating large spin density on the adjacent carbons
that are part of the sz system), while pyrrole-12,13-CH, and -7,18-CH, protons show much smaller chemical shifts,
as predicted by the spin densities obtained from ADF calculations. The magnitude of the chemical shifts decreases
with decreasing donor ability of the substituted pyridine ligands, with the nonhindered imidazole ligand having
slightly larger magnitude chemical shifts than the most basic pyridine, even though its basicity is significantly lower
(4-Me;NPyH* pK; = 9.7, Hm* pK; = 6.65 (adjusted for the statistical factor of 2 protons)). The temperature
dependence of the chemical shifts of all but the 4-Me,NPy bisligand complexes studied over the temperature
range of the NMR investigations shows that they have mixed (dy)?(dx0y2)*/(dxdy2)*(dx)* electron configurations
that cannot be resolved by temperature-dependent fitting of the proton chemical shifts, with an S = 3/, excited
state in each case that in most cases lies at more than kT at room temperature above the ground state. The
observed pattern of chemical shifts of the 4-CNPy complex and analysis of the temperature dependence indicate
that it has a pure (dxdy;)*(dy)* ground state and that it is ruffled, because ruffling mixes the ay,(sr)-like orbital of
the chlorin into the singly occupied molecular orbital (SOMO). This mixing accounts for the negative chemical shift
of the pyrroline-H (6.5 ppm at —40 °C) and thus the negative spin density at the pyrroline-a-carbons, but the
mixing is not to the same extent as observed for [(TPC)Fe(t-BuNC),]*, whose pyrroline-H chemical shift is —36
ppm at 25 °C (Simonneaux, G.; Kobeissi, M. J. Chem. Soc., Dalton Trans. 2001, 1587-1592). Peak assignments
for high-spin (TPC)FeCl have been made by saturation transfer techniques that depend on chemical exchange
between this complex and its bis-4-Me,NPy adduct.
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Chart 1. TPCFeCl with the Numbering Convention of the Atoms of
the Chlorin Ligand Used for Labeling the Proton Resonances

coccus denitrificansandThiobacillus denitrificanga dioxo-
isobacteriochloritf) and siroheme dE. coli sulfite reductase
heme protein (an isobacteriochldrii?d. All of these pig-

Cai et al.

chlorinatoiron(lll) (oxo-OECY¥! and substituted tetraphen-
ylporphyrinatoiron(lll) (TPP2 TMP,33-3% and the octaalkyl-
tetraphenylporphyrirf§-3% have been reported. In this work
we report detailed NMR studies of high-spin (TPC)FeCl and
its low-spin complexes with axial ligands (imidazole, 2-
methylimidazole, 4-(dimethylamino)pyridine, pyridine, 4-cy-
anopyridine). We have made full assignments, with the help
of Amsterdam density functional (ADF) calculations, of the
resonances for both low-spin and high-spin complexes,
studied the effect of axial ligands on the electronic structure
of the iron center, and compared our findings to those
reported recently for (OEC)Fe(I)and oxo-(OEC)Fe(l1P
complexes. The EPR spectra of these complexes are also
reported. By comparing and contrasting the electronic
properties of these molecules with the electronic properties
of the others, we provide in this work additional information

teriochlorin complexes which have uniquely different struc- these systems.
tures. There has previously been some confusion regardingexperimental Section

the classification of reduced hemes and the expectations as
to their electronic properties, and a number of careful struc-

The 5,10,15,20-tetraphenylchlorin free-basgTPIC) was pur-
chased from Porphyrin Products Inc. The tetraphenylchlorinatoiron-

tural investigations were required to elucidate the geometric (lll) chioride ((TPC)FeCl) was synthesized using a modification

and stereoisomeric structures of these macrocycléghere

of a method developed in this laboratdfyA total of 20 mg of

have been a number of previous studies of synthetic andH,TPC was dissolved in a minimum amount of chloroform (about
natural iron chlorin and/or isobacteriochlorin complexes by 5 mL). An approximate 50-fold excess of ferrous chloride was
magnetic resonance techniques, including the seminal papedissolved in 30 mL of mixed solvent of 3:1 chloroform/methanol

of Stolzenberg et al. in 19831and additional papers from
these authot4'® as well as from other researchéfs.

(v/v). The ferrous chloride solution was mixed with the chlorin
free-base solution in a round-bottom flask. The flask with the

Understanding the electronic properties of the iron(lll) reactant was purged with nitrogen for 5 min, and several crystals

complexes of each of the individual “green” hemes is an
important step in understanding their mechanisms of action.
Synthesis of 5,10,15,20-tetraphenylchlorinatoiron(lil) chlo-

ride ((TPC)FeCl, Chart 1) anttans2,3,7,8,12,13,17,18-

octaethylchlorinatoiron(lll) chloride ((OEC)FeCl) was first

reported and the complexes were studied by NMR
spectroscopy some 25 years agblowever, because of the

of sodium dithionite were added to remove any traces of oxidizing
agents in the solution. The mixture was refluxed under nitrogen
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chloride complex nor low-spin complexes of (TPC)Fe(lll)
with axial ligands have been reported, even though the 1D

IH NMR spectra of tetraphenylchlorinatoiron(lll) (TPC),
octaethylchlorinatoiron(lll) (OECY¥ mono-oxooctaethyl-
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Studies of Chloroiron(lll) Tetraphenylchlorin Complexes

for 2 h, cooled to room temperature, and washed with water three
times. The product was bubbled with HCI gas to convert any

possible dimer to (TPC)FeCl. Finally, the solvent was evaporated
to dryness, and the solid product was pumped under vacuum
overnight and kept in a drybox for future use.

All samples for NMR studies were prepared in 5 mm NMR tubes
by the addition of methylene chloridiz-(Cambridge Isotopes) in
the glovebox. Complexes with axial ligands were made by directly
adding an excess of desired axial ligand (iron chlorin/axial ligand
1:4 or larger). Axial ligands used in this work include deuterated
imidazole (Imd,;, Cambridge Isotopes), 2-methylimidazole (2-
MeHIm, Aldrich), 4-(dimethylamino)pyridine (4-M&lIPy, Aldrich),
pyridine (Py, Aldrich), pyridineds (Py-ds, Cambridge Isotopes),
and 4-cyanopyridine (4-CNPy, Aldrich). For complexes with
pyridine and 4-cyanopyridine as axial ligands, an excess of silver
trifluoromethanesulfonate (AgOSORs;, 99%, Alfa— SAR) was
also added to improve the binding ability of the ligands by removing
chloride ion. All NMR tubes were sealed tightly before removal
from the glovebox.

IH NMR spectra of the free-base,FPC were recorded on a
Varian Unity-300 spectrometer operating at 299.955 MHz with the
variable temperature unit set at € and referenced to the
resonance of the residual solvent protons of,CB (5.32 ppm
relative to TMS). Nuclear Overhauser enhancement spectroscopy
(NOESY) and correlation spectroscopy (COSY) spectra were
acquired with the normal Varian pulse sequences with a spectral
width of 3904 Hz in each dimension, an acquisition time of 254
ms, a relaxation delay of 550 ms, a mixing time of 900 ms
(NOESY), and 12@; increments. HMQC spectra were recorded
on a Bruker DRX-500 NMR spectrometer at ambient temperatures

with the use of the standard Bruker pulse sequence. i .
For H NMR measurements of the iron chlorin complexes at Figure 1. 1D 'H 300 MHz NMR and 2D NOESY spectra of,HiPC in
or sur nts Ir rn compiexes CD.Cl;, (5.32 ppm) at 10C. In addition to NOE and-couplings between

low temperature, the spectra were recorded on the Varian Unity- 7 18-H and 8,17-H and between both 526+ and 10,156-H and the

300 spectrometer over a temperature range freé®@ to +20 °C overlapping m,pH (all also shown in the DQF-COSY spectrum of

and again referenced to the resonance from residual solvent protonsSupporting Information Figure S1), note the NOEs from 528-to

The temperature was calibrated using the standard Wilmad methano ylr;c_’:;ne{ﬂeﬁgge?ésésnﬁ?gs tQ;VZnOtErZsfirdourgl 1?&%':] trzsti';:és and

and ethylene glycol samples. For other experiments, the spectra’’ ' P '

were acquired on the Varian Unity-300 or Bruker DRX-500 NMR

spectrometers. The 1D saturation transfer experiments were carriedopm region, are shown in Figure 1. The only resonance of

out on both the Unity-300 and DRX-500 NMR spectrometers using the complex not shown in this spectrum is the single broad

the normal nuclear Overhauser effect (NOE) difference pulse N—H resonance, which occurs-atl..31 ppm. As can be seen,

sequence. On both instruments, a selective intermediate level pulsghe three pyrrole-H resonances are found between 8.19 and

was irradiated on the specific peaks of the fast relaxing (e.g., high- 8.57 ppm: the two doublets at those extreme chemical shifts

spin) species with an irradiation time of 50 ms. On the Unity-300, show NOEs with each other. They also show cross-peaks in

the decoupler power was set t0-380 dB (63 dB is the maximum the DOE-COSY ¢ h ins tina Inf i

power level). On the DRX-500, the pulse level was-4® dB (—6 _e Q . spec “‘”.1 S O.V\.m N Suppor m_g_ nrormation
Figure S1, which clearly identifies them as arising from the

dB is the maximum power level). L. .
For electron paramagnetic resonance (EPR) spectroscopy, the ;18- and 8,17-pyrrole-H, although which is which cannot

low-spin bisligand complexes of (TPC)Fe(lll) were again prepared P€ determined from this minimal information. TH&-
in dry CD,Cl, immediately before the experiments with the use of coupling constant between these protons on adjgé:@yt-
the same method as for the NMR studies and frozen in liquid role carbons is 4.7 Hz. The singlet at 8.57 ppm thus is due
nitrogen. The EPR spectra were obtained on a CW Bruker ESP-to the 12,13-pyrrole-H. The singlet at 4.16 ppm with relative
300E EPR spectrometer operating at X-band using 0.2 mW intensity 4 as compared to 2 for each of the pyrrole-H
microwave power and a 100 kHz modulation amplitude of 2G. A resonances is C|ear|y the pyrro"ne-H of the chlorin ring_
S_ystron-Donner microwave counter was used for frequency cglibra— Between these pyrroline-H and pyrrole-H regions are the
tion. The EI_DR measureme_nts were performed at 4.2 K using anphenyI-H of HTPC, and the multiplets have chemical shifts
Oxford continuous flow helium cryostat, ESR 900. and relative intensities (in parentheses).70 (12), 7.89 (4),
and 8.10 (4) ppm. In comparison,FPP has overlapping
m- and p-H resonances at 7.79 (8) and 7.77 (4) ppm,
NMR Spectra and Peak Assignments of WTPC. The respectively, and the-H doublet of doublets at 8.23 (8) ppm
1D 300 MHz'H NMR spectrum and the NOESY spectrum (not shown). From the doublet of doublets coupling patterns
of H,TPC in CD,Cl,, recorded at 10C over the 3.6:9.2 of the multiplets at 7.89 and 8.09 ppm of HPC shown in

Results
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Table 1. Summary of Chemical Shifts of IPC

1H chemical 13C chemical
proton shift 3Jy—n coupling shift 12,13

position (ppm) (Hz) (ppm)
2,3-pyrroline 4.168 (s) 37 PL 18
5,20-0-phenyl 7.892 (dd) 7.0, very small 133
5,10,15,20- 7.683-7.719 (m) 128, 127

m,p-phenyl
10,150-phenyl  8.100 (dd) 7.0, very small 134 8,17
7,18-pyrrole 8.197 (d) 4.7 124
12,13-pyrrole 8.393 (s) 132 N L L A
817-pymole 8578 (0) 47 128
Figure 1 and the DQFCOSY cross-peak pattern shown in 49 30 20 10 0 -10 -20  -30 ppm

Supporting Information Figure S1, it is clear that the cross- fg‘#ﬁezl'a b;';'sfgeLS‘tf}‘?r,"lgfl I‘%ﬁj@%&?‘g?f;(mﬂﬂtcel F');r%'ﬁﬁgzp‘;‘;rgle_
peaks observed are between each of the two typestbf 7,18, pyrrole-12,13, and pyrrole-8,17 protons, respectively.
with the strongly overlapping+ andp-H of the two types
of phenyl rings of HTPC. Thus, the two types of phenyl complex (OMC= octamethylchlorin) have recently shown
rings of HLTPC have theiro-H slightly less ring-current  that the spin density at the pyrrole-8,17-carbons is much
shifted to larger chemical shift than do those offRP, and larger than that at either the pyrrole-7,18- or -12,13-carBbns,
one type is less ring-current shifted than the other. HMQC as shown in Figure 3A. (Separate ADF calculations for
spectra are shown in Supporting Information Figure S2 for [(TPC)Fe(HIm}]* have not been carried out because of the
the pyrrole-, pyrroline-, and phenyl-H, all of who¥¢ and size of the calculation (40 additional atoms).) Thus, for the
13C chemical shifts are listed in Table 1. spin-coupled pair of resonances, the pyrrole-8,17-H must
The NOESY spectrum of Figure 1 shows NOE cross-peaks have much larger contact shift than the pyrrole-7,18-H, and
between the pyrroline-H and tleeH multiplet at 7.89 ppm the resonance neaf38 ppm thus arises from the pyrrole-
and also very weak NOE cross-peaks with the pyrrole-H 8,17-H. The resonances of the phenyl protons are all located
doublet at 8.20 ppm, thus identifying that pyrrole-H doublet in the region of 6-7.7 ppm. Their chemical shifts have not
arises from the 7,18-H. In a like manner, the singlet pyrrole-H been analyzed in detail because of overlap between the
resonance at 8.39 ppm shows NOE cross-peaks witb-ithe ~ expected two sets of three phenyl-H resonances.
resonance at 8.10 ppm, as does the pyrrole-H doublet at 8.58 [(TPC)Fe(2-MeHIm),]CI. [(TPC)Fe(2-MeHIM)CI
ppm, thus identifying the latter as the 8,17-pyrrole-H. The shows a similar 1D spectrum (Figure 4) to that of [(TPC)-
chemical shifts and assignments are summarized in TableFe(Im-d,).]Cl, except that the magnitude of the chemical
1. The assignment of the pyrrole-H resonances gfRC, shifts is smaller at the same temperature, indicating smaller
as a diamagnetic precursor of the iron(l1l) complexes of TPC, spin delocalization to the-pyrroline ands-pyrrole carbons
allows fitting of the temperature dependence of the pyrro- in this complex. In the COSY spectrum shown in Supporting
line-H and each of the pyrrole-H resonances of these Information Figure S4, as seen for [(TPC)Fe(t);]Cl,
complexes. Figure S3, there are also weak cross-peaks between the
NMR Spectra and Peak Assignments of the Low-Spin ~ pyrrole-7,18-H and pyrrole-8,17-H. In a similar fashion,
(TPC)Fe(lll) Complexes. [(TPC)Fe(Im-dy)2]Cl. Upon the resonance assignments of the pyrroline and all the pyrrole
addition of axial ligands, the high-spin complex (TPC)FeCl protons can be made. Although [(TPC)Fe(2-MeHj@)and
changes color from brown to green and becomes a low-spin,[(TPC)Fe(Imé,),]Cl have different chemical shifts, the order
S= 1, (TPC)Fe(lll) bisimidazole complex. Figure 2 shows of the chemical shifts of the three pyrrole-H resonances is
the 1D*H NMR spectrum of low-spin [(TPC)Fe(Irds),]Cl same for the two (from the least to the most negative
in CD.Cl, at 0 °C. It shows four paramagnetically shifted chemical shifts: in magnitude, 7,18 12,13> 8,17). This
resonances, one at positive and three at negative chemicasuggests that these two complexes have similar electronic
shifts. By integration, the resonance-889 ppm must be  structures but with less spin density delocalized to the chlorin
that of the pyrroline protons; the same assignment of the ring in the case of the 2-MeHIm ligands.
bis-1-Melm complex has been reported previodsiyn the The assignments of the bound axial 2-MeHIm ligands can
COSY spectrum of [(TPC)Fe(Irds)]Cl, obtained at+30 be made from chemical exchange cross-peaks observed
°C and shown in Supporting Information Figure S3, very between the bound and free axial ligands in the NOESY/
weak cross-peaks were observed between the two pyrrole-HEXSY spectrum shown in Supporting Information Figure S5.
resonances at2 and—32 ppm, which corresponds te2 As for [(TPC)Fe(Iméd,),;]Cl, the phenyl proton peaks are
and—38 ppm at 0°C in Figure 2. As for the free-base,H tightly grouped and strongly overlapping betweef and
TPC, these two resonances can be assigned to the adjacent7.7 ppm. Thus, their chemical shifts have not been analyzed
pyrrole-7,18 and pyrrole-8,17 protons. Thus the third reso- in detail.
nance with negative chemical shift is assigned to the pyrrole- [(TPC)Fe(4-MeNPy),]Cl. This complex has a similaH
12,13-H. Although from the COSY spectrum alone we NMR spectrum to those of the former two complexes, with
cannot distinguish which of the first two resonances are from chemical shifts intermediate between the two, as shown in
protons attached to pyrrole-7,18 and which to pyrrole-8,17, Supporting Information Figure S6. As for the former two
ADF calculations on the corresponding [(OMC)Fe(Hjjn) complexes, the assignments of [(TPC)Fe(4-Nrey)]CI

3522 Inorganic Chemistry, Vol. 45, No. 9, 2006
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Figure 3. Spin densities obtained from the ADF calculations for (A) [(chlorin)Fe(lghH)n the planar geometry, with electron configurationy @

(dy» 0% and the antisymmetric chlorin 3eklike orbital contributing significantly, (B) [(chlorin)Fe(MeNgly™ in the planar geometry, with metal electron
configuration (¢dy,)*(dy)* and some contribution from a mixture of chlorin orbitals, and (C) [(chlorin)Fe(MeNGh the ruffled geometry, with metal
electron configuration (g d,,)*(dxy)* and the chlorin 3a(x)-like orbital contributing significantly, all shown for a generic chlorin core. The red and blue
colors represent positive and negative spin density, respectively. Adapted from Figure 8 of ref 30.

(@ FL

FL

BL-m

PL

J A

LI L L L L L L L L L LB BN L LB LA

15 10 5 0 -5 -10 -15 -20 ppm
X

IIII'IIIIllllI‘IIllllllllIIIIIT’!IIIIIIIIIIIIIII1T‘ (b)
20 15 10 5 0 -5 -10 ~-15 ppm

Figure 4. 1D H NMR spectrum of low-spin [(TPC)Fe(2-MeHIgjT! in
CD.Cl, at 0°C. “FL" denotes free axial ligand in the solution; “BL” denotes
bound axial ligand. The NH of the axial ligands are not observed, probably
due to their fast proton exchange rate with traces of water in the solution,
which leads to very broad peaks. Asterisks denote resonances arising from
the minor amount of [(TPP)Fe(2-MeHIgiT| present in the sample due to
reoxidation of TPC to TPP upon iron insertion. 7,18

PL 12,13

8,17

were also made from the COSY (Supporting Information P * .

Figure S7) and NOESY (Figure S8) spectra. The intermediate J‘ 1

chemical shifts of the pyrroline and pyrrole-8,17 protons of A

[(TPC)Fe(4-MgNPy)]Cl between those of [(TPC)Fe(2- '1'5' i '1'0' i 5’ T '(; T '_'5' i '_1‘0' T ’D'm'“

MeHIm)?]Cl and [(TPC,)Fe(ln"df')z]Cl a,‘re a pO.Int that wil Figure 5. 1D H NMR spectrum of low-spin (a) [(TPC)Fe(Ri¢! and

be considered further in the discussion section. (b) [(TPC)Fe(Pyes)2]Cl in CDyCl, at 0°C. “BL-m”, “BL-p”, and “BL-0"
[(TPC)Fe(Py)] ™. Pyridine is a relatively weak base that denote meta, para, and ortho protons of the bound axial ligands, respectively;

; ; ; “m”, “p” and “0” denote meta, para, and ortho protons of the meso phenyl
binds to (TPC)FeCl only when the chloride ion has been groups, respectively. Asterisks denote resonances arising from the minor

replaced with CESG;~ by the addition of AgOSECFs. amount of [(TPP)Fe(Py)Cl and [(TPP)Fe(Pys)|Cl present in the samples
Figure 5a shows the 1EH spectrum of [(TPC)Fe(Py))'. due to reoxidation of TPC to TPP upon iron insertion. The letter X represents

To simplify the spectrum and help make assignments, the "ésidual HO.
complex with deuterated pyridine as the axial ligands, from the COSY spectrum, as shown in Supporting Informa-
[(TPC)Fe(Pyds),] ", was also studied b¥H NMR spectros- tion Figure S9. Since there are two kindsmésecarbons,
copy (Figure 5b). The peak assignments were made fromin total six resonances were observed from the phenyl
COSY (Supporting Information Figure S9) and NOESY protons. The COSY spectrum shows four pairs of cross-
(Figure S10) spectra. The order of the chemical shifts of the peaks, two of which are betweem ando-H, the other two
pyrroline and pyrrole protons is still the same as those of from m- andp-H. The two resonances with half intensity as
the former three complexes, although the magnitude of the compared to the other four can be assignep-k; the two
chemical shifts of the pyrroline and pyrrole-8,17 protons is resonances which have cross-peaks with bwtland p-H
much smaller. The temperature dependence of the chemicahre them-H, and the other two are tteeH. The resonances
shifts of the three types of pyrrole-H and the pyrroline-H of the phenylp- andm-H in Figure 5a appear to be smaller
does not follow the Curie law, as will be discussed in detail than they should be. This is because the phengndm-H
below. are farther away from the iron center as compared to the
Unlike the former three complexes, for [(TPC)Fe(#y) o-H, leading to longer relaxation times (fprH, T; ~ 250
the phenyl protons are well-resolved and can be assignedms). Under the conditions of the 1D NMR experiments
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Table 2. H Chemical Shifts (ppm) of the [(TPC)Fe{l) Complexes of This Study in GITI, at 233 K

ligand L pyrroline-H 8,17-H 12,13-H 7,18-H o-H m-H p-H
imidazoled, 449 —46.5 —-9.8 —4.8 ~+7.7 ~+6.7 ~+6.0
4-(dimethylamino)pyridine 34.0 —39.8 —-8.7 -1.0 ~+7.7 ~+6.7 ~+6.0
2-methylimidazole 26.2 —29.2 -8.7 +1.6 ~+7.7 ~+6.7 ~+6.0
pyridine 15.1 —19.8 -1.0 +12.4 +5.2,+5.7 +9.8,+9.6 +6.5,+6.7
4-cyanopyridine —6.5 —4.5 +4.5 +16.7 +3.3,+2.2 +13.3,+12.3 +4.9,+4.8
tert-butylisocyanide ~—42 ~4-72b ~+5ab ~+4122b ~—32 ~+17 ~+12

a Chemical shifts at 233 K estimated from ref 28rder of pyrrole-H resonances not determifdssumed to be the same as for [(TPC)Fe(4-ChPy)

FL

Joeg 2,38 4-CNPy
0 BL-m
2.9
FL P 2.44 Py
12,13
m 8,17
718 ™ 2,69
2.8
g U JBK 283 2-Melm
B e o e o LA e o
15 10 5 0 -5 -10 -15 -20 ppm

Figure 6. 1D *H NMR spectrum of low-spin [(TPC)Fe(4-CNRJEI in
CD,Cl, at —40°C. The asterisk marks an impurity, probably traces of water.

shown in Figure 5 (total time period for one transient is 100
ms), the relaxation delay was not long enough for the

2.37 Im
magnetization ofm and p-H to relax to equilibrium. The 50

relative resonance intensity of phemy] m-, andp-H is 2:2:1
when a long delay time (1 s) is used. P T T S T

It should be noted that the phenyl-H resonances are shifted 1900 2000 2500 3000 3500 4000 4500 5000

from their diamagnetic positions in an alternating fashion, By(Gauss)
with them-H appearing at more positive chemical shift than rigure 7. EPR spectra of low-spin (TPC)Fe(lll) complexes with the axial
its diamagnetic counterpart, while tbeandp-H appear at  ligands of this study.

more negative chemical shifts than their diamagnetic coun-
terparts. Thus, the phenyl-H shift differencés — d, and peak assignments. The temperature dependence of the three
dm — Op are positive, which indicates positive spin density Pyrrole-H and the pyrroline-H chemical shifts is anti-Curie,
at themesecarbons'! as discussed in greater detail in the as will be discussed further below. Again, the pattern of shifts
Discussion. is that of the phenyl-H shift differences, — 6, anddm —
[(TPC)Fe(4-CNPy)]*. 4-CNPy is the weakest-binding of 0p being positive, which indicates positive spin density at
the axial ligands studied in this work. Even in the presence the mesecarbons. This finding supports the assignment of
of AgOSQCF;, it binds to (TPC)Fe(lll) well only below  the ground-state electron configuration in this case as
—20 °C. The 1DH NMR spectrum recorded at40 °C (dkz.0y2)*(dy)* (see discussion section).
shown in Figure 6 for [(TPC)Fe(4-CNPRY) is quite different EPR Spectra of the Low-Spin (TPC)Fe(lll) Complexes.
from those of other complexes discussed above. Although The rhombic signal in the EPR spectrum of [(TPC)Fe(H]m)
the order of the chemical shifts of the three pyrrole-H peaks Cl shown in Figure 7 is typical of low-spin Fe(lll) porphy-
from positive to negative is still 7,1812,13> 8,17, it is rinates and chlorinates with {f(dy.dy,)® ground stateg’+?
found that the 7,18- and 12,13-H of this complex have And although broader, the [(TPC)Fe(2-MeHLii) and
positive chemical shifts and the 8,17-H chemical shift is [(TPC)Fe(4-M@NPy)]™ complexes have very similar ob-
much less negative than for all other complexes. Furthermore,servedg values to those of [(TPC)Fe(HIa}), suggesting
the pyrroline-H of this complex has a negative chemical shift; that they also have the same ground state. However, for
thus the order of pyrrole-H resonances remains the same a§(TPC)Fe(Py)] " and [(TPC)Fe(4-CNPy)*, the EPR signals
that of the other complexes of this study, while the are broad and poorly resolved. As reported recently for the
pyrroline-H resonance has moved from most positive to most corresponding complexes of (TMP)Fe(I#),%° these two
negative chemical shift at40 °C (see Table 2). The peak complexes may not have a purgJé(dy.dy,)* or (dy) (dky2)*
assignments were also accomplished by COSY (Supportingground state, even though their ambient-temperatdiléMR
Information Figure S11) and NOESY experiments (Figure shifts, discussed above, are consistent witl$an'/, ground
S12). As for [(TPC)Fe(Py)", the resonances from the state. The same broad EPR signals were found not only for
phenyl protons are also well resolved, which enables full the (TMP)Fe(lll) complexes of the same ligaftfbut also
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Figure 8. Temperature-dependent fitting plots of the chemical shifts of the pyrroline- and three pyrrole-H to eq 1 for (A) [(TPC)R@yMe, (B)
[(TPC)Fe(Imdy)z] ™, (C) [((TPC)Fe(Pyj ™, and (D) [(TPC)Fe(4-CNPy)*. In all plots, M represents pyrroline-Hy represents 7,18-pyrrole-H, represents
12,13-pyrrole-H, and® represents 8,17-pyrrole-H. The best-fit spin densities ARd/alues are summarized in Table 3.

for (TPP)Fe(lll) complexes having 2,6-substituents on the dition, a thermally accessible excited state havéhg 3/»

four phenyl rings’43°

Temperature Dependence of the Chemical Shifts of
Low-Spin (TPC)Fe(lll) Complexes. The non- and anti-
Curie behavior observed for [(TPC)Fe(Hy)and [(TPC)-
Fe(4-CNPy)]*, as well as the deviations of the intercepts
of the Curie plots of even the bisimidazole (this work) and
bis-1-methylimidazol& complexes, indicates the existence

of a thermally accessible excited state for all of these (TPC)-

Fe(lll) complexes. Twd = ¥, electron configurations are
possible for iron(lll) porphyrinates and chlorinates: the more
commonly observed (g9?(d.d,)® and the now not-so-
uncommon (g)*(dkd,,)* electron configuratio** In ad-

(41) Walker, F. A.Inorg. Chem 2003 42, 4526-4544.

(42) Astashkin, A. V.; Raitsimring, A. M.; Walker, F. Al. Am. Chem.
Soc 2001, 123 1905.

(43) Shokhirev, N. V.; Walker, F. AJ. Phys. Chem1995 99, 17795~
17804.

(44) Nesset, M. J. M.; Cai, S.; Shokhireva, T. Kh.; Shokhirev, N. V.;
Jacobson, S. E.; Jayaraj, K.; Gold, A.; Walker, F.lAorg. Chem.
200Q 39, 532-540.

(45) Banci, L.; Bertini, I.; Luchinat, C.; Pierattelli, R.; Shokhirev, N. V.;
Walker, F. A.J. Am. Chem. S0d.998,120, 8472-8479.

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

(47) La Mar, G. N.; Walker, F. A. NMR Studies of Paramagnetic
Metalloporphyrins. InThe Porphyrins;Dolphin, D., Ed.; Academic
Press: New York, 1979; Vol. IV, pp 61157.

or S= %, is also possible. As we have shown previous-
ly,35-38:43-45 3 number of ferriheme complexes have a ther-
mally accessible excited state that causes at least some cur-
vature of the Curie plot and can sometimes show extremely
curved chemical shift dependen®e®44 Expansion of the
Curie law to include the contribution from the Boltzmann
population of this thermally accessible excited state yields
the following expressiof® if the 1/T? contribution to the
intermediate- or high-spin excited state is negleétet?

6con = (1/T) [chnl + W2Cn2 e_AEl(kT)]/[W:L + Wz e_AEl(kT)]
1)

In this equationC,; is the coefficient for the position of
interest for level 1Cy; is the corresponding coefficient for

(48) Walker, F. A. InThe Porphyrin HandbookKadish, K. M., Smith, K.
M., Guilard, R., Eds.; Academic Press: Burlington, MA, 1999; Vol.
V, pp 81-183.

(49) WhenS > 1/, and there is a relatively large zero-field splitting, the
pseudocontact term hasC¥T? dependence and the contact term has
a C/T dependencé—48

(50) Carrington, A.; McLachlan, A. Ontroduction to Magnetic Resonance
with Applications to Chemistry and Chemical Physiegrper and
Row: New York, 1967; p 80.

(51) McLachlan, A. D.Mol. Phys.1958 1, 233.

(52) Chestnut, D. BJ. Chem. Phys1958 29, 43—47.
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Table 3. Summary of Results Obtained from the TDPWits of the Temperature Dependence of the Thi@®yrrole-H) andd(Pyrroline-H) of the

[(TPC)Fe(Ly] " Complexes of This Study

pyrroline-o. andj-pyrrole carbon spin densitiege,®

system @ SP AE‘fcm?t msd! comments on quality or nature of fit
L =1m-ds Yy 3/, 238 0.054 1: 0.0210, 0.0143 av (0.0064, 0.0308, 0.0057). OK foi/, d,/dyy.
2: 0.0117,0.0127 av (0.0102, 0.0215, 0.0066). OKSer ¥/,.
L = 4-Me:NPy 1, 3/, 132 0.050 1: 0.0152, 0.0121 av (0.0071, 0.0275, 0.0017). OKfoi/, d,/dyy.
2: 0.0103, 0.0115 av (0.0083, 0.0206, 0.0057). patoo small forS= 3.
L =2-MeHIm Y, 3/, 639 0.083 1: 0.0091, 0.0098 av (0.0081, 0.0182, 0.0030). OK foi/, d./dyy.
2: 0.0032, 0.0080 av (0.0061, 0.0130, 0.0049). patoo small forS= 3/,.
L=Py 1, 3/, 700 0.149 1: 0.0032, 0.0042 av (0.0043, 0.01:26,0032). OK forS= Y/, dy/d,.
2: 0.0205, 0.0206 av (0.0048, 0.0402, 0.0169). OKSer ¥>.
L = 4-CNPy Y, 3/, 563 0.174 1:-0.0101,—0.0010 av (0.0011, 0.001%,0.0050). OK forS= ¥ dyy.

2: 0.0335, 0.0133 av

(0.0060, 0.0386, 0.0029). OKSer %/

aGround-state spinSg); electron configuration may be J)P(dx,0y,)° (abbreviated §), (dkxth2)*(dxy)* (abbreviated g), or a mixture of the two, as
marked in the comments at the far righExcited-state sping); all systems appear to have the electron configuratiguo(g®(dyy)'(d2)*. ¢ Best fit energy
difference between ground and excited stat8(%). 4 msd= mean-square deviation of the data points from the bestSpin densitiespc, obtained from
fits, using the program TDFw, to eq 1;= ground state, 2= excited state. Spin densities are given in the order pyrroline-H, average of three pyrrole-H,

with individual pyrrole-H spin densities in parentheses in the order 7,18; 8,

terms of the sizes of the coefficients for each pyrrole position.

level 2,W; andW, are the statistical weights for each level
(= 2S + 1 for each), andAE is the energy separation
between the two levels. The coefficien®s; and C,, are

17; 12,13. Comments indicate how the spin density distributpyatexdinmer

However, upon viewing the spin densities calculated from
the fits, we found thosec, values for the excited stafe=
%/, to be unreasonably small. Thus, the reasonable spin state

approximately equal to the Curie coefficients of each level was found to bes = 3/, in each case. The same result was
(except for the small contribution of the pseudocontact found as in previous studies of most octaalkyltetraphenyl-

contribution to the paramagnetic shift49, and they can be

porphyrinatoiron(111)36-3° (OEC)Fe(lll) and OEPFe(Il1§?

determined py fittir_lg the temperature dep.endence.of the (TMP)Fe(II) 35 and four ((2,6-%),TPP)Fe(llI¥® series of
proton chemical shifts, assuming that the diamagnetic shift complexes with axial ligands of varying basicities. The

of each proton type is known. The coefficief@s andCp,

can be further subdivided into the McConnell const@at
and the variablec, whereQc = —496.8 and 591.4 ppm K
for protons attached to aromatic and aliphatic carbons,
respectively”5%-52 and p¢ is the spin density at the carbon
of interest; in generapc is not larger than about 0.03 for
the systems of this study. A program that carries out this
fitting procedure, with least-squares minimization of the

results of theS = ¥/, excited state fits fopci, pco, andAE
are summarized in Table 3. Checks for contributions to the
temperature dependence from ligand—aff equilibria at
near ambient temperatures were made by not including
higher-temperature chemical shift data in the fitting. It was

found that including data points from the entire temperature

range T = 303-183 K) yielded the sam@&E and spin
densitiespc: and pc; as if only theT < 253 K data were

errors between experimental and calculated shifts, has beeq,seq for Ime, and 4-MeNPy but that onlyT < 253 K

created in our laboratory and is available on the Intethet.

chemical shifts could be used for the other three complexes.

By entering the diamagnetic shifts of the free-base ligand png pecause the pseudocontact shifts are small and have

for each proton type (Table 1) and the contact shift versus
inverse temperature data for each complex into the two-level

fitting program, specifying the ground-state spinSes /5,

and testing each possible spihfor the excited state, we
calculatepcs, pc2, andAE for each spin choice. Choosirg)

= 1/, for the excited state as well as the ground state (to
cover the possibility that the ground-state electron config-
uration was (g)?(dk»0y2)°® while the excited-state electron
configuration was (g)*(dk,0dy,)* or vice versa) did not lead

to convergence of the fits, whereas choossg %/, or S=

5/, for the excited state led to convergence in all cases.

(53) Shokhirev, N. V.; Walker, F. A. http://www.shokhirev.com/nikolai/
programs/prgsciedu.html.

(54) Shokhirev, N. V.; Shokhireva, T. Kh.; Polam, J. R.; Watson, C. T;
Raffii, K.; Simonis, U.; Walker, F. AJ. Phys. Chem. A997 101,
2778-2886.

(55) Polam, J. R.; Shokhireva, T. Kh.; Raffii, K.; Simonis, U.; Walker, F.
A. Inorg. Chim. Actal997, 263 (1,2) 109-117.

(56) Yatsunyk, L. A.; Ogura, H.; Walker, F. Anorg. Chem 2005 44,
2867-2881.

(57) LaMar, G. N.; Eaton, G. R.; Holm, R. H.; Walker, F. A.Am. Chem.
Soc 1973 95, 63—75.

(58) Shokhireva, T. Kh.; Shokhirev, N. V.; Walker, F. Biochemistry
2003 42, 679-693.

(59) Cai, S. Ph.D. Dissertation, University of Arizona, Tucson, AZ, 2001.
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not been accurately determined, yet are expected to have
the same temperature dependence as the contact shift, the
paramagnetic shift instead of contact shift was used for fitting
the temperature dependence.

In Figure 8 are shown the Curie plots of the pyrroline and
three pyrrole-H of the (TPC)Fe(lll) complexes with 4-Me
NPy, Im-d,;, Py, and 4-CNPy ligands. In parts A and B of
Figure 8, respectively, the proton resonances of [(TPC)Fe-
(4-MeNPy)] ™ and [(TPC)Fe(Ind,),] ™ exhibit approximate
Curie behavior, which before the advent of the 2-level fitting
proceduré® would have been passed off as simple Curie
behavior, even though the intercepts of such linear plots were
not quite the same as the diamagnetic shifts. In contrast, in
Figure 8D, the proton resonances of [(TPC)Fe(4-CNPy)
show anti-Curie behavior. [(TPC)Fe(®l),] ™ shows behav-
ior between these extremes. Table 3 summarizes the fitting
results for all complexes of this study. Both [(TPC)Fe(4-
CNPy)]* and [(TPC)Fe(Py]" are seen to have a ground
state with much smaller spin densities on all pyrrole and
pyrroline carbons, but most especially on the 12,13- and 1,4-
carbons than for [(TPC)Fe(4-M&Py)] ™ and [(TPC)Fe(Im-
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ds)2]*, and an excited state with large spin densities on these p

two sets of carbons. This is consistent with the ground state

of these two complexes having a largely,£g)*(dy)*

electron configuration, probably a mixture of)d(dy,d,,)® m
and (d,d,,)*(dy)* for the former and quite pure (b, )*

(dyy)? for the latter. The excited state h&= %/, with a

probable (gdy,)*(dy)*(d2)* electron configuration. As men- . PL

tioned above, the spin densities obtained for the excited states *

of all complexes clearly are not consistent wah= %/5; the R

pc values are much too small for the high-spin configuration.

An average spin density of 0.0+0.018 has been found for B @ J

the S = 3/, excited states of a series of (TMP)Fe(lll) and ‘\f r g,17
four 2,6-disubstituted (TPP)Fe(lll) complex&sThus, es-
pecially for the bis-2-methylimidazole complex of (TPC)-
Fe(lll), the spin density obtained for thiepyrrole carbons
is much too small (Table 3), and the fit may be considered Y
unreliable. This is not surprising, considering the dynamics 1213
of ring inversion that are probably occurring over the same '
temperature rang€® and may affect the temperature ®)
dependence of the resonané&$he bis-Imd, and -4-Me-

NPy complexes have {g%(d«.dy,)°® ground-state electron Y r

configurations and the sang&= 3/, excited state with the 7,18

same electron configuration, while the pyridine complex has @

much smaller spin density coefficients than the two just

mentioned, yet larger than the 4-CNPy complex. It thus

appears to have a mixed ground-state configuration of

(O, Gy2)*(0y) ¥(yy) (0, 0)3. Therefore, the fits of the NMR 7,1812,13 8,17

spectra to the expanded version of the Curie law, eq 1,

provide more definitive information about the electronic e
ground state of the low-basicity pyridine complexesthando 90 80 70 60 50 40 30 20 10 0 -10 -20 ppm

the EPR spectra of the same complexes discussed above. Figure 9. (A) 1D *H NMR spectrum of high-spin (TPC)FeClin GOl

NMR Spectra and Peak Assignments of High-Spin 24305 The snal peak narked wih an aserisk arees o e mourty
(TPC)FeCl. Figure 9A shows the 1BH NMR spectrum of the meso phenyl groups. (B) Saturation transfer experiments on the mixture
high-spin (TPC)FeCl in CECl, at 303 K. Partial peak  of high-spin (TPC)FeCl and low-spin of [(TPC)Fe(4-MEPy)]Cl at 303
assignments of pyrroline-H and phenyl-H have been pub- K (2) the control spectrum; {kd) difference spectra.
lished previouslys However, the assignments of the three tunately, as for other Fe(lll) porphyrinates and chlorinétes,
pyrrole-H resonances have not been reported before. Theno evidence of monoaxial ligand complexes in the solution
average pyrrole-H chemical shift is close to that of the is detected in the NMR spectra. By irradiating, one by one,
pyrrole-H in (TPP)FeCf (seen as a minor impurity in Figure  the pyrrole-H resonances of (TPC)FeCl and observing the
9A and Figure 9Ba because of the ease of reoxidation of corresponding resonances of the low-spin species in the
(TPC)FeCl to (TPP)FeCl), indicating that these t®e 5/, difference spectrum, which arise from chemical exchange,
complexes have the same electronic structure. we can assign the peaks of (TPC)FeCl.

It is difficult to assign the three pyrrole proton peaks of  The axial ligand used for saturation transfer studies cannot
high-spin (TPC)FeCl using normal 2D NMR techniques bind too strongly (as does imidazole) or too weakly (as does
because of their very short relaxation timé&s £ 1—2 ms). 4-CNPy), because the chemical exchange between high- and
Since full peak assignments (with the help of ADF calcula- low-spin complexes either will not be observed or will lead
tions) have been made on the low-spin species, we can makdo severe broadening of the low-spin complex resonances,
full assignments for the high-spin species from the informa- respectively, in these cases. We found that 4Ny is an
tion provided by chemical exchange between the low- and appropriate ligand for the saturation transfer experiments;
high-spin speci€8°8by saturation transfer experiments. As pyridine would also work for this purpose. Figure 9B shows
reported previously$->8the method is to make a mixture of the control and all difference spectra from saturation transfer
low-spin and high-spin complexes by adding less axial ligand experiments on the mixture of (TPC)FeCl and [(TPC)Fe(4-
than necessary for full conversion of all of the high-spin Me,NPy)]Cl. The assignments of the three pyrrole-H peaks
complex to low-spin, 2 equiv if the equilibrium constant for are given on the control spectrum.
ligand binding is very large. As a result, only part of the In Figure 9Bb, besides the peak irradiated (pyrrole-7,18)
(TPC)FeCl will be converted to the low-spin species (e.g., and the corresponding pyrrole-7,18 proton peak of the low-
if (TPC)FeCl/axial ligand~ 1:1, at best the ratio of spin complex, there is another negative peak observed, which
concentrations of (TPC)FeCI/[(TPC)Fef]) ~ 1:1). For- is at the position of the-H of the bound axial ligand 4-Me

©
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NPy. Actually, if the pyridineo-H resonance of the complex  supported by the electron nuclear double resonance (EN-
is irradiated, the difference spectrum also contains a negativeDOR) and electron spin echo envelope modulation (ESEEM)
peak appearing at the position of the pyrrole-7,18 protons study*? on the bisimidazole complexes of (TPC)FeCl and
of (TPC)FeCl. These signals cannot arise from chemical (TPP)FeCl. In that work it was found that both [(TPP)Fe-
exchange nor from an NOE (the NOE difference signal (HIm),]JCl and [(TPC)Fe(HIm)Cl have a (g)%(dkdys)°
usually has the same sign as the irradiated peak at temperground state, even though this disagrees with the definitions
atures above-50 °C for intermediate-sized molecules such of Taylor based upog values*?2 The spin delocalization

as (TPC)FeCl, and its magnitude is much smaller). In fact, pattern obtained in those systems is also consistent with the
even when we used pure (TPC)FeCl and irradiated at the'H chemical shifts found in this work.

blank position of the chemical shift of theH peak of the The decrease in the magnitude of the chemical shifts from
complex (-16 ppm), where there was then no peak, we still [(TPC)Fe(Imé,);]Cl to [(TPC)Fe(2-MeHIm)]CI might be
obtained a negative peak at 84 ppm (the chemical shift of explained on the basis of the expected trend of the stability
the pyrrole-7,18-H). This peak disappeared when the sameof the metal orbitals according to the donor abilities of the
experiment was carried out on the DRX-500, and we have axial ligands. The observation that the magnitude of the
shown conclusively that it is an instrumental artifact of the chemical shifts is smaller in this case is consistent with

Unity-300° Thus the extra negative-phase peak in saturation 2-MeHIm being a stronger donor than Him or bip- A

transfer difference spectrum b of Figure 9B located-46
ppm is an artifact.

Discussion

Electronic Structure of the Low-Spin (TPC)Fe(lll)
Complexes. The large negative chemical shifts of the
pyrrole-8,17-H and the large positive chemical shifts of the
pyrroline-H of [(TPC)Fe(Imd,).]Cl indicate that there is an
unpaired electron in the predominantly drbital with partial
delocalization into the appropriateorbitals of the chlorin
ring. In this discussion we define a coordinate system
centered at the metal atom, with thexis perpendicular to
the mean plane of the chlorin ring and theaxis coinciding
with the approximat&; axis of the molecule that runs from
the metal to bisect the two pyrroline carbon atoms (Chart
1). As found for the pyrrole protons of low-spin [(TPP)Fe-
(HIm),]C15961 the chemical shifts of the pyrrole proton
resonances are dominated by the contact interaction. This
supported by the ADF calculations reported previotfsind

shown in Figure 3, where it is seen that the overlap between

the 3ef)-like and 1a()-like orbitals of the chlorin ring
with the d, orbital of the iron centéf leads to large spin

density on the 8,17-pyrrole and the pyrroline carbons and
smaller spin densities at the pyrrole-7,18 and pyrrole-12,13

positions. The spin densities at theesecarbons are also
very small, consistent with the NMR results (the closely

spaced phenyl-H resonances between 6 and 7.7 ppm, Figur

2). Figure 3B shows the spin density distribution calculated

for metal orbitals that are relatively more stable than those

in Figure 3A. Note that the 7,18-carbon positions have
negatve spin density, while the 8,17- and 12,13-carbon
positions have more positive spin density in comparison to
Figure 3A. A relative stability of the metal orbitals inter-

mediate between that obtained in Figure 3A and that obtained

in Figure 3B reproduces the order of the chemical shifts of
the 8,17-pyrrole, 12,13-pyrrole, and 7,18-pyrrole positions
of (TPC)Fe(lll) with imidazole ligands.

The ground state and peak assignments of [(TPC)Fe(Im-

ds)2]Cl and [(TPC)Fe(2-MeHIm)Cl made here are also

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

(61) La Mar, G. N.; Walker, F. AJ. Am. Chem. Sod 973 95, 1782~
1790.
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strongelo donor destabilizes the metal and places more metal
d character and less chlorin character in the SOMO, as
illustrated by comparison of the spin densities of the stronger
ligand donor case, Figure 3A, with the weakedonor case,
Figure 3B. However, although a strongerdonor toward
the proton, 2-MeHIm is “hindered” in binding to iron
porphyrinates, as is evidenced by the slightly longet Fe
Nax bonds found for [TPPFe(2-MeHInj) (2.015(4), 2.010-

(4) A),53 [TMPFe(1,2-Melm),]* (2.004(5), 2.004(5) Ay
[OMTPPFe(2-MeHImy]* (2.007(7), 2.010(7) A in one
structure, 2.006(5), 2.032(5) A in anoth&rand [OETPPFe-
(2-MeHIm)]* (2.09(2), 2.09(2) A% as compared to those
for “nonhindered” imidazole complexes of iron porphyrinates
such as [TMPFe(1-Melnd)* (1.975(3) A for both ligands

in one structure and 1.965(3) A for both in the otHgr),
parallel-[TMPFe(5-MeHIm)]* (1.978(6), 1.961(5) A in one
molecule, 1.980(5), 1.985(5) A in the othé¥)and perpen-
dicular-[TMPFe(5-MeHIm}]* (1.957(6), 1.973(6) Aj8 an
average of 0.037 A longer bond for the 2-MeHIm ligand.
While only a small difference, it may be sufficient to weaken
the o-donor strength of 2-MeHIm toward Fe(lll) somewhat
when the metal is in a highly aromatic macrocyclic ring such
as a chlorin or a porphyrin where the-Hd,« bond lengths
must be increased to accommodate the steric requirements
of the 2-MeHIm ligands, such that 2-MeHIm is only a
slightly strongero donor than Imd,.

e

The pyridines present a somewhat different situation from
the imidazoles. The intermediate magnitude of the chemical
shifts of [(TPC)Fe(4-MgNPy)]CI compared to [(TPC)Fe-
(Im-dg)2]Cl and [(TPC)Fe(2-MeHIn)Cl does not follow
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from the expected greater donor strength of 4.NRy

ring that alters the electronic interactions and energies. These

compared to the imidazoles, and the trend of decreasingthree factors may not be independent. With regard to

magnitude of the chemical shifts with decreasing donor

sr-acceptor abilities, photoelectron spectroscopy studies in

strength of the substituted pyridines is opposite to the trend our laboratories of CpMn(C@) complexes, where L is a

for the substituted imidazoles, if ondybasicity is considered.
Considering first the donor strength of 4-piPy as
compared to the two imidazoles of this study, four different
sets of physical data indicate that 4-My is the stronger
donor: (1) the K, of the conjugate acid of the ligandKg
(BH™), for which 4-MeNPy is the most basic;Ky(BH) =
9.7, 6.65, and 7.5, respectively, for 4-MgNPy, HIm, and
2-MeHIm; %71 (2) the equilibrium constant for binding of
two ligands to a given Fe(lll) porphyrinate in a common
solvent, usually expressed as 64", for which 4-MeNPy
has the largest values; for (TPP)Fe(lll) in DMF, |84
6.8/25.5/% and 5.272 for 4-MeNPy, HIm, and 2-MeHIm,

variety of substituted pyridines, show that theacceptor
abilities of a series of pyridines have a significant effect in
stabilizing the metal orbital®. The z-acceptor abilities of
pyridines and imidazoles have been mentioned in other
contexts alsd’°* but there is no clear evidence of the
relativesr-acceptor abilities of these ligands to stabilize metal
orbitals. Thez-acceptor abilities of 4-M&Py and the
imidazoles with the Fe(lll) center of these molecules are
expected to be much smaller than observed in the CpMn-
(CO)L molecules and probably insufficient to explain the
trends, although further investigation is needed.

As for geometry changes of the chlorin ring, the energy

respectively, although it should be noted that a different anion required to ruffle the chlorin ring is very small (22 cin

was used for the HIm measurement (@ CIO,~ for the

calculated for (OMC)Fe(MeNG) where OMC = octa-

other two, even though this should not be an important factor methylchlorin)*° The low frequency of the ruffle vibrational
in DMF solution, where the anion is already dissociated and mode and the similar energies of thef#{ddy,)® and

two DMF molecules are bound before N-donor axial ligands
are added); (3) the energies of the axial ligandrbitals,

for which that of 4-MeNPy is less stable (9.1 eV ionization
energy from gas-phase photoelectron spectrosébfyan
those of HIm or 2-MeHIm {10.30 and~10.08 eV,
respectively)”® (4) the energies of the axial liganddonor
orbitals, for which the symmetrie-donor orbital of 4-Mg-
NPy is less stable in energy (7.82 é¥than the comparable
orbitals of HIm and 2-MeHIm (ther orbitals with large

(dxdy2)*(dyy)* configurations assist vibronic coupling of these
configurations in the ground-state wave functiihe steric
tendency of axial ligands to cause ruffling of the TPC ring
is expected to increase in the order tin< 4-Me;NPy <
2-MeHIm, since five-membered ring imidazoles have their
o-hydrogens moved considerably away from interference
with the porphyrinz system than do six-membered ring
pyridine ligands. This is the same order as the decreasing
magnitude of the chemical shifts among these three strong-

electron density on the nitrogen that bears the lone pair ionizefield ligands. Furthermore, the contribution of theg)*-

in the same region as the lone pair-at0.30 and~10.08
eV, respectivelyy® These four sets of data are consistent in
indicating that 4-MeNPYy is both a stronger and a stronger
o donor than either of the two imidazoles, in contrast to the
intermediate magnitude of thél NMR chemical shifts of
the 4-MeNPy complex relative to the two imidazole
complexes.

The lack of correlation between tlweor z donor strengths

of these ligands and the magnitudes of the chemical shifts

may suggest that (a) 4-MePy has greatet-acceptor ability
than the imidazoles to stabilize the metal orbitals, which
counters the effect of the-donor ability, that (b) ther-donor
ability of 4-Me;NPy is greater than that of either of the

(dx)* electron configuration to the ground state is promoted
not only by the ruffling of the chlorin ring but also by
stabilization of the gd,, orbitals relative to the gl orbital

by the axial ligands. In previous studies of low-spin Fe(lll)
tetraphenylporphyrin (TPP) and tetramesitylporphyrin (TMP)
complexe®* 3 with 4-CNPy ligands, the ground state of the
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complexes was found to be,{d ,)*(d)?, as shown for the
chlorin complex in Figure 3C for the ruffled geometry. In

Cai et al.

sponding [(OEC)Fe(l;)" complexes, where the pyrrole-GH
chemical shifts increase in the order bip< 4-Me;,NPy <

this case, the spin density at the pyrrole positions is much Py < 4-CNPy and the pyrroline-H chemical shifts increase

smaller than expected for thed(dy.d,,)® configuration. The
trends for the pyrrole-H chemical shifts of the substituted

pyridine complexes in this study are consistent with increas-

ing contribution of the spin density represented by the
(dkdy2)*(dxy)? configuration, as shown in Figure 3C, in the
ground state as the-donor ability of the pyridine decreases
and thesr-acceptor ability correspondingly increases.

For [(TPC)Fe(4-CNPy] ™, which is the weakest donor
and the strongest acceptor of the ligands in this study, the

in the same orde¥ In the case of the octaethylchlorin
complexes of pyridine and 4-cyanopyridine, it was found in
that study that the spin state over the NMR temperature range
was notS = Y5, but rather eithe6 = %/, or S= %,. % That
alkyl-substituted porphyrin complexes of lower-basicity
pyridine ligands are often not low-spin at either ambient or
low temperatures has been shown previods#.°> How-
ever, all of the TPC complexes of this study and those
reported previousR? 28 have been found to have = Y,

chemical shifts indicate that the ground-state wave function over the temperature range of the NMR measurements, albeit

is now dominated by the spin density distribution in Figure
3C, with the (d.dy,)*dx)* configuration and the ruffled

with a thermally accessible excited stateS#= 9/, for the
complexes of this study and probably the others as well.

geometry. The most negative pyrrole-H resonance (also the Ejectronic Structure of High-Spin (TPC)FeCl. (TPC)-

8,17-H) at—40 °C is at—4.5 ppm, whereas it is at46.5
ppm for [(TPC)Fe(Imd,),]Cl at the same temperature. There
are two additional differences between theNMR spectra
of these two complexes: (i) while the six expected phenyl-H
resonances of [(TPC)Fe(laly),]* are clustered between 6
and 7.7 ppm, those of [(TPC)Fe(4-CNRY) are well-
resolved, with the two types oftH (13.2, 12.2 ppm) having
more positive chemical shifts than those of &l (3.0,
2.1 ppm) andp-H (4.9, 4.8 ppm), which thus yield&, —

0o andom — 6, chemical shift differences that are positive;
and (ii) while the pyrroline-H of [(TPC)Fe(lndy),] " have a
very positive chemical shift{44.9 ppm at—40 °C), those
of [(TPC)Fe(4-CNPy* have a negative chemical shift
(—6.5 ppm at—40 °C). A negative chemical shift for the

FeCl and (TPP)FeCl are similar in electronic structure. In
both, the chemical shifts of the pyrrole protons are dominated
by the (positive) contact shifts that result fromspin
delocalization, with a smaller contact shift contribution
(negative) arising fromr-spin delocalization. The average
chemical shift of the three pyrrole-H resonances of high-
spin (TPC)FeCI{73 ppm) is fairly similar to the chemical
shift of the (TPP)FeCl pyrrole-H{79 ppm). This suggests
that the amount of spin density delocalized from the iron
center to the chlorin ring is nearly the same as that
delocalized to the porphyrin ring in (TPP)FeCl but that it is
distributed quite asymmetrically among the three pyrrole
positions of the chlorin ring® The order of the three
pyrrole-H chemical shifts of (TPC)FeCl is 7,£812,13>

pyrroline-H is opposite the expected sign of the contact shift g 17, with the pyrrole-7,18 the most positive. This is the same
for the protons attached to an aliphatic carbon that is attached,s the order of the three pyrrole-H chemical shifts of [(TPC)-

to a carbon that is part of thesystem of the macrocycfé*®

With regard to (i), the positive chemical shift differences
Om — 0o anddm — Jp indicate that there is significant positive
spin density at thenesecarbons'! as is consistent with spin
delocalization from the metal,gorbital to the 3g(x)-like
orbital of a ruffled TPC ring, Figure 3C. And with regard to
(i), the negative chemical shift of the pyrroline-H of [(TPC)-
Fe(4-CNPy)]" indicatesnegatie spin density at the-car-
bons of the pyrroline ring®48As shown in Figure 3C, ADF
calculations have shown that for a ruffled macrocycle
conformation, there is negative spin density atdhearbons
of the pyrroline ring®® The magnitude of this negative spin
density is smaller than that reported for [(TPCYre(
BuNC),] ", which has a chemical shift 6f36 ppm for the
pyrroline-H at+25 °C or about—42 ppm at—40°C.26 Thus,
the “purity” of the (d,0y,)*(dy)* ground state of [(TPC)Fe-
(4-CNPy)]* is considerably less than that of [(TPC)Ee(
BuNC),]*. This is also consistent with the EPR spectra of
the two, very broad for [(TPC)Fe(4-CNRY}), with g ~ 2.68,
2.36, 1.71.6 or smaller (Figure 7), but very sharp for
[(TPC)Fe(-BuNC)] ", with g5 = 2.15 andg, = 1.97.%¢

It should be noted that the trends observed in this work
for the magnitudes of the chemical shifts of the pyrroline-
and pyrrole-H of the [(TPC)Fe(L)" complexes as a function
of ligand L (Imd; > 4-MeNPy > 2-MeHIm > Py >

4-CNPy) are opposite those observed earlier for the corre-
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Fe(Imdy),]Cl, with pyrrole-8,17 the most negative. This
indicates that ther spin delocalization mechanism is the
same for [(TPC)Fe(Inty),]Cl and (TPC)FeCl, since the
o-delocalization contribution that results from the ¢
electron should be equal for all pyrrole-carbons. From the
order of the pyrrole-H chemical shifts we can conclude that
high-spin (TPC)FeCl also has largerspin density on the
pyrrole-8,17-carbons, leading to larger (in magnitude) nega-
tive r contact shift and thus smaller overall chemical shift.
For the pyrrole-7,18-H, the observed chemical shift is the
largest of the three, and thus tlespin density and the
contact shift (in magnitude) from this unpairadspin are

the smallest of the three pyrrole-H resonances. As in [(TPC)-
Fe(Im-dy),]Cl, it is also the 3ef)-like orbital that is involved

in the interaction with the appropriate drbital of the metal
center and thus contributes to thespin distribution.

The small negative chemical shift of the pyrroline-H is
probably completely a result of the pseudocontact contribu-
tion to the paramagnetic shift, which is expected to be
negative’®4° indicating essentially zero contact shift for
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these protons. This suggests essentially zespin density (0xy)2(didy)® to (ddyr)*(dxy)t with weakening of ther- and

at the pyrrolinea-carbons of (TPC)FeCl. s-donor ability and strengthening of theacceptor ability

of the ligands. The 4-CNPy complex, which represents the
weakestr donor and strongest acceptor, is believed to be
The electronic structure of the low-spin [(TPC)FefL) ruffled and thus has negative spin density atdahgyrroline

Conclusions

complexes with L= imidazoles is predominantly the (- carbons, because of mixing of the-#ike s orbital of the
(dyy,)® configuration, and the extent of spin delocalization chlorin in the (d.dy;)*(dy)* configuration.
to the TPC ring depends mostly on ireandzz-donor ability (TPC)FeCl is a high-spin Fe(lll) complex. The chemical

of the axial ligand. This is a result of andz-donor effects  gpifts of the pyrrole-H are dominated by the contact
that modulate the d-orbital energies of the metal, such thatconripution from o spin delocalization. The 3e)-like

4-MeNPy and the nonhindered imidazole that are strong grpjtals of the chlorin ring are involved iminteraction with
donors increase the metal character and decrease the liganghe iron center.

character of the spin density. Steric effects (most important
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