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Synopsis. 'H and 3C nuclear relaxation of paramagnetic
iron(IIl) tetraphenylporphyrin-imidazole complexes has been
investigated in order to gain insight into the relationship
between the paramagnetic relaxation rate and the electron-
nucleus distance. The analysis of the nuclear spin-lattice
relaxation time (71) in terms of the distance indicated that, for
the iron porphyrin complexes used, the contribution of the
electron-nucleus dipolar coupling no longer contributes signif-
icantly to the relaxation process of a proton located at more
than 0.75 nm away from the iron. For the complexes studied,
the electron spin-lattice relaxation time (7i) of 6.4 ps was
calculated from the 7 values measured at 26 °C.

Nuclear relaxation has been used to characterize
structure and dynamics of molecules. Particularly, in
the case of paramagnetic molecules, geometries of com-
plexes in solution, determinations of coordination
numbers, and calculations of correlation times have
been infered from the investigation of the paramagnetic
relaxation.!™® Nuclear spin-lattice relaxation time, 71,
in paramagnetic molecules is composed of two terms,

N l=Tat+ T, (1)

where Tiq4 and T3, are the diamagnetic and paramagnetic
spin-lattice relaxation times, respectively, and, for the
nucleus in the close proximity of the unpaired electron,
Ta 1< Ty l.  Tipis generally expressed in terms of the
dipolar and contact interactions between nucleus and
unpaired electron as follows,*—8)

T, 1=(2/15)y12g2828(S + 1)r—[3z./ (1 + wi?2)
+7%/(1 + 0201+ 2/ )SE+ DA/ W) (1 H st (2)

and
Tl =T P+ 1 1+ Tex ), Te 1= T1et + 7ex 7L, 3)

where <1 is the gyromagnetic ratio of the nucleus under
consideration and Ti., Tr, and 7 are the electron spin-
lattice relaxation, the molecular tumbling, and the elec-
tron exchange times, respectively. A is the hyperfine
coupling constant which is related to the unpaired spin
density on the resonating nucleus and the other parame-
ters have been defined previously.? The Curie spin
relaxation does not contribute significantly to 71. for the
present complex.’”® In large molecules with highly
resolved NMR spectra, T1.L1;, Tex, and at high mag-
netic field, w2712 1 and ws2T1.2>1, the nuclear spin—
lattice relaxation rate due to the electron-nucleus dipolar
coupling is given as,%10)

Ti—1=(2/5)v12g2B2S(S+ D)rsTi. 4.

Therefore the relaxation rate of a nucleus depends
simply on the distance from the unpaired electron and
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Fig. 1. Structures and numbering system of [Fe(tpp)-
(Im)2]C1 and [Fe(p-CH3 tpp)(Im)2]CL
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1H and 13C of iron(III) tetraphenylporphyrin-imidazole
complexes (structures in Fig. 1). The Ti. value of the
complex was determined from the analysis of the
observed Ti values. The relationship between the para-
magnetic relaxation rate and the electron-nucleus dis-
tance is discussed.

Experimental

Iron(IIl) tetraphenylporphyrin, Fe(tpp), was purchased
from Sigma Chemcal Co. and used without further purifica-
tion. Iron(III) 5, 10, 15, 20-tetrakis (p-tolyl) porphyrin, Fe(p-
CH3 tpp), was prepared by the literature method!? and puri-
fied using silica-gel column. Since it has been reported that
the NMR spectral features of these porphyrin complexes are
essentially independent of concentration (5—50 mM)!2, 10
mM iron(III) porphyrin was prepared in CDCls with 0.2 M
imidazole (Sigma) for the measurements (IM=1 moldm™3).
H and 3CNMR spectra were recorded using a JEOL GSX-
270 FT-NMR spectrometer operating at 'H and 3C frequen-
cies of 270 and 67.8 MHz, respectively. 71 was determined by
the inversion recovery method!® and the experimental error is
<20%. Chemical shifts are given in parts per million, ppm,
downfield from the signal of tetramethylsilane, with the sol-
vent signal as internal reference.

Results and Discussion

NMR Spectra. 1BCNMR spectra of 10 mM iron(11I)
porphyrin derivatives with 0.2 M imidazole in CDCl; at
26 °C are shown in Fig. 2. The signal assignments were
reported previously'? and have been confirmed by the
T: measurements and two-dimensional NMR spectros-
copies. The resonances for free imidazole are observed
at 122 and 136 ppm as indicated by asterisk in the
spectra. Relatively small signal intensity for the free
imidazole resonances is due to short pulsing interval
used for the measurement which selectively enhances the
intensity of more rapidly relaxing paramagnetic reso-
nances. Since it has been reported that the equilibrium
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Fig. 2. 67.8 MHz 3CNMR spectra of [Fe(tpp)(Im)2]Cl (A) and [Fe(p-CHs
tpp)(Im)2]Cl (B) in CDCl at 26 °C. The peak labeling corresponds to the
numbering system shown in Fig. 1. The peaks indicated by * are the
resonances from free imidazole.

Table 1. !'H and 3C Chemical Shifts and Tis of [Fe(tpp)(Im)2]Cl
and [Fe(p-CHs tpp)(Im)2]Cl in CDCls at 26 °C
[FeTPP(Im):]Cl [FeTPP(p-CHs)(Im):]Cl
Resonance
8/ppm T1/ms 6/ppm T:/ms

THNMR

B-H —16.84 26.5 —16.72 23.2

o-H 5.17 52.1 5.10 40.5

m-H 6.28 225.2 6.03 160.3

p-H 6.22 278.6 — —
Phenyl-CHs — — 1.60 257.1
imidazole

1-H 14.05 16.9 14.05 15.5

2-H —8.45 <10 —8.35 <10

4-H 10.00 <10 10.06 <10

5-H 8.26 23.0 8.57 21.2
BCNNR

a-C 38.9 40.6 38.9 29.2

B-C 94.3 54.1 94.2 35.7

meso-C 55.2 40.7 55.9 31.7
Phenyl C at meso 137.3 442.5 135.6 155.7

0-C 130.7 200.8 131.0 145.3

m-C 124.3 233.6 125.0 206.2

p-C 126.1 206.6 134.2 909.1
Phenyl-CH3s — — 20.1 625.0
imidazole

2-C 127.6 28.7 127.8 16.9

4-C 106.3 234 107.1 17.4

5-C 95.7 78.7 95.5 47.6

constant is of the order of 10¢ M~2 for imidazole binding
to [Fe(tpp)]Cl in CHCls at 25°C,14 the iron porphyrin
should be almost completely in the bis-ligated form. In
addition, the fact that both the free and bound imida-
zole resonances are separately observed is consistent

with its slow exchange rate (ca. 10 s71).1» HNMR
spectra of the complexes (not shown) were essentially
identical to those reported previously.!61? The chemi-
cal shifts of 1H and 13C resonances are summarized in
Table 1. The comparison of the shift between the two
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Fig. 3. The plot of 717! against r—6 for !H of the iron
porphyrin complexes studied. A straight line pass-
ing the origin was drawn with the plots for o- and m-
H. For the 8C data, 71! were plotted against r—¢
(vc/vyw)?. The plots near the origin was expanded in
the inset.

complexes indicates that the influence of the methyl
substitution on the resonance frequency is localized at
the phenyl resonances.

T, Analysis. The observed 7i values are included in
Table 1. The Ty values of the corresponding nuclei,
except the phenyl C at meso and the p-C, between the
two complexes agree within the experimental error of
20%. The difference in the 71 value of the phenyl C at
meso between the two complexes may be attributed to
the change in the contact contribution, i.e. the second
term in Eq. 2, and the presence of the unpaired spin
density at this carbon has been suggested earlier.?
The fact that the 71 value for the p-C in [Fe(tpp)(Im)2]Cl
is considerably smaller than that in [Fe(p-CHs
tpp)(Im)2]Cl indicates the significance of the attached
1H for the relaxation of this carbon. Relatively large
difference in the T value of the bound imidazole car-
bons between the two iron porphyrin complexes may be
attributed to the difference in the contact contribution.

The relaxation rates of the iron porphyrin 'H reso-
nances are plotted against % in Fig. 3. The plots for
the 18C resonances are also included in the figure in the
form of T171vs. r = (yc/ vn)?, because Eq. 4 predicts that
the ratio of the 777! values for the proton and carbon
located equidistantly from the metal is (yc/yu)?. Since
it has been already shown that the unpaired electron
density on the o-, m-, and p-C in these complexes is
negligible,? a straight line passing through the origin
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was drawn with the plots for the phenyl *H resonances.
The Ti. value can then be calculated from the slope of
this line using Eq, 4. The Ti. value of 6.4 ps was
obtained and is well within the typical value for iron(11I)
low spin complexes (2—8 ps).1®  The interpretation of
the relaxation rates for the porphyrin ring nuclei
requires the knowledge about the spin density of the
porphyrin skeleton. The plots in Fig. 3 do not con-
verge to the origin as r%—0, but the relaxation rates
are larger than those expected from Eq. 4 when
r86<0.5X10%m=6. These results reflect that the para-
magnetic dipolar relaxation mechanism is not a pre-
dominant relaxation process for a proton located more
than 0.75 nm away from the iron in the present com-
plexes and the distance is expected to be reduced with
increasing the molecular weight. It has been shown
that the interpretation of the nuclear relaxation in para-
magnetic hemoproteins, based on Eq. 4, tends to under-
estimate the iron-nucleus distance and the error
becomes larger for nucleus oriented further away from
the paramagnetic center.1?
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