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Low-spin ferric porphyrin radical cations formed by the
oxidation of chloro(meso-tetraalkylporphyrinato)iron(ir)
followed by the addition of bulky 2-methylimidazole show
antiferromagnetic coupling, which is interpreted in terms of
the interaction between porphyrin a,, and iron d,, orbitals
caused by the S, ruffling of the porphyrin core.

Porphyrin radicals have been extensively studied since they
play important roles in biological oxidation catalyzed by
various enzymes including cytochromes P-450.1 Especially
interesting is how the unpaired electron formed on the
porphyrin ring interacts with the central iron. Although ample
examples have been reported on the interactions between high-
spin iron(im) or high-vaent iron(iv) and porphyrin radicals,23
littleisknown on the interactions between low-spiniron(iir) and
porphyrin radicals.4 We have recently reported that porphyrin
deformation induces unique orbital interactions between iron-
(1) and porphyrinto give, for example, the low-spin complexes
with aless common (d,,dy,)*(dyy)* €lectron configuration or the
complexes with an essentially pure intermediate-spin (S = 3/2)
state.5 Sincerecent X-ray crystallographic studies haverevealed
that many heme proteins have more or less nonplanar prosthetic
groups,® it is important to reveal the spin—spin interactions of
iron(in) radical cationsin deformed porphyrin complexes. Here,
we report on the synthesis of some low-spin iron(in) radical
cations [Fe(TRP)L,]2*, where the degree of porphyrin de-
formation varies and discuss the spin—spin interactions on the
basis of the spectroscopic results.

A series of (meso-tetraalkylporphyrinato)iron(ii) chlorides
Fe(TRP)CI (R = Et, "Pr, iPr) were oxidised in CD,Cl, solutions
by the addition of an excess amount of phenoxathiinylium
hexachloroantimonate at ambient temperature.2 Addition of 2.1
equiv of imidazole(HIm) at —78 °C to CD,Cl, solutions of the
high-spin radical cations [Fe(TRP)CI]2* thus formed yielded
the low-spin radical cations [Fe(TRP-)(HIm),]2*.2 These radi-
calswere stable at —50 °C at least for 2 h, though they rapidly
decomposed a O °C. The *H NMR spectra of [Fe(TEt-
P)(HIm),]2+ are shown in Fig. 1(a) as a typical example. The
signa at an extraordinarily downfield position, +231 ppm, is
assigned to the meso-H,, on the basis of the spectral comparison
with the analogous complexes. Addition of bulky 2-methylimi-
dazole(2-Melm) similarly yielded the low-spin radical cations
[Fe(TRP)(2-Melm),]2*. The *H NMR spectrum of [Fe-
(T'PrP-)(2-Melm),] 2+ isshownin Fig. 1(b) asatypical example.
Four signalsin the region —20 to —23 ppm and two signals at
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T Electronic supplementary information (ESI) available: TH NMR spectra
of low-spin radical cations. See http://www.rsc.org/suppdata/cc/b2/
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46.8 and 48.8 ppm are assigned to the pyrrole-H and meso-H,,
respectively. The splitting pattern of these signalsindicates that
the rotation of the 2-Melm ligands is hindered on the 1H NMR
time scale and that the ligands are fixed perpendicularly along
the diagonal Cress—F—Crneso aX€8.52.0

The chemical shifts of [Fe(TRP)L,]2* are listed in Table 1
together with those of the corresponding [Fe(TRP)L,]*. We
confine the discussion to the spin—spin interactions of only the
Et and nPr complexes in this section. The interactionsin highly
deformed iPr complexes are discussed later. Thedatain Table 1
clearly indicate that the meso-H,, signal shows a fairly large
downfield shift on going from [Fe(TRP)L ] * to [Fe(TRP-)L 5] 2+
The Ad8(H,) vaue, which is defined by the difference in
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Fig. 1 *H NMR spectraof low-spin radical cationstaken in CD,Cl, solution
at —50 °C. (a) [Fe(TEtP-)(HIm),]2+ together with the expanded spectrum;
(b) [F&(T'PrP)(2-Melm),]2+.

Table 1 1H NMR Chemical shifts of [Fe(TRP)L]* and [Fe(TRP)L,]2*
taken at —50 °C (CD,Cl,, d/ppm)

Complexes L Py-H Ho Hg A6(Hy)
[Fe(TEtP)L]* Him —21.2 13 12 —
2-Melm —94 16.7 11 —
[Fe(TrPrP)L ]+ Him —20.9 24 —10 —
2-Melm —8.8 19.8 a —
[Fe(TIPrP)L ]+ Him 0.6 16.5 39 —
2-Melm 5.6° 21.2b 5.4v —
[F(TEtP)LJ2*  HIm -360 2309 155 2296
2-Melm —33.70  206.6° 14.4p 189.9
[Fe(TrPrP)L,J2*  HIm —341 2326 88 230.2
2-Melm —30.9>  208.20 ca. —7 1884
[F(TPrP)LJJ2*  HIm —20.4 424 9.0 25.9

2-Melm 2170 47.90 9.4p 26.7

aSignals are not assigned due to the overlap with the other signals.
b Averaged chemical shifts.
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chemical shifts of the meso-H, between [Fe(TRP)L,]* and
[Fe(TRP)L])2*, reaches as much as 230 ppm in [Fe(TR-
P)(HIm),]2*. Close examination of the datain Table 1 reveals
that the A 6 values decrease by 40 to 45 ppm as the axial ligand
changes from Him to 2-Melm. The resultsindicate that the spin
densities at the meso carbon atoms in [F&(TRP-)(HIm),]2* are
much larger than those in [Fe(TRP)(2-Melm),]2+.

We have recently reported that the electron configuration of
low-spin [Fe(TRP)L,]* changes from the common (dy)%-
(dxzdyz)2® to the less common (dy,,0y,)*(dy)* as the meso-
substituents and/or axia ligands become bulkier.5ab This is
because, the bulky meso substituents and/or bulky axial ligands
deform the porphyrin ring in an S, ruffled fashion, which
enables the interaction between the iron d, and porphyrin ay,
orbital's and places the d,, orbital above the d.(d,..d,,) orbitals.
The ag,—d,y interaction induces the downfield shift of the meso-
H, signas since the ay, orbital has quite large spin densities on
the meso carbon atoms.52P | n fact, the meso-H,, exhibitsalarge
downfield shift in [Fe(TRP)L,]* as the axial HIm ligand is
replaced by 2-Melm; the downfield shifts reaches 17.4 ppm in
[Fe(TrPrP)L,]*. As mentioned, the reverse is true for the
oxidised complexes; the meso-H,, signal exhibitsalarge upfield
shift in [Fe(TRP-)L,]2*+ as the axial HIm ligand is replaced by
2-Melm; the upfield shifts are 24.4 ppm for both complexes.
The result suggests that, while the S = 1/2 porphyrin radical
ferromagnetically couples with the S = 1/2 iron in [Fe(TR-
P)(HIm),]2+, aweak antiferromagnetic coupling occurs in the
case of the deformed radical cations [Fe(TRP)(2-Melm);]2+*. In
other words, the energy gap between the S = 1 ground state and
the lower multiplicity S = O state decreases on going from
[F(TRP)(HImM),)2+ to [Fe(TRP)(2-Melm),]2*. The inter-
pretation seems to be reasonable because the iron(iin) ion in
relatively planar [Fe(TRP)(HIm),]2* is expected to have the
common (dxy)2(dx,,0y,)3 electron configuration asin the case of
[Fe(TRP)(HIm)2]*. Thus, the porphyrin ap, orbital should be
orthogonal to the iron d.(dy,d,,) orbitals, leading to the
ferromagnetic coupling. In contrast, the S, ruffled [Fe(TRP)(2-
Melm),]2+ is expected to adopt the less common (dy,dy,)*(0xy)*
electron configuration as in the case of [Fe(TRP)(2-Melm),]+,
making antiferromagnetic coupling between the S = 1/2 iron
atom and the S = 1/2 porphyrin radical possible.

The theoretical calculation together with the EPR studies of
(meso-tetrapropyl porphyrinato)zinc(in) radical cation has re-
vealed that the spin densities at the meso and 3-pyrrole carbon
atoms are 0.193 and 0.013, respectively.” The &t spin density
(p=) a the meso carbon atom is connected with the contact shift
(8con) of the meso-H,, by dcon= APy (S + 1)/3KT, where AH
isahyperfine coupling constant of meso-H,, and isgiven by AH/
h = By(cos?¢)(p~/29), ¢ isadihedral angle between p,~Cineso—
C, and Cess—C.—H, and B, is a constant estimated as 140
MHz.8 We have calculated the contact shift of the meso-H, in
[Fe(TPrP-)(HIm),]2* to be deon = 242 ppm by putting ¢ = 60°,
pr = 0.196, and S = 1into the equation ; ¢ isadihedral angle
in analogous [Fe(TEtP)(2-Melm),]+.2 The value is quite close
to the contact shift, 237 ppm, estimated on the basis of the
observed chemical shift,20indicating that [Fe(TrPrP)(HIm),]2*
has a ferromagnetically coupled ground state (S = 1).

The discussion given above suggests that the S = 0 state
could be stabilised to a great extent in highly ruffled isopropyl
complexes such as [Fe(T'PrP)(2-Melm),]2*, since the por-
phyrin ay, orbital is expected to interact with the iron d,, orbital
that possesses the unpaired electron. The datain Table 1 reveal
that the A6 values of the meso-H,, signals are fairly small, only
26-27 ppm, for both complexes. We have cal culated the contact
shift of the meso-H, signal of [Fe(T'PrP)(2-Melm),]2+ by
assuming that ¢ = 69°,52 p, (meso) = 0.193and S = 1; ¢ isthe
dihedral angle in analogous [Fe(T'PrP)(4-CNPy),]*. The value
of 8con is calculated to be 124 ppm, which is ca. 3.5 times as
much as the estimated contact shift, 35 ppm, in [Fe(T'PrP)(2-
Melm),]2+. The result rules out the possibility of the ferro-
magnetically coupled ground state (S = 1). Rather it supports
the antiferromagnetically coupled ground state (S = 0) with a
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Fig. 2 Curie plots of the meso-H, signals. (a) (W) [Fe(TEtP-)(HIm);]2+ and
(O) [F&TEP)(HImM) ]+ (b) (@) [Fe(TPrP)(HIm)z]2+ and (O) [Fe-
(T'PrP)(HIm)J]*.

thermally populated S = 1 state. If this is the case, deviation
from the Curie law behaviour should be observed in the meso-
H, signals. Fig. 2 shows the Curie plots of the meso-H,, signals
of [Fe(TEtP)(HIm),]2+ and [Fe(T PrP-)(HIm),] 2+ together with
those of [Fe(TEtP)(HIm),]* and [Fe(TPrP)(HIm)2]*. While the
meso-H,, signa of [Fe(TEtP)(HIm),]2+ linearly moves down-
field as U/T increases, that of [Fe(TiPrP)(HIm),]2*+ exhibits a
clear non-Curie behaviour. The result strongly indicates that
[Fe(TIPrP-)(HIm),]2* has the S = 0 ground state with
significant thermal population of the S = 1 state at higher
temperature.

In conclusion, we have reveded that the low-spin ferric
porphyrin radical cations [Fe(TRP)(2-Melm),]2+ exhibit an
antiferromagnetic coupling in solution due to the orbital
overlaps between the porphyrin &, and iron dy, orbitals in
highly S, ruffled porphyrin cores.

Notes and references

1 B. Meunier, Chem. Rev., 1992, 92, 1411.

2 (a) M. A. Phillippi and H. M. Goff, J. Am. Chem. Soc., 1982, 104, 6026;
(b) W. F. Scholz, C. A. Reed, Y. J. Lee, W. R. Scheidt and G. Lang, J.
Am. Chem. Soc., 1982, 104, 6791; (c) G. Buisson, A. Deronzier, E.
Dueg, P. Gans, J.-C. Marchon and J.-R. Regnard, J. Am. Chem. Soc.,
1982, 104, 6793; (d) P. Gans, G. Buisson, E. Duee, J-C. Marchon, B. S.
Erler, W. F. Scholz and C. A. Reed, J. Am. Chem. Soc., 1986, 108,
1223.

3 (a) B. Boso, G. Lang, T. J. McMurry and J. T. Groves, J. Chem. Phys.,
1983, 79, 1122; (b) I. Morishima, Y. Takamuki and Y. Shiro, J. Am.
Chem. Soc., 1984, 106, 7666; (c) D. Mandon, R. Weiss, K. Jayargj, A.
Gold, J. Terner, E. Bill and A. X. Trautwein, Inorg. Chem., 1992, 31,
4404; (d) H. Fujii, T. Yoshimura and H. Kamada, Inorg. Chem., 1996,
35, 2373.

4 (a) H. M. Goff and M. A. Phillippi, J. Am. Chem. Soc., 1983, 105, 7567;
(b) S. Ozawa, Y. Watanabe and |. Morishima, J. Am. Chem. Soc., 1994,
116, 5832; (c) M. Nakamura and Y. Kawasaki, Chem. Lett., 1996,
805.

5 (a) T. Ikeue, Y. Ohgo, T. Saitoh, M. Nakamura, H. Fujii and M.
Y okoyama, J. Am. Chem. Soc., 2000, 122, 4068; (b) T. Ikeue, Y. Ohgo,
T. Saitoh, T. Yamaguchi and M. Nakamura, Inorg. Chem., 2001, 40,
3423; (c) T. Ikeue, Y. Ohgo, T. Yamaguchi, M. Takahashi, M. Takeda
and M. Nakamura, Angew. Chem., Int. Ed., 2001, 40, 2617.

6 (a) T. L. Poulos, in The Porphyrin Handbook, ed. K. M. Kadish, K. M.

Smith and R. Guilard, Academic Press, New York, 2000, vol. 4, pp.

189-218; (b) J. A. Shelnutt, in The Porphyrin Handbook, ed. K. M.

Kadish, K. M. Smith and R. Guilard, Academic Press, New Y ork, 2000,

vol. 7, pp. 17-223.

J. Fgjer and M. S. Davis, in The Porphyrins, ed. D. Dolphin, Academic

Press, New York, 1979, vol. IV, pp. 197-256.

8 I. Bertini and C. Luchinat, in NMR of Paramagnetic Substances,
Coordination Chemistry Reviews 150, Elsevier, Amsterdam, 1996.
9 Y. Ohgo, T. Ikeue, T. Saitoh and M. Nakamura, Chem. Lett., 2002,
42.
10 The contact shift of the meso-Ho signa of [Fe(TnPrP.)(HIm),]2* is
determined under the assumption that the dipolar shift is similar to that
in [Fe(T PrP-)(HIm)]*.

~

| CHEM. COMMUN., 2003, 220-221 | 221




