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Stabilization of neutral oxophlorin p-radicals by bulky meso-alkyl groups

Richard G. Khoury,a Laurent Jaquinod,a Amy M. Shachter,b Nora Y. Nelsona and Kevin M. Smith*a†
a Department of Chemistry, University of California, Davis, CA 95616, USA
b Department of Chemistry, Santa Clara University, Santa Clara, CA 95053, USA

The 15-tert-butyl-5-oxophlorin 1 forms a stable, neutral p-
radical species 2, in high yield; the 13,17-bis-unsubstituted
5-oxophlorin analogue 5, under similar conditions, affords
the 15-iso-5-oxophlorin 6 and 15-hydroxy compound 7 (both
characterized by X-ray crystallography), the latter demon-
strating the trapping of the p-radical by dioxygen.

The syntheses and chemistry of tetrapyrrole p-free-radicals is
one of the few fields of porphyrin chemistry which remains
relatively undeveloped. It is also a fact that the preparation of
other stable and useful p-radicals are found only infrequently in
the literature. Published work on p-radicals has focused on the
study of their electronic structure,1 their use to create charge
transfer species in molecular conductors,2 their use in synthesis3

and their involvement in biological systems.4 Compounds such
as quinones and related compounds play important roles as
mediators in some electron-transfer processes which occur in
mitochondria and in chloroplasts. Radicals also react with
transition metal ions that have appropriate reduction potentials.4
In biological systems, haemes in haemoglobin and myoglobin
are degraded to bile pigments via a key intermediate, suspected
to be a meso-oxyporphyrin p-neutral radical or an oxophlorin
radical species reacting quickly with O2.4,5 In 1975, studies by
Fuhrhop and co-workers showed that oxophlorins and their
metal complexes are oxidized at low potentials yielding fairly
unstable neutral p-radicals which underwent a variety of
secondary reactions to generate, for instance, 5,15-dioxopor-
pho-10,20-dimethenes.6 Examples of radical dimerizations of
oxophlorins at the 15-positions6 led us to believe that the meso-
15-position has unique chemical reactivity.5 We showed that
electronic and steric features at the 15-position enable one to
exert control over the oxidation potential of the oxophlorin, and
direct a novel dimerization process to the 10-position, a
phenomenon which has been used for the reversible self-
assembly of a cyclic tetra-oxophlorin.7 In order to further
investigate the chemical properties associated with 15-meso-
substituents, we targeted 15-tert-butyl-5-oxophlorins in the
hope that radical formation and stabilization would take place at
the 15-position.

MacDonald-type (i.e. 2 + 2) condensation of 1,9-diformyl-
5-oxodihydrodipyrrin8 with 5-tert-butyl-2,8-diethyl-3,7-di-
methyldihydrodipyrrin-1,9-dicarboxylic acid‡ followed by
basic treatment resulted in formation of the 15-tert-butyl-
5-oxophlorin 1 in 43% yield. Exposure of compound 1 to air in
CH2Cl2 and daylight (which accelerated the transformation)
afforded the neutral p-radical 2 of 15-tert-butyl-5-oxophlorin§
in 90% yield. This compound possesses a Soret band at 410 nm
and a typical organic p-radical EPR signal at 3000 G. The
magnetic susceptibility of 2, measured by the NMR Evans
method9 is meff = 2.5 mB at 297 K, indicating that the compound
exists entirely in the form of the neutral p-radical.4¶ This
oxophlorin radical is stable to air for long periods of time in the
solid form. It was found to be fairly stable in solution, showing
only about 30% decomposition over two weeks in the presence
of oxygen (to form 15-tert-butyl-15-hydroxy-5-oxophlorin 3).
Addition of acid to a CH2Cl solution of 2 generated, via the
readily reduced p-cation porphyrin radical,10 the diprotonated
hydroxyporphyrin 4 (Scheme 1). This reduction–protonation

process could be followed by spectrophotometry, which showed
clean isobestic points (at lmax = 438 and 540 nm), furthermore
demonstrating the quantitative radical character of 2.

Fuhrhop had earlier demonstrated that the spin density
distribution in 5-oxophlorin radicals lies predominately on the
carbon atom at the 15-position.6 By analogy, the free radical in
2 is also believed to be localized preferentially at the 15-position
where it can be stabilized by hyperconjugation through the tert-
butyl substituent.

In order to establish the effect of steric congestion upon the
radical formation resulting from the interaction of the 15-sub-
stituent with abutting groups in the 13- and 17- positions,
synthesis of 12,13,17,18-unsubstituted-15-tert-butyl-5-oxo-
phlorin 5 was attempted using the same pathway as described
for 1.∑ This synthesis, however, yielded two products neither of
which was a p-radical. The first product was characterized as
15-tert-butyl-15-iso-5-oxophlorin 6** and the second was
shown to be the 15-tert-butyl-15-hydroxy derivative 7.††
Structure 7 presents evidence for the trapping of the p-radical at
the 15-position (presumably by dioxygen) and further indicates
the preferential localization of the radical at this position. A
15-peroxo bis(5-oxophlorin) derivative has been proposed
earlier by Fuhrhop et al.6a The molecular structures of 6‡‡ and
7‡‡ were confirmed by X-ray crystallography (Fig. 1). Both
macrocycles exhibit a slightly ruffled conformation with a mean
deviation from there least-squares plane for the 24 core atoms of
0.263 Å for compound 6 and of 0.257 Å for compound 7. The
CNO bond length for structures 6 and 7 are 1.239 and 1.242 Å,
respectively, in good agreement with expected CNO bonds
lengths. For compound 7 the C–O bond length in the
15-position is 1.455 Å which is also in agreement with expected
normal C–O bond lengths.

Scheme 1
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Footnotes

† E-mail: smith@chem.ucdavis.edu
‡ Prepared by acidic condensation of trimethylacetaldehyde (TMA) with 2
equiv. of the corresponding a-free-pyrrole benzyl ester (K-10 clay catalyst,
CH2Cl2–TFA (5 : 1), room temp., 4 d, chromatographed on silica gel eluted
with CH2Cl2, deprotection with Pd-C/H2, overall yield 35%).
§ Mp 180–182 °C. UV–VIS lmax(CH2Cl2)/nm 410 (e 66700), 628 (11700),
664 (11000). 1H NMR (300 MHz, CDCl3–[2H]TFA) d 1.48 (s, 9 H, But),
1.56 (t, 6 H, CH2CH3), 1.69 (t, 6 H, CH2CH3), 3.26 (s, 6 H, CH3), 3.43 (s,

6 H, CH3), 3.89 (m, 8 H, CH2CH3), 10.06 (s, 2 H, meso-H). MS: m/z
550.
¶ The magnetic susceptibility of the free radical was determined using
Evans method.9 Paramagnetic shifts of tetramethylsilane were determined
for 2-4 3 1023 m free radical solutions in chloroform and were obtained on
a JEOL GSX 400 MHz (1H NMR) spectrometer. At 24 °C, the molar
magnetic susceptibility was 2.6 3 1023 cm23 mol 21 and the calculated
magnetic moment was 2.5 mB. Diamagnetic corrections were estimated from
Pascal’s constants.
∑ The 5-tert-butyl-3,7-di-unsubstituted half was prepared by condensation
of TMA with 40 equiv. of pyrrole catalysed by TFA.11

** Mp 280–285 °C. UV–VIS lmax(CH2Cl2)/nm 420 (e 86 000), 644
(14 000). 1H NMR (300 MHz, CDCl3) d 0.83 (m, 6 H, CH2CH3), 1.25 (s,
9 H, But), 2.17 (s, 6 H, CH3), 2.76 (m, 4 H, CH2CH3), 3.92 (s, 1 H, 15-meso
H), 6.39 (s, 2 H, b-H), 6.81 (s, 2 H, b-H), 6.94 (s, 2 H, meso-H), 12.89
(br s, 2 H, NH). MS: m/z 467.
†† Mp 244–246 °C. UV–VIS lmax(CH2Cl2)/nm 448 (e 66 000), 510
(11 500). 1H NMR (300 MHz, CDCl3) d 1.04 (m, 6 H, CH2CH3), 1.53 (s,
9 H, But), 2.15 (s, 6 H, CH3), 2.78 (m, 4 H, CH2CH3), 6.65 (s, 2 H, b-H),
6.84 (s, 2 H, b-H), 6.97 (s, 2 H, meso-H), 12.95 (br s, 2 H, NH). MS: m/z
483.
‡‡ Crystal Data for 6: single crystals (purple) crystallized from MeOH–
THF–H2O, triclinic space group P1, cell dimensions: a = 9.765(2),
b = 11.719(2), c = 12.013(2) Å, a = 83.70(3), b = 68.72(3), g
= 81.20(3)°, V = 1263.8(4) Å3, Z = 2. X-Ray diffraction data were
collected at 130(2) K, l(Cu-Ka) = 1.54178 Å, q/2q scan mode to 2qmax

= 114°. Of 4882 reflections measured (±h,±k,+l), 3404 were unqiue and
2425 had I > 2s. The structure was solved by direct methods and refined
on F2 using all data by full-matrix least-squares methods (SHELXL-94).
Final R factors for observed data are R = 0.0569 and wR2 (all data)
= 0.1472. For 7: single crystals (green) crystallized from MeOH–THF–
H2O, triclinic space group P1, cell dimensions: a = 10.154(2),
b = 11.344(2), c = 12.285(2) Å, a = 82.63(3), b = 66.93(3),
g = 78.37(3)°, V = 1273.3(4) Å3 and Z = 2. X-Ray diffraction data were
collected at 130(2) K, l(Cu-Ka) = 1.54178 Å, q/2q scan mode to
2qmax = 114°. Of 3707 reflections measured (±h,±k,+l), 2365 were unique
and 1833 had I > 2s. The structure was solved by direct methods and
refined (based on F2 using all data) by full-matrix least-squares methods
(SHELXL-94). Final R factors for observed data are R = 0.0615 and wR2
(all data) = 0.1662. Atomic coordinates, bond lengths and angles, and
thermal parameters have been deposited at the Cambridge Crystallographic
Data Centre (CCDC). See Information for Authors, Issue No. 1. Any request
to the CCDC for this material should quote the full literature citation and the
reference number 182/332.
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Fig. 1 Molecular structure of (a) 15-tert-butyl-15-iso-5-oxophlorin 6 and
(b) 15-tert-butyl-15-hydroxy derivative 7
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