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Phosphorus Complexes of the First Expanded Isophlorins
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Isophlorin (N,N’-dihydroporphyrin) is a reduced 20p-elec-
tron congener of porphyrin, in which the macrocyclic conju-
gation surrounds the carbon periphery, and does not involve
the pyrrolic nitrogen atoms (Scheme 1). Isophlorin was first
noted by Woodward in 1960 in connection with the synthesis
of chlorophyll,[1] and since then it has been an interesting
target not only as a novel porphyrinoid, but also as an nitro-
gen-bridged [20]annulene, serving as a key molecule at the
crossroads of porphyrin and annulene chemistry.[2] However,
isophlorin had been elusive for a long time because of its in-
trinsic propensity to undergo facile two-electron oxidation
to the stable 18p-electron aromatic porphyrin. In recent
years, the chemistry of isophlorins has been reactivated in
light of its relevance to possible antiaromatic porphyrins.[3,4]

Although analogous expanded isophlorins can also be envis-
aged for expanded porphyrins, which consist of more than
five pyrrolic units and have been actively studied in the last
two decades,[5] to the best of our knowledge no such mole-
cule has been reported except for core-modified ana-
logues.[6] Herein, we report the synthesis of mono- and bis-ACHTUNGTRENNUNGphosphorus complexes of meso-octakis(pentafluorophenyl)-
substituted octaphyrins(1.1.1.1.1.1.1.1) 1.[7] In both cases, re-
versible two-electron reduction and oxidation processes
have been demonstrated between 38p and 40p forms. Im-
portantly, the latter species are the first example of expand-
ed isophlorins that can be formulated as a [40]octaphy-ACHTUNGTRENNUNGrin(1.1.1.1.1.1.1.1) (Scheme 1 b).

As previously reported, octaphyrin 1 takes a figure-of-
eight conformation with a 36p-electron network. This can
be oxidized to a 34p-electron species by 2,3-dichloro-5,6-di-
cyano-1,4-benzoquinone (DDQ) or reduced to a 38p-elec-
tron species by NaBH4, but its reduction to a 40p-electron
annulene-like structure has never been achieved so far

(Scheme 1 b).[7] Encouraged by the recent report on the for-
mation of an isophlorin analogue from N-fused porphyrin
(NFP)[8] upon phosphorus complexation,[9] we examined the
similar reaction of 1. Treatment of 1 with PCl3 (20 equiv) in
the presence of triethylamine at room temperature for 24 h
followed by aqueous work up and separation over a silica-
gel column gave monophosphorus complex 2 and bisphos-
phorus complex 3 in 43 and 9 % yield, respectively
(Scheme 2). In the presence of an additional small amount
of water and by heating at 50 8C, complex 3 was obtained as
the major product in 35 % yield along with 2 (7 %,
Scheme 2). Under comparable conditions, complex 2 was
converted to 3 in 47 % yield.

High-resolution electrospray ionization time-of-flight
mass spectrometry (ESI-TOFMS) of 2 indicated the parent
positive-ion peak at m/z= 1977.0658 (calcd for C88H18N8F40P,
[M+H]+ : 1977.0748). Single-crystal X-ray diffraction analy-
sis revealed the almost C2 symmetric figure-of-eight struc-
ture of 2, which incorporates a phosphorus atom bound to
the two pyrrolic b-carbon atoms (pyrroles A and E) and
three pyrrolic nitrogen atoms (pyrroles F, G, and H) in a
trigonal bipyramidal manner (Figure 1).[10a] The 31P NMR
spectrum exhibits a signal at d=�85.59 ppm, which is well
in the range of pentacoordinated phosphorus ions with a
similar coordination geometry (�50 ppm>d>�100 ppm).[11]

The 1H NMR spectrum of 2 shows seven sharp signals due
to the pyrrolic b-protons and two broad signals due to the
NH protons, reflecting its C2 symmetric structure. Note that
two signals due to the b protons of pyrroles A, E, and G are
observed as doublets because of the magnetic coupling with
the phosphorus ion, which has been confirmed by 1H–31P
heteronuclear multiple bond correlation (HMBC) measure-
ments (see the Supporting Information). The presence of
the phosphorus(V) and three NH protons led to formulation
of 2 as a 38p-electron species. This is consistent with the
presence of a Q-like band at 1620 nm as a signature of aro-
matic expanded porphyrins in the UV/Vis/near infrared
(UV/Vis/NIR) absorption spectrum.[5g,h] However, the
1H NMR spectrum exhibits signals due to the pyrrolic b pro-
tons in the range d=5.13–7.37 ppm, indicating a weak dia-
tropic ring current effect. This can be ascribed to its twisted
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structure that does not allow for the full macrocyclic conju-
gation.

Interestingly, we found that reduction of 2 with NaBH4

quantitatively gave 4. Complex 4 was smoothly and quanti-
tatively oxidized to 2 with MnO2 (Scheme 3 a). High-resolu-
tion ESI-TOFMS showed the parent negative-ion peak of 4
at m/z=1977.0777 (calcd for C88H18N8F40P, [M�H]�:
1977.0748), which correlates to the formulation of a 40p oc-

taphyrin complex. The 1H and 31P NMR spectra of 4 again
revealed its C2 symmetric structure with a small ring current
effect and the presence of a five-coordinate phosphorus ion.
More importantly, the 1H NMR spectrum exhibited three
signals for the pyrrolic NH protons at 7.78, 7.57, and
7.47 ppm in a 2:1:2 ratio (see the Supporting Information)
that supports a 40p-electron network for 4 (Scheme 1 b),
which corresponds to an expanded isophlorin of octaphy-ACHTUNGTRENNUNGrin(1.1.1.1.1.1.1.1). Absence of a Q-like absorption band in
the absorption spectrum of 4 is consistent with the 40p-elec-
tron state (Figure 2 a).[5h] However, complex 4 is not chemi-
cally robust but undergoes facile oxidation to 2, even when
it is stored in the solid-state, probably owing to its highly re-
duced state.

Bisphosphorus complex 3 has been fully characterized.
High-resolution ESI-TOFMS showed the parent negative-
ion peak of 3 at m/z=2021.0206 (calcd for C88H15N8F40OP2,
[M�H]�: 2021.0211). The structure of 3 was unambiguously
determined by X-ray diffraction analysis to contain two
phosphorus atoms within a twisted figure-of-eight conforma-

Scheme 1. Redox states of a) porphyrin and b) octaphyrin.

Scheme 2. Synthesis of octaphyrin monophosphorus(V) complex 2 and bisphosphorus(V) complex 3.

Figure 1. X-Ray crystal structure of 2 (left) and the representation of its
hetero annulene circuit (right). Thermal ellipsoids represent 50% proba-
bility and meso aryl substituents have been omitted for clarity.
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tion (Figure 3).[10b] One phosphorus atom takes a trigonal bi-
pyramidal geometry similar to that of 2 and the other forms
a phosphoramide bound to the nitrogen atoms of pyrroles A
and B and the b-carbon atom of pyrrole C. The 31P NMR

spectrum of 3 showed two sig-
nals at d=�104.20 and
�9.80 ppm, which were as-
signed to the pentacoordinate
phosphorus and the phosphor-
amide, respectively.[9a,11] The
1H NMR spectrum of 3 exhib-
its thirteen signals due to the
b-pyrrolic protons in the range
d= 7.24–6.14 ppm and three
signals due to the NH protons
of pyrroles C, D, and E at 7.63,
8.18, and 7.75 ppm, respective-
ly (Figure 4 a). Curiously, the
NH proton in pyrrole E is split
to a doublet (J ACHTUNGTRENNUNG(H, P)=5.0 Hz)
through coupling with the pen-
tacoordinated phosphorus (see

the Supporting Information). The presence of five P�N
bonds and three NH protons leads to the formulation of 3
as a 40p-electron octaphyrin, which represents, to the best
of our knowledge, the first structurally well-characterized
expanded isophlorin. The absence of a Q-like band in the
absorption spectrum (Figure 2 b) is consistent with its 40p-
electron circuit.[5h] Finally, we found that 18O labeled 3
([18O]-3) was obtained from 1 under the reaction conditions
in the presence of [18O]H2O. High-resolution ESI-TOFMS
showed the parent negative-ion peak of [18O]-3 at m/z=

2023.0215 (see the Supporting Information). This experi-
ment suggests that the oxygen source of the phosphoramide
in 3 is a small amount of water.

Scheme 3. Redox interconversions of a) 2 and 4, and b) 3 and 5.

Figure 2. UV/Vis absorption spectra of a) 2 and 4, and b) 3 and 5 in
CH2Cl2. The background absorbance marked with * may arise from the
overtones of C�H vibration of the solvent.

Figure 3. X-Ray crystal structures of a) 3 and the representation of its an-
nulene circuit, and b) 5 and the representation of its hetero annulene cir-
cuit. The thermal ellipsoids represent 50% probability and meso aryl sub-
stituents have been omitted for clarity.
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Similar to the redox couple of 2 and 4, the oxidation of 3
with MnO2 quantitatively gave the [38]octaphyrin complex
5, which was in turn reduced to 3 with NaBH4. The twisted
figure-of-eight structure of 5 was revealed by X-ray analysis
as shown in Figure 3 b. The parent positive-ion peak was ob-
served at m/z=2021.0210 (calcd for C88H15N8F40OP2,
[M+H]+ : 2021.0200). The 31P NMR spectrum indicated sig-
nals at d=�82.64 and �4.44 ppm. The 1H NMR spectrum
(Figure 4 b) exhibited a single signal for the NH proton at
13.33 ppm and signals due to the six b-pyrrolic protons in
the range of 5.68–4.75 ppm and those due to the seven b

protons in the range of 7.43–6.15 ppm, indicating a weak
diaACHTUNGTRENNUNGtropic ring current.[12] In contrast to the facile oxidation
of 4 to 2, the complex 3 shows distinct chemical robustness
and can be stored over several months in the solid state.
The stability of 3 probably comes from the presence of the
electron-withdrawing phosphoramide group.

Such an electron-withdrawing effect was confirmed by
comparison of the cyclic voltammograms of the 38p-electron
systems 2 and 5 (Figure 5). The first and second reduction
potentials were observed as reversible processes at �0.66
and �1.03 V for 5, but as irreversible processes at �0.87 and
�1.35 V for 2. The observed positive shifts upon going from
2 to 5 indicate the electron-withdrawing effects of the phos-
phoramide in 5, which likely contributes to the reversibility
of the reduction processes, and hence also to the enhanced
stability of 5. On the other hand, the cyclic voltammogram
of 3 displays the first and second oxidation potentials at
�0.14 and �0.06 V, indicating that 40p-electron system can
be easily oxidized even in the presence of the phosphora-
mide moiety.

In summary, the mono- and bisphosphorus complexes of
octaphyrin were prepared upon the treatment of 1 with PCl3

in the presence of amine and a small amount of water. In
both cases, the reversible redox interconversions between
the 38p- and 40p-electron states have been demonstrated.
Bisphosphorus complex 3 constitutes the first example of a
structurally characterized expanded isophlorin that is stabi-
lized by the electron-withdrawing phosphoramide moiety.

Phosphorus insertion is an ef-
fective way to realize the novel
electronic states of expanded
porphyrins and the exploration
of other phosphorus complexes
of expanded porphyrins is
worthy of further study.
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Z. Ciunik, L. Latos-Grażyński, Chem. Eur. J. 2009, 15, 10924 –10929.

[10] a) Crystallographic data for 2 : C88H17F40N8P·2 ACHTUNGTRENNUNG(CCl4) Mr =2284.69;
monoclinic; space group P21/n (No.14); a =14.5592(14), b=

21.979(2), c=30.382(3) �; b =90.861(2)8 ; V =9720.7(16) �3; 1calcd =

1.561 gcm�3 ; Z =4; R1 =0.0855 [I>2.0s(I)]; Rw =0.2554 (all data);
GOF=0.969; b) Crystallographic data for 3 : C88H16F40N8OP2; Mr =

2023.03; monoclinic; space group P21/n (No.14); a =14.239(2), b=

20.995(4), c= 30.676(4) �; b=92.299(6)8 ; V=9163(3) �3; 1calcd =

1.467 gcm�3 ; Z =4; R1 =0.0879 [I>2.0s(I)]; Rw =0.2658 (all data);
GOF=0.949; c) Crystallographic data for 5 : C88H14F40N8OP2; Mr =

2021.01, monoclinic; space group P21/n (No.14); a=14.099(2), b=

21.669(4), c= 30.284(7) �; b=92.005(7)8 ; V=9246(3) �3; 1calcd =

1.452 gcm�3 ; Z =4; R1 =0.0976 [I>2.0s(I)]; Rw =0.3121 (all data);
GOF=0.982. These values have been obtained by removal of the
solvent molecules by using the PLATON SQUEEZE program.[13]

CCDC-747644 (2), 747646 (3) and 747645 (5) contain the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

[11] D. B. Chesnut, L. D. Quin, Tetrahedron 2005, 61, 12343 –12349.
[12] The signal due to the b proton of pyrrole C was observed at d=

7.43 ppm despite its location at the inner side of the macrocycle.
This can be explained by the downfield shift derived from inductive
electron-withdrawing effect of phosphoramide group.

[13] PLATON, a multipurpose crystallographic tool, Utrecht University,
Utrecht; A. L. Spek, J. Appl. Crystallogr. 2003, 36, 7 –13.

Received: October 2, 2009
Published online: November 27, 2009

Chem. Eur. J. 2010, 16, 55 – 59 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 59

COMMUNICATIONPhosphorus Complexes of Expanded Isophlorins

http://dx.doi.org/10.1002/ange.19600721803
http://dx.doi.org/10.1002/ange.19600721803
http://dx.doi.org/10.1002/ange.19600721803
http://dx.doi.org/10.1002/ange.19911031248
http://dx.doi.org/10.1002/ange.19911031248
http://dx.doi.org/10.1002/ange.19911031248
http://dx.doi.org/10.1002/ange.19911031248
http://dx.doi.org/10.1002/anie.199116931
http://dx.doi.org/10.1002/anie.199116931
http://dx.doi.org/10.1002/anie.199116931
http://dx.doi.org/10.1246/cl.1999.847
http://dx.doi.org/10.1246/cl.1999.847
http://dx.doi.org/10.1246/cl.1999.847
http://dx.doi.org/10.1246/cl.1999.847
http://dx.doi.org/10.1021/ja0544713
http://dx.doi.org/10.1021/ja0544713
http://dx.doi.org/10.1021/ja0544713
http://dx.doi.org/10.1021/ja0544713
http://dx.doi.org/10.1021/ja070855c
http://dx.doi.org/10.1021/ja070855c
http://dx.doi.org/10.1021/ja070855c
http://dx.doi.org/10.1021/ja070855c
http://dx.doi.org/10.1021/ja070794i
http://dx.doi.org/10.1021/ja070794i
http://dx.doi.org/10.1021/ja070794i
http://dx.doi.org/10.1021/ja070794i
http://dx.doi.org/10.1002/chem.200700046
http://dx.doi.org/10.1002/chem.200700046
http://dx.doi.org/10.1002/chem.200700046
http://dx.doi.org/10.1002/chem.200700046
http://dx.doi.org/10.1021/ol7029118
http://dx.doi.org/10.1021/ol7029118
http://dx.doi.org/10.1021/ol7029118
http://dx.doi.org/10.1021/ja052842+
http://dx.doi.org/10.1021/ja052842+
http://dx.doi.org/10.1021/ja052842+
http://dx.doi.org/10.1021/cr950078b
http://dx.doi.org/10.1021/cr950078b
http://dx.doi.org/10.1021/cr950078b
http://dx.doi.org/10.1002/(SICI)1521-3757(20000515)112:10%3C1833::AID-ANGE1833%3E3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1521-3757(20000515)112:10%3C1833::AID-ANGE1833%3E3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1521-3757(20000515)112:10%3C1833::AID-ANGE1833%3E3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10%3C1763::AID-ANIE1763%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10%3C1763::AID-ANIE1763%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10%3C1763::AID-ANIE1763%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10%3C1763::AID-ANIE1763%3E3.0.CO;2-3
http://dx.doi.org/10.1039/b200525p
http://dx.doi.org/10.1039/b200525p
http://dx.doi.org/10.1039/b200525p
http://dx.doi.org/10.1039/b200525p
http://dx.doi.org/10.1002/ange.200200561
http://dx.doi.org/10.1002/ange.200200561
http://dx.doi.org/10.1002/ange.200200561
http://dx.doi.org/10.1002/ange.200200561
http://dx.doi.org/10.1002/anie.200200561
http://dx.doi.org/10.1002/anie.200200561
http://dx.doi.org/10.1002/anie.200200561
http://dx.doi.org/10.1021/ar020284n
http://dx.doi.org/10.1021/ar020284n
http://dx.doi.org/10.1021/ar020284n
http://dx.doi.org/10.1021/ar020284n
http://dx.doi.org/10.1002/ange.200201603
http://dx.doi.org/10.1002/ange.200201603
http://dx.doi.org/10.1002/ange.200201603
http://dx.doi.org/10.1002/anie.200201603
http://dx.doi.org/10.1002/anie.200201603
http://dx.doi.org/10.1002/anie.200201603
http://dx.doi.org/10.1002/ejic.200501097
http://dx.doi.org/10.1002/ejic.200501097
http://dx.doi.org/10.1002/ejic.200501097
http://dx.doi.org/10.1039/b810718a
http://dx.doi.org/10.1039/b810718a
http://dx.doi.org/10.1039/b810718a
http://dx.doi.org/10.1039/b810718a
http://dx.doi.org/10.1021/ol062359j
http://dx.doi.org/10.1021/ol062359j
http://dx.doi.org/10.1021/ol062359j
http://dx.doi.org/10.1021/ja0106624
http://dx.doi.org/10.1021/ja0106624
http://dx.doi.org/10.1021/ja0106624
http://dx.doi.org/10.1021/ja0106624
http://dx.doi.org/10.1016/S0040-4039(03)00328-9
http://dx.doi.org/10.1016/S0040-4039(03)00328-9
http://dx.doi.org/10.1016/S0040-4039(03)00328-9
http://dx.doi.org/10.1016/S0040-4039(03)00328-9
http://dx.doi.org/10.1002/1521-3765(20011203)7:23%3C5099::AID-CHEM5099%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3765(20011203)7:23%3C5099::AID-CHEM5099%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3765(20011203)7:23%3C5099::AID-CHEM5099%3E3.0.CO;2-M
http://dx.doi.org/10.1021/ja9902672
http://dx.doi.org/10.1021/ja9902672
http://dx.doi.org/10.1021/ja9902672
http://dx.doi.org/10.1021/ja9902672
http://dx.doi.org/10.1021/ja000148i
http://dx.doi.org/10.1021/ja000148i
http://dx.doi.org/10.1021/ja000148i
http://dx.doi.org/10.1002/chem.200900841
http://dx.doi.org/10.1002/chem.200900841
http://dx.doi.org/10.1002/chem.200900841
http://dx.doi.org/10.1016/j.tet.2005.09.130
http://dx.doi.org/10.1016/j.tet.2005.09.130
http://dx.doi.org/10.1016/j.tet.2005.09.130
http://dx.doi.org/10.1107/S0021889802022112
http://dx.doi.org/10.1107/S0021889802022112
http://dx.doi.org/10.1107/S0021889802022112
www.chemeurj.org

