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Abstract—Synthetic strategies for using the meso–b-linkage as a structural motif in electron transfer mimics have been tested.
Exploratory syntheses of directly meso–b-linked bis- and trisporphyrins and the first representative X-ray structure of a meso–b-
linked bisporphyrins are reported. The structure reveals a unique form of intramolecular p–p stabilization between one porphyrin
and a meso-aryl substituent in a second porphyrin unit that accounts for the stability of different atropisomers in trimers. Using
b-formyl porphyrins, dipyrromethanes, and suitable quinone precursor aldehydes, mixed condensations gave convenient access
to porphyrin–porphyrin–quinone (P–P–Q) donor–acceptor systems consisting of a meso–b-linked bisporphyrin, a spacer, and a
quinone acceptor.
� 2004 Elsevier Ltd. All rights reserved.
Covalently linked porphyrin–quinone compounds serve
as versatile model compounds for mimicking natural
electron transfer (ET) processes.1 A significant body of
information is available on the interrelationship of
structure, energetics, spatial orientation, donor–accep-
tor separation, and substituent effects in ET models. It
has also been shown that the relative ordering of the a1u
and a2u HOMOs can be modulated significantly by the
type of meso substituents and the type of porphyrin–
porphyrin linkage.2 Thus, a detailed understanding of
the ‘interplay of orbital tuning and linker location in
controlling electronic communication’3 is necessary for
both designing novel photonics devices and under-
standing natural ET processes.

In order to mimic the natural photosynthetic reaction
center with its ‘special pair’ more closely, and to create
systems with large charge-separation lifetimes, much
attention has focused on using porphyrin dimers as
building blocks in ET models. Of special interest are
those bisporphyrins where a direct covalent linkage
exists between the two porphyrin units. For these, three
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different types of covalent linkages are possible: meso–
meso,4;5 b–b,6 and meso–b.5;7;8 While the advent of
Osuka’s electrochemical coupling method2 has greatly
facilitated the synthesis of meso–meso-linked systems,
only few examples are known for the latter two, a
notable exception for the meso–b systems being Wasie-
lewski’s phytochlorin derivatives.7a

Thus, we have started a project aimed at the evaluation
and use of synthetic methods for the rapid construction
of electron transfer compounds consisting of directly
meso–b-linked bisporphyrins and quinone acceptors. In
order to gain access to a series of compounds for
investigating the interplay of frontier orbital properties
and type of porphyrin connection, we chose tetra-meso
substituted porphyrins and meso substituted dipyrro-
methanes as easily accessible starting materials for
condensation reactions. Variation of the meso substitu-
ents in both components will then allow simple modu-
lation of the electronic and conformational properties
of both porphyrin units.

An initial study on the synthetic utility involved acid-
catalyzed condensation of 2 equiv of 1 with 2 equiv of
meso substituted dipyrromethanes,9a followed by oxi-
dation with DDQ. BF3 gave unsatisfactory reactions
and thus TFA was used as acid catalyst. Thus, reaction
of 1 with 2 gave three products; the dimer 4 (10%) and
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Scheme 1. Exploratory syntheses of bis- and trisporphyrins.
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two fractions 6 (5%) and 8 (5%) of trimers.10 Reaction of
1 with 3 gave similar results (5 9%, 7 5%, 9 4%). For-
mation of the dimer is due to acid-catalyzed scrambling
of the dipyrromethanes under the reaction conditions
used.12 The two trimers were identified on the basis of
NMR (1H, 1H–1H-COSY, NOE) as two atropisomers
arising from restricted rotation about the meso–b bond
(Scheme 1).7b

For both meso–meso- and b–b-linked bisporphyrins an
almost orthogonal orientation of the two porphyrins has
been shown in crystal structures.4a;5;6 In conjunction
with the unique spectroscopic properties of bisporphy-
rins, the degree of dihedral angle twisting is important in
controlling the photophysical properties.13 In order to
unambiguously determine the conformation of meso–
b-linked bisporphyrins a single crystal structure deter-
mination of 5 was undertaken (Fig. 1).14

The molecular structure in the crystal reveals two dis-
tinct features. First, as indicated by the split Soret band
(see below), the two porphyrins are tilted against each
other into an almost orthogonal orientation. The tilt
angle of the two 4N-planes against each other is 106.0�.
N N
NN N

N N

N

1.484(13) Å

3.004 Å

106.0°

Figure 1.Molecular structure of 5 in the crystal. Hydrogen atoms have

been omitted for clarity; thermal ellipsoids give 50% occupancy.
Secondly, the porphyrin tilt together with the known
tilting of meso-aryl substituents gives rise to a unique
structural feature that is not possible in meso–meso-
linked dimers. Here the phenyl ring (at C20) in the TPP
unit closest to the meso–b-linkage forms a p–p-stabilized
complex with the tritolylporphyrin part. In general
terms, the phenyl ring forms a p–p stack with a
dipyrromethene part of the tritolylporphyrin. The phe-
nyl ipso-carbon atom is separated from the respective
meso carbon by only 3.004�A. This structural feature
also explains the stability and ease of separation of the
two atropisomers found for the trimers (6,7 and 8,9).
Evidence for a similar situation in solution comes from
the selective shifts of the respective phenyl proton sig-
nals in 1H NMR experiments10;16 and from NOE
experiments. Irradiation of the b-H in the DPnP part of
8 flanking the meso–b-linkage (b-2,8,12,18) gave a NOE
with both the TPP-3-b-H and the 20-o-Ph-H, while
irradiation of the o-Ph-H gave a NOE with the 20-m-Ph-
H and the 2,8,12,18-b-H’s.

In order to test whether the approach utilized above can
be used for the construction of donor–acceptor com-
pounds we again used 1 and dipyrromethanes as build-
ing blocks. Reaction of 1 and 2 in a 1:2:1 ratio with the
aldehyde 109b gave two P–P–Q systems (Scheme 2).15

One compound was identified as the expected P–P–Q 11
(8%), while the second component was identified as the
scrambling product 13 (4%), with the ‘middle’ porphyrin
carrying the P and Q substituents in 5,20-orientation.
Likewise, reaction of 1þ 2þ 10 gave 12 and 14 in 9%
and 6% yield, respectively.16

Amongst other indications, the 1H signals for the b-
pyrrole hydrogen atoms flanking the cyclohexane spacer
are quite indicative for the different regioisomers. In 12
the DTP-3,7-b H signals appear as a broad singlet at
9.67 ppm at rt, indicating a cyclohexane-dependent
dynamic process. At 323K the broad signal is resolved
into a doublet with J�5Hz. In 14 two broad singlets are
observed at 9.65 and 9.40 ppm at 273K. For the 2,8-b H



NH N

N HN

Ph

Ph

Ph

Ph

CHO

HNNH

R

NH
N

N HN

Ph

Ph

Ph

Ph

NH
N

N
HN

R

R

OH

HO
OHC

O

O

NH

N

N

HNPh

Ph

Ph

Ph

NH

N

N

HN

R

O

O

R

N
N

N
N

Ph

Ph

Ph

Ph

N N

N N

pentyl

pentyl

O

OM1

M2

+

2 R = pentyl
3 R = tolyl

1. CH2Cl2/TFA,
90 min, rt

2. DDQ,
60 min, RT

+

2

1

+

10

11 R = pentyl
12 R = tolyl 13 R = pentyl

14 R = tolyl
Zn(II)acetate

15 M1 = M2 = Zn(II)
16 M1 = Zn(II); M2 = 2H
17 M1 = 2H; M2 = Zn(II)

Scheme 2. Syntheses of P–P–Q triads.

M. O. Senge et al. / Tetrahedron Letters 45 (2004) 3363–3367 3365
atoms two doublets are found at 273K at 8.71 and
8.94 ppm. In 12, one doublet is found at 8.93 ppm for the
respective H atoms. The UV–vis spectra for all dimers
and P–P–Q’s are characterized by a splitting of the Soret
band into two bands at �420 and �440 nm and the
long-wavelength Q-band at 655–665 nm. The meso–b–
meso trimers have a split Soret band at 420, 455 nm and
the long-wavelength Q-band at 672 nm. Corresponding
results were observed upon metalation of 11 with
zinc(II) acetate.17

Currently we are expanding the P–P–Q series to include
systems with targeted variation of the frontier orbitals
via substituent variation, optimize the reaction condi-
tions to suppress scrambling, and will report on these
compounds and their full spectroscopic investigation in
due course.
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1H, tolylo), 8.20 (m, 3H, TPP-17-Hb, TPP-15-Pho), 8.26
(br d, 1H, TPP-5-Pho), 8.32 (m, 2H, TPP-10-Pho), 8.48 (m,
2H, tolylo), 8.58 (m, 2H, DTP-12,13-Hb), 8.63 (d, 1H,
TPP-18-Hb), 8.71 (d, 1H, DTP-8-Hb), 8.82 (AB system,
2H, DTP-17,18-Hb), 8.89 (AB system, 2H, TPP-12,13-Hb),
8.94 (d, 1H, DTP-2-Hb), 9.00 (AB system, 2H, TPP-7,8-
Hb), 9.40 (br s, 1H, DTP-7-Hb), 9.65 (br s, 1H, DTP-3-
Hb), 9.68 (s, 1H, TPP-3-Hb); MS (EI, 80 eV, 380 �C), m=z
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M. O. Senge et al. / Tetrahedron Letters 45 (2004) 3363–3367 3367
(%): 1293 (6) [Mþþ2H], 1103 (45), 1025 (57), 428 (5), 247
(30), 192 (100); UV–vis (CH2Cl2): kmax (rel. e)¼252 (0.16),
421 (1.0), 443 (0.96), 522 (0.14), 559 (0.07), 597 (0.055),
658 nm (0.055).
17. UV–vis (CH2Cl2): kmax (rel. e)¼15: 422 (1.0), 444 (0.95), 557
(0.12), 603 (0.036), �635; 16: 422 (0.98), 442 (1.0), 535 (sh),
552 (0.1), 610 (sh), 666 (0.028); 17: 421 (1.0), 440 (0.91), 518
(0.11), 559 (0.09), 602 (0.06), 635 nm (0.015).
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