COMMUNICATIONS

surface concentrations. Second, surface-confined dendrimers
undergo a dramatic conformational change upon exposure to
C16SH, resulting from shear compression. Third, and most
significantly, the dendrimers act as molecular gates in that
they can be tailored to permit selective intradendrimer mass
transfer. Finally, we have shown that the primary amines of
the surface-confined dendrimers can be easily functionalized
without significant desorption of dendrimer. These four key
results open the door to a new generation of dendrimer-
modified surfaces suitable for a range of technologically
important applications.
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The current trend towards broadening the basis of porphy-
rin chemistry by developing novel polypyrrolic systems has
stimulated an immense research effort in the area of
“expanded porphyrins”.[ll Synthetic work in this direction
has led to several classes of expanded porphyrins including
sapphyrin,® pentaphyrin,P hexaphyrin,! rosarin,® rubyrin, ¢!
and octaphyrin.l These generally have more than four
pyrrole units linked through three or four meso carbon
bridges. Many related studies have provided valuable infor-
mation on ring size, aromaticity, macrocyclic stability, and the
ability of the compounds to act as chelating receptors for the
complexation of anions, cations, and neutral substrates./®!

Replacement of one or more pyrrole rings by other
heterocycles such as thiophene or furan rings leads to core-
modified, expanded porphyrins that might have properties
that are substantially different to those of well-studied
nitrogen analoguesl® due to altered electronic structures. We
have been interested in such core modification of porphyrin
systems, and our efforts in this direction have revealed many
similarities and differences in electrochemical, photochem-
ical, and optical properties relative to the corresponding
nitrogen analogues.'”! Here we report the first examples of
expanded porphyrins containing either two bithiophene or
two bifuran units covalently linked to two pyrrole rings
through four methine bridges.!!] We refer to them as
tetrathia- and tetraoxarubyrins 1 and 2, which are analogous
to the hexapyrrolic homologue rubyrin 3 reported by Sessler
et aLl¥l

1X
2X
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s
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The synthetic method currently available for preparing
five- or six-membered expanded porphyrins is based on an
acid-catalyzed [3+2] or [4+2] MacDonald condensation
between a dicarboxyl-substituted tripyrromethane or tetra-
pyrrolic unit with diformyl bipyrroles.?><¢ The present
method adopts a different approach based on the synthesis
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of core-modified mono- and dithiaporphyrinsl® (Scheme 1). a) 1.60
Thus, the two key precursors bithiophenediol 5 and bifur-
andiol 7—synthesized from thiophene via 4 or from furfual via
] 0.80
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45°C H Figure 1. Electronic absorption spectra of 1 in CH,Cl, (1.85 x 10-5M) a) without
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Scheme 1. Synthesis of tetraoxa- and tetrathiarubyrins 1 and 2.

6, respectively—provide 1 and 2 as shiny green metallic solids
in 28 and 15% yield, respectively, upon condensation with
pyrrole under Lindsey conditions 'l followed by oxidation
with chloranil. Alternatively, reaction of 5§ or 7 with
dipyrromethane ' 10 under Lindsey conditions followed
by oxidation afforded 1 or 2 in 20 % yield. Treatment of 1 and 2
with HCl and HCIO, gave 8a, 8b and 9a, 9b, respectively, in
85-90% yield.

The compositions of 1 and 2 were established from FAB
mass spectra, which show peaks at 813 and 750, respectively,
with 100% fragmentation. The electronic absorption spec-
tral'¥l of 1 and 2 in CH,Cl, (Figure 1a) exhibit an intense Soret
band and four Q bands. The electronic spectra generally
resemble those of meso-tetraphenylporphyrins, but are sig-
nificantly red-shifted; this is not surprising considering the
larger aromatic systems (26 n electrons) in 1 and 2 relative to
the 18 m electronic systems of meso-tetraphenylporphyrins.[i4]
Protonation of 1 and 2 by addition of a dilute solution of
trifluoroacetic acid (TFA) in CH,Cl, leads to further red
shifting of both the Q and Soret bands (Figure 1 b); this effect
is typical of meso-tetraarylporphyrins. Changing the counter-
ions in 8 a and 9a produces only minor changes. Therefore, the
similarity of the electronic absorption spectra of 1, 2 and their
protonated derivatives with that of meso-arylporphyrin and
its protonated derivative confirms the aromatic nature of the
former.
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Figure 2. Geometry-optimized structures {Hyperchem 5.0 with AM1 basis set)
of 1 and 2; red: oxygen; yellow: sulfur; blue: nitrogen.

the other only a single bond, occupy different planes. This
reflects their different magnetic environments. In fact, the
observation of two doublets separated by 1.15ppm for
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bithiophene and by 1.00 ppm for bifuran protons in the 'H
NMR apectrum clearly reveals their magnetic inequivalence.
Compound 3 also shows a difference in the chemical shift for
the bipyrrole ethyl-methyl substituents of about 2 ppm .l The
chemical shifts for the inner NH protons of 6 =~ 5.15 and
—4.82 observed for 1 and 2, respectively, in CDCl, containing
deuterated TFA further establishes their aromatic character.

Additional evidence for the aromatic character of 1, 8a, and
8b comes from preliminary cyclic voltammetric studies. The
two quasi- reversible ring reductions observed for 1 in CH,Cl,
suggest stabilization of the corresponding LUMOs relative to
the LUMOs of meso-tetraarylporphyrins by 370 mV. An
estimated HOMO -LUMO gap of 1.64 V for 8b in CH,CN
indicates a significant reduction relative to sapphyrin
(1.88 V)!l and meso-tetraphenyl porphyrin (2.26 V), thus
explaining the large red shifts for 1 and its protonated
derivatives.

Spectral titrations of a methanolic solution of 8a and 8b
with anions (F-, N3, and adenosine 5'-monophosphate
(AMP)) results in a decrease in absorbance, a blue shift of
the Soret bands in the absorption spectra by about 30 nm, and
a blue shift of the emission bands by about 15 nm together
with enhanced emission intensity (AMP shows the greatest
increase of about 200%, probably due to charge neutraliza-
tion); this suggests anion binding that is similar to that
observed for sapphyrinsl®! (Scheme 2). Binding constants
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Scheme 2. Characteristics of anion binding of tetrathiarubyrin.

evaluated by an analysis of absorption data using the Nash
equationl’’! vary as N5 > AMP > F~. Transport studies*®! in
U tubes reveal the transport of F- and AMP at lower rates
than observed for sapphyrins and 3.

In summary, we have synthesized two new core-modified,
expanded porphyrins with 26 n electrons by a relatively easy
method under mild conditions and demonstrated their anion-
binding capabilities. This method avoids the difficult synthesis
of sensitive precursors such as tripyrromethanes and tetra-
pyrrole units required for [3-+2] and [4+2] condensations. The
availability of gram quantities of these materials permits
detailed spectroscopic and photochemical investigations that
might in turn shed more light on the suitability of these
materials for medicinal applications, including their use as
sensitizers for photodynamic therapy and MRI contrasting
agents.
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Experimental Section

1: 5,5-Bis(phenylhydroxymethyl)-2,2'-bithiophene (1 g, 2.65 mmol) and pyrrole
(0.184 mL, 2.65 mmol) in dry CH,Cl, (800 mL) were stirred under a nitrogen
atmosphere for 15 min at room temperature. A freshly distilled solution of BF;-
Et,0 (2.5M, 10 mol %) in dry CH,Cl, was added, and the reaction mixture stirred
for one additional hour. The resulting solution was opened to air, chloranil (1 g,
4 mmol) was added, and the mixture was heated at reflux in a preheated oil bath
at 45°C. After removal of solvent, the crude product was purified by column
chromatography. After an initial brown fraction was eluted with CH,Cl,/ethyl
acetate (70/30), the second dark violet fraction was identified as 1 (28% yield).
Alternatively, pyrrole was replaced by dipyrromethane 10 in the above procedure
to generate 1in 20 % yield. A similar procedure was followed for the synthesis of
2 using bifurandiol.

1: 'H NMR (300 MHz, CDCl,): 6 =798 (m, 12H), 855 (m, 8H), 9.06 (s, 4H),
10.49-10.50 (d, /=3.00Hz, 4H), 11.64-11.66 (d, /=6 Hz, 4H); 'H NMR
(300 MHz, CDCL/TFA): 6 =-5.15 (s, 2H), 8.32-834 (m, 12H), 9.02-9.04 (m,
8H}, 941 (s,4H), 10.96-10.98 (d, =3 Hz), 11.74-11.76 (d, J = 6 Hz); UV/Vis
(CH,ClL/1% EtN): A, (& x 1073 =523 (79.81), 659 (4.88), 717 {(1(.18), 837
(0.55), 958 nm (0.60); emission (CH,ClL,): A =706, 768 nm; MS (FAB): m/z (%) =
813 (100); CV (CH,Cl,/tetrabutyl ammonium perchlorate (TBAP, 1 x 10-2%M)):
Ep(R1)=-086V (AE;=150mV); E(R2)=-105V (AE,=110mV);
AE(red) =190 mV; UV/Vis (CHCL/TFA): A, (ex107%) =449 (3.3), 543
(44.0), 867 nm (6.2).

2: UV/Vis (CHCL/1 % Et,N): .., (£ x 10-%) = 525 (5.97), 674 (1.04), 739 (1.86),
860 (0.70), 968 nm (0.93); MS (FAB): miz (%) =750 (100); '"H NMR (300 MHz,
CDCI,/TFA) 6 =~ 4.82 (s, 2 H), 8.13-8.15 (m, 12H), 8.27-8.29 (m, 8 H), 9.00 (s,
4H), 10711072 (d, J =3 Hz, 4H), 11291130 (d, J =3 Hz, 4H); UV/Vis
(CH,CL/TFA): A, (e x 10-3) =544 (15.7), 836 nm (3.96).

8a: UV/Vis (MeOH/1 % HCI): Ay, (¢ x 10-%) =449 (3.50), 542 (29.95), 866 nm
(6.53); emission (MeOH/1 % HCI): A =739 nm; MS (FAB): m/z (%) =815 (65).

8b: UV/Vis (MeOH/1% HCIO,): A, (ex 1073 =448 (521), 542 (26.80),
863 nm (5.04); MS (FAB): miz (%) =815 (35); CV: (CH,CL/TBAP (1 x 10-m)):
ER1)=-078V (AE,=130mV); E(R2)=-141V (AE,=110mV);
AE(red) = 630 mV; (CH;CN/TBAP (1 x 102m)): Ejp(O1) =+0.86 V (irreversi-
ble); En(02) =+1.12V (AE, =170 mV); E;(03) =+ 132 V (AE, =110 mV).

9a: UV/Vis (MeOH/1 % HCI): A, (e x 10-) = 533 (12.4), 830 nm (2.40).
9b: UV/Vis (MeOH/1 % HCIO,): Ay, (€ x 10-%) =532 (10.1), 829 nm (1.98).
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Submeolecularly Resolved Polymerization of
Diacetylene Molecules on the Graphite Surface
Observed with Scanning Tunneling Microscopy
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Polydiacetylenes (PDA) have become an important class of
materials because of their interesting optical and electronic
properties. Diacetylenes can in principle polymerize in the
solid, liquid crystalline, or the molten state.ll The solid-state
topochemical 14-polymerization was first documented by
Wegner in 1969.21 The polymerization of thin films, such as
Langmuir - Blodgett®) and chemisorbed self-assembled mono-
layers on gold, has been reported. A few studies dealt with
physisorbed self-assembling monolayers on graphite. Ozaki
et al. have shown evidence of polymerization in a vapor-
deposited monolayer of diacetylene molecules with Penning
ionization electron spectroscopy.’! Rabe et al. have observed
a physisorbed monolayer of a diacetylene compound at the
liquid/graphite interface, with scanning tunneling microscopy
(STM) .Ul Since the first STM related publications of phys-
isorbed monolayers on alkanes and long-chain alcohols,”!
such self-organized monomolecular adlayers have been
studied with STM for a broad range of compounds.!®
Physisorbed monolayers of organic molecules at the Liquid/
graphite interface containing photoactive groups were re-
cently reported,” and the light induced cis—trans isomer-
ization could be imaged with submolecular resolution.l'®11 In
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this communication, we report the photopolymerization of a
physisorbed monolayer containing diacetylene moieties, self-
assembled from solution at the liquid/graphite interface. The
monolayer structures before and after the polymerization
have been imaged with submolecular resolution by means of
STM. The visualization of the transformation from diacety-
lene to polydiacetylene in two dimensions might lead to a
better understanding of the parametrization of such a
polymerization.

When a drop of the solution of the isophthalic acid
derivative 1 in 1-undecanol is applied to the graphite surface,
a physisorbed monolayer is spontaneously formed at the
liquid/graphite interface. Figure 1 (left) shows the image of
the structure of such a monolayer observed with STM. A very
clear image contrast is obtained due to an increased tunneling
current over specific areas of the monolayer (e.g. aromatic
moieties) and good stability of the monolayer. The structure

consists of lamellae of the molecules of 1 interspersed by
alternate lamellae of solvent molecules. Such a solvent
incorporation (or solvent codeposition) has recently been
reported for isophthalic acid derivatives.!l The carboxyl
functions of the isophthalic acid (ISA) head groups can form
hydrogen bonds between neighboring molecules of 1 or
between molecules of 1 and solvent molecules. The latter
possibility leads to the incorporation of the solvent molecules
into the monolayer structure. One of the solvent lamellae is
indicated in Figure 1 (left, arrow labeled SOLV). The

Figure 1. Left: STM image of a physisorbed monolayer of molecules of 1 from a
solution in 1-undecapol (image size 12.7 x 12.7 nm?). White corresponds to the
highest and black to the lowest measured tunneling current in the image. Bias
voltage and average tunneling current were — 1.2 Vand 1.0 nA, respectively. The
isophthalic acid headgroups are labeled ISA, the diacetylene groups DIA and
solvent molecules SOLV. Right: Model of the area indicated in the STM image,
with superimposed unit cell.

undecanol molecules of the solvent lamellae are oriented at
an angle of 68° relative to the direction of the lamellae. The
lamellae of the molecules of 1 are characterized by the
positions of the ISA headgroups and the diacetylene {DIA)
moieties of the molecules. The diacetylene moieties, clearly
visible in the STM image, appear as two bright spots in the
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