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Porphyrins are of fundamental importance in biological
systems and are currently in focus for applications in supra-
molecular!l and materials chemistry, for which the porphyrin
chromophore has been extensively modified to enhance the
desired properties.’! Langmuir-Blodgett (LB) filmsP®! of
porphyrin derivatives have been studied because of their
optical, magnetic, and electrical properties.[! Tetrathiafulva-
lene (TTF) is able to exist in three different stable redox states
(TTF, TTF*, and TTF*"). For this reason TTF derivatives
have found widespread usel! in materials chemistry. Since the
first TTF charge-transfer complex with metallic behavior was
reported¥ a huge number of TTF radical-cation salts have
been studied resulting in the discovery of organic super-
conductivity in some of these systems.[®) Although there have
been some attempts to combine TTF chemistry with porphyr-
in chemistry, the direct combination of these two major fields
has so far been unsuccessful, most likely on account of the
lack of an appropriate pyrrolo-TTF unit. Some of us recently
developed an efficient synthesis of the parent pyrrolo[3,4-d]-
TTF ring system using a nonclassical and simple pyrrole
synthesis.’! With this building block at hand, we decided to
prepare the first examples of single molecules in which the
intriguing optical and metal-ion binding properties of the
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porphyrin molecule have been coupled with the favor-
able redox properties of the TTF moiety. The direct annela-
tion of the porphyrin core with four TTF units situated
at the periphery gives a porphyrin in which the annulene
ni-electron system is extended by direct conjugation with TTF
units.

Here, we report 1)two synthetic routes to the first
tetrathiafulvaleno-annelated fully conjugated porphyrins
5a, b, 2) preliminary physical characterization of these novel
porphyrin systems, and 3) structural studies of the porphyrin
5a obtained from Langmuir films.

Our approach to the porphyrins Sa, b is outlined in
Scheme 1 (5a and 5b refer to the mixtures Sai and 5aii, and
5bi and S5bii, respectively). Vilsmeier formylation of the
pyrrolo-TTF®! 1 under standard conditions produced the
formylpyrrolo-TTF 2 in 96 % yield. Reduction of the formyl
group proceeded quantitatively to give the alcohol 3. Treat-
ment of 3 with p-toluenesulfonic acid (TsOH) in EtOH (RT,
1 min) gave a dark green precipitat of 4a in quantitative yield
(Scheme 1, Route A). The plasma desorption mass spectrum
(PD-MS) of this compound!” featured a peak at m/z =1837.5,
which corresponds with the porphyrinogen 4a (M =1839.2).
Furthermore, small peaks at m/z=2299.3 and 2757.0 were
observed indicating the formation of cyclic pentapyrrole
(M+*=2299.0) and cyclic hexapyrrole (M**=2758.8), respec-
tively.l®!l When the cyclization was carried out in benzene,
precipitation of 4a was avoided, and subsequent oxidation
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) was
performed in a one-pot reaction to afford Sa in 89% yield

PeS PeS
s S a s s
T o= w2 T o= T
S S

PeS 51 pes” S

s s
PeS  SPe PeS™ 7
_ 5aiR=H
SIS 5biR=Ph
s s

S S SPe o
—~ I
S 57 spe

4aR=H

R
4b R = Ph (only from Route B)
SIS
S S
PeS SPe

(oxidation occurred spontaneously when a solution of 4a was
left standing a few days under ambient conditions). This
resulted in a pitch black solid, purified by chromatography.
The PD-MS of this product (Figure 1) featured a peak at
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Figure 1. PD-MS spectrum of the porphyrin Sa.

m/z=1833.3, corresponding to the porphyrin Sa (M™ =
1833.1). Stirring the pyrrolo-TTF 1 with paraformaldehyde
((HCHO),) or benzaldehyde and a catalytic amount of TsOH
in THF at room temperature, produced the porphyrinogens
4a, b (Scheme 1, Route B) in excellent yields (70-80%).
These intermediates could be either isolated and purified by
chromatography, or directly oxidized with DDQ in THF
yielding 5a, b, respectively.]

High resolution matrix-assisted laser-desorption/ionization
mass spectra (MALDI-MS) of 4b, 5a, and 5b showed the
exact masses, m/z =2140.239, 1830.076, and 2134.203, respec-

PeS SPe
SIS
S S

I PeS SPe
SES s
PeS SPe I
s gt
R R
PeS g S S S SPe
T = =1
Pes” S S S ST spe
5aiiR=H g R
5bii R=Ph
SIS
S s
PeS SPe

Scheme 1. Synthesis of the porphyrins 5a, b: a) DMF/POCI;, 96 %; b) NaBH,/THF, RT, quantitative; ¢) TsOH(cat.)/EtOH or C;H; —4a; d) (HCHO), or
PhCHO/TsOH(cat.)/THF, RT, 18 h; ¢) DDQ/C¢H; or THF —5a 89% from 3, Route A (one-pot), 5a 48% from 1, Route B (one-pot), 5b 55% from 1,
Route B (one-pot). Pe =n-CsHy;.
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tively, corresponding to C,poH;;6N,S,", CrsHouN,So, 1", and
CiooH110NLS,,* (calcd masses M+ =2140.2492, 1830.0770, and
2134.2022). Electron paramagnetic resonance (EPR) spectros-
copy revealed strong signals, arising from radicals, as broad
singlets without any detectable hyperfine structure at g=
2.0084 and 2.0044 for 5a and Sb, respectively, either used
neat or in CH,Cl, solution. The linewidths and g-values are
consistent with the presence of a TTF radical cation.['"]
Quantitative EPR measurements in CH,Cl, showed that the
isolated product 5a contained 19 % unpaired spin,!'!l indicat-
ing that compound 5a consist of a mixture of the neutral
porphyrin (5ai) and the radical cation porphyrin (5aii) in a
ratio of approximately 4:1 (Scheme 1). Solution oxidation
potentials (vs Ag/AgCl) obtained from cyclic voltammograms
(CVs) of compound 1 recorded in CH,Cl, revealed two pairs
of reversible redox waves at E{, =0.48 V and E7,=0.93V.
The porphyrinogen 4b gave a CV that is fully analogous with
that of a nonconjugated tetra-TTFE['? showing two pairs of
reversible oxidation waves at E{, =0.49 Vand E3,=0.87V,
whereas the porphyrins 5a and 5b showed CVs with
reversible waves E{,=0.63V, E},=110V and Ei,=
0.58 V, E3,=0.96 V for 5a and 5b, respectively.’! Thin layer
cyclic voltammetry!™l (TLCV) and the deconvoluted voltam-
mograms of both 5a (Figure 2) and 5b revealed that the
first oxidation waves actually correspond to two one-
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Figure 2. Deconvoluted voltammograms (vs Ag/AgCl) of a solution of 5a
(1.00 mm) in CH,Cl,/nBu,NPF; (0.4 M) on platinum electrode; a) scan rate
0.1 Vs~!, b) scan rate =0.2 Vs~1.[1l

electron processes with AE <100 mV, whereas the second
wave involves a one-step two-electron process. Thus, first a
radical cation is formed, which is then closely followed by the
formation of a dication (probably as a biradical). Finally, a
tetracation is formed. These results suggest the presence of an
isolated electron-withdrawing 18 m-electron porphyrin ring
system in which the pyrrolo c-bonds in two of the TTF units
are included in the 18 m-electron ring system. Therefore, those
two TTF units do not show the electrochemical characteristics
of a normal TTF unit and hence only a total of four electrons
are removed during oxidation of the neutral porphyrin.
Furthermore, the deconvoluted voltammograms of compound
5a (Figure 2b) and 5b showed one reversible wave at E,, =
—1.3V (1electron), which could be assigned to the first
reduction of the porphyrin ring system. The 'H NMR spectra
(250 MHz) of compound 5a and 5b recorded in CDCI; at
298 K featured only very broad peaks, which could be

Angew. Chem. Int. Ed. 2001, 40, No. 13
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explained by the presence of radicals or slow tumbling
resulting from aggregation in solution. Evidence for aggrega-
tion is observed in the PD-MS (Figure 1) of 5a, which
revealed small peaks at m/z =3675.1 and 5518.2. These peaks
can not be explained by the presence of cyclic polypyrroles of
higher order. Instead, we suggest that the porphyrins aggre-
gate together in the gas phase forming dimers (MM* =
3666.1) and trimers (MMM " =5499.2).

Information about the packing of the porphyrin Sa at an
air—water interface comes from X-ray diffraction studies of
Langmuir films. Compound 5a spreads readily from CHCl,
solutions on water resulting in formation of a well-defined
thin film. Compression on a Langmuir trough reveals a
compression isotherm”! with a onset in the pressure rise at a
mean molecular area, mma =50 A2 and a collapse at 35 A?
corresponding to a lateral pressure, t =40 mNm~. X-ray
diffraction!”) studies using synchrotron X-rays!®®! on a Lang-
muir film compressed to a nominal mean molecular area of
48 A’ (m=5mNm™) reveal a broad Bragg peak (possibly
split) corresponding to a repeat distance of 23-27 A and
coherence length of £=50-60 A indicating weak lateral
order in the thin film. Model independent fits['® to the X-ray
reflectivity measured on the same film reveal an electron-
density profile along the surface normal (o(z)) corresponding
to a 60 A thick film with a mean electron density relative to
water p/Oyaer = 1.18. The rms (root mean square) film rough-

]
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Wt
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Figure 3. Proposed structure of the porphyrin 5a deduced from X-ray
diffraction studies using synchrotron X-rays on a Langmuir film of Sa.
Details are given in the text.

1433-7851/01/4013-2499 $ 17.50+.50/0 2499



COMMUNICATIONS

ness 6 =7 A towards the film — air interface. Measurements by
atomic force microscopy!”! (AFM) on films transferred to
mica by horizontal dipping show smooth films with occasional
50 A deep defects. Based on this limited structural data we
propose the structural model depicted in Figure 3a in which
the four peripheral thioalkyl substituted TTF moieties
interdigitate to fill space. The in-plane repeat distance of
23-27 A agrees well to the resulting edge-to-edge close-
packed arrangement (Figure 3a). Two orientations of stacks
of these molecules are in accordance with the data. In one
model (Model A, Figure 3b) stacks run along the water
surface in two layers, in the other (Model B, Figure 3¢) stacks
of approximately 15 molecules run along the surface normal.
The measured thickness of 60 A corresponds roughly to the
thickness of model A. Indirect information about the repeat
distance along the normal to the porphyrin plane (d,.y,4) may
be deduced by assuming a rectangular unit cell and by using
the measured electron density of the film /0y = 1.18071 or
the area per molecule (Model A). In both cases we obtain
dy o =3.5-42 A, which agrees with the typical stacking
distances between m-stacked TTF molecules. Diffraction
studies of bulk samples could not reveal any long-range order
and attempts to grow single crystals of the compounds
presented here have so far failed.

Further work is aimed at complete physical characteriza-
tion and understanding of these novel porphyrin ring systems,
together with further functionalization and generation of
mono, bis-, and tris-(tetrathiafulvaleno)-annelated porphyrins
and their metal complexes.

Experimental Section

2: POCl; (0.23 g, 1.50 mmol) was added to anhydrous DMF under an
atmosphere of nitrogen and stirred at room temperature for 10 min. A
solution of the pyrrolo-TTF!®?1 1 (0.45 g, 1.01 mmol), dissolved in anhydrous
DMF (5 mL) was added dropwise and the mixture became dark violet. The
mixture was stirred for another 20 min, whereupon an aqueous solution of
NaOAc (10%, 20 mL; Ac=acetyl) and H,O (20 mL) were added. The
resulting slurry was stirred for 10 min and the solid collected, redissolved in
Me,CO (100 mL) and concentrated under vacuum. The crude product was
dissolved in CH,Cl, (50 mL) and dried (MgSO,). The solvent was removed
under reduced pressure and the resulting yellow powder was subjected to
column chromatography (SiO,, EtOAc). The yellow band (R;=0.5) was
collected and the solvent evaporated affording the aldehyde 2 (0.46 g,
96%) as yellow needles: M.p. 139.5-140.5°C; '"H NMR (CD;SOCD;,
250 MHz, 298 K): 6 =0.84 (t, /=7.1 Hz, 6H), 1.20-1.40 (m, 8H), 1.55 (m,
4H), 2.84 (t, /=70 Hz, 4H), 725 (s, 1H), 9.51 (s, 1H), 12.44 (brs, 1H);
3C NMR (CD;SOCD;): 6 =13.8, 21.6, 28.9, 29.9, 35.4, 109.4, 118.7, 120.1,
120.8, 125.0, 126.7, 126.9, 177.6; MS (EI): m/z (%) =475 [M]* (100); IR
(KBr): 7=1645 cm~! (C=0); elemental analysis calcd (% ) for C;uH,sNOS,
(475.77): C 4797, H 5.30, N 2.94, S 40.43; found C 48.08, H 5.35, N 3.03, S
40.28.

5a (Route A, one-pot reaction): TsOH-H,O (20 mg, 0.11 mmol) was
added to a solution of the hydroxymethylpyrrolo-TTF 3 (0.54 g, 1.13 mmol)
in C¢Hg (20 mL). The reaction mixture was stirred at room temperature and
monitored by thin layer chromatography (TLC). After approximately
3 min, all of the starting material 3 had been consumed and DDQ (0.19 g,
0.84 mmol) was added in one portion. The reaction mixture was stirred for
another 30 min and the solvent removed under vacuum to afford a pitch-
black residue. The crude product was purified by column chromatography
(Si0,, gradient of CH,Cl,/MeOH 1:0 —19:1) affording the porphyrin 5a
(0.46 g, 89%) as a black powder: M.p. no visible melting 25-250°C;
'"H NMR (CDCl;, 250 MHz, 298 K): 6 =0.91 (br s, 24 H), 1.37 (brs, 32H),
1.64 (brs, 16H), 2.84 (brs, 16H); MS(PD): m/z =1833.3 [M]* 3675.1
[MM]*+, 5518.2 [MMM]*; HiResMALDI-MS: m/z =1830.0764 (calcd for

2500 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

CrHyN, S, =1830.0770); UV/Vis (CH,CL): Apa (¢ [M~'em™']) 297
(43000), 393 nm (33000); elemental analysis calcd (%) for C;HoN,Sy,
(1833.05): C 49.80, H 5.17, N 3.06; found C 50.12, H 5.43, N 3.23.
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