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Introduction

Plastic electronics including light emitting devices (OLED),
photovoltaic devices (OPVD), and organic field effect tran-
sistors (OFET),[1–6] all have made extensive application of
thiophene-based materials. Thiophenes offer low oxidation
potentials (Epa) and reversible oxidation.[7] Conjugated sys-
tems containing thiophenes have been employed in electro-
chromic devices, because they may display sharp color
changes within the visible spectrum upon electrochemical
oxidation.[8]

Complementing thiophenes, pyrroles have been employed
as components of conducting polymers, such as polypyrrole,
which is used in sensors, due to their simple polymerization,
stability, and good electrical conductivity.[9–11] Contingent on
the structure of the pyrrole monomer,[12,13] conductivity and

ease of synthesis may be altered. For example, poly(3,4-di-
methoxypyrrole) has higher conductivity and is easier to
synthesize than its unsubstituted and alkyl-substituted coun-
terparts.[14,15] In this light, bipyrroles represent interesting
starting points for constructing conducting polymers; howev-
er, to the best of our knowledge, only symmetric bipyr-
roles[9,16] have been studied, likely due to a dearth of meth-
ods for preparing unsymmetrical bipyrroles.[17–20]

Functional materials with multiple color states and a large
palette of colors are required to meet the requirements for
new electrochromic devices. Enhanced properties for im-
proved color transitions have arrived from incorporating un-
saturated linkages into conjugated materials, which may ex-
hibit extended degrees of conjugation through coplanar aryl
units.[8,21–26] For example, vinyl links have shown promise for
preparing new functional materials; however, their synthesis
by Gilch and Horner–Emmons protocols, often requires rig-
orous reaction conditions (i. e., anhydrous solvent and inert
atmosphere), lacks atom economy and necessitates tedious
product purification.[21,22] On the other hand, azomethines
(�N=CH�) are isoelectronic to their vinyl counterparts,[27]

however, their synthesis is relatively straightforward and ef-
ficient, involving condensation of amine and aldehyde com-
ponents to produce the conjugate and water, facilitating pu-
rification.[28–30]

In spite of their practical synthesis, conjugated materials
incorporating azomethines and heterocycles have not been
pursued, likely because homoaryl azomethine counterparts
exhibited properties incompatible for devices, such as poor
electrochromic behavior and high Epa.

[31–35] Seeking new ma-
terials for electrochromic applications, we have studied het-
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Abstract: In the search of functional
materials with improved electrochro-
mic properties, thiophenes and asym-
metric bipyrroles have been conjugated
with azomethine units. 4-Methoxy-2,2’-
bipyrroles 3–6 were first synthesized by
a general route from 4-hydroxyproline
and converted subsequently to dialde-
hydes 8–15, which underwent conden-
sations with different aminothiophenes
to provide azomethine conjugates 14–
18 and 20–22. The crystallization and
X-ray analysis of 20 showed the hetero-

cycles and azomethine bonds were all
co-planar with the heterocycles adopt-
ing an anti-parallel arrangement. These
configurations result in extended con-
jugation and enhanced opto-electronic
properties of the azomethines. Oxida-
tion potential (Epa) was tailored by

modification of the substitution pattern
of the terminal thiophenes and central
pyrroles of the azomethines. The com-
bined low Epa and extended azome-
thine degree of conjugation resulted in
stark color transitions occurring be-
tween their neutral and oxidized states.
Reversible color formation was in-
duced both electrochemically and by
doping/de-doping with trifluoroacetic
acid/triethylamine.

Keywords: azomethines · electro-
chemistry · heterocycles · UV/Vis
spectroscopy · unsymmetric bipyr-
roles
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erocycle-azomethine conjugates exhibiting stark color transi-
tions between neutral and oxidized forms at low Epa. In par-
ticular, thiophenes and asymmetric bipyrroles have been
conjugated with azomethine units. The synthesis of these
novel conjugated systems is now reported as well as their
characterization by X-ray crystallography and their electro-
chemical, spectroelectrochemical, and spectrochemical prop-
erties. Offering promise for use in functional electrochromic
materials, these heterocycle–azomethine conjugates exhibit
dramatic visible color changes upon electrochemical and
chemical oxidization.

Results and Discussion

Synthesis : 4-Methoxy-2,2’-bipyrrole 1 and its sulfonamide 2,
were both prepared from hydroxyproline as described.[19,20]

To explore the influence of a 1’-nitrogen substituent on the
opto-electronic properties of bipyrrole analogs, the anion of
the pyrrole nitrogen of 2 was generated with potassium tert-
butoxide and [18]crown-6 ether in THF and respectively, al-
kylated in reactions with a set of alkyl iodides (allyl iodide,
butyl iodide, octyl iodide) and sulfonylated with benzenesul-
fonyl chloride.[18,19] 4-Methoxy-1-phenylsufonyl-1’-allyl-2,2’-
bipyrrole (3), its 1’-butyl and 1’-octyl counterparts 4 and 5
and 4-methoxy-1,1’-biphenylsufonyl-2,2’-bipyrrole (6) were
isolated respectively after chromatography on silica gel in
52 %, 86 %, 76 %, and 50 % yields, respectively (Scheme 1).

A series of mono- and bis-
formyl analogs was then pre-
pared by treating bipyrroles 1–6
under Vilsmeier–Haack formy-
lation conditions[6] (Schemes 2
and 3). The Vilsmeier reagent
was preformed in the neat by
treating dimethylformamide
with phosphoryl chloride and
then added slowly to the re-
spective bipyrrole in dichloro-
methane at �15 8C. The reac-
tion mixture was then let warm
to room temperature with stir-
ring overnight. In the reaction
of the parent 4-methoxy-2,2’-bi-
pyrrole 1, the workup with

aqueous sodium acetate at reflux afforded enamine 7 in
80 % yield (Scheme 2). On the other hand, bipyrrole dialde-
hyde 8 was isolated in 50 % yield without need of further
purification by extending the hydrolysis protocol and treat-
ing the reaction mixture with an aqueous solution of sodium
acetate at reflux for 2 h. The same reaction and workup con-
ditions used to prepare 8 were applied on sulfonamides 2–6
(Scheme 3).

Treatment of 1-phenylsulfonyl methoxybipyrrole 2 under
the formylation and workup conditions used to prepare 8
provided 4-methoxy-1-benzenesulfonyl-5,5’-bisformyl-2,2’-bi-
pyrrole 9 in 70 % yield. Similarly, bis-formylation was ob-
served with 1’-alkyl (butyl and octyl) bipyrroles 4 and 5 ;
however, mixtures of 5,5’- and 5,4’-regioisomers were ob-
tained, with a preference for the latter (1:3 ratio). The 5,5’-
and 5,4’-regioisomers were separable by chromatography
such that 5,4’-substituted bipyrroles 11 and 13 were isolated
in 61 % and 50 % yields, respectively, along with their 5,5’-
counterparts 10 and 12 in 23 % and 21 % yields. 5,4’-Bis-
formyl-2,2’-bipyrroles 11 and 13 were, however, unstable
and observed by thin layer chromatography to degrade after
a few hours at ambient atmosphere. Finally, selective mono-
formylation of the 5-position of the 1-phenylsulfonyl me-
thoxypyrrole ring was observed when the same formylation
and workup conditions were applied on 1-phenylsulfonyl 1’-

Scheme 1. N’-Modification of bipyrrole 2.

Scheme 2. Vilsmeier–Haack formylation of methoxybipyrrole 1.

Scheme 3. Vilsmeier–Haack formylations of 1-phenylsulfonyl methoxybipyrroles 2–6.
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allylbipyrrole (3) and bis-sulfonamide 6 to respectively pro-
vide 5-formyl bipyrroles 14 and 15 in 50 % and 94 % yields,
respectively (Scheme 3).

The position of bipyrrole formylation was determined by
COSY and NOESY spectroscopy (see the Supporting Infor-
mation). For example, in the NOESY spectrum of 5,5’-di-ACHTUNGTRENNUNGaldehyde 9, through space transfers of magnetization were
observed, respectively, between the pyrrole 3-position
proton (6.31 ppm) and the methoxy group singlet (3.9 ppm),
between the 5-position aldehyde proton (10.17 ppm) and
both the methoxy group singlet and the sulphonamide aro-
matic protons (7.37 ppm), and between the pyrrole 4’-posi-
tion proton (6.99 ppm) and the 5’-position aldehyde proton
(9.62 ppm). In the COSY spectrum of 9, a through-bond
coupling was observed between the pyrrole protons at the
3’- and 4’-positions (6.53 and 6.99 ppm). Similarly, in the
NOESY spectrum of 5,5’-dialdehyde 10, transfer of magneti-
zation was respectively observed between the 5-position al-
dehyde proton (10.28 ppm) with the sulphonamide aromatic
protons (7.5 ppm) and methoxy singlet (3.89 ppm), as well
as between the 5’-position aldehyde proton (9.67 ppm) and
both the pyrrole 4’-proton (6.99 ppm) and the butyl chain
methylene proton signals (4.33 ppm). On the other hand, in
the COSY spectrum of 5,4’-dialdehyde 11, a through-bond
coupling was observed between the 5-position aldehyde
proton (10.27 ppm) and the pyrrole 3-position proton
(6.18 ppm). In the NOESY spectrum of 11, through-space
transfer of magnetization was observed between the 4’-posi-
tion aldehyde proton (9.79 ppm) and both the 3- and 5-posi-
tion pyrrole protons (6.98 and 6.55 ppm). The COSY and
NOESY spectra of N’-octyl bipyrroles 12 and 13 exhibited
similar couplings and through-space transfer of magnetiza-
tion as seen in spectra of 10 and 11, respectively. For alde-
hyde 15, the COSY spectrum exhibited coupling between
the 3’-, 4’-, and 5’-pyrrole protons (6.22, 6.39, and 7.60 ppm)
establishing the absence of a formyl group on the pyrrole B-
ring. In addition, coupling was observed between the 5-posi-
tion adehyde proton (10.22 ppm) with the pyrrole 3-position
proton (5.93 ppm). The NOESY spectrum of 15 supported
the assignment exhibiting through-space transfer of magneti-
zation between the methoxy singlet (3.81 ppm) and pyrrole
3-position proton (5.93 ppm). For aldehyde 14, the assign-
ment of the aldehyde to the 5-position was based on its
chemical shift (10.24 ppm), which in the case of dialdehydes
9–13, appeared always further downfield relative to that of
aldehydes on the pyrrole B-ring.

Asymmetric azomethine comonomers were next pursued
by linking the 4-methoxy-2,2’-bipyrrole cores by way of
imine bridges to two different amino thiophenes
(Schemes 4–6). For these syntheses, 2-amino-3-cyanothio-
phene 16 and 2,5-diaminothiophene-3,4-dicarboxylic acid di-
ethyl ester 19 were selected because of their previous appli-
cation in condensations to form comonomers[28,37,38] and pre-
pared as previously described.[39,40] The electron-withdrawing
groups at the 3- and 4-positions of 16 and 19 deactivate the
electron-rich amines at the 2- and 5-positions, conferring
greater stability. Amine 16 and diamine 19 have the respec-

tive utility to end-cap the conjugated system and to allow
for additional condensations to make longer comonomers.

The imine bridges were effectively assembled by dehydra-
tion of the respective bis-formyl bipyrrole and aminothio-
phene in ethanol containing catalytic trifluoroacetic acid
(TFA) at reflux. Initially, the amino cyanothiophene 16 was
employed in condensations under these conditions with the
parent methoxybipyrrole 8 and its 1-phenylsulfonyl counter-
part 9 to afford respectively the conjugated azomethine tet-

Scheme 4. Condensations of methoxybipyrroles 8 and 9 with amino thio-
phene 16.

Scheme 5. Condensation of methoxybipyrroles 12 with amino thiophene
19.

Scheme 6. Condensation of methoxybipyrroles 11 with amino thiophene
19.
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racycles 17 and 18. In the case of the parent 8, azomethine
comonomer 17 was obtained after isolation by chromatogra-
phy on silica gel in 37 % yield. On the other hand, the reac-
tion between 1-phenylsulfonyl methoxybipyrrole 9 and 16
did not provide product on heating at reflux with TFA in
EtOH. At room temperature, however, the condensation of
9 and 16 went smoothly to yield azomethine tetracycle 17 in
91 % yield after purification by chromatography on silica
gel. Although the azomethine link appeared robust during
the synthesis and analysis of the conjugated systems, certain
products showed the appearance of new signals in their
NMR spectra after storage over time, which may be due to
various modes of decomposition.

Diaminothiophene 19 was subsequently reacted respec-
tively with methoxybipyrrole 8 in ethanol containing catalyt-
ic TFA at reflux to provide conjugated azomethine tetracy-
cle 20 in 65 % yield after chromatography on silica gel. At-
tempts to perform the same condensation using the N-phe-
nylsulfonyl analog 9 provided a condensation product in
28 % yield after chromatography. Although the ion corre-
sponding to azomethine tetracycle 21 was observed in the
mass spectrometric analysis, inspection of the proton NMR
spectrum demonstrated loss of the phenylsulfonyl group to
provide 20. Analysis of samples on silica plate suggested
that the phenylsulfonyl group was likely removed from 21
during purification on silica gel.

Attempts were less successful to produce conjugated tet-
racycles from bipyrroles 10–13 possessing a 1’-alkyl substitu-
ent. No condensation product could be isolated from the re-
action of 5,5’-bisformyl-1’-butylbipyrrole 10 and diamino-
thiophene 19 with TFA in ethanol at reflux. On the other
hand, 5,5’-bisformyl-1’-octylbipyrrole 12 reacted with thio-
phene 19 and TFA in ethanol at room temperature to afford
azomethine tetracycle 22 as a brown film in 28 % yield
(Scheme 5). Analysis of azomethine tetracycle 22 by proton
NMR spectroscopy indicated that loss of the phenylsulfona-
mide had occurred in a similar way as described for 21
above. Temperature had an effect on the condensation of
the 5,4’-bisformyl-1’-alkylbipyrroles 11 and 13. From ethanol
at reflux, no product was obtained in the condensation of
thiophene 19 with 1’-n-octylbipyrrole 13. On the contrary,
the desired conjugated tetracycle 23 was isolated after chro-
matography on silica gel in 53 % yield from condensation of
5,4’-bisformyl-1’-butylbipyrrole 11 with 19 using TFA in
EtOH at room temperature. Conjugated tetracycle 23
proved, however, to be unstable and degraded as observed
by thin layer chromatography, after sitting overnight under
vacuum.

X-ray crystallography : Although only one isomer was de-
tected by 1H NMR spectroscopy of the azomethine analogs,
assignment of E or Z configuration was not possible. Un-
equivocal assignment of the imine geometry was made pos-
sible by X-ray crystallography on a single crystal of tetracy-
cle 20, which crystallized from slow evaporation of acetone
(Table 1). The crystal structure confirmed that 20 adopted
the imine E-isomer. The methoxy group breaks the symme-

try of tetracycle 20 and resulted in disordering within the
crystal structure. The structure was solved without specific
assignment of the position of the methoxy group; instead,
the resolution was refined by placing its occupancy factor to
50 %. The data nonetheless confirm the correct structure for
20 and illustrate a coplanar orientation of the heteroatoms
in an anti-parallel arrangement (Figure 1), consistent with
previous azomethine structures.[27,28,41]

The terminal heterocycles of 20 were slightly twisted by
9.368 from the mean plane described by the central planar

Figure 1. Structure of 20 (top) and seen along the c axis (bottom).

Table 1. Details of crystal structure determination for 20.

formula C31H36N6O9S2

Mr 699.19
crystal system triclinic
space group P1̄
a [�] 8.227 (10)
b [�] 10.295 (10)
c [�] 13.617 (18)
a [8] 73.85 (3)
b [8] 87.18 (5)
g [8] 73.37 (3)
V [�3] 1061 (2)
Z 1
1calcd [g cm�3] 1.279
m (CuKa) [mm�1]/abs. corr. 1.666/semi-empirical
F(000) 432
crystal size [mm3] 0.10 � 0.07 � 0.04
T [K] 150(2)
reflections: collected/independent; Rint 13 056/3938; 0.0322
Mw [gmol�1] 816.93
crystal color and form red plate
q range [8]; completeness 3.38–71.11; 0.955
R1(F); wR(F2) [I>2s(I)] 0.0492; 0.1474
R1(F); wR(F2) (all data) 0.0560; 0.1537
GOF(F2) 1.050
max residual e� density 0.453 e���3
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bipyrrole and the two azomethine bonds to which they are
connected. The observed mean plane angles are in agree-
ment with other heterocyclic azomethines and are in con-
trast to homoaryl azomethine structures, in which mean
planes are highly twisted by 658.[42] The C=N, N�aryl, and
CH�aryl bond lengths for 20 were 1.299(3), 1.389(3), and
1.439(3) �, respectively, on both sides. The observed copla-
narity of the aryl groups and the azomethine bonds confirm
the high degree of p-conjugation of the azomethine, as per
the spectroscopic data.

Intermolecular interactions between the molecules in the
solid state were apparent in the crystallographic data. For
example, hydrogen bonds were observed between two ter-
minal aminothiophenes and the carbonyl forming an accept-
or-donor-acceptor motif, as seen in Figure 2. The distances
for N1�H1A···O1i, N1�H1B···O99iii, and N3�H3 A···O3ii

were 2.309, 2.015, and 2.194 �, respectively. The angles of
these hydrogen bridges were 136, 164, and 1548, respectively,
which were consistent with hydrogen bonding. Every mole-
cule was well-aligned in one direction within the 3D ar-
rangement (Figure 3). No regular p-stacking was found, be-
cause hydrogen bonding shifted the direction of the p-stack-
ing. Linear and coplanar configurations were adopted by the
comonomers, because of the contributions of such interac-
tions.

Electrochemistry : The electrochemical oxidation of the azo-
methines was investigated by cyclic voltammetry in anhy-
drous and deaeareted dichloromethane. The anodic behav-
ior of tetracycles 20 and 22 was investigated at different
scan speeds. The number of electrons involved in the anodic
processes was assigned and the reversibility of the resulting
intermediates was unequivocally determined. In contrast to
analogous aminothiophene azomethines, which exhibited re-
versible radical cation formation,[28,29] the first oxidation of
20 and 22 was irreversible (Figure 4), most likely due to the
unsubstituted pyrrole positions in the reactive radical cation,
which may have underwent cross-coupling. The cathodic
current associated with the second oxidation process was
much smaller than its corresponding anodic current, which
when taken together with the change in Epa as a function of
scan speed, confirmed that the second oxidation process was

pseudo-reversible. The Randles–Sevcik relationship was
used to determine the number of electrons participating in
the anodic processes. The peak current at different scan
rates, relative to ferrocene as internal reference, was em-

Figure 2. Structure of 20. Symmetry codes: i) �x, 2�y, �z ; ii) 1�x, 1�y, 1�z ; iii) x, y, 1+z ; hydrogen bonds are indicated with dotted lines.

Figure 3. Structure of crystal matrix of 20 (solvent molecules omitted for
clarity).

Figure 4. 20 measured at scan rates between 200 and 900 mV. Inset: Ran-
dles–Sevcik plot of the first (*) and second (~) oxidation peaks of 20 rel-
ative to ferrocene (&) measured in dichloromethane.
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ployed to derive the number of electrons participating in the
oxidation processes according to: ip = (2.69 �105)n3/2 A
D1/2 Cv1/2, in which ip is the peak current, n the number of
electrons involved in the oxidation process, D the diffusion
coefficient, A the electrode surface area, C the concentra-
tion, and n the scan rate. Ferrocene (Epa = 0.46 vs. SCE in
dichloroACHTUNGTRENNUNGmethane) was also used as an internal reference for
determining the diffusion coefficient concomitant with other
parameters of the Randles–Sevcik equation.[43] Azomethine
20 underwent two oxidation processes: one at about 0.4 and
another at approximately 0.7 V. The oxidation of 20 was de-
termined to proceed by a sequential one-electron process,
by taking into account the different diffusion rates, which
correlated with formation of the radical cation and dication
(Figure 4).

The double oxidation was also observed for 22. Converse-
ly, both 17 and 18 underwent a single oxidation process. The
oxidation potentials measured for the azomethines at similar
scan speeds are summarized in Table 2. From the tabulated

data, it is obvious that the first oxidation potentials of 20
and 22, corresponding to the radical cation, are lower than
for 17 and 18. This is a result of the strong electron donating
character of the terminal amine that decreases the oxidation
potential. The second one-electron oxidation affording the
dication of 17 and 18 is not visible, which is assumed to be a
result of their higher Epa relative to 20 and 22, implying that
dication oxidation occurs beyond the working solvent redox
window. By tailoring the N-pyrrole and terminal-thiophene
substitutions with varying electronic groups, we were thus
able to adjust the potential at which the radical cation was
formed. It should be noted that the exact heterocycle that is
oxidized to form the radical cation and further oxidized
leading to the dication cannot be determined. However, the
semi-empirically calculated SOMO levels for 20 (see Fig-
ures 6 and 7 in the Supporting Information) show the radical
cation and dication are not localized on a specific heterocy-
cle; instead, they are evenly distributed across the tetracy-
cle.

The HOMO and LUMO energy values can be determined
from the redox onsets (Eonset) according to: HOMO=

�(Eonset
pa +4.4) and LUMO =�(Eonsest

pc +4.4) (Table 2). The
energy-gap (Eg) calculated from the energy levels was ap-
proximately 1.5 eV and illustrated that the compounds were

air stable and did not spontaneously oxidize or decompose
under ambient conditions.

The spectroelectrochemistry of the azomethines was in-
vestigated for assessing the spectroscopic properties of the
electrochemically induced radical cation intermediates.
Upon applying potentials slightly greater than the first Epa,
both 20 and 22 underwent stark color changes (Figure 5
inset). The initial red color of neutral 20 (lmax =520 nm)
bleaches concomitant with a new absorbance of the blue
radical cation, visible at 560 nm. Similarly, the radical cation
of 22 was also blue and bathochromically shifted 60 nm
from the neutral absorbance; however, 22 had a strong
shoulder absorbance at 610 nm. The clear isosbestic point
seen for both 20 and 22 confirmed the interdependence of
the neutral and oxidized states, demonstrating that oxidation
of these azomethines gave rise to a single product, which
was assigned to the radical cation based on the cyclic vol-
tammetric measurements. The spectroelectrochemical data
demonstrated that the azomethines undergo reversible stark
visible color changes upon radical cation formation.

Table 2. Spectroscopic and electrochemical data of neutral and corre-
sponding radical cations of unsymmetric bipyrrole azomethines.

Compound labs [nm] R+ [nm][a] Epa [V][b] Epc [V][b] Eg [eV][c]

20 520 560 (605) 0.4; 0.8 �1.3 1.1
22 480 540 (610) 0.3; 0.7 �1.3 1.1
17 520 785 0.8 �1.1 1.4
18 480 540 1.1 �1.2 1.8

[a] Absorbance of radical cation. [b] Potentials vs. Ag/Ag+ , corrected
using ferrocene (0.435 V) as an internal reference.[43] [c] Electrochemical
energy-gap taken as the difference between the measured HOMO and
LUMO values.

Figure 5. Absorbance spectra change of 20 upon applying an oxidation
potential of 0.4 V for 0 to 5 min. Inset: Color change of 20 before (left)
and after (right) electrochemical oxidation. Bottom: Absorbance spectra
change of 22 upon applying an oxidation potential of 0.5 V for 0 (&) and
3 min (*) followed by applying a potential of �0.1 V for 0 (~), 1 (!),
4 min (&) followed by �0.25 V applied for 1 (*), 2 (~), 3 (*), and 5 (+).
Inset: Color change of 22 before (left) and after (right) electrochemical
oxidation.

www.chemeurj.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2011, 17, 10879 – 1088810884

W. G. Skene, W. D. Lubell et al.

www.chemeurj.org


The stability of the oxidized intermediate under the spec-
troelectrochemical conditions was examined by applying a
negative potential to neutralize the anodically induced inter-
mediate of 22 (Figure 5). The absorbance spectrum of the
reduced intermediate was identical to that of the original
neutral 22 ; however, the intensity of the neutralized radical
cation was somewhat lower than that of the original 22,
likely because of cross-coupling of the radical cation, as
noted previously in the cyclic voltammetric studies. The
clear isosbestic point and the persistent absorbance at
520 nm confirmed the lack of azomethine decomposition
and illustrated the robustness of the azomethine-linked het-
erocyclic systems.

Chemical oxidation : Azomethines have been misperceived
to be susceptible to decomposition.[44] On the contrary, azo-
methines 17, 18, 20, and 22, all exhibited spectroelectro-
chemical properties indicative of their stability during rever-
sible oxidation. Chemical doping of 20 was next performed,
because significant spectroscopic changes between the neu-
tral and oxidized forms of this azomethine were observed
when electrochemically oxidized. Chemical doping affords
the means to investigate the stability of both the doped
products and neutral azomethines via dissipation and/or ir-
reversible color formation, because of diffusion controlled
kinetics, in contrast to the spectroelectrochemical measure-
ments. For example, the chemical doping of 20 with increas-
ing amounts of TFA was contingent on the number of equiv-
alents of added acid and the apparent color shift from 520
to 625 nm was observed as the neutral species converted to
the radical cation and finally to the dication (Figure 6).
Moreover, the doped intermediate could be neutralized with
excess of triethylamine to restore the original color of neu-

tral 20. The robustness of azomethine 20 was illustrated by
performing multiple doping/dedoping cycles without signifi-
cant color variation.

Conclusion

Conjugated azomethines composed of thiophene and bipyr-
role units were synthesized. They were oxidized at low po-
tentials and switched reversibly between oxidized and neu-
tral states giving rise to stark color transitions. The heterocy-
clic conjugated azomethines, such as 20 and 22 exhibited en-
hanced spectroscopic and electrochemical properties, which
could be tuned by modification of pendant groups. In light
of the stark color states exhibited by the bipyrrole–thio-
phene aozmethine analogues, resounding evidence was ob-
tained to demonstrate that robust conjugated azomethines
may be prepared for employment in functional materials for
potential electrochromic applications.

Experimental Section

General protocols : Unless noted otherwise, all reactions were performed
under argon atmosphere, using anhydrous conditions and flame-dried
glassware. Anhydrous solvents (tetrahydrofuran, toluene and methylene
chloride) were obtained by passage through solvent filtration systems
(GlassContour, Irvine, CA). 4-Methoxy-2,2’-bipyrrole 1 and its sulfon-ACHTUNGTRENNUNGamide 2, both were prepared from hydroxyproline as previously de-
scribed.[19, 20] Chromatography was performed on silica gel (Silicycle; 230–
400 mesh). Melting points are uncorrected. NMR spectra were recorded
on Bruker AV 400 MHz and AV 300 MHz spectrometers. Chemical
shifts are reported in ppm (d units) downfield from internal tetramethyl-
silane ((CH3)4Si), or relative to peaks for residual solvent: CHCl3,
(CH3)2CO, and DMSO. Accurate mass measurements were performed by
the Centre R�gional de Spectrometrie de Masse de l�Universit� de Mon-
tr�al on a LC-MSD-TOF instrument from Agilent technologies in posi-
tive electrospray mode. Either protonated molecular ions [M +H]+ or
sodium adducts [M +Na]+ were used for empirical formula confirmation.

Absorption measurements were performed on a Cary-500 spectrometer
and fluorescence studies were carried out on an Edinburgh Instruments
FLS-920 fluorimeter after degassing the samples thoroughly with nitro-
gen for 20 min. Compounds were dissolved in anhydrous, degassed di-
chloromethane at 10�5

m.

Cyclic voltammetry measurements were performed on a Bio Analytical
Systems EC Epsilon potentiostat. Compounds were dissolved in anhy-
drous, deaerated dichloromethane at 10�4

m along with sufficient
NBu4PF6 as supporting electrolyte for satisfactory conductivity. A plati-
num button electrode was used as the working electrode. Platinum wire
and silver wire electrodes were employed as auxiliary and reference elec-
trodes, respectively.

Spectroelectrochemical measurements were performed by combining a
Bio Analytical Systems EC Epsilon potentiostat with a Cary-500 spec-
trometer, using a thin optical path length cuvette (from NSG Precision
Glass) with a platinum gauze wire as the working electrode, a platinum
counter electrode, and saturated Ag/AgCl or silver wire Ag/Ag+ refer-
ence electrode, applying a potential greater than the Epa of the given
compound. The spectroelectrochemical cell was provided by CH Instru-
ments Japan (CHI140 A) with a spectroscopic height of 6.5 mm and an
optical path length of 1 mm.

Representative method A for bipyrrole N-alkylation

4-Methoxy-1-phenylsufonyl-1’-allyl-2,2’-bipyrrole (3): A solution of 4-me-
thoxy-1-benzenesulfonyl-2,2’-bipyrrole 2 (15 mg, 0.04 mmol, 1 equiv) in

Figure 6. Compound 20 with added TFA 0 (*), 1 (&), 2 (~), 5 (!), 20
(*), 40 (&), 100 (*) equivalents followed by the addition of 100 equiva-
lents of Et3N (�). Inset: Change in color of 20 with the addition of in-
creasing amounts of 0–100 equivalents trifluoroacetic acid (from left to
right) followed by the addition of 100 equivalents of triethylamine
(right).
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THF (1 mL) was added dropwise to a 0 8C solution of potassium tert-but-
oxide (15 mg, 0.13 mmol, 3.2 equiv) and [18]crown-6 ether (2 mg,
0.008 mmol, 0.1 equiv) in THF (1 mL), stirred for 30 min, and treated
with allyl iodide (11 mL, 1.2 mmol, 1.2 equiv). The ice bath was removed
and the solution was allowed to warm to room temperature, with stirring
overnight. The reaction mixture was partitioned between water (3 mL)
and EtOAc (5 mL). The layers were separated and the aqueous layer was
extracted with EtOAc (2 mL). The organic layers were combined,
washed with brine, dried over MgSO4, filtered, and concentrated under
vacuum to a residue that was purified by column chromatography on
silica gel (Rf =0.3; 50% EtOAc/hexanes). Evaporation of the collected
fractions gave the allyl bipyrrole 3 as a green oil (9 mg, 52 %). 1H NMR
(300 MHz, CDCl3): d=7.56–7.52 (m, 5H), 6.91 (d, J =2.1 Hz, 1 H), 6.74
(t, J=2.4 Hz, 1H), 6.14 (t, J=3.6 Hz, 1H), 6.00 (d, J= 2.1 Hz, 1H), 5.89–
5.87 (m, 2 H), 5.12 (d, J=1.5 Hz, 1H), 5.03 (d, J =1.5 Hz, 1 H), 4.22 (m,
2H), 3.75 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d =151.2, 139.1,
135.2, 134.4, 129.5 (2C), 128.2 (2C), 126.4, 123.0, 122.4, 118.1, 113.9,
111.9, 108.3, 103.9, 58.4, 50.5 ppm; HRMS: m/z calcd for C18H19N2O3S:
343.1110 [M+H]+ ; found: 343.1121.

4-Methoxy-1-phenylsulfonyl-1’-butyl-2,2’-bipyrrole (4): This compound
was obtained using Method A from 4-methoxy-1-benzenesulfonyl-2,2’-bi-
pyrrole (2, 30 mg, 0.1 mmol) and 1-iodobutane (17 mL, 0.14 mmol) as a
brown oil (31 mg, 86%), after chromatography. Rf =0.5 (20 % EtOAc/
hexanes); 1H NMR (300 MHz, CDCl3): d : 7.56–7.41 (m, 5H), 6.93 (t, J=

1.5 Hz, 1H), 6.77 (d, J =0.9 Hz, 1 H), 6.12 (d, J =2.1 Hz, 1 H), 6.02 (d, J =

1.5 Hz, 1H), 5.81 (t, J =1.2 Hz, 1 H), 3.77 (s, 3H), 3.69–3.65 (m, 2H), 1.58
(m, 2H), 1.21 (m, 2H), 0.88–0.84 ppm (m, 3 H); 13C NMR (100 MHz,
CDCl3): d=151.2, 139.1, 134.3, 129.5 (2C), 128.3 (2C), 126.9, 122.8, 122.5,
113.5, 111.9, 107.8, 103.9, 58.5, 47.9, 33.9, 20.9, 14.4 ppm: HRMS: m/z
calcd for C19H23N2O3S: 359.1423 [M+H]+ ; found: 359.1425.

4-Methoxy-1-phenylsulfonyl-1’-octyl-2,2’-bipyrrole (5): This compound
was obtained using Method A from 4-methoxy-1-benzenesulfonyl-2,2’-bi-
pyrrole (2, 25 mg, 0.08 mmol) and 1-iodooctane (22 mL, 0.12 mmol) as a
brown oil (26 mg, 76%), after chromatography. Rf = 0.53 (20 % EtOAc/
hexanes); 1H NMR (300 MHz, CDCl3): d=7.55–7.41 (m, 5H), 6.93 (t,
J =1.5 Hz, 1H), 6.77 (d, J =0.9 Hz, 1H), 6.12 (d, J =2.1 Hz, 1 H), 6.01 (d,
J =1.5 Hz, 1 H), 5.82 (t, J =1.2 Hz, 1H), 3.77 (s, 3H), 3.66 (m, 2H), 1.58
(m, 2 H), 1.23 (m, 10 H), 0.90–0.88 ppm (m, 3H); 13C NMR (100 MHz,
CDCl3): d=151.2, 139.1, 134.4, 129.6 (2C), 128.3 (2C), 126.9, 122.8, 122.3,
113.4, 111.8, 107.7, 103.9, 58.3, 48.2, 32.5, 31.7, 29.9, 29.9, 27.5, 23.3,
14.9 ppm; HRMS: m/z calcd for C23H31N2O3S: 415.2050 [M+H]+ ; found:
415.2051.

4-Methoxy-1,1’-biphenylsulfonyl-2,2’-bipyrrole (6): This compound was
prepared using Method A from 4-methoxy-1-benzenesulfonyl-2,2’-bipyr-
role (2, 25 mg, 0.08 mmol) and benzenesulfonyl chloride (49 mL,
0.23 mmol) as a white solid (18 mg, 50%) after chromatography. Rf =0.79
(50 % EtOAc/hexanes); 1H NMR (400 MHz, CDCl): d= 7.62 (m, 6H),
7.48 (m, 5H), 6.94 (d, J =2 Hz, 1H), 6.31 (t, J =1.2 Hz, 1H), 5.99 (d, J=

1.6 Hz, 1 H), 5.77 (s, 1H), 3.78 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d =149.2, 138.4, 138.4, 133.5, 133.3, 128.7 (2C), 128.6 (2C), 127.1
(2C), 126.9 (2C), 123.9, 122.2, 121.6, 118.9, 11.4, 110.7, 103.4, 57.3 ppm;
HRMS: m/z calcd for C21H19N2O5S2: 443.0730 [M+H]+ ; found: 443.0730.

Representative Method B

4-Methoxy-1-benzenesulfonyl-5,5’-bisformyl-2,2’-bipyrrole (9): Phospho-
ryl chloride (49 mL, 0.52 mmol, 4 equiv) was added to dimethylformamide
(0.1 mL, 1.3 mmol, 10 equiv) at 5–10 8C and stirred for 30 min. A solution
of 4-methoxy-1-benzenesulfonyl-2,2’-bipyrrole (2, 40 mg, 0.13 mmol,
1 equiv) in 1.6 mL of dichloromethane was cooled to �15 8C, and treated
dropwise with the preformed solution of Vilsmeier reagent. The reaction
mixture was stirred at �15 8C for 30 min, at 0 8C for 9 h, at room temper-
ature overnight, treated with a saturated aqueous sodium acetate solution
(3 mL) and heated to a reflux for 2 h. The layers were separated and the
aqueous layer was extracted with EtOAc. The organic layers were com-
bined, washed with brine, dried (MgSO4), and concentrated to a residue
that was purified by chromatography on silica (60 % EtOAc in hexanes).
Evaporation of the collected fractions yielded dialdehyde 9 as a green oil
(43 mg) in 90% yield. 1H NMR (300 MHz, CDCl3): d =10.17 (m, 2H),
9.62 (s, 1 H), 7.55 (m, 1H), 7.37 (m, 4H), 7.00 (dd, J=1.5, 2.5 Hz, 1H),

6.53(dd, J=1.5, 2.5 Hz, 1 H), 6.32 (s, 1H), 3.88 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d =180.7, 179.7, 159.1, 136.3, 134.7, 134.5, 134.3,
129.2, 128.2, 127.1, 121.1, 120.4, 115.2, 107.1, 59.0 ppm; HRMS: m/z calcd
for C17H15N2O5S: 359.0696 [M+H]+ ; found: 359.0708.

4-Methoxy-5,5’-bisformyl-2,2’-bipyrrole (8): This compound was prepared
according to method B from bipyrrole 1 (40 mg, 0.24 mmol) without pu-
rification by chromatography. Dialdehyde 8 was obtained as a green oil
(26 mg, 50%). Rf =0.54 (50 %EtOAc/hexanes); 1H NMR (300 MHz,
(CD3)2CO): d =9.56 (s, 1H), 9.53 (s, 1 H), 7.07 (d, J =4 Hz, 1H), 6.93 (m,
2H), 6.85 (br, 1H), 6.65 (s, 1 H), 3.91 ppm (s, 3 H); HRMS: m/z calcd for
C11H11N2O3: 219.0764 [M+H]+ ; found: 219.0754.

4-Methoxy-1-phenylsulfonyl-1’-allyl-5-formyl-2,2’-bipyrrole (14): This
compound was prepared according to method B from bipyrrole 3 (7 mg,
0.03 mmol) as a green oil (4 mg, 53%). Rf = 0.3 (50 % EtOAc/hexanes);
1H NMR (400 MHz, CDCl3): d=10.23 (s, 1 H), 7.59–7.41 (m, 5H), 6.92
(s, 1H), 6.25 (t, J =3.2 Hz,1 H), 6.17 (t, J =2 Hz, 1H), 6.08 (s, 1H), 5.89
(m, 1 H), 5.16 (d, J =10.4 Hz, 1H), 5.08 (d, J= 16.8 Hz, 1H), 4.56 (d, J=

5.6 Hz, 2H), 3.87 ppm (s, 3 H); 13C NMR (100 MHz, CDCl3): d=181.5,
160.2, 137.4, 136.6, 135.1, 134.7, 129.7 (2C), 128.4 (2C), 125.7, 123.1,
121.1, 118.7, 114.8, 109.1, 107.9, 59.7, 51.6 ppm; HRMS: m/z calcd for
C19H19N2O4S: 371.1060 [M+H]+ ; found: 371.1070.

4-Methoxy-1-benzenesulfonyl-1’-butyl-5,5’-bisformyl-2,2’-bipyrrole (10)
and 4-methoxy-1-benzenesulfonyl-1’-butyl-5,4’-bisformyl-2,2’-bipyrrole
(11): These compounds were prepared according to method B from bi-
pyrrole 4 (27 mg, 0.08 mmol) and separated during purification by
column chromatography on silica gel. First to elute was 5,5’-dialdehyde
10 as a brown oil (7 mg, 23 %): Rf =0.27 (40 % EtOAc/hexanes);
1H NMR (300 MHz, CDCl3): d=10.28 (s, 1H), 9.67 (s, 1 H), 7.63 �7.43
(m, 5 H), 6.98 (d, J=4.2 Hz, 1H), 6.22 (s, 1 H), 6.18 (d, J =4.2 Hz, 1H),
4.33 (br, 2H), 3.90 (s, 3 H), 1.58 (m, 2H), 1.18 (m, 2 H), 0.83 ppm (m,
3H); 13C NMR (100 MHz, CDCl3): d =181.4, 180.3, 159.6, 137.6, 135.7,
134.4, 133.3, 131.9, 130.0 (2C), 128.3 (2C), 124.1, 121.5, 114.6, 108.9, 59.7,
47.9, 34.2, 20.5, 14.6 ppm; HRMS: m/z calcd for C21H23N2O5S: 415.1322
[M+H]+ ; found: 415.1329. Second to elute was 5,4’-dialdehyde 11 as a
yellow oil (19 mg, 61 %). Rf = 0.17 (40 % EtOAc/hexanes); 1H NMR
(300 MHz, CDCl3): d =10.2 (s, 1 H), 9.8 (s, 1H), 7.62–7.43 (m, 6H), 6.54
(d, J =1.8 Hz, 1H), 6.18 (s, 1 H), 4.08 (t, J =6.9 Hz, 2 H), 3.88 (s, 3H),
1.68 (m, 2H), 1.28 (m, 2 H), 0.90 ppm (t, J=7.2 Hz, 3 H); 13C NMR
(100 MHz, CDCl3): d =185.8, 181.4, 159.9, 137.2, 135.7, 134.2, 132.2,
130.0 (2C), 128.3 (2C), 126.3, 126.08, 121.3, 112.6, 109.1, 59.5, 49.6, 33.3,
20.7, 14.3 ppm; HRMS: m/z calcd for C21H23N2O5S: 415.1322 [M+H]+ ;
found: 415.1330.

4-Methoxy-1-benzenesulfonyl-5,5’-bisformyl-1’-octyl-2,2’-bipyrrole (12)
and 4-methoxy-1-benzenesulfonyl-5,4’-bisformyl-1’-octyl-2,2’-bipyrrole
(13): These compounds were prepared according to method B from bi-
pyrrole 5 (21 mg, 0.05 mmol) and separated during purification by
column chromatography on silica gel. First to elute was 5,5’-dialdehyde
12 as a clear oil (5 mg, 21%): Rf =0.32 (40 % EtOAc/hexanes); 1H NMR
(300 MHz, CDCl3): d=10.28 (s, 1H), 9.67 (s, 1 H), 7.65–7.42 (m, 5H),
6.98 (d, J =3.9 Hz, 1H), 6.21 (s, 1H), 6.18 (d, J =3.8 Hz, 1H), 4.32 (br,
2H), 3.90 (s, 3H), 1.58 (m, 2 H), 1.24 (m, 10H), 0.86 ppm (m, 3H);
13C NMR (100 MHz, CDCl3): d=181.3, 180.6, 159.3, 137.7, 135.4, 134.3,
133.4, 132.0, 129.9 (2C), 128.4 (2C), 123.8, 121.5, 114.7, 109.0, 59.9, 48.1,
32.6, 31.9, 30.0, 29.9, 27.5, 23.4, 14.9 ppm; HRMS: m/z calcd for
C25H31N2O5S: 471.1948 [M+H]+ ; found: 471.1951. Second to elute was
5,4’-dialdehyde 13 as an orange oil (12 mg, 50%). Rf =0.22 (40 % EtOAc/
hexanes); 1H NMR (300 MHz, CDCl3): d =10.11 (s, 1 H), 9.78 (s, 1H),
7.83 (d, J=1.5 Hz, 1H), 7.75 (m, 1H), 7.61 (m, 4 H), 6.61 (s, 1H), 6.55 (d,
J =1.5 Hz, 1H), 4.12 (m, 2H), 3.88 (s, 3 H), 0.83–1.71 ppm (m, 15H);
13C NMR (100 MHz, CDCl3): d=185.7, 181.3, 159.7, 137.2, 135.6, 134.1,
132.4, 130.0 (2C), 128.2 (2C), 126.3, 126.2, 121.3, 112.5, 109.1, 59.7, 49.9,
32.5, 31.1, 29.9, 29.8, 27.3, 23.4, 14.9 ppm; HRMS: m/z calcd for
C25H31N2O5S: 471.1948 [M+H]+ ; found: 471.1950.

4-Methoxy-1,1’-diphenylsulfonyl-5-formyl-2,2’-bipyrrole (15): This com-
pound was prepared according to method B from bipyrrole 6 (15 mg,
0.03 mmol). Purification by column chromatography on silica gel afford-
ed 15 as a brown solid (15 mg, 94%). Rf =0.27 (50 % EtOAc/hexanes);
m. p. 156–158 8C; 1H NMR (300 MHz, CDCl3): d=10.22 (s, 1 H), 7.75–
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7.45 (m, 11H), 6.40 (t, J =3.3 Hz, 1 H), 6.22 (m, 1 H), 5.91 (d, J =0.6 Hz,
1H), 3.81 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d =181.2, 158.6,
139.4, 138.8, 135.1, 135.0, 131.9, 130.1 (2C), 129.9 (2C), 128.5 (2C),128.2
(2C), 126.3, 123.8, 121.1, 119.3, 112.2, 108.6, 59.5 ppm; HRMS: m/z calcd
for C22H19N2O6S2: 471.0679 [M+H]+ ; found: 471.0690.

5’-(Dimethylamino)methylene-4-methoxy-1H,5’H-2,2’-bipyrrole-5-carbal-
dehyde (7): This compound was prepared according to method B from
bipyrrole 1 (16 mg, 0.05 mmol). The hydrolysis with saturated aqueous
sodium acetate solution was stopped after 30 min and 7 was isolated by
extraction with ethyl acetate. The organic extracts were dried over
MgSO4, filtered, and evaporated to a green solid (20 mg, 80%): m. p.
205–208 8C. 1H NMR (300 MHz, CDCl3): d=9.82 (s, 1 H), 7.50 (s, 1H),
6.96 (d, J =3.9 Hz, 1 H), 6.75 (d, J=3.9 Hz, 1H), 6.18 (s, 1 H), 3.95 (s,
3H), 3.91 (s, 3 H), 3.50 ppm (s, 3 H); 13C NMR (100 MHz, (CDCl3): d=

180.9, 165.6, 143.9, 143.5, 137.0, 128.8, 117.8, 115.0, 110.9, 94.9, 59.6, 49.7,
44.3 ppm; HRMS: m/z calcd for C13H16N3O2: 246.1237 [M+H]+ ; found:
246.1230.

Representative procedure C

Tetraethyl-5,5’-[(4-methoxy-1H,1’H-2,2’-bipyrrole-5,5’-diyl)bis(methan-ACHTUNGTRENNUNGylydene)]bis(azanylylidene) bis(2-aminothiophene-3,4-dicarboxylate)
(20): A solution of 2,5-diaminothiophene-3,4-dicarboxylic acid diethyl
ester (19, 76 mg, 0.29 mmol, 2.2 equiv) in absolute ethanol (31 mL) was
treated with 4-methoxy-5,5’-bisformyl-2,2’-bipyrrole (8, 29 mg, 0.13 mmol,
1 equiv) followed by a catalytic amount of trifluoroacetic acid, heated at
reflux for 3 h, cooled, and evaporated to an orange film, which was puri-
fied by column chromatography on silica gel to afford conjugated tetracy-
cle 20 as an orange film (60 mg, 65 %). Rf =0.44 (60 % EtOAc/hexanes);
1H NMR (300 MHz, DMSO): d=11.76 (br, 1H), 11.35 (br, 1H), 7.82 (s,
1H), 7.81 (s, 2 H), 7.66 (m, 3 H), 6.75 (m, 2 H), 6.53 (s, 1H), 4.30 (m, 4H),
4.16 (m, 4H), 3.84 (s, 3H), 1.19 ppm (m, 12H); 13C NMR (100 MHz,
(CD3)2CO): d=166.6, 166.4, 164.8, 164.7, 160.9, 160.1, 155.9, 144.5, 140.2,
136.7 135.1, 132.1, 130.8, 129.7, 127.2, 124.8, 120.0, 120.0, 116.5, 111.9,
111.6, 101.5, 62.0, 61.9, 60.7, 60.6, 59.2, 32.0, 30.9, 15.5, 15.3 ppm; HRMS:
m/z calcd for C31H35N6O9S2: 699.1901 [M+H]+ ; found: 699.1901.

2,2’-[(4-Methoxy-1-phenylsulfonyl-1H,1’H-2,2’-bipyrrole-5,5’-diyl)bis-ACHTUNGTRENNUNG(methanylylidene)]bis(azanylylidedene) bis(thiophene-3-carbonitrile)
(18): This compound was prepared by a modification of method C from
4-methoxy-1-benzenesulfonyl-5,5’-bisformyl-2,2’-bipyrrole (9, 10 mg,
0.03 mmol) and 2-amino-3-cyanothiophene (17, 8 mg, 0.40 mmol) by stir-
ring for 30 min at room temperature. Purification by column chromatog-
raphy on silica gel afforded conjugated tetracycle 18 as a brown solid
(16 mg, 91%). Rf =0.41 (50 % EtOAc/hexanes); 1H NMR (300 MHz,
[D6]DMSO): d =12.43 (br, 1H), 8.80 (s, 1H), 8.48 (s, 1H), 7.74 (m, 1 H),
7.58 (m, 2H), 7.42 (m, 4 H), 7.33 (m, 2 H), 7.08 (s, 1H), 6.94 (s, 1H), 6.69
(s, 1H), 3,86 ppm (s, 3H); 13C NMR (100 MHz, [D6]DMSO): d=165.8,
165.0, 158.8, 151.6, 150.9, 136.0, 135.5, 135.1, 134.1, 132.1, 129.7 (2), 129.0,
127.9, 126.7 (2), 121.6, 121.5, 117.4, 116.3, 115.3, 115.3, 109.5 (2), 102.4,
102.3, 59.3 ppm; HRMS: m/z calcd for C27H19N6O3S3: 571.0675 [M+H]+ ;
found: 571.0679.

Tetraethyl-5,5’-[(4-methoxy-1-phenylsulfonyl-1 H,1’H-2,2’-bipyrrole-5,5’-
diyl)bis(methanylydene)]bis(azanylylidene) bis(2-aminothiophene-3,4-di-
carboxylate) (21): This compound was prepared according to method C
from 4-methoxy-1-benzenesulfonyl-5,5’-bisformyl-2,2’-bipyrrole (9, 12 mg,
0.03 mmol) and 2,5-diaminothiophene-3,4-dicarboxylic acid diethyl ester
(19, 19 mg, 0.07 mmol). Purification by column chromatography on silica
gel (50 % EtOAc/hexane) afforded conjugated 22 as an orange film
(8 mg, 28 %) which displayed the same physical and spectral properties
as 20, which was observed to contain a trace of 21 by HRMS: m/z calcd
for C37H39N6O11S3: 839.1833 [M+H]+ ; found: 839.1807).

2,2’-[(4-Methoxy-1H,1’H-2,2’-bipyrrole-5,5’-diyl)bis(methanylylidene)]-ACHTUNGTRENNUNGbis(azanylylidedene) bis(thiophene-3-carbonitrile) (17): This compound
was prepared according to method C from 4-methoxy-5,5’-bisformyl-2,2’-
bipyrrole (8, 40 mg, 0.18 mmol) and 2-amino-3-cyanothiophene (17,
50 mg, 0.40 mmol). Purification by column chromatography on silica gel
afforded conjugated tetracycle 17 as an orange film (19 mg, 37%). Rf =

0.7 (50 % EtOAc/hexanes); 1H NMR (300 MHz, CDCl3): d=10.0 (br,
1H), 9.57 (br, 1 H), 8.24 (s, 1 H), 8.21 (s,1H), 7.1 (d, J=5.7 Hz, 1H), 7.03
(d, J =5.7 Hz, 1 H), 6.98 (d, J=5.7 Hz, 1H), 6.89 (s, 1 H), 6.86 (m, 1H),

6.68 (d, J =3.9 Hz, 1H), 6.28 (s, 1H), 3.93 ppm (s, 3H); 13C NMR
(100 MHz, (CD3)2CO): d=166.6, 164.9, 158.0, 150.2, 144.9, 131.7, 131.4,
130.9, 127.7, 127.5, 122.2, 120.5, 118.8, 117.0, 115.4, 114.9, 111.8, 102.8,
100.8, 95.2, 58.0 ppm; HRMS: m/z calcd for C21H14N6OS2: 431.0743 [M+

]; found: 431.0747.

Tetraethyl-5,5’-[(4-methoxy-1-octyl-1 H,1’H-2,2’-bipyrrole-5,5’-diyl)bis-ACHTUNGTRENNUNG(methanylydene)]bis(azanylylidene) bis(2-aminothiophene-3,4-dicarboxy-
late) (22): This compound was prepared by a modification of method C
from bipyrrole 12 (3.6 mg, 0.008 mmol) and 2,5-diaminothiophene-3,4-di-
carboxylic acid diethyl ester (19, 4.3 mg, 0.017 mmol) by stirring for 1 h
at room temperature. Purification by column chromatography on silica
gel afforded conjugated tetracycle 22 as an orange film (2 mg, 28%).
Rf = 0.61 (60 % EtOAc/hexanes); 1H NMR (700 MHz, CDCl3): d=8.92
(br, 1 H), 7.89 (s, 1H), 7.83 (s, 1H), 6.65 (d, J =4.2 Hz, 1H), 6.42 (s, 1 H),
6.27 (s, 2H), 6.19 (s, 2H), 6.06 (s, 1 H), 4,62 (m, 2H), 4.37 (m, 4 H), 4.28
(m, 4H), 3.91 (s, 3H), 0.9–1.43 ppm (m, 27H); 13C NMR (100 MHz,
CDCl3): d =166.0, 165.7, 164.5, 164.5, 158.6, 158.1, 144.2, 139.9, 136.0,
132.5, 131.1, 128.9, 126.6, 126.6, 124.8, 120.4, 120.4, 116.5, 103.2, 103.1,
95.7, 95.7, 61.4, 61.3, 60.2, 60.1, 58.1, 46.6, 31.9, 31.1, 29.7, 29.4, 29.3, 26.4,
22.7, 14.4, 14.3, 14.2, 14.1 ppm; HRMS: m/z calcd for C39H50N6O9S2:
811.3107 [M+H]+ ; found: 811.3114.

Crystal structure determination : Diffraction data for 20 was collected on
a Bruker FR591 diffractometer using graphite-monochromatized CuKa

radiation with 1.54178 �. The structures were solved by direct methods
(SHELXS97). All non-hydrogen atoms were refined based on Fobs2
(SHELXS97), while hydrogen atoms were refined on calculated positions
with fixed isotropic U, using riding model techniques. CCDC-831157 (20)
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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