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ABSTRACT: The preparation and characterization of a family of stable 2,2′-bipyrroles substituted at positions 5 and 5′ with
thienyl, phenyl, TMS-ethynyl, and vinyl groups is reported herein. The synthesis of these new bipyrroles comprises three steps:
formation of the corresponding 5,5′-unsubstituted bipyrrole, bromination, and Stille or Suzuki coupling. The best results in the
coupling are obtained using the Stille reaction under microwave irradiation. The new compounds have been fully characterized
by UV−vis absorption, fluorescence, and IR spectroscopies and cyclic voltammetry. X-ray single-crystal analysis of four of the
synthesized bipyrroles indicates a trans coplanar geometry of the pyrrole rings. Furthermore, the substituents at positions 5,5′
remain coplanar to the central rings. This particular geometry extends the π-conjugation of the systems, which is in agreement
with a red-shifting observed for the λmax of the substituted molecules compared to the unsubstituted bipyrrole. All of these new
compounds display a moderate fluorescence. In contrast with unsubstituted bipyrroles, these bipyrroles are endowed with a high
chemical and thermal stability and solubility in organic solvents.

■ INTRODUCTION

Our initial interest in 2,2′-bipyrroles1 stems from their presence
as structural motifs in relevant natural products, such as
prodigiosin2 or vitamin B12.

3 However, in recent years, the
development of the chemistry of 2,2′-bipyrroles has been
focused on their application as building blocks for the
preparation of artificial porphyrinoids,4 for instance, porphy-
cenes,5 sapphyrins,6 or cyclo[8]pyrroles.7 More recently, the
availability of such bipyrroles has spurred their use as
monomers for the preparation of conjugated polymers.8−12

Unfortunately, the synthesis of 2,2′-bipyrroles and especially β,
β′-substituted bipyrroles still entails long synthetic pathways
and leads to chemically unstable products, such as α,α′-free
bipyrroles 1 (Figure 1).13−16 This instability hampers the
functionalization of the α-position of the pyrrole rings, thus
limiting the application of these compounds.
In 2009, our group developed a new family of 2,2′-bipyrroles

2 bearing two ester functionalities at the β positions of pyrroles
starting from cinnamates (Figure 1).17 In contrast to the α,α′-
free bipyrroles 1, bipyrroles 2 exhibit a high stability and can be
stored indefinitely in the fridge. The chemical stability of
bipyrroles 2 was rationalized in terms of a decrease in the
charge density of the pyrrolic nucleus by the esters. Encouraged
by the stability of these bipyrroles, the synthesis of a substituted

quaterpyrrole was envisaged by a double-Suzuki coupling
between an α,α′-dibrominated bipyrrole and N-Boc-2-pyrrole-
boronic acid.18 The successful preparation of such a
quaterpyrrole prompted us to generalize this synthetic
methodology, giving a straightforward access to substituted
bipyrroles 3 bearing aromatic and unsaturated moieties at
positions 5,5′ (Scheme 1). The conjugated structure and the
presence of the bipyrrolic moiety make these new molecules of
interest in the design of metal ligands,19−23 macrocyclic
receptors,4,22,24−27 molecular electronics,28 light-emitting di-
odes,29 electrochromic devices,10 molecular wires,30 the
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Figure 1. β,β′-Substituted bipyrroles 1 and 2.
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preparation of conjugated low band gap polymers,31−34 and
polymer-based sensors.35−39

Thus, herein the synthesis of substituted bipyrroles 3 is
reported. The optical properties (UV−vis and fluorescence),
electrochemistry (cyclic voltammetry), and thermal stability of
these new molecules have been studied. These results have
been rationalized with the aid of DFT and TD-DFT
computations. The molecular structures of some selected
bipyrroles have been revealed by single-crystal X-ray diffraction.

■ RESULTS AND DISCUSSION

Synthesis. In this work, positions 5,5′ of bipyrroles 2a,b are
substituted by means of palladium-catalyzed reactions, namely
Stille and Suzuki couplings.40 The starting materials for such
couplings are the corresponding dibrominated bipyrroles 4a,b,
which are prepared by exposure of α,α′-free bipyrroles 2a,b to 2
equiv of NBS.18 Bipyrroles 2a,b are accessible from cinnamates
5a,b following a one-pot, two-step process reaction previously
reported by our group (Scheme 1).17

The nature of the substituents at the β positions of bipyrroles
is given by the choice of the starting cinnamate. Their presence
is quite convenient, enhancing solubility and the chemical
stability to the bipyrrole moiety. Furthermore, the ester groups
can be easily removed under specific conditions.33 For the sake
of simplicity, in this work, methyl and ethyl cinamates have
been used as starting materials. Two different aromatic moieties
have been chosen: the phenyl group and the p-OctOPh.

The synthesis of bipyrroles 2a,b is based on our previously
reported methodology.17 First, p-toluenesulfonylmethyl iso-
cyanide (TOSMIC) ester was treated with 2 equiv of n-BuLi
and 2 equiv of trimethyltin chloride (SnMe3Cl) at −78 °C.
Then the corresponding cinnamate 5a,b was added to render a
stannylated pyrrole intermediate that was, in turn, treated with
an excess of Cu(NO3)2·3H2O to afford 4,4′-diaryl-2,2′-
bipyrroles 2a,b by oxidative dimerization. This one-pot, two-
step process furnished bipyrroles 2a,b in moderate yields (42%
and 27%, respectively). Next, the bromination of bipyrroles was
carried out by treatment of 2a,b with N-bromosuccinimide in
THF as solvent at room temperature.18 Both brominated
bipyrroles 4a,b were obtained in good yields (87% and 75%,
respectively).
Once the brominated bipyrroles were in hand, preparation of

substituted bipyrroles 3 was attempted by Stille and Suzuki
cross-coupling reactions. Preliminary experiments were carried
out by refluxing bipyrrole 4a with reagents 6 and 10 under
typical conditions used to perform such couplings (Table 1).41

Although the couplings were successfully achieved, long
reaction times (12 and 48 h for Suzuki and Stille couplings,
respectively) were needed to reach good conversions. To
simplify the preparation, conventional heating was advanta-
geously replaced by microwave irradiation (MW).42,43 Under
these conditions, the reaction time was reduced significantly
(1.5 and 3 h for Suzuki and Stille couplings, respectively) while
affording the corresponding products in similar yields.

Scheme 1. Synthesis of 2,2′-Bipyrroles 3a−h

Table 1. Functionalization of Brominated 2,2′-Bipyrroles 4a,b Using Stille and Suzuki Reactions under Microwave Irradiation

entry R Ar G M method product yield (%)

1 Et Ph 2-thienyl SnBu3 Stille 3a 87
2 Et Ph Ph SnMe3 Stille 3b 90
3 Et Ph Ph B(OH)2 Suzuki 3b 35
4 Et Ph TMS-ethynyl SnBu3 Stille 3c 79
5 Et Ph vinyl SnBu3 Stille 3d 63
6 Me 4-(octyloxy)Ph 2-thienyl SnBu3 Stille 3e 90
7 Me 4-(octyloxy)Ph Ph SnMe3 Stille 3f 92
8 Me 4-(octyloxy)Ph TMS-ethynyl SnBu3 Stille 3g 32
9 Me 4-(octyloxy)Ph vinyl SnBu3 Stille 3h 46
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Although both reactions provide the coupling products,
generally, the Stille reaction affords the products in higher
yields than the Suzuki coupling (Table 1, entries 2 and 3). This
result might be ascribed to the hydrolysis of the ester groups at
positions 3,3′ of the bipyrrolic moiety due to the basic
conditions or the dehalogenation of position 5,5′.44 Therefore,
the Stille coupling was adopted to prepare a small library of
substituted bipyrroles.
The workup of the reaction was straightforward and was

carried out by simple washings of the crude solids with mixtures
of ethyl acetate and cyclohexane. All synthesized products were
characterized by 1H, 13C NMR, infrared spectroscopy, and
elemental analysis (EA). The results of such analyses clearly
demonstrate the purity and structure of the compounds. The
yields of the 5,5′-substituted bipyrroles 3 are in the range of
32−92% (Table 1).
X-ray Crystal Structure Analysis. Single crystals suitable

for X-ray analysis for bipyrroles 2a, 3a, 3b, and 3f were
obtained from slow evaporation of mixtures of CHCl3/AcOEt
or by slow diffusion of cyclohexane into chloroform solutions of
the compounds (Table 2). Figure 2 shows the ORTEP plots of
2a and 3a,b with thermal ellipsoids at the 50% probability level.

The structure of bipyrrole 3f is shown in the Supporting
Information (SI) (Figure S16). In all of the substituted
bipyrroles (3a, 3b, and 3f), the central two pyrrole rings are
found to adopt the same coplanar and trans configuration
(dihedral angles between −0.7(4)° and −2.2(6)°). Interest-
ingly, the structure of unsubstituted bipyrrole 2b shows a slight
deviation from planarity, being the corresponding dihedral
angle −11.0(2)°. In general, this planarity is a consequence of
the two hydrogen bonds formed between carbonyl groups and
the hydrogens from each pyrrolic unit. The bond distances for
these hydrogen bonds are in the range of 1.808−1.925 Å
(Figure 2). This geometry would allow a high π-conjugation of
the molecules, which is in agreement with the spectroscopic
data. In fact, the bond distances between sp2-carbon atoms at
positions 2 and 2′ (∼1.45 Å) are shorter than the typical C−C
bond, implying a partial double-bond character.
The phenyl groups at positions 4,4′ are twisted with respect

to the plane of the 2,2′-bipyrrole moiety, making a dihedral
angle in the range of 59.3(2)° and 99.8(3)°. In contrast, the
rings at positions 5,5′ adopt an almost planar geometry. Thus,
for the phenyl groups the dihedral angle is 4.3(5)°, whereas the
thiophene moieties are only slightly out of the plane

Table 2. Crystal Data and Structure Refinements for compounds 2a, 3a, 3b, and 3fa

compd 2a 3a 3b 3f

formula C52H48N4O8 C34H28N2O4S2 C38H32N2O4 C52H60N2O6

formula wt 856.94 592.70 580.65 809.02
T (K) 120 100 120 120
wavelength (Ǻ) 1.54178 1.54178 1.54178 1.54178
space group P21/n P-1 P-1 P21/n
a (Ǻ) 8.1443(16) 8.282 (6) 8.1568 (1) 13.109 (3)
b (Ǻ) 18.723(4) 9.706 (9) 10.0681 (6) 10.350 (2)
c (Ǻ) 14.403(3) 10.928 (7) 11.061 (4) 16.408 (3)
α (deg) 90 113.515 (11) 63.31 (3) 90
β (deg) 98.79(3) 93.064 (1) 68.71 (3) 94.59 (3)
γ (deg) 90 114.23(3) 66.74 (3) 90
V 2170.4 (8) 709.4 (9) 724.0 (3) 2219.1 (8)
Z/Dcalcd (g/cm

3) 2/1.311 1/1.387 1/1.332 2/1.211
F(000) 904 310 306 868
μ (mm−1) 0.722 2.01 0.69 0.595
h, k, lmax 9, 22, 17 9, 11, 13 9, 12, 13 15, 12, 20
Tmin/Tmax 0.960, 1.000 0.875, 1.000 0.929, 1.000 0.959, 1.000
S 1.04 1.118 1.172 1.044
R1(reflns) 0.0334 (3830) 0.0451 (2282) 0.0566 (2357) 0.0505 (3711)
wR2 (reflns) 0.0866 (4075) 0.1264 (2539) 0.1545 (2570) 0.1412 (4211)

aR1 = ∑∥Fo| − |Fc∥/∑|Fo|, wR2 = [∑[w(Fo
2 − Fc

2)2]/∑[w(Fo
2)2]]1/2.

Figure 2. X-ray crystal structures of bipyrroles 2a (a), 3a (b), and 3b (c). Displacement ellipsoids are shown at the 50% probability level.
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(−1.7(4)°). In compound 3a, the thiophene and pyrrole rings
adopt a trans conformation.
The crystal-packing views of these bipyrroles are shown in

the Supporting Information (SI) (Figures S17−S19) and in
Figure 3. In the solid state, bipyrrole 2a is packed in a

herringbone fashion with an interlayer distance of 3.2 Å (Figure
S17). An intermolecular CO−π interaction is observed between
the ester group and the pyrrole ring (Figure S18).45 The
introduction of thiophene and phenyl rings at positions 5,5′
leads to the formation of supramolecular linear arrangements
stabilized by π−π stacking between one pyrrole and the
adjacent ring of two near bipyrroles. The π−π stacking
distances are around 3.3 Å (Figure 3). Interestingly, in
bipyrrole 3f the bulkiness of the octyl chains hampers any
π−π stacking interactions (Figure S19).
Thermal Stability. Pyrroles and oligopyrroles are generally

regarded as chemically unstable and prone to oxidation.11 Thus,
in order to assess the applicability of the bipyrroles of this study
in optoelectronics, it is critical to evaluate their thermal
stability.46 To do so, thermogravimetric analyses (TGA) were
performed on four bipyrroles (2a and 3a−c) (Figure 4).
Compound 3d was not studied due to the intrinsic instability of
the vinyl groups. Interestingly, the data showed that all
products are unaltered below 230 °C. Additionally, the
parameter Td10 (10% loss mass) was found to range from
285 °C (3a) to 339 °C (3b).
Electronic Absorption Spectroscopy. The UV−vis

absorption spectra of bipyrroles 2, 3, and 4 were measured in
chloroform solution (Figure 5a and Figures S20−S25). The
corresponding spectral data are summarized in Table 3. The
common feature of these spectra is the presence of a
moderately strong absorption band (16000−24000 cm−1·
M−1) around 400 nm, which is the λmax

abs. This characteristic
band corresponds to π → π* transitions between adjacent
heterocycles. As a general trend, the longest λmax

abs values of the
substituted compounds are notably red-shifted as compared to

the value displayed by bipyrrole 2a. This effect is rationalized in
terms of the extension of the π-conjugation of the molecules.

Figure 3. X-ray crystal packing of bipyrrole 3a (a) (along
crystallographic b axis) and 3b (b) (along crystallographic c axis).

Figure 4. Thermograms for 2,2′-bipyrroles 2a and 3a−c and Td10.

Figure 5. UV−vis absorption spectra (a) and normalized fluorescence
emission excited at their maximum absorption wavelength (b) of 2a
and 3a−d.

Table 3. UV-vis Absorption and Fluorescence Properties of
2a,b, 4a,b, and 3a−h

absorption fluorescence

product λmax1 (nm) λmax2 (nm) εmax1 εmax2 λ (nm) Φ

2a 362 16000 443 0.78
4a 372 20000 446 0.55
3a 406 332 19000 16000 477 0.23
3b 390 314 20000 19000 462 0.52
3c 383 305 24000 19000 454 0.73
3d 399 313 19000 16000 466 0.49
2b 368 21000 451 0.77
4b 376 22000 453 0.31
3e 408 334 22000 18000 485 0.23
3f 392 314 21000 19000 468 0.49
3g 387 301 21000 17000 461 0.62
3h 403 313 19000 16000 473 0.4
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Furthermore, when the 5,5′ positions of the bipyrrole unit
are substituted with unsaturated moieties, an additional
absorption band emerges in the 320 nm region. In accordance
with the TD-DFT calculations (Table 5), these high-energy
bands are mainly attributed to electronic transitions among the
pyrrolic moiety and the unsaturated groups at positions 5,5′
(Figure S36).
As expected, the p-octyl chain in the phenyl present in the

4,4′ position does not produce noticeable effects on the
absorption spectrum; in most cases, only a bathochromic shift
of 2−6 nm was observed.
Fluorescence Spectroscopy. The fluorescence spectra of

bipyrroles 2, 3, and 4 in chloroform are shown in Figure 5b and
Figures S20−S25. The spectral data are summarized in Table 3.
Typically, 2,2′-bipyrroles display strong fluorescence emissions
observed above 440 nm with high quantum yields (Figure 5).47

For instance, the 5,5′-unsubstituted bipyrrole 2a displays a
fluorescence peak at 443 nm with a luminescence quantum
yield of 78%. The introduction of the trimethylsilylethynyl,
phenyl, vinyl, and thiophene groups onto positions 5,5′ causes a
significant red-shifting of the maximum of the emission band,
accompanied by a gradual decrease in the quantum yield from
73% (3c) to 23% (3a). This effect is especially dramatic in the
case of compound 3a. The introduction of two thiophene rings
causes a red-shift of 34 nm compared with 2a, and the quantum
yield is reduced to 23% (Figure 6). On the other hand, in

bipyrroles 3c and 3g the introduction of the trimethylsilyle-
thynyl moiety only slightly reduces the emission. Again, the
presence of the p-octyl chain does not significantly change the
fluorescence parameters.

Electrochemical Properties. With the aim of elucidating
the electronic effects of the introduction of substituents onto
position 5,5′ of the bipyrrole moiety of bipyrroles 5, their
electrochemical behavior was examined by cyclic voltammetry
(CV) (Figures S26−S30). The measurements were performed
in deoxygenated dichloromethane (0.5 mM) containing 0.1 M
n-Bu4NClO4 (TBAP) as a supporting electrolyte. All potentials
reported herein were calibrated with the ferrocene/ferrocenium
couple (Fc/Fc+) as internal standard. The oxidation potentials
(Eo) and onsets (Eox

onset) of 2a and 3a−d are listed in Table 4.
The onset potential was measured relative to the Fc/Fc+

couple. The energy level of Fc/Fc+ was assumed to be −4.80
eV relative to the vacuum level.48

α,α′-Unsubstituted bipyrrole 2a and bipyrroles 3c,d display
one oxidation peak at around 0.5 V (Table 4). The first
oxidation wave can be attributed to the formation of a radical
cation species.49 In contrast, thiophene (3a) and 5,5′-diphenyl
(3b) substituted bipyrroles show two reversible oxidation waves
(Figure 7). Interestingly, the values of the oxidation potentials

for bipyrrole 3a are cathodically shifted by ca. 100 mV in
comparison with the phenyl-containing bipyrrole 3b. This
enhancement of the donor ability of compound 3a is accounted
for the high conjugation of the molecule, which is in agreement
with the UV−vis data and the electrochemical features of
related terpyrroles and quaterpyrroles.49,50 On the basis of the
onset potential of their first oxidation waves, the HOMO
energy levels for bipyrroles 2a and 3a−d were estimated to be
−5.09, −4.91, −5.02, −5.20, and −4.97 eV, respectively (Table
4).

Theoretical Calculations. DFT calculations were per-
formed using the Becke’s three-parameter hybrid functional and
gradient-corrected correlation functional of Lee.51,52 First, the
geometries were optimized at the B3LYP/6-311G (d,p) level.

Figure 6. Photographs of chloroform solutions of 2a and 3a−c (a) and
their fluorescence emission exited at 330 nm (b).

Table 4. Electrochemical Data and HOMO−LUMO Band Gaps of Bipyrroles 2a and 3a−d

compd Eo
a (V) Eox

onsetb (V) EHOMO
expc (eV) EHOMO

calcdd (eV) ELUMO
expe (eV) Eg

optf (eV) Eg
calcdg (eV)

2a +0.47 +0.29 −5.09 −5.39 −2.06 3.03 3.32
3a +0.29 +0.11 −4.91 −4.99 −2.02 2.71 2.98
3b +0.40 +0.22 −5.02 −5.11 −2.16 2.86 3.22
3c +0.58 +0.40 −5.20 −5.29 −2.30 2.90 3.30
3d +0.4 +0.17 −4.97 −5.15 −2.17 2.80 3.07

aEo, first oxidation peak potential;
bEox

onset, onset oxidation potential; cEHOMO
exp = −(Eoxonset+4,8).

dEHOMO
calcd, calculated by B3LYP/6-311G(d,p)//

B3LYP/6-311G(d,p). eELUMO
exp = (EHOMO

exp + Eg
opt). fEg

opt. Optical energy gap determined from the UV−vis absorptions in solution. gEg
calcd,

calculated by TD-DFT TD/PBE0/6-311G(d,p)//PBE0/6-311G(d,p) as first excitation energy.

Figure 7. Cyclic voltammetry for bipyrroles 2a and 3a,b.
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In general, the calculated bond lengths are in good agreement
with the X-ray results. However, the dihedral angles between
pyrroles and rings at positions 5,5′ are slightly overestimated.
This effect has already been observed in other conjugated
systems.53 Next, the frontier molecular orbitals (FMO) plots
and the HOMO and LUMO levels were evaluated by single-
point calculations at the B3LYP/6-311G(d,p)//B3LYP/6-
311G(d,p) level of theory. The calculated HOMO energy
levels of bipyrroles 3 are in reasonably good agreement (±0.2
eV) with the values extracted from the cyclic voltammograms
(Table 4). As shown in Figure 8, the HOMO were spread out
over the bipyrrole core and the conjugated substituents at
positions 5,5′, while the LUMO were mainly localized to the
bipyrrole moieties. As expected, the phenyl rings at positions
4,4′, which are not coplanar with the bipyrrole moiety, do not
contribute to the delocalization of the FMO (Figure 8).
To gain insight into the electronic transitions of bipyrroles 3,

time-dependent DFT calculations (TD-DFT) were performed
in chloroform as solvent. Two different functionals (B3LYP and
PBE0)54 and several basis sets were assessed and compared
with the experimental data. The most accurate results were
obtained using the TD/PBE0/6-311G(d,p)//PBE0/6-311G-
(d,p) level of theory.
The results are summarized in Table 5. The calculated

absorption maximums, although accurate, are generally red-

shifted with respect to the experimental spectra. Moreover,
from the first excitation energy the HOMO−LUMO gaps
(Eg

calcd) were extracted. These calculated values are approx-
imately comparable to the optical HOMO−LUMO gaps (Eg

exp)
estimated from the corresponding UV−vis spectra (Table 4).
According to Musgrave et al.,55 the expression ELUMO

exp =
(EHOMO

exp + Eg
opt) was used to calculate the LUMO energy

level.
The TD-DFT calculations suggest that the lowest energy

absorption band for these bipyrroles is mainly contributed by
the HOMO → LUMO transition with high oscillator strength

above 0.6, which corresponds to the electronic transition from
the ground to the first excited state (S0 → S1). On the other
hand, the second absorption maximum is related to the mixed
HOMO−LUMO+1 or HOMO−LUMO+2 transitions (Table
5, Figure S36).

■ CONCLUSIONS
5,5′-Dibrominated 2,2′-bipyrroles have been used as starting
materials to prepare a new family of 5,5′-substituted 2,2′-
bipyrroles. The introduction of thienyl, phenyl, TMS-ethynyl,
and vinyl groups was achieved by means of the Stille reaction.
The usual reflux conditions for this coupling were advanta-
geously substituted by microwave irradiation. Under these
conditions, the time of reaction can be reduced from 48 to 3 h.
The crystal structures of four of these bipyrroles reveal that the
heterocyclic substituents adopt a planar trans configuration.
Strikingly, although the phenyl groups are nearly perpendicular
to the bipyrrole moiety, rings at positions 5,5′ remain coplanar
with the heterocyclic core. As a consequence, the presence of
such substituents causes an extension of the π-conjugation,
which is in agreement with the observed red-shifting of the
bands in the UV−vis spectra. As anticipated, bipyrroles 3
display a strong fluorescence emission around 460 nm with
quantum yields ranging from 23% to 77%. The introduction of
octyl chains enhances the solubility of these bipyrroles without
affecting their optical properties. From thermogravimetric
analysis, it can be concluded that these bipyrroles are endowed
with high chemical and thermal stability. These properties make
them useful for optoelectronic applications, for instance, as
monomers to prepare conjugated polymers. Preliminary results
point out that reaction of dibrominated bipyrroles 4 and
distannylated compounds can be coupled to afford mixed
polymers with interesting optical properties. A complete study
of these materials is currently ongoing in our laboratories.

■ EXPERIMENTAL SECTION
General Methods and Materials. All reagents and solvents of

analytical grade were purchased directly from commercial sources and
used without any further purification. Anhydrous solvents were drawn
into syringes under the flow of dry N2 gas and directly transferred into
the reaction flasks to avoid contamination. Column chromatography
was carried out on silica gel (70−230 mesh), and analytical thin layer
chromatography (TLC) was performed on plastic plates of silica gel
GF-254 with detection by UV. Standard techniques for synthesis were
carried out under nitrogen atmosphere. All melting points were
determined in a Büchi 530 capillary apparatus without any correction.
Elemental analyses were performed on a Carlo-Erba CHNS-O/EA
1108 instrument.

Microwave Irradiation. Experiments were performed in an
Initiator (Biotage) microwave apparatus, operating at a frequency of
2.45 GHz with continuous irradiation power from 0 to 400 W.
Reactions were carried out in 5 and 20 mL glass tubes (Biotage),
sealed with aluminum/Teflon crimp tops, which can be exposed up to

Figure 8. Frontier molecular orbitals of bipyrroles 2a and 3a−d.

Table 5. UV−vis Spectroscopic Data and Calculated Lowest
Excitation Energies of 2a and 3a−d

compd
λmax

abs, exp

(nm)
λmax

abs,calcd

(nm) composition of the band

2a 362 373 (0.81) H→L (99%)
3a 406, 332 414 (0.75) H→L (99%)

337 (0.48) H→L+1 (92%) H→L+2 (5%)
3b 390, 314 383 (0.77) H→L (99%)

311 (0.58) H→L+2 (96%)
3c 383, 305 394 (0.78) H→L (99%)

315 (0.56) H→L+2 (94%) H→L+1 (2%)
3d 399, 313 404 (0.64) H→L (99%)

312 (0.5) H→L+1 (96%)

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.7b00961
J. Org. Chem. 2017, 82, 6904−6912

6909

http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00961/suppl_file/jo7b00961_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.7b00961


250 °C and 20 bar internal pressure. The temperature was measured
with an IR sensor on the outer surface of the process vial. After the
irradiation period, the reaction vessel was cooled rapidly to 50 °C by
air jet cooling. For the Stille couplings, the reaction temperature was
140 °C (100 °C/min slope) for 3 h and Suzuki reaction at 120 °C
(100 °C/min slope) for 1.5 h.
Spectroscopy and Spectrometry. The absorption and photo-

luminescence spectra were measured using a double-beam spectrom-
eter (Thermo Scientific 300 UV−vis) and a fluorescence spectrometer
(Hitachi F2500), respectively, in chloroform at room temperature (25
°C). Fluorescence spectra were obtained using the corresponding
maximum absorption wavelengths as excitation wavelengths in
chloroform, and fluorescence quantum yields (Φf) were estimated
using a H2SO4 0.005 M solution of quinine sulfate as a standard with a
known value of ΦF = 0.546 at room temperature. 1H NMR and 13C
NMR spectra were recorded in a Varian-400MR spectrometer.
Chemical shift values (δ) were reported in parts per million relative
to TMS as the internal standard (1H NMR) or to the residual solvent
peak (13C NMR). IR spectra were recorded in a Nicolet iS10 FTIR
spectrometer. HRMS were recorded using an Agilent Technologies
5975 spectrometer.
High-Resolution Mass Spectrometry. HRMS spectra were

recorded on an EBE Trisector VG AutoSpec (Micromass Instruments)
high-resolution spectrometer (FAB mode). HR-FAB-MS spectra were
recorded with m-nitrobenzyl alcohol (NBA) as a matrix.
Electrochemistry. Cyclic voltammograms were recorded on a

Voltalab PST050 using a three-electrode single-compartment cell (20
mL) at different scan rates (20, 50, 100 mV/s). 0.5 × 10−3 M CH2Cl2
solutions containing TBAClO4 (0.1 M) as supporting electrolyte were
prepared. The electrodes used were a Pt wire working electrode, a Pt
wire counter electrode, and Ag/AgNO3 0.01 M with 0.1 TBAP
(tetrabutylammonium perchlorate) as a reference electrode at room
temperature. Prior to each measurement, the solutions were degassed
by nitrogen bubbling for 10 min. The ferrocene/ferrocinium (Fc/Fc+)
couple was used as the internal standard in each CV.
Crystallography. Diffraction data were collected on a high flux

microfocus Rigaku FRX rotating anode at the copper kα wavelength
equipped with a Dectris Pilatus 200 K hybrid detector. The crystals
were mounted on cryo-loops after quick soaking on Paratone-N oil
from Hampton research and flash-frozen at 120 and 100 K (structure
3a). The data were processed with the CrystalClear suite version 2.1
b43.56 All crystal structures was solved with SHELXT57 and refined
using SHELXL 201458 version. Full-matrix least-squares refinement
were performed on F2 for all unique reflections, minimizing w(Fo

2 −
Fc

2)3 with anisotropic displacement parameters for non-hydrogen
atoms. All H atoms found in difference electron-density maps were
refined freely, and all the other were treated as riding on their parent C
or N atoms. Data statistics are reported in the CIFs and Table 2.
Crystals of bipyrroles 2a (CCDC 1490137), 3a (CCDC 1490136), 3b
(CCDC 1490111), and 3f (CCDC 1487240) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
Computational Details. The computations were performed using

Gaussian 0959 with a GaussView interface on a computer with a quad-
core processor. The geometries were optimized at the DFT B3LYP
level of theory with a 6-311G(d,p) basis set.52 The structures are
minima on the potential energy surface with positive harmonic
vibrational frequencies.
Synthesis of 4,4′-Diaryl-2,2′-bipyrroles 2a,b. Typical Proce-

dure. n-BuLi (1.6 M in hexanes, 10.4 mL, 17 mmol) was added to a
solution of TosMIC (1.56 g, 8.0 mmol) in tetrahydrofuran (THF) (50
mL) at −78 °C. After 5 min of stirring at −78 °C, 16 mL of Me3SnCl
(1 M in THF, 16 mmol) were added dropwise. After another 5 min of
stirring at −78 °C, a solution of 5a,b (8.0 mmol) in THF (20 mL) was
added dropwise. The temperature of the reaction mixture was allowed
to rise to room temperature over 30 min, and stirring was continued
overnight. To this solution was added 1.9 g of Cu(NO3)2·3H2O (8
mmol) in a single portion. The mixture was stirred at room
temperature for 40 min. The solvent was removed under reduced

pressure, and the residue was dissolved in ethyl acetate. The organic
layer was washed with 10% ammonia (3 × 50 mL), water (3 × 50 mL)
and brine. The solvent was dried over MgSO4, and the volume of the
solution was reduced to 1/3 of the total. The resulting slurry was
placed in the refrigerator overnight, and the precipitate was collected
by filtration and washed with cold ethyl acetate.

2a (42%, 0.72 g, pale yellow powder). IR (KBr)/cm−1: 3445, 2989,
1657, 1499, 1423, 1187, 795, 761, 699. 1H NMR (400 MHz, CDCl3)
δ: 13.42 (br, 2H), 7.35−7.29 (m, 10H), 6.81 (d, J = 2.7 Hz, 2H), 4.10
(q, J = 7.0 Hz, 4H), 0.94 (t, J = 7.0 Hz, 6H). 13C NMR (100.6 MHz,
CDCl3) δ: 168.6, 136.7, 129.6, 129.5, 128.9, 127.4, 126.2, 117.8, 109.6,
60.7, 13.4. HRMS (FAB/EBE trisector, NBA, positive) m/z: [M]+

calcd for C26H25N2O4 429.1814, found 429.1814. UV−vis λmax/nm (ε/
M−1·cm−1) CHCl3: 362 (1.6 × 104). Mp: 188−190 °C.

2b (26%, 0.68 g, pale yellow powder). IR (KBr)/cm−1: 3437, 2957,
1644, 1510, 1440, 1176, 1118, 1018, 832, 800, 680. 1H NMR (400
MHz, CDCl3) δ: 13.31 (s, 2H), 7.24 (d, J = 8.8 Hz, 4H), 6.89 (d, J =
8.8 Hz, 4H), 6.78 (d, J = 2.8 Hz, 2H), 3.99 (t, J = 6.8, Hz, 4H), 3.63 (s,
6H), 1.86−1.76 (m, 4H), 1.53−1.25 (m, 20H), 0.93−0.86 (t, J = 6.8,
6H). 13C NMR (100.6 MHz, CDCl3) δ: 169.4, 157.9, 130.3, 129.73,
128.8, 128.6, 117.9, 113.8, 109.3, 68.2, 51.6, 31.9, 29.57, 29.5, 29.4,
26.3, 22.83, 14.3. UV−vis λmax/nm (ε/M−1·cm−1) CHCl3: 368 (2.1 ×
104). Mp: 122−123 °C. Anal. Calcd for C40H52N2O6: C, 73.14; H,
7.96; N, 4.35. Found: C, 73.45; H, 7.96; N, 4.35.

Synthesis of Dibrominated 4,4′-Diaryl-2,2′-bipyrroles 4a,b.
Typical Procedure. 4-Diaryl-2,2′-bipyrrole 2a,b (2.33 mmol) was
dissolved in 100 mL of dry THF. Then to the solution was added N-
bromosuccinimide (NBS) (0.87 g, 4.90 mmol), and the solution was
stirred overnight. The solvent was removed under vacuum, and the
solid was dissolved in dichloromethane (DCM) and washed with
water (3 × 25 mL). MgSO4 was added, the solution was filtered, and
the solvent was removed under vacuum. The pure product was
obtained by washing the solid with a mixture of ethyl acetate (AcOEt)
and cyclohexane (Cy) (1:1) to give yellow powders.

4a (87%, 1.19 g, pale yellow powder). IR (KBr)/cm−1: 3432, 2981,
1652, 1444, 1416, 1186, 1023, 959, 767, 698, 636. 1H NMR (400
MHz, CDCl3) δ: 13.87 (s, 2H), 7.42−7.23 (m, 10H), 4.04 (q, J = 7.2,
14.4 Hz, 4H), 0.82 (t, J = 7.2, 14.4 Hz, 6H). 13C NMR (100.6 MHz,
CDCl3) δ: 167.7, 135.5, 130.3, 129.4, 127.7, 127.7, 127.0, 111.6, 101.6,
61.2, 13.3. HRMS (FAB/EBE trisector, NBA, positive) m/z: [M]+

calcd for C26H22N2Br2O4 583.9946, found 583.9969. UV−vis λmax/nm
(ε/M−1·cm−1) CHCl3: 372 (2.0 × 104). Mp: 221−222 °C. Anal. Calcd
for C26H22N2Br2O4: C, 53.27; H, 3.78; N, 4.78. Found: C, 53.16; H,
3.43; N, 4.67.

4b (75%, 1.42 g, pale yellow powder). IR (KBr)/cm−1: 3433, 2924,
2851, 1658, 1503, 1438,, 1178, 1111, 1001, 832. 1H NMR (400 MHz,
CDCl3) δ: 13.76 (s, 2H), 7.18 (d, J = 8.7 Hz, 4H), 6.92 (d, J = 8.7 Hz,
4H), 4.00 (t, J = 6.6, 13.2 Hz, 4H), 3.58 (s, 6H), 1.87−1.76 (m, 4H),
1.53−1.28 (m, 20H), 0.94−0.86 (t, J = 6.8 Hz, 6H). 13C NMR (100.6
MHz, CDCl3) δ: 168.3, 158.3, 131.3, 129.36, 127.2, 127.1, 113.7,
111.2, 101.8, 7.14, 5.0, 32.0, 29.58, 3.55, 29.4, 26.3, 22.8, 14.3. UV−vis
λmax/nm (ε/M−1·cm−1) CHCl3: 376 (2.2 × 104). Mp: 160−161 °C.
Anal. Calcd for C40H50Br2N2O6: C, 58.97; H, 6.19; N, 3.44. Found: C,
58.79; H, 5.91; N, 3.48.

Synthesis of 3a−h by Stille Coupling. Typical Procedure Using
Conventional Heating. Dibrominated bipyrrole 4a,b (0.34 mmol)
and stannylated derivative 6−9 (0.85 mmol) were dissolved in 20 mL
of dry toluene. Then the solution was flushed with N2 for 20 min, and
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) (0.12 g, 0.1
mmol) was added. The resulting mixture was flushed for an additional
5 min. Finally, the mixture was stirred for 2 days at 100 °C under
nitrogen. The mixture was filtered to separate the precipitated catalyst,
and the solvent was removed under reduced pressure to obtain a
brown oil. The pure product was obtained washing the brown oil with
a mixture of AcOEt and Cy (1:1) to give green-yellow powders.

Synthesis of 3a−h by Stille Coupling. Typical Procedure Using
MW. Compound 4a,b (0.34 mmol) and stannylated derivative 6−9
(0.85 mmol) were dissolved in 15 mL of dry toluene. Then the
solution was flushed with N2 for 20 min, and Pd(PPh3)4 (0.12 g, 0.1
mmol) was added. The resulting mixture was flushed for an additional
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5 min. Finally, the mixture was stirred for 3 h at 140 °C in a microwave
instrument. The mixture was filtered to separate the precipitated
catalyst, and the solvent was removed under reduced pressure to
obtain a brown oil. The product was obtained washing the brown oil a
mixture of AcOEt and Cy (1:1) to yield a green-yellow powder.
3a (87%, 175 mg, yellow orange-powder). IR (KBr)/cm−1: 3065,

2979, 1652, 1499, 1442, 1419, 1182, 1068, 908, 847, 792, 769, 696. 1H
NMR (400 MHz, CDCl3) δ: 14.18 (s, 2H), 7.43−7.31 (m, 10H), 7.09
(dd, J = 3.6, 1.2 Hz, 2H), 7.04 (dd, J = 5.1, 1.2 Hz, 2H), 6.93 (dd, J =
5.1, 3.6 Hz, 2H), 4.04 (q, J = 7.1 Hz, 4H), 0.76 (t, J = 7.1 Hz, 6H).13C
NMR (100.6 MHz, CDCl3) δ: 168.4, 136.9, 134.4, 131.0, 128.6, 128.1,
127.1, 127.0, 125.6, 124.9, 124.3, 123.2, 112.3, 60.8, 13.3. UV−vis
λmax/nm (ε/M−1·cm−1) CHCl3: 332 (1.6 × 104), 406 (1.9 × 104).
Mp: >250 °C. Anal. Calcd for C34H28N2O4S2: C, 68.90; H, 4.76; N,
4.73; S, 10.82. Found: C, 68.56; H, 4.98; N, 4.71; S, 10.69.
3b (90%, 178 mg, green-yellow powder). IR (KBr)/cm−1: 3431,

3052, 2979, 1648, 1492, 1419, 1182, 1032, 818, 774, 764, 699. 1H
NMR (400 MHz, CDCl3) δ: 13.94 (s, 2H), 7.37−7.13 (m, 20H), 4.04
(q, J = 7.2 Hz, 4H), 0.79 (t, J = 7.2 Hz, 6H). 13C NMR (100.6 MHz,
CDCl3) δ: 168.7, 137.5, 132.1, 130.8, 129.1, 128.9, 128.6, 127.9, 126.8,
126.6, 126.6, 125.7, 112.6, 60.8, 13.3. UV−vis λmax/nm (ε/M−1·cm−1)
CHCl3: 314 (1.9 × 104), 390 (2.0 × 104). Mp: 235 °C. Anal. Calcd
for C38H32N2O4: C, 78.60; H, 5.55; N, 4.82. Found: C, 78.70; H, 5.69;
N, 4.82.
3c (79%, 167 mg, yellow powder). IR (KBr)/cm−1: 3433, 2958,

1656, 1478, 1418, 1180, 1031, 858, 757, 698. 1H NMR (400 MHz,
CDCl3) δ: 13.30 (s, 2H), 7.39−7.26 (m, 10H), 4.10 (q, J = 7.2 Hz,
4H), 0.90 (t, J = 7.2 Hz, 6H), 0.14 (s, 18H). 13C NMR (100.6 MHz,
CDCl3) δ: 168.0, 135.2, 134.2, 130.0, 128.2, 127.7, 126.8, 112.9, 111.2,
99.2, 96.1, 61.2, 13.5, −0.1. UV−vis λmax/nm (ε/M−1·cm−1) CHCl3:
305 (1.9 × 104), 383 (2.4 × 104). Mp: 232−233 °C. Anal. Calcd for
C36H40N2O4Si2: C, 69.64; H, 6.49; N, 4.51. Found: C, 69.76; H, 6.29;
N, 4.49.
3d (63%, 103 mg, yellow powder). TBP was used as radical

inhibitor during the reaction. IR (KBr)/cm−1: 3434, 2975, 2924, 1661,
1632, 1602, 1476, 1432, 1180, 1023, 986, 908, 773, 700, 645. 1H NMR
(400 MHz, CDCl3) δ: 13.92 (s, 2H), 7.39−7.24 (m, 10H), 6.38 (dd, J
= 17.8, 11.3 Hz, 2H), 5.59 (d, J = 17.8 Hz, 2H), 5.13 (d, J = 11.3 Hz,
2H), 4.04 (q, J = 7.1 Hz, 4H), 0.81 (t, J = 7.1 Hz, 6H). 13C NMR
(100.6 MHz, CDCl3) δ: 168.5, 136.2, 130.6, 129.1, 128.9, 127.9, 127.5,
126.6, 125.3, 111.6, 111.0, 60.8, 13.4. UV−vis λmax/nm (ε/M−1·cm−1)
CHCl3: 313 (1.6 × 104), 399 (1.9 × 104). Mp: 250 °C dec. Anal. Calcd
for C30H28N2O4: C, 74.98; H, 5.87; N, 5.83. Found: C, 75.09; H, 5.89;
N, 5.84.
3e (90%, 251 mg, yellow-orange powder). IR (KBr)/cm−1: 3435,

2926, 2854, 1656, 1521, 1447, 1397, 1243, 1201, 1172, 830, 687. 1H
NMR (400 MHz, CDCl3) δ: 14.07 (s, 2H), 7.21 (d, J = 8.6 Hz, 4H),
7.11 (dd, J = 3.7, 1.2 Hz, 2H), 7.06 (dd, J = 5.1, 1.2 Hz, 2H), 6.97−
6.92 (m, 6H), 4.03 (t, J = 6.7 Hz, 4H), 3.56 (s, 6H), 1.84 (m, 4H),
1.53−1.29 (m, 20H), 0.90 (s, J = 6,7 Hz, 6H). 13C NMR (100.6 MHz,
CDCl3) δ: 169.0, 158.6, 134.4, 131.9, 128.6, 128.4, 126.9, 125.2, 125.2,
124.3, 123.1, 114.1, 112.2, 68.2, 51.9, 32.0, 29.6, 29.6, 29.4, 26.3, 22.8,
14.3. Anal. Calcd for C48H56N2O6S2: C, 70.21; H, 6.87; N, 3.41; S,
7.81. Found: C, 70.022; H, 7.16; N, 3.27; S, 8.05. UV−vis λmax/nm (ε/
M−1·cm−1) CHCl3: 334 (1.8 × 104), 408 (2.2 × 104). Mp: 212−215
°C.
3f (92%, 253 mg, green-yellow powder). IR (KBr)/cm−1: 3434,

2925, 2855, 1658, 1518, 1444, 1399, 1232, 1200, 1173, 1020, 833, 768,
695. 1H NMR (400 MHz, CDCl3) δ: 13.80 (s, 2H), 7.32−7.16 (m,
10H), 7,16 (d, J = 8.6 Hz, 4H) 6.88 (d, J = 8.6 Hz, 4H), 4.00 (t, J = 6.6
Hz, 4H), 3.57 (s, 6H), 1.88−1.77 (m, 4H), 1.54−1.28 (m, 20H),
0.95−0.85 (t, J = 6.6 Hz, 6H). 13C NMR (100.6 MHz, CDCl3) δ:
169.1, 157.8, 132.0, 131.5, 129.1, 128.9, 128.6, 128.48, 126.6, 125.0,
113.8, 112.1, 68.0, 51.6, 31.8, 29.4, 29.4, 29.3, 26.9, 26.1, 22.7, 14.1.
UV−vis λmax/nm (ε/M−1·cm−1) CHCl3: 314 (1.9 × 104), 392 (2.1 ×
104). Mp: 176−177 °C. Anal. Calcd for C52H60N2O6: C, 77.20; H,
7.48; N, 3.46. Found: C, 77.38; H, 7.60; N, 3.22.
3g (32%, 92 mg, yellow powder). IR (KBr)/cm−1: 3434, 2923,

2855, 2154, 1657, 1516, 1439, 1385, 1164, 1042, 860, 831. 1H NMR
(400 MHz, CDCl3) δ: 13.15 (s, 2H), 7.30 (d, J = 8.7 Hz, 4H), 6.89 (d,

J = 8.7 Hz, 4H), 4.00 (t, J = 6.6 Hz, 4H), 3.64 (s, 6H), 1.86−1.76 (m,
4H), 1.51−1.27 (m, 20H), 0.90 (t, J = 6.8 Hz, 6H), 0.17 (s, 18H). 13C
NMR (100.6 MHz, CDCl3) δ: 168.7, 158.2, 133.5, 130.9, 128.1, 126.9,
113.6, 112.7, 110.7, 99.2, 96.3, 68.2, 51.9, 31.9, 29.6, 29.5, 29.4, 26.3,
22.8, 14.3, −0.1. UV−vis λmax/nm (ε/M−1·cm−1) CHCl3: 257 (2.9 ×
104), 388 (2.1 × 104). Mp: 175−176 °C. Anal. Calcd for
C50H68N2O6Si2: C, 70.71; H, 8.07; N, 3.30. Found: C, 70.44; H,
8.15; N, 3.31.

3h (46%, 113 mg, yellow powder). TBP was used as radical
inhibitor during the reaction. IR (KBr)/cm−1: 3456, 2925, 2855, 1657,
1516, 1440, 1391, 1242, 1195, 1163, 833. 1H NMR (400 MHz,
CDCl3) δ: 13.83 (s, 2H), 7.16 (d, J = 8.7 Hz, 4H), 6.91 (d, J = 8.7 Hz,
4H), 6.41 (dd, J = 17.8, 11.3 Hz, 2H), 5.60 (d, J = 17.8 Hz, 2H), 5.14
(d, J = 11.3 Hz, 2H), 4.01 (t, J = 6.6 Hz, 4H), 3.58 (s, 6H), 1.82 (m,
4H), 1.52−1.29 (m, 20H), 0.95−0.86 (t, J = 6.8 Hz 6H). 13C NMR
(100.6 MHz, CDCl3) δ: 169.1, 158.0, 131.5, 129.1, 128.9, 127.9, 127.5,
125.5, 113.6, 111.3, 110.9, 68.2, 51.7, 32.0, 29.6, 29.6, 3.4, 26.3, 22.8,
14.3. UV−vis λmax/nm (ε/M−1·cm−1) CHCl3: 313 (1.6 × 104), 402
(1.9 × 104). Mp: 250 °C(dec. Anal. Calcd for C44H56N2O6: C, 74.55;
H, 7.96; N, 3.95. Found: C, 74.16; H, 8.11; N, 3.91.

Synthesis of 5b by Suzuki Coupling. Typical Procedure Using
MW. Compound 4a (0.34 mmol) and boronic derivative 10 (0.85
mmol) were dissolved in 17 mL of DMF. Then the solution was
flushed with N2 for 20 min, and 1,1′-bis(diphenylphosphino)-
ferrocene)palladium(II) dichloride (PdCl2(dppf)) (0.075 g, 0.1
mmol) was added. The resulting mixture was flushed for an additional
5 min. Subsequently, a solution of 3 mL of degassed Na2CO3 2 M was
added, and the mixture was stirred for 1.5 h at 120 °C in a microwave
instrument. The solvent was removed under vacuum, and the solid was
redissolved in DCM and washed with saturated lithium chloride (5 ×
20 mL). MgSO4 was added, the solution was filtered, and the solvent
was removed under vacuum. The product was obtained by washing the
brown oil with mixtures of AcOEt and Cy to yield a green-yellow
powder.

3b (35%, 69 mg, green yellow-powder). 1H NMR (400 MHz,
CDCl3) δ: 13.94 (s, 1H), 7.37−7.13 (m, 10H), 4.04 (q, J = 7.2 Hz,
2H), 0.79 (t, J = 7.2 Hz, 3H). 13C NMR (100.6 MHz, CDCl3) δ:
168.7, 137.5, 132.1, 130.8, 129.1, 128.9, 128.6, 127.9, 126.8, 126.6,
126.6, 125.7, 112.6, 60.8, 13.3.
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