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Dithienopyrrole as a Rigid Alternative to the Bithiophene p Relay
in Chromophores with Second-Order Nonlinear Optical Properties
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Abstract: 4H-Pyranylidene-containing push-pull chromo-
phores built around a bithiophene (BT) p relay or a rigidified
thiophene-based unit, namely cyclopenta[1,2-b :3,4-b’]dithio-
phene (CPDT) or dithieno[3,2-b :2’,3’-d]pyrrole (DTP), have
been synthesized and characterized. The effect of these dif-
ferent relays on the polarization and the second-order non-
linear optical (NLO) properties has been studied. For the
sake of comparison, the corresponding reported dithie-
no[3,2-b :2’,3’-d]thiophene (DTT) derivatives have also been
included in the discussion. Replacement of the BT core by
a rigidified unit (CPDT, DTP) leads to more polarized systems.
Calculated NBO charges and electrochemical measurements
show that dithienopyrrole has a remarkable donor character

that allows an important charge transfer between the donor
and the acceptor. The influence of the rigidification of the
BT relay on the NLO responses depends on the acceptor
strength. For the weakest acceptor used (thiobarbituric
acid), passing from the BT relay to the rigidified units always
involves an increase in the mb0 figure of merit. Nevertheless,
for the strongest acceptor (2-dicyanomethylene-3-cyano-
4,5,5-trimethyl-2,5-dihydrofuran (TCF)), a slight increase in
mb0 with respect to the BT chromophore is only observed for
the DTP derivative. Thus, rigidification of the BT core is not
enough to improve the second-order nonlinearity and the
incorporation of a DTP moiety has proven to be the most ef-
ficient approach for this purpose.

Introduction

Push-pull molecules that have electron donors (D) and accept-
ors (A) linked by a p-conjugated core have been extensively
studied over the last decades due to their wide applications in
nonlinear optics (NLO)[1] and other research fields, such as or-
ganic light emitting diodes (OLEDs)[2] and dye-sensitized solar-
cells (DSSCs).[3]

The p-conjugated spacer plays a determining role in D-p-A
systems,[4] and is the most studied system for second-order
NLO materials, given that the intramolecular charge transfer
(ICT) throughout this fragment defines to a large extent the
final properties in this type of compound. Olefinic spacers rep-
resent, in principle, the most effective way to achieve charge
redistribution between D and A groups, but they lead to poor
thermal and chemical stability. The reverse situation character-
izes aryl-type p-relays. The replacement of polyene-like spacers

by heteroaromatic conjugated bridges with aromatization en-
ergies lower than that of benzene offers a good balance be-
tween NLO activity and stability. In this sense, thiophene,[5]

thiazole,[6] or bithiophene (BT)[7] have been widely used with
successful results.

However, Considering the BT relay, its covalent bridging has
already been investigated in the context of polymeric and low-
molecular-weight systems. Rigidification can be achieved by in-
troducing different groups (i.e. , C=O, CR2, SiR2, NR, PR, P(O)R, S)
to give rise to a variety of fused central cycles. This approach
has often been used to favor more rigid structures with ex-
tended p-conjugation to modify the electronic and/or optical
properties of the resulting materials, but the bridge can also
provide a point of attachment for groups to increase solubility,
to impart chirality, or to allow anchoring to another structure.[8]

Regarding second-order NLO activity, rigidification of the BT
spacer by noncovalent intramolecular interactions between
sulfur and oxygen atoms through a 2,2’-bi(3,4-ethylenedioxy-
thiophene) (BEDOT) moiety has been studied.[9] The replace-
ment of BT by BEDOT reveals a marked redshift of the absorp-
tion maximum (Dl�118 nm) and a large enhancement of the
molecular hyperpolarizability, b. Thus, the limitation of the ro-
tational and vibrational disorder imposed by the noncovalent
rigidification appears to play a determining role in the im-
provement of the second-order NLO response.

Different push-pull chromophores based on a dithieno[3,2-
b :2’,3’-d]thiophene (DTT) spacer (Scheme 1) have been de-
scribed.[10] Such systems can be viewed as a particular sulfur-
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bridged BT, and our group has recently studied D-p-A com-
pounds[11] with a DTT unit as p-spacer, which combine high
second-order molecular nonlinearity with good thermal stabili-
ty.

Other thiophene-containing fused heterocycles (Scheme 1),
such as cyclopenta[1,2-b :3,4-
b’]dithiophene (CPDT)[12] or di-
thieno[3,2-b :2’,3’-d]pyrrole
(DTP),[13] have been barely con-
sidered as p-conjugated relays
for NLO; only one chromophore
for second-harmonic generation
with a CPDT ring as p-electron
relay has been reported[14] and,
to the best of our knowledge,
no merocyanines with a DTP
moiety in their structure have
been studied in relation to
second-order NLO activity.

Within this context, we pres-
ent herein the synthesis, charac-
terization, and study of two
novel series of push-pull chro-
mophores derived from the BT
relay and its rigidified p-conju-
gated counterparts CPDT and
DTP. (Scheme 2) The corre-
sponding previously reported DTT derivatives 1 d and 2 d[11]

have been also included in this study for comparison. All chro-
mophores include the proaromatic 4H-pyranylidene unit as the
donor.[15]

Results and Discussion

Synthesis

For the synthesis of chromophores 1 a–c and 2 a–c studied
herein, previously unreported aldehydes 3 a–c were chosen as
precursors. These compounds were obtained according to the
synthetic strategy depicted in Scheme 3.

CPDT and DTP derivatives 3 b–c were prepared from the un-
substituted cores of 4,4-dihexylcyclopenta[2,1-b :3,4-b’] dithio-
phene (5 b)[16] and N-hexyldithieno[3,2-b :2’,3’-d]pyrrole (5 c),[17]

respectively, in two steps. Thus, compounds 4 b–c were synthe-
sized by reaction of DMF with the dilithiated derivatives of
5 b–c, formed in the presence of TMEDA (N,N,N’,N’-tetramethy-
lethylenediamine).[18] The synthesis of compound 4 c has been
previously described in a patent in 2011,[19] by using another
method (�78 8C, N-formylpiperidine as reagent and without

the addition of TMEDA), although its preparation has been re-
ported to take place in lower yield (40 %) compared with the
yield under the conditions in Scheme 3 (75 %). Moreover, in
that reference[19] the compound does not appear fully charac-
terized.

Next, a Horner reaction of 2,6-diphenyl-4H-pyran-4-yl)diphe-
nylphosphine oxide (6)[20] with 4 b–c afforded the correspond-
ing aldehydes with a CPDT (3 b) or a DTP (3 c) moiety. It should
be noted that the reaction conditions were carefully tuned
(temperature and order of slow addition of reagents) to mini-
mize the formation of pyranylidene-disubstituted derivatives as
byproducts.[11]

A three-step synthetic route was chosen for compound 3 a
to avoid the substantial formation of this undesired derivative
observed in the Horner reaction. New BT-containing aldehyde
4 a was prepared by lithiation of 5 a[21] followed by reaction
with DMF. Thus, the Horner reaction with 6 in the presence of
BuLi followed by subsequent acid hydrolysis afforded desired
precursor aldehyde 3 a.

The Knoevenagel reaction between acceptors 7 (1,3-diethyl-
2-thiobarbituric acid) and 8 (2-dicyanomethylene-3-cyano-
4,5,5-trimethyl-2,5-dihydrofuran, TCF) and aldehydes 3 a–c af-

Scheme 1. Structure of the BT relay together with the thiophene-fused het-
erocycles used in this work.

Scheme 2. Structures of the target compounds together with previously re-
ported 1 d and 2 d.[11]

Scheme 3. Synthesis of precursor aldehydes 3 a–c.
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forded new D-p-A compounds 1 a–c and 2 a–c in yields that
ranged from 33 to 82 %. (Scheme 4) The conditions used for
the Knoevenagel condensation were in each case adapted to
the nature of the acceptor moiety. According to analysis of the
3JHH coupling constants, the CH=CH bond in compounds 2
shows an E configuration.

Calculated Structures

The molecular geometries of compounds 1 a–c and 2 a–c and
the previously reported systems 1d and 2d[11] were optimized
at the PCM-M06-2X/6-31G* level in dichloromethane. The re-
sulting structures were planar, including BT systems 1 a and
2 a,[22] even though no constraints were imposed during the
geometry optimization.

The BLA value, defined as the difference between the aver-
age carbon–carbon single-and double-bond lengths,[23] has
been widely used as a parameter that reflects the ground-state
polarization of merocyanines. The calculated BLA values of the
thiophene rings attached to the donor (labeled I) and to the
acceptor (labeled II) moieties are shown in Figure 1.

Inspection of the data reveals a strong quinoidization of the
whole electron relay induced by the attachment to the donor
and acceptor moieties,[24] which is particularly important for
the acceptor-substituted thienyl ring. Thus, as has been previ-
ously shown in dD-p-A chromophores with BT[7c, 22, 25] or DTT[10c]

as relays, there is a coexistence of two different molecular do-
mains within the p-conjugated spacer; there is a higher
degree of quinoidization (some derivatives show negative BLA

values) in the fused thienyl ring directly linked to the acceptor,
caused by the stronger interaction of the relay with the elec-
tron-withdrawing group than with the donor moiety.

Conversely, the BLA is reduced in the b–d chromophores
(both rings I and II) compared with the corresponding a ana-
logues, which shows that the rigidification of the BT relay re-
sults in more polarized structures and follows the order b>c>
d>a. A similar trend was reported when the unsubstituted
fused cores (BT, DTT, CPDT) were compared[26] (BLA values of
0.052, 0.045, 0.042 �, respectively). Moreover, these results are
consistent with those obtained for compounds 9 and 10 that
contained BT and DTT as relays (see Figure 2), which showed
a higher degree of polarization for DTT when compared with
its BT analogue.[25, 10c]

Finally, when thiobarbiturate and TCF derivatives are com-
pared, higher BLA values were encountered for chromophores
2, which showed their lower polarization relative to their ana-
logues 1.

Analysis of natural bond orbital (NBO) atomic charges on
various molecular domains for compounds 1 a–d and 2 a–d
(Figure 3) allows a deeper understanding of the polarization of
the chromophores.

The negative charge is concentrated on the acceptor moiety
whereas the positive charge is spread over the donor and the
p bridge, in agreement with previously reported results for
BT[7c, 22, 25] and DTT derivatives.[10c] Therefore, the p-conjugated
electron relay is highly polarized, with 50 % (2 c) or more (1 b–
c) of the net positive charge of the whole NLO-phore.

Regarding the effect of the rigidification of the BT relay on
the molecular polarization it can be observed that b–c chromo-

Scheme 4. Synthesis of chromophores 1 a–c and 2 a–c.

Figure 1. Calculated BLA values [�] for rings I and II in systems 1 a–d and
2 a–d. (PCM-M06-2X/6-31G* level in CH2Cl2 ; D = donor unit ; A = acceptor
moiety).

Figure 2. Calculated BLA values [�] for rings I and II in compounds 9[25] and
10.[10c] (Calculation level: DFT/B3LYP//6-31G**).

Figure 3. Calculated NBO charges on various molecular domains from the
optimized PCM-M06-2X/6-31G* molecular geometries in dichloromethane.

Chem. Asian J. 2015, 10, 188 – 197 www.chemasianj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim190

Full Paper

http://www.chemasianj.org


phores are less alternated than their a,d analogues. Focusing
exclusively on the p spacer, the positive charge borne by the
p-system ring increases in the order d<a<b<c for both
series 1 and 2. Thus, substitution of a BT relay by a DTP or
CPDT ring gives rise to more polarized structures, which re-
veals the role of auxiliary donors of these spacers.

Thiobarbiturate systems 1 are more polarized than their TCF
analogues 2, thus confirming the BLA results.

Electrochemistry

The redox properties of compounds 1 a–c and 2 a–c were stud-
ied by using cyclic voltammetry (CV) in CH2Cl2 and the results
are presented in Table 1.

All the voltammograms show three irreversible waves that
correspond to one reduction step (involving the acceptor unit)
and two oxidation steps. The first oxidation is related to the
4H-pyranylidene moiety, whereas the second oxidation process
is attributed to the bridge. This assignment can be made
taking into account that the Eox values for compounds dithie-
no[3,2-b :2’,3’-d]thiophene-2,6-dicarbaldehyde,[10a] 4 b, and 4 c
are 1.65, 1.76, and 1.63 V, respectively, under the same condi-
tions, and that the introduction of the relay in a p-conjugated
system results in a decrease in the oxidation potentials due to
a higher electronic delocalization. Moreover, values of Eox2 for
compounds 1 a and 2 a are consistent with those of other D-p-
A systems that feature BT as the p-conjugated spacer.[7e–f, 27]

Electron densities related to frontier orbitals (see topologies
for 1 c chosen as the model compound in Figure 4) are mainly
supported by the 4H-pyranylidene and its adjacent thienyl ring
for the HOMO, and by the acceptor and its nearest thiophene
unit in the case of LUMO, which agrees well with the above as-
signments of the redox processes. These results are in line
with those found for other D-A compounds bearing BT,[7c, 22]

CPDT and DTP[28] relays.
The influence on Eox1 on going from BT derivatives a to ri-

gidified b–d derivatives depends on the acceptor moiety. Thus,
for TCF chromophores 2, the rigidification of BT relay implies
a decrease in Eox1 in the order (BT)2 a> (DTT)2 d> (CPDT)2 b>

(DTP)2 c. Conversely, for thiobarbiturate derivatives 1, only
compound 1 c presents a Eox1 lower than the Eox1 value ob-
tained for 1 a. Inspection of EHOMO values indicates that for
both series 1 and 2, higher values are found for b and c deriva-
tives. Moreover, they show the lowest calculated gaps.

When the Eox2 data (related to the bridges) are compared,
the results are similar for series 1 and 2, with an increase on
the ease of oxidation in the order (DTT)d< (BT) a< (CPDT)b<
(DTP) c. Except for derivatives d, these results are consistent
with those encountered for the isolated fused-ring system-
s[17a, 29] and for their alkylated analogues,[8b] and reveal the
strong donor character of dithienopyrrole as was previously
shown for conjugated donor–acceptor polymers,[30] and in
agreement with the calculated data.

Concerning the reduction process, the rigidification of bi-
thiophene as a DTT relay (compounds d) has no influence on
Ered, whereas CPDT and DTP derivatives exhibit increased jEred j
values when compared with BT compounds 1 a and 2 a. ELUMO

data are in agreement with this observed trend.
A shift in the jEred j values towards less cathodic potentials is

observed on changing the acceptor from the thiobarbiturate
group (compounds 1) to the TCF moiety (compounds 2),
which confirms the superior electron-withdrawing ability of
the TCF unit. Moreover, there is a slight shift in the Eox values
(Eox1 and Eox2) towards less anodic potentials on going from
1 derivatives to their TCF counterparts. These trends are con-
firmed by computational calculations, which show that EHOMO

(ELUMO) values for systems 2 are higher (lower) than those en-
countered for their 1 analogues.

UV/Vis Spectroscopy

The UV/Vis absorption maxima and the extinction coefficients
(log e) of the studied compounds in different solvents are sum-
marized in Table 2. For the sake of comparison, data for sys-
tems 1 d and 2 d are also gathered (see spectra in the Support-
ing Information). All chromophores show intense and broad
CT bands that extend into the near-infrared in some cases
(2 b–c).

Whereas the spectra of BT derivatives 1 a and 2 a show
broad unresolved absorption bands,[7c] those of CPDT and DTP
systems 1 b,c and 2 b,c exhibit structured bands in some of the
solvents studied, typical of rigid conjugated systems.[9] Similar
trends were reported when the unsubstituted heterocyclic
cores (BT, CPDT, DTP) were compared,[9, 29, 31] in the same way as
when they act as relays in symmetrically substituted deriva-

Table 1. Electrochemical data[a] and EHOMO and ELUMO values theoretically
calculated[b] for 1 a–d and 2 a–d.

Eox1 [V] Eox2 [V] Ered [V] EHOMO [eV] ELUMO [eV]

1 a + 0.55 + 1.44 �0.85 �6.17 �2.53
1 b + 0.56 + 1.43 �0.95 �6.07 �2.47
1 c + 0.52 + 1.37 �0.97 �6.08 �2.42
1 d[c] + 0.55 + 1.55 �0.84 �6.22 �2.53
2 a + 0.57 + 1.39 �0.66 �6.16 �2.79
2 b + 0.50 + 1.35 �0.73 �5.82 �2.52
2 c + 0.48 + 1.28 �0.72 �6.04 �2.71
2 d[c] + 0.54 + 1.56 �0.63 �6.20 �2.79

[a] Conditions: 10�3
m in CH2Cl2 vs. Ag/AgCl (3 m KCl), glassy carbon work-

ing electrode, Pt counter electrode, 20 8C, 0.1 m NBu4PF6, 100 mV s�1 scan
rate. Ferrocene internal reference E1/2 = + 0.43 V. [b] Calculated at the
PCM-M06-2X/6-311 + G(2d,p)//M06-2X/6-31G* level in CH2Cl2. [c] Ref. [11] .

Figure 4. Illustration of the HOMO (left) and LUMO (right) of compound 1 c.

Chem. Asian J. 2015, 10, 188 – 197 www.chemasianj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim191

Full Paper

http://www.chemasianj.org


tives.[8b] Concerning the previously reported DTT chromo-
phores,[11] broad and structureless bands were observed, as for
other D-p-A systems featuring this p-spacer.[10a]

A comparison of compounds that only differ in the acceptor
unit shows a bathochromic shift for TCF derivatives 2, in line
with the higher electron-withdrawing character and in agree-
ment with their electrochemical properties.

Rigidification of the BT relay has a significant effect on the
electronic absorption properties of the chromophores. Thus,
CPDT and DTP derivatives 1 b,c and 2 b,c present a significant
redshift in lmax when compared with 1 a and 2 a, which is more
pronounced in derivatives 2 that have the more efficient ac-
ceptor TCF (e.g. , 0.21 eV for 2 a/2 b and 0.11 eV for 1 a/1 b,
both in CH2Cl2). This trend parallels that reported for other D-
p-A compounds featuring these p spacers.[14, 28a] Moreover, 1 b
and 2 b are bathocromically shifted with respect to 1 c and 2 c
(for compounds 2, this behavior is only observed in CH2Cl2), in
agreement with the trend followed by D-p-A compounds in-
tended for DSSCs with CPDT and DTP as p bridges.[28, 32]

Data in Table 2 indicate in all cases a positive solvatochrom-
ism on going from 1,4-dioxane to CH2Cl2, which becomes neg-
ative when comparing CH2Cl2 and DMF. Although this change
in behavior has already been reported for other D-p-A sys-
tems,[6c, 10a, 33] the transition energies for compounds 2 a–c have
been plotted as a function of the p* polarity scale[34] (Figure 5)
to ascertain the dependence of the band position on solvent
polarity for these compounds. The negative slope of the linear
correlation for the transition energies indicates a positive sol-
vatochromic response as a result of the higher stabilization of
the excited state relative to the ground state on increasing sol-
vent polarity. The same behavior can be assumed for com-
pounds 1 a–c.

TD-DFT calculations (see Table S1 in the Supporting Informa-
tion) are only in moderate agreement with experimental re-
sults, and give overestimated vertical excitation energies by
0.13–0.24 eV. The first excited state is mainly contributed by
a one-electron HOMO-to-LUMO transition. An increased dipole
moment on excitation is predicted in every case, in agreement
with the observed positive solvatochromic effect and positive
hyperpolarizabilities.

Calculations also predict the correct trends in excitation en-
ergies. There is a bathochromic shift on going from com-
pounds 1 to analogues 2 with a decreased excitation energy
of 0.14 to 0.22 eV due to the lower LUMO energy of com-
pounds 2 with a stronger acceptor, and the predicted absorp-
tion band for rigidified compounds also follows the experimen-
tal trend l(b)>l(c)>l(d).

Nonlinear Optical Properties

The second-order nonlinear optical properties of derivatives
1 a–c and 2 a–c were measured by using electric-field-induced
second harmonic generation (EFISHG) in dichloromethane at
l= 1907 nm, and the zero-frequency mb0 values were calculat-
ed by using the two-level model[35] with the lowest energy ab-
sorption band for each compound (Table 3). Data for the previ-
ously reported 1 d and 2 d[11] are also given. As mentioned pre-
viously, broad bands, which extend into the near-infrared in
some cases, have been found for all systems. Specifically, mb

values for compounds 2 b–c have been obtained by taking
into account their absorption (a2w) at the harmonic wave-
length (l= 954 nm). This correction is especially significant for
2 b and thus the estimation of their mb0 values should be treat-

Table 2. UV/Vis data.

lmax [nm] (log e)[a]

1,4-dioxane
lmax [nm] (log e)[a]

CH2Cl2

lmax [nm] (log e)[a]

DMF

1 a 630 (4.68) 655 (4.70) 643 (4.56)
1 b 603 (4.70)

671 (4.86)
614 (4.59)
697 (4.86)

612 (sh)
691 (4.85)

1 c 615 (4.89)
659 (5.03)

632 (sh)
680 (5.01)

674 (4.99)

1 d[a] 636 (4.76) 659 (4.75) 642 (4.61)
2 a 658 (4.65) 703 (4.68) 666 (4.47)
2 b 717 (4.40) 658 (4.33)

800 (4.50)
657 (4.36)
755 (4.43)

2 c 686 (4.47)
740 (4.52)

718 (sh)
788 (4.87)

770 (4.37)

2 d[b] 658 (4.46) 708 (4.64) 675 (4.52)

[a] The unit for e is m
�1 cm�1. [b] Data from Ref. [11].

Figure 5. Correlation between transition energy and solvent polarity (p*
scale) for compounds 2 a–c. (Ethyl acetate: 0.45, 1,4-dioxane: 0.49, acetoni-
trile : 0.66, DMF: 0.88, DMSO:1.00).

Table 3. Experimental and calculated NLO properties.

mb[a]

[10�48 esu]
mb0

[b]

[10�48 esu]
mb0

[c]

[10�48 esu]

1 a 3100 1440 2685
1 b 4100 1650 2877
1 c 5000 2100 2857
1 d[d] 4000 1800 2403
2 a 15 600 6130 7946
2 b 13 000[e] 3300 10 344
2 c 26 000 6840 10 997
2 d[d] 9200 3500 6447

[a] mb values determined in CH2Cl2 at l= 1907 nm (experimental uncer-
tainty less than �15 %, except for 2 b (�20 %)). [b] Experimental mb0

values in CH2Cl2 calculated by using the two-level model. [c] Calculated at
the HF/6-31G*//PCM-M06-2x/6-31G* level in CH2Cl2. [d] Experimental data
from Ref. [11]. [e] The mb value was determined from a freshly prepared
sample.
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ed with caution. For the sake of comparison, Disperse Red 1,
a common benchmark for organic NLO chromophores, shows
a mb0 value of approximately 490 � 10�48 esu in CH2Cl2 under
the same experimental conditions.

For all the p relays studied, derivatives 2 have remarkably
superior responses compared with analogues 1, which again
reveals the higher strength of the TCF acceptor.

The influence on the NLO properties on going from BT chro-
mophores a to the rigidified b–d species depends on the ac-
ceptor moiety. Thus, for thiobarbiturate- containing com-
pounds 1, rigidification of the BT core implies in all cases an in-
crease in the NLO response, which is remarkably important for
DTP system 1 c (mb0 (1 c)/mb0 (1 a) = 1.46). Nevertheless, for TCF
derivatives 2, a slight increase in the mb0 value is observed
only by substituting the BT relay for the DTP core (mb0 (2 c)/mb0

(2 a) = 1.12). Chromophores 2 b,d present lower NLO responses
(close to half in terms of mb0 values) than 2 a.

In any case, in both series 1 and 2, DTP derivative c show
the highest mb0 value, which again points to the strong donor
character of this fused-ring system, in agreement with calculat-
ed data and the electrochemical measurements. This auxiliary
donor character favors the ICT throughout the whole chromo-
phore.

The calculated mb0 values (HF/6-31G*, Table 3) essentially re-
produce the trends observed in the experimental results, in
terms of the influence of the acceptor and the DTP as the p

relay; for example, better responses for 2 systems than for ana-
logues 1 and for chromophore c in series 2. However, regard-
ing the influence of the rigidification of the BT moiety, mb0 cal-
culations do not reproduce the influence on the acceptor unit,
and CPDT and DTP heterocycles always show the highest
values, with a greater difference in series 2 than in series 1,
contrary to the experimental data.

Taking all data into account, the results show that the role
played by the rigidification of the BT ring is less relevant than
the character of the fused heterocycle formed, that is, it is not
enough to rigidify the BT moiety to improving the NLO re-
sponse, it is extremely important how this rigidification is
made. For this purpose, the inclusion of a DTP ring (used for
the first time as p spacer in NLO-chromophores) has proven to
be the most efficient approach.

Thermal Stability

The thermal stability of compounds 1 a–c and 2 a–c were stud-
ied by using thermogravimetric analysis (TGA; see Table 4) to
estimate their decomposition temperatures (Td), defined as the
intercept of the leading edge of the weight loss with the base-
line of the TGA scans.

All derivatives 1 a–c and 2 a–c are thermally stable, with de-
composition temperatures above 288 8C. For series b–c, deriva-
tives of acceptor TCF 2 show higher decomposition tempera-
tures than those of their thiobarbiturate analogues.

Concerning the effect of the rigidification of BT relay, the in-
spection of values reveals that only DTT systems 1 d and 2 d[11]

show a significant enhancement in thermal stability. The pres-
ence of hexyl chains[9] may be related to the lower Td values

found, in general, for CPDT and DTP chromophores b–c com-
pared with BT derivatives a (apart from compounds 2 c and
2 a, the values of which are essentially identical).

Conclusion

The influence of the rigidification of the BT unit on ground-
state polarization and second-order NLO properties has been
studied by synthesizing D-p-A systems that contain BT (a),
CDPT (b), and DTP (c) moieties as p relays and comparing their
NLO responses. Their analogous and previously reported DTT
derivatives[11] 1 d and 2 d have also been included in this com-
parison.

Substitution of the BT moiety by a rigidified fragment (either
CPDT or DTP) in the chromophores herein studied leads to
more polarized structures, as shown by the calculated BLA
values and NBO charges. These data, together with the lower
Eox2 value (related to the heterocyclic p spacer) found for DTP
systems c reveal the strong donor character of the dithienopyr-
role moiety.

Additionally, CV and UV/Vis spectra show lower gaps for
CPDT and DTP chromophores compared with their BT ana-
logues (b<c). Regarding thermal stability, only DTT-containing
compounds d have higher Td values than those of the BT sys-
tems.

The second-order nonlinearity is influenced by the acceptor
group and by the manner in which the rigidification of the BT
moiety is made. For thiobarbiturate derivatives 1, rigidification
leads in all cases to an enhancement of the NLO response, but
for compounds 2, with the more efficient TCF, only DTP deriva-
tive 2 c slightly improves the mb0 value of its BT analogue.

Thus, the replacement of the BT core by a DTP unit provides
the best approach to upgrade the second-order nonlinearity.
Moreover, this heterocyclic unit, used for the first time in D-p-
A compounds intended for NLO, has proved to allow a good
charge transfer between the end groups of the chromophores
and is accessible by a relatively easy synthetic route. In addi-
tion, a wide range of substituents can be incorporated on the
N atom, which allows tuning the properties of the resulting
materials. Taking these data into account, dithienopyrrole be-
comes a suitable p relay for the preparation of novel structures
with high second-order NLO responses.

Experimental Section

For general information, see the Supporting Information.

Table 4. Thermal stability.

Td [8C] Td [8C]

1 a 307 2 a 303
1 b 288 2 b 293
1 c 293 2 c 304
1 d[a] 343 2 d[a] 342

[a] Data from Ref. [11] .
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Starting Materials

1,3-Diethyl-2-thiobarbituric acid (7) is commercially available. Com-
pounds 5 a,[21] 6,[20] and acceptor TCF (8)[36] were prepared as previ-
ously described. 4,4-Dihexylcyclopenta[2,1-b :3,4-b’]dithiophene 5 b
was prepared by following the same procedure reported for the
corresponding diethylhexyl analogue.[16b] N-Hexyldithieno[3,2-
b :2’,3’-d]pyrrole 5 c was prepared by following the same procedure
reported for the corresponding N-(2-hexyldecyl) analogue.[17b]

5’-(1,3-Dioxolan-2-yl)-2,2’-bithiophene-5-carbaldehyde (4 a)

nBuLi (1.6 m) in hexanes (2 mL, 3.2 mmol), was added to a solution
of 5 a (0.602 g, 2.53 mmol) in dry THF (18 mL) at �78 8C under an
argon atmosphere. The reaction mixture was stirred for 30 min,
then dry DMF (0.5 mL, 6.44 mmol) was added. After stirring for
a further 2.5 h at �78 8C, a solution of saturated NH4Cl (50 mL) was
added. The aqueous phase was extracted with CH2Cl2 (3 � 50 mL),
and the resulting organic layer was washed with a solution of satu-
rated NH4Cl (50 mL), dried over MgSO4, and evaporated. The crude
product was purified by flash column chromatography (silica gel)
with hexane/AcOEt (8:2) as the eluent, which gave 4 a as a yellow
solid (0.571 g, 2.14 mmol, 84 %). M.p. 158–160 8C; 1H NMR
(400 MHz, CDCl3): d= 9.86 (s, 1 H, -CHO), 7.67 (d, J = 3.9 Hz, 1 H, BT-
H), 7.24–7.23 (m, 2 H, BT-H), 7.12 (d, J = 3.7 Hz, 1 H, BT-H), 6.09 (s,
1 H, -CH-OCH2CH2O-), 4.17–4.02 ppm (m, 4 H, -OCH2CH2O-) ; 13C NMR
(100 MHz, CDCl3): d= 182.5, 146.7, 143.6, 141.8, 137.3, 136.6, 127.2,
125.6, 124.4, 99.8, 65.2 ppm; IR (KBr): ñ= 2885 (C�H), 2836 (C�H),
1653 (C=O), 1553 (C=C, Ar), 1517 cm�1 (C=C, Ar) ; HRMS (ESI+): m/z
calcd for C12H10NaO3S2 : 288.9964 [M+Na]+ ; found: 288.9952; ele-
mental analysis calcd (%) for C12H10O3S2 : C 54.12, H 3.78; found C
53.87, H 3.95.

5’-((2,6-Diphenyl-4H-pyran-4-ylidene)methyl)-2,2’-bithiophene-
5-carbaldehyde (3 a)

nBuLi (1.6 m) in hexanes (1.3 mL, 2.11 mmol) was added to a solu-
tion of 6 (0.704 g, 1.62 mmol) in dry THF (20 mL) at �78 8C under
an argon atmosphere. The solution turned dark green, and was
stirred at this temperature for 15 min. Then, a solution of 4 a
(0.432 g, 1.62 mmol) in dry THF (5 mL) was slowly added by sy-
ringe. The mixture was stirred and the reaction medium was slowly
warmed to RT (TLC monitoring). When the reaction finished, an
aqueous solution of HCl (1 n, 40 mL) was added and the mixture
was stirred for 1 h at RT. The aqueous layer was extracted with
CH2Cl2 (3 � 50 mL), and the resulting organic layer was dried over
MgSO4 and evaporated. The crude product was purified by using
flash column chromatography (silica gel) with hexane/AcOEt
(8.5:1.5) as the eluent to give 3 a as a dark red solid (0.566 g,
1.29 mmol, 80 %). M.p. 189–191 8C; 1H NMR (400 MHz, CDCl3): d=
9.84 (s, 1 H, -CHO), 7.87–7.82 (m, 2 H, phenyl-H), 7.77–7.72 (m, 2 H,
phenyl-H), 7.66 (d, J = 4.0 Hz, 1 H, BT-H), 7.55–7.38 (m, 6 H, phenyl-
H), 7.28 (d, J = 4.0 Hz, 1 H, BT-H), 7.23 (d, J = 4.0 Hz, 1 H, BT-H), 7.09
(dd, J1 = 1.8 Hz, J2 = 0.6 Hz, 1 H, pyranylidene-H), 6.89 (dd, J1 =
4.0 Hz, J2 = 0.6 Hz, 1 H, BT-H), 6.43 (d, J = 1.8 Hz, 1 H, pyranylidene-
H), 6.07 ppm (s, 1 H, pyranylidene = C-H) ; 13C NMR (75 MHz, CDCl3):
d= 182.3, 153.9, 151.5, 147.8, 144.3, 140.6, 137.6, 133.0, 132.8,
132.2, 129.8, 129.5, 129.3, 128.8, 128.7, 126.6, 126.4, 125.1, 124.5,
123.1, 108.4, 107.1, 102.6 ppm; IR (KBr): ñ= 1643 cm�1 (C=O);
HRMS (ESI+): m/z calcd for C27H19O2S2 : 439.0821 [M+H]+ ; found:
439.0799; elemental analysis calcd (%) for C27H18O2S2 : C 73.94, H
4.14; found C 73.72, H 3.94.

4,4-Dihexylcyclopenta[2,1-b:3,4-b’]dithiophene (5 b)

Potassium hydroxide (0.234 g, 4.25 mmol) was added in several
portions to a suspension of CPDT[16b] (0.204 g, 1.34 mmol), hexyl
bromide (0.26 mL, 2.8 mmol), and potassium iodide (4 mg,
0.024 mmol) in DMSO (5 mL) at 0 8C under an argon atmosphere.
The mixture was stirred for 12 h at RT, then water (10 mL) was
added and the aqueous layer was extracted with diethyl ether (4 �
50 mL). The combined organic layer was washed with water (2 �
50 mL), dried over MgSO4, and evaporated. The crude product was
purified by using flash column chromatography (silica gel) with
hexane as the eluent to give 5 b as a colorless oil (0.408 g,
1.18 mmol, 88 %). 1H NMR (400 MHz, CDCl3): d= 7.14 (d, J = 4.9 Hz,
2 H, CPDT-H), 6.93 (d, J = 4.9 Hz, 2 H, CPDT-H), 1.85–1.77 (m, 4 H, C-
CH2-C5H11), 1.21–1.08 (m, 12 H, C-CH2-(CH2)3-C2H5), 0.98–0.89 (m, 4 H,
C-(CH2)4-CH2-CH3), 0.80 ppm (t, J = 6.9 Hz, 6 H, C-(CH2)5-CH3) ;
13C NMR (100 MHz, CDCl3): d= 158.1, 136.4, 124.4, 121.6, 53.2, 37.7,
31.6, 29.7, 24.5, 22.6, 14.0 ppm; HRMS (ESI+): m/z calcd for
C21H30S2 : 346.1783 [M]+ C ; found: 346.1794.

4,4-Dihexylcyclopenta[2,1-b:3,4-b’]dithiophene-2,6-dicarbalde-
hyde (4 b)

nBuLi (1.6 m) in hexanes (1.35 mL, 2.16 mmol) was added to a solu-
tion of 4,4-dihexylcyclopenta[2,1-b :3,4-b’]dithiophene (5 b ; 0.245 g,
0.7 mmol) and previously dried TMEDA (325 mL, 2.16 mmol) in dry
hexane (5 mL) at RT under an argon atmosphere. The mixture was
heated at reflux for 1 h, cooled to RT and then to �40 8C. Dry THF
(4 mL) and dry DMF (180 mL, 2.30 mmol) were added and the mix-
ture was warmed to RT for 3 h. HCl (1 n, 50 mL) was then added
and the aqueous phase was extracted with AcOEt (3 � 50 mL). The
organic layer was washed with water (3 � 50 mL), dried over
MgSO4, and evaporated. The crude product was purified by using
flash column chromatography (silica gel) with hexane/AcOEt
(9.5:0.5) as the eluent to give 4 b as a yellow powder (0.214 g,
0.53 mmol, 76 %). M.p. 98 8C (decomp.) ; 1H NMR (400 MHz, CDCl3):
d= 9.91 (s, 2 H, -CHO), 7.62 (s, 2 H, CPDT-H), 1.94–1.87 (m, 4 H, C-
CH2-C5H11), 1.23–1.10 (m, 12 H, C-CH2-(CH2)3-C2H5), 1.00–0.88 (m, 4 H,
C-(CH2)4-CH2-CH3), 0.81 ppm (t, J = 7.0 Hz, 6 H, C-(CH2)5-CH3) ;
13C NMR (100 MHz, CDCl3): d= 182.9, 161.3, 146.6, 145.1, 129.5,
54.3, 37.5, 31.5, 29.5, 24.6, 22.5, 14.0 ppm; IR (KBr): ñ= 1656 cm�1

(C=O); HRMS (ESI+): m/z calcd for C23H31O2S2 : 403.1760 [M+H]+ ;
found: 403.1744; elemental analysis calcd (%) for C23H30O2S2 : C
68.61, H 7.51; found C 68.33, H 7.30.

4,4-Dihexyl-6-(2,6-diphenyl-4H-pyran-4-ylidenemethyl)cyclo-
penta[2,1-b:3,4-b’]dithiophene-2-carbaldehyde (3 b)

nBuLi (1.6 m) in hexanes (0.85 mL, 1.36 mmol) was added to a solu-
tion of 6 (0.128 g, 0.298 mmol) in dry THF (4 mL) at �30 8C under
an argon atmosphere. The solution turned dark green and was
stirred at this temperature for 15 min. Then, the solution was
slowly added by using a cannula to a solution of 4 b (0.120 g,
0.298 mmol) at �30 8C in dry THF (3 mL), and the mixture was
stirred for a further 1 h. A solution of saturated NH4Cl (50 mL) was
then added and the aqueous phase was extracted with AcOEt (3 �
50 mL). The resulting organic layer was dried over MgSO4 and
evaporated. The crude product was purified by using flash column
chromatography (silica gel) wit hexane/AcOEt (9.5:0.5) as the
eluent to give 3 b as a dark red solid (0.117 g, 0.189 mmol, 63 %).
M.p. 29–31 8C; 1H NMR (300 MHz, CDCl3): d= 9.80 (s, 1 H, -CHO),
7.91–7.85 (m, 2 H, phenyl-H), 7.81–7.75 (m, 2 H, phenyl-H), 7.56–7.40
(m, 7 H, phenyl-H + CPDT-H), 7.16 (dd, J1 = 1.8 Hz, J2 = 0.5 Hz, 1 H,
pyranylidene-H), 6.80 (d, J = 0.5 Hz, 1 H, CPDT-H), 6.46 (d, J = 1.8 Hz,

Chem. Asian J. 2015, 10, 188 – 197 www.chemasianj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim194

Full Paper

http://www.chemasianj.org


1 H, pyranylidene-H), 6.14 (s, 1 H, pyranylidene = C-H), 1.92–1.80 (m,
4 H, C-CH2-C5H11), 1.21–1.11 (m, 12 H, C-CH2-(CH2)3-C2H5), 1.03–0.93
(m, 4 H, C-(CH2)4-CH2-CH3), 0.82 ppm (t, J = 6.7 Hz, 6 H, C-(CH2)5-CH3) ;
13C NMR (100 MHz, CDCl3): d= 182.1, 162.9, 157.3, 153.8, 151.4,
147.9, 142.2, 133.0, 132.9, 129.8, 129.3, 128.8, 128.7, 125.1, 124.5,
119.5, 108.6, 108.4, 102.9, 53.7, 37.8, 31.6, 29.6, 24.5, 22.6,
14.0 ppm; IR (KBr): ñ= 1652 (C=O), 1576 (C=C, Ar), 1558 cm�1 (C=C,
Ar) ; HRMS (ESI+): m/z calcd for C40H42O2S2 : 618.2621 [M]+ C ; found:
618.2619; m/z calcd for C40H43O2S2 : 619.2699 [M+H]+ ; found:
619.2679; elemental analysis calcd (%) for C40H42O2S2 : C 77.63, H
6.84; found C 77.92, H 7.07.

N-Hexyldithieno[3,2-b:2’,3’-d]pyrrole (5 c)

A solution of 3,3’-dibromo-2,2’-bithiophene[17b] (0.500 g, 1.54 mmol)
in dry toluene (6 mL) was purged with argon for 20 min. Then
tBuONa (0.392 g, 3.96 mmol), [Pd2(dba)3] (36.4 g, 0.04 mmol; dba =
dibenzylideneacetone), and 2,2’-bis(diphenylphosphino)-1,1’-bi-
naphthyl (BINAP; 0.113 g, 0.175 mmol) were added. Finally, hexyla-
mine (0.25 mL, 1.54 mmol) was added and the mixture was heated
at 110 8C for 7 h. After the reaction was cooled to RT, water (50 mL)
was added and the aqueous layer was extracted with diethyl ether
(3 � 50 mL). The combined organic layer was washed with water
(3 � 50 mL) and a saturated solution of NaCl (3 � 50 mL), then dried
over MgSO4. Evaporation of the solvent and purification by flash
column chromatography (silica gel) by using hexane/AcOEt (9:1) as
the eluent gave 5 c as a colorless oil that solidified on standing to
give a white solid (0.308 g, 1.17 mmol, 76 %). M.p. 42–44 8C
(Ref. [17a]: m.p. 41.7–42.5 8C); 1H NMR (300 MHz, CDCl3): d= 7.13 (d,
J = 5.3 Hz, 2 H, DTP-H), 7.00 (d, J = 5.3 Hz, 2 H, DTP-H), 4.19 (t, J =
7.0 Hz, 2 H, N-CH2-C5H11), 1.91–1.82 (m, 2 H, N-CH2-CH2-C4H9), 1.36–
1.25 (m, 6 H, N-(CH2)2-(CH2)3-CH3), 0.88–0.84 ppm (m, 3 H, N-(CH2)5-
CH3) ; 13C NMR (75 MHz, CDCl3): d= 144.9, 122.7, 114.6, 110.9, 47.4,
31.4, 30.3, 26.7, 22.5, 14.0 ppm; HRMS (ESI+): m/z calcd for
C14H17NS2 : 263.0797 [M]+ C ; found: 263.0811; elemental analysis
calcd (%) for C14H17NS2 : C 63.83, H 6.50, N 5.32; found C 64.10, H
6.64, N 5.12.

N-Hexyldithieno[3,2-b:2’,3’-d]pyrrole-2,6-dicarbaldehyde (4 c)

This compound was prepared by following the same procedure as
for 4 b, starting from N-hexyldithieno[3,2-b :2’,3’-d]pyrrole (5 c ;
0.300 g, 1.14 mmol), previously dried TMEDA (520 mL, 3.47 mmol),
nBuLi (1.6 m) in hexanes (2.2 mL, 3.52 mmol) and dry DMF (260 mL,
3.36 mmol). The crude product was purified by using flash column
chromatography (silica gel) with hexane/AcOEt (8:2!7:3) as the
eluent to give 4 c as a yellow powder (0.275 g, 0.86 mmol, 75 %).
M.p. 158–160 8C; 1H NMR (400 MHz, CDCl3): d= 9.95 (s, 2 H, -CHO),
7.69 (s, 2 H, DTP-H), 4.27 (t, J = 7.0 Hz, 2 H, N-CH2-C5H11), 1.96–1.87
(m, 2 H, N-CH2-CH2-C4H9), 1.37–1.27 (m, 6 H, N-(CH2)2-(CH2)3-CH3),
0.87 ppm (t, J = 7.0 Hz, 3 H, N-(CH2)5-CH3) ; 13C NMR (100 MHz,
CDCl3): d= 183.2, 147.3, 144.1, 122.0, 118.7, 47.7, 31.3, 30.2, 26.7,
22.4, 13.9 ppm; IR (KBr): ñ= 1659 cm�1 (C=O); HRMS (ESI+): m/z
calcd for C16H18NO2S2 : 320.0773 [M+H]+ ; found: 320.0766; calcd for
C16H17NNaO2S2 342.0593 [M+Na]+ ; found: 342.0581; calcd for
C32H34N2NaO4S4: 661.1294 [2M+Na]+ ; found: 661.1310; elemental
analysis calcd (%) for C16H17NO2S2 : C 60.16, H 5.36, N 4.38; found C
60.45, H 5.66, N 4.21.

N-Hexyl-6-(2,6-diphenyl-4H-pyran-4-ylidenemethyl)dithie-
no[3,2-b:2’,3’-d]pyrrole-2-carbaldehyde (3 c)

This compound was prepared by following the same procedure as
for 3 b, starting from 6 (0.408 g, 0.939 mmol), nBuLi (1.6 m) in hex-

anes (0.65 mL, 1.04 mmol), and 4 c (0.300 g, 0.939 mmol). The
crude product was purified by using flash column chromatography
(silica gel) with hexane/AcOEt (8:2!7:3) as the eluent to give 3 c
as a dark red solid (0.241 g, 0.449 mmol, 48 %). M.p. 68–70 8C;
1H NMR (300 MHz, CDCl3): d= 9.82 (s, 1 H, -CHO), 7.90–7.84 (m, 2 H,
phenyl-H), 7.79–7.72 (m, 2 H, phenyl-H), 7.55 (s, 1 H, DTP-H), 7.53–
7.38 (m, 6 H, phenyl-H), 7.21 (d, J = 1.6 Hz, 1 H, pyranylidene-H),
6.76 (s, 1 H, DTP-H), 6.42 (d, J = 1.6 Hz, 1 H, pyranylidene-H), 6.12 (s,
1 H, pyranylidene = C-H), 4.15 (t, J = 7.0 Hz, 2 H, N-CH2-C5H11), 1.93–
1.82 (m, 2 H, N-CH2-CH2-C4H9), 1.40–1.28 (m, 6 H, N-(CH2)2-(CH2)3-
CH3), 0.93–0.82 ppm (m, 3 H, N-(CH2)5-CH3) ; 13C NMR (75 MHz,
CDCl3): d= 182.4, 153.7, 151.4, 149.4, 146.0, 144.0, 139.1, 133.1,
132.9, 129.7, 129.3, 129.2, 128.8, 128.7, 125.0, 124.5, 123.9, 118.7,
113.5, 108.7, 108.5, 107.6, 102.8, 47.4, 31.4, 30.2, 26.7, 22.5,
14.0 ppm; IR (KBr): ñ= 1642 (C=O), 1578 cm�1 (C=C, Ar) ; HRMS
(ESI+): m/z calcd for C33H30NO2S2: 536.1712 [M+H]+ ; found:
536.1713; elemental analysis calcd (%) for C33H29NO2S2 : C 73.99, H
5.46, N 2.61; found C 74.11, H 5.28, N 2.83.

5-((5’-((2,6-Diphenyl-4H-pyran-4-ylidene)methyl)-2,2’-bithio-
phen-5-yl)methylene)-1,3-diethyl-2-thioxodihydropyrimidine-
4,6-dione (1 a)

1,3-Diethyl-2-thiobarbituric acid (7; 0.030 g, 0.152 mmol) was
added in one portion to a solution of 3 a (0.056 g, 0.128 mmol) in
absolute ethanol (6 mL) under an argon atmosphere, and the mix-
ture was heated at reflux for 24 h. The reaction was cooled to RT
and then to 0 8C. The resulting solid was isolated by filtration and
washed with cold hexane and a cold mixture of hexane/CH2Cl2

(8:2). Product 1 a was obtained as a dark blue solid (0.047 g,
0.076 mmol, 60 %). M.p. 276–278 8C; 1H NMR (300 MHz, CD2Cl2): d=
8.59 (s, 1 H, BT-CH = acceptor), 7.94–7.91 (m, 2 H, phenyl-H), 7.86–
7.81 (m, 2 H, phenyl-H), 7.56–7.42 (m, 9 H, phenyl-H + BT-H), 7.19 (d,
J = 2.1 Hz, 1 H, pyranylidene-H), 7.02 (d, J = 4.2 Hz, 1 H, BT-H), 6.56
(d, J = 2.1 Hz, 1 H, pyranylidene-H), 6.18 (s, 1 H, pyranylidene = C-H),
4.63–4.52 (m, 4 H, N-CH2-CH3), 1.36–1.26 ppm (m, 6 H, N-CH2-CH3) ;
13C NMR: not registered due to low solubility; IR (KBr): ñ= 1649 (C=
O), 1547 (C=C, Ar), 1512 cm�1 (C=C, Ar) ; HRMS (ESI+): m/z calcd for
C35H28N2O3S3 : 620.1257 [M]+ C ; found: 620.1239; calcd for
C35H29N2O3S3 : 621.1335 [M+H]+ ; found: 621.1297; elemental analy-
sis calcd (%) for C35H28N2O3S3 : C 67.71, H 4.55, N 4.51; found C
67.97, H 4.64, N 4.70.

4,4-Dihexyl-5-[6-(2,6-diphenyl-4H-pyran-4-ylidenemethyl)cyclo-
penta[2,1-b:3,4-b’]dithiophene-2-ylmethylen]-1,3-diethyl-2-thi-
oxodihydropyrimidin-4,6-dione (1 b)

This compound was prepared by following the same procedure as
for 1 a, starting from 3 b (0.049 g, 0.078 mmol) and 1,3-diethyl-2-
thiobarbituric acid (7; 0.017 g, 0.083 mmol) in absolute ethanol
(5 mL), with a reaction time of 5 h. The solvent used for washing
was a cold mixture of hexane/CH2Cl2 (9:1). Product 1 b was ob-
tained as a dark green solid (0.021 g, 0.026 mmol, 33 %). M.p. 240–
242 8C; 1H NMR (300 MHz, CD2Cl2): d= 8.59 (s, 1 H, CPDT-CH = ac-
ceptor), 7.96–7.90 (m, 2 H, phenyl-H), 7.86–7.80 (m, 2 H, phenyl-H),
7.64–7.44 (m, 7 H, phenyl-H + CPDT-H), 7.28 (dd, J1 = 1.6 Hz, J2 =
0.4 Hz, 1 H, pyranylidene-H), 6.88 (s, 1 H, CPDT-H), 6.60 (d, J = 1.6 Hz,
1 H, pyranylidene-H), 6.25 (s, 1 H, pyranylidene = C-H), 4.65–4.51 (m,
4 H, N-CH2-CH3), 2.01–1.82 (m, 4 H, C-CH2-C5H11), 1.37–1.24 (m, 6 H,
N-CH2-CH3), 1.22–1.11 (m, 12 H, C-CH2-(CH2)3-C2H5), 1.05–0.92 (m,
4 H, C-(CH2)4-CH2-CH3), 0.86–0.76 ppm (m, 6 H, C-(CH2)5-CH3) ;
13C NMR: not registered due to low solubility; IR (KBr): ñ= 1651 (C=
O), 1545 (C=C, Ar), 1491 cm�1 (C=C, Ar) ; HRMS (ESI+): m/z calcd for
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C48H52N2O3S3 : 800.3135 [M]+ C ; found: 800.3116; calcd for
C48H53N2O3S3 : 801.3213 [M+H]+ ; found: 801.3149; elemental analy-
sis calcd (%) for C48H52N2O3S3: C 71.96, H 6.54, N 3.50; found C
72.05, H 6.26, N 3.32.

N-Hexyl-5-[6-(2,6-diphenyl-4H-pyran-4-ylidenemethyl)dithie-
no[3,2-b:2’,3’-d]pyrrole-2-ylmethylen]-1,3-diethyl-2-thioxodihy-
dropyrimidin-4,6-dione (1 c)

This compound was prepared by following the same procedure as
for 1 a, starting from 3 c (0.067 g, 0.126 mmol) and 1,3-diethyl-2-thi-
obarbituric acid (7; 0.027 g, 0.135 mmol) in absolute ethanol
(4 mL), with a reaction time of 5 h. The solvents used for washing
were cold hexane and a cold mixture of hexane/CH2Cl2 (8:2). Prod-
uct 1 c was obtained as a dark blue solid (0.074 g, 0.103 mmol,
82 %). M.p. 85 8C (decomp.) ; 1H NMR (300 MHz, CD2Cl2): d= 8.60 (s,
1 H, DTP-CH = acceptor), 7.96–7.87 (m, 2 H, phenyl-H), 7.86–7.77 (m,
2 H, phenyl-H), 7.61–7.40 (m, 7 H, phenyl-H + DTP-H), 7.28 (br s, 1 H,
pyranylidene-H), 6.80 (s, 1 H, DTP-H), 6.57 (br s, 1 H, pyranylidene-H),
6.22 (s, 1 H, pyranylidene = C-H), 5.50–4.68 (m, 4 H, N-CH2-CH3), 4.17
(t, J = 6.8 Hz, 2 H, N-CH2-C5H11), 1.97–1.81 (m, 2 H, N-CH2-CH2-C4H9),
1.41–1.20 (m, 12 H, N-(CH2)2-(CH2)3-CH3 + N-CH2-CH3), 0.93–0.81 ppm
(m, 3 H, N-(CH2)5-CH3) ; 13C NMR: not registered due to low solubili-
ty; IR (KBr): ñ= 1647 (C=O), 1581 (C=C, Ar), 1497 cm�1 (C=C, Ar);
HRMS (ESI+): m/z calcd for C41H40N3O3S3 : 718.2226 [M+H]+ ; found:
718.2253; elemental analysis calcd (%) for C41H39N3O3S3 : C 68.59, H
5.48, N 5.85; found C 68.84, H 5.20, N 5.64.

(E)-2-(3-Cyano-4-(2-(5’-((2,6-diphenyl-4H-pyran-4-ylidene)-
methyl)-2,2’-bithiophen-5-yl)vinyl)-5,5-dimethylfuran-2(5H)-yli-
dene)malononitrile (2 a)

Triethylamine (33 mL, 0.24 mmol) was added to a solution of 3 a
(0.100 g, 0.23 mmol) and acceptor TCF (8 ; 0.053 g, 0.26 mmol) in
CHCl3 (5 mL) under an argon atmosphere, and the mixture was
heated at reflux for 28 h. The reaction was cooled to RT and then
to 0 8C. The resulting solid was isolated by filtration and washed
with cold hexane. Product 2 a was obtained as a copper-colored
solid (0.087 g, 0.141 mmol, 61 %). M.p. 293 8C (decomp.) ; 1H NMR
(400 MHz, [D6]DMSO, 323 K): d= 8.09 (d, J = 15.8 Hz, 1 H, -CH=CH-
acceptor), 7.94–7.92 (m, 2 H, phenyl-H), 7.88–7.86 (m, 2 H, phenyl-
H), 7.80 (d, J = 4.0 Hz, 1 H, BT-H), 7.60–7.47 (m, 8 H, phenyl-H + BT-
H), 7.16 (d, J = 4.0 Hz, 1 H, BT-H), 7.11 (d, J = 1.3 Hz, 1 H, pyranyli-
dene-H), 6.87 (d, J = 1.3 Hz, 1 H, pyranylidene-H), 6.76 (d, J =

15.8 Hz, 1 H, -CH=CH-acceptor), 6.29 (s, 1 H, pyranylidene = C-H),
1.80 ppm (s, 6 H, TCF-CH3) ; 13C NMR (100 MHz, [D6]DMSO, 323 K):
d= 174.0, 153.4, 150.6, 143.8, 139.2, 137.7, 137.3, 132.0, 131.8,
131.7, 129.6, 129.1, 129.0, 128.6, 128.4, 127.3, 126.9, 125.1, 124.6,
124.0, 112.2, 112.0, 111.4, 110.5, 108.2, 107.1, 101.8, 98.0, 25.1 ppm;
IR (KBr): ñ= 2229 (C�N), 1648 (C=C), 1563 cm�1 (C=C); HRMS (ESI+

): m/z calcd for C38H25N3O2S2 : 619.1383 [M]+ C ; found: 619.1366; ele-
mental analysis calcd (%) for C38H25N3O2S2: C 73.64, H 4.07, N 6.78;
found C 73.43, H 3.93, N 6.95.

4,4-Dihexyl-(E)-2-(3-cyano-4-(2-(6-(2,6-diphenyl-4H-pyran-4-yli-
denemethyl)cyclopenta[2,1-b:3,4-b’]dithiophene-2-yl)vinyl)-
5,5-dimethylfuran-2(5H)-ylidene)malononitrile (2 b)

A mixture of pyridine (70 mL) and acetic acid (35 mL) was added to
a solution of 3 b (0.056 g, 0.09 mmol) and acceptor TCF (8 ; 0.020 g,
0.10 mmol) in absolute EtOH (3 mL) under an argon atmosphere,
and the mixture was heated at reflux for 28 h. The reaction was
cooled to RT and then to 0 8C. The resulting solid was isolated by

filtration and washed with cold EtOH and cold hexane. Product 2 b
was obtained as a dark blue solid (0.037 g, 0.046 mmol, 51 %). M.p.
213–215 8C; 1H NMR (400 MHz, CDCl3): d= 7.92–7.86 (m, 2 H,
phenyl-H), 7.82–7.76 (m, 2 H, phenyl-H), 7.57–7.42 (m, 7 H, phenyl-
H +-CH=CH-acceptor), 7.29 (s, 1 H, CPDT-H), 7.18 (d, J = 1.4 Hz, 1 H,
pyranylidene-H), 6.81 (s, 1 H, CPDT-H), 6.52 (d, J = 1.4 Hz, 1 H, pyra-
nylidene-H), 6.47 (d, J = 14.9 Hz, 1 H, -CH=CH-acceptor), 6.20 (s, 1 H,
pyranylidene = C-H), 1.92–1.82 (m, 4 H, C-CH2-C5H11), 1.73 (s, 6 H,
TCF-CH3), 1.29–1.09 (m, 12 H, C-CH2-(CH2)3-C2H5), 1.00–0.92 (m, 4 H,
C-(CH2)4-CH2-CH3), 0.89–0.75 ppm (m, 6 H, C-(CH2)5-CH3) ; 13C NMR:
not registered due to low solubility; IR (KBr): ñ= 2221 cm�1 (C�N);
HRMS (ESI+): m/z calcd for C51H49N3O2S2 : 799.3261 [M]+ C ; found:
799.3208; elemental analysis calcd (%) for C51H49N3O2S2 : C 76.56, H
6.17, N 5.25; found C 76.73, H 5.96, N 5.36.

N-Hexyl-(E)-2-(3-cyano-4-(2-(6-(2,6-diphenyl-4H-pyran-4-ylide-
nemethyl)dithieno[3,2-b:2’,3’-d]pyrrole-2-yl)vinyl)-5,5-dime-
thylfuran-2(5H)-ylidene)malononitrile (2 c)

This compound was prepared by following the same procedure as
for 2 b, starting from 3 c (0.070 g, 0.13 mmol), acceptor TCF (8 ;
0.020 g, 0.10 mmol), absolute EtOH (5 mL), and a mixture of pyri-
dine (100 mL) and acetic acid (50 mL), with a reaction time of 48 h.
The solvents used for washing were cold hexane, then a cold mix-
ture of hexane/CH2Cl2 (7:3). Product 2 c was obtained as a dark
blue solid (0.074 g, 0.102 mmol, 79 %). M.p. 202 8C (decomp.) ;
1H NMR (300 MHz, [D6]DMSO, 335 K): d= 8.16 (d, J = 15.4 Hz, 1 H,
-CH=CH-acceptor), 8.00–7.85 (m, 5 H, phenyl-H + DTP-H), 7.63–7.47
(m, 6 H, phenyl-H), 7.25 (s, 1 H, DTP-H), 7.24 (d, J = 1.5 Hz, 1 H, pyra-
nylidene-H), 6.93 (d, J = 1.5 Hz, 1 H, pyranylidene-H), 6.64 (d, J =
15.4 Hz, 1 H, -CH=CH-acceptor), 6.36 (s, 1 H, pyranylidene = C-H),
4.36–4.25 (m, 2 H, N-CH2-C5H11), 1.82–1.75 (s, 6 H, TCF-CH3), 1.37–
1.22 (m, 8 H, N-CH2-(CH2)4-CH3), 0.87–0.79 ppm (m, 3 H, N-(CH2)5-
CH3) ; 13C NMR: not registered due to low solubility; IR (KBr): ñ=
2220 cm�1 (C�N); HRMS (ESI+): m/z calcd for C44H36N4O2S2:
716.2274 [M]+ C ; found: 716.2234; elemental analysis calcd (%) for
C44H36N4O2S2 : C 73.71, H 5.06, N 7.82; found C 73.93, H 4.84, N 7.68.
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Org. Chem. 2013, 2, 422 – 431.

[5] For selected examples, see: a) E. M. Breitung, C.-F. Shu, R. J. McMahon, J.
Am. Chem. Soc. 2000, 122, 1154 – 1160; b) X. Ma, F. Ma, Z. Zhao, N. Song,
J. Zhang, J. Mater. Chem. 2009, 19, 2975 – 2985; c) N. Mart�nez de Baroja,
J. Gar�n, J. Orduna, R. Andreu, M. J. Blesa, B. Villacampa, R. Alicante, S.

Chem. Asian J. 2015, 10, 188 – 197 www.chemasianj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim196

Full Paper

http://dx.doi.org/10.1021/cr9000429
http://dx.doi.org/10.1021/cr9000429
http://dx.doi.org/10.1021/cr9000429
http://dx.doi.org/10.1016/j.ccr.2012.06.025
http://dx.doi.org/10.1016/j.ccr.2012.06.025
http://dx.doi.org/10.1016/j.ccr.2012.06.025
http://dx.doi.org/10.1016/j.ccr.2012.06.025
http://dx.doi.org/10.1364/OE.21.030532
http://dx.doi.org/10.1364/OE.21.030532
http://dx.doi.org/10.1364/OE.21.030532
http://dx.doi.org/10.1021/cr050136l
http://dx.doi.org/10.1021/cr050136l
http://dx.doi.org/10.1021/cr050136l
http://dx.doi.org/10.1038/nphoton.2012.22
http://dx.doi.org/10.1038/nphoton.2012.22
http://dx.doi.org/10.1038/nphoton.2012.22
http://dx.doi.org/10.1002/ajoc.201300063
http://dx.doi.org/10.1002/ajoc.201300063
http://dx.doi.org/10.1002/ajoc.201300063
http://dx.doi.org/10.1002/ajoc.201300063
http://dx.doi.org/10.1021/ja9930364
http://dx.doi.org/10.1021/ja9930364
http://dx.doi.org/10.1021/ja9930364
http://dx.doi.org/10.1021/ja9930364
http://dx.doi.org/10.1039/b817789a
http://dx.doi.org/10.1039/b817789a
http://dx.doi.org/10.1039/b817789a
http://www.chemasianj.org


Franco, J. Org. Chem. 2012, 77, 4634 – 4644; d) T. Yamada, H. Miki, I.
Aoki, A. Otomo, Opt. Mater. 2013, 35, 2194 – 2200.

[6] For selected examples, see: a) Y.-K. Wang, C.-F. Shu, E. M. Breitung, R. J.
McMahon, J. Mater. Chem. 1999, 9, 1449 – 1452; b) X. Ma, F. Ma, Z. Zhao,
N. Song, J. Zhang, J. Mater. Chem. 2010, 20, 2369 – 2380; c) E. Gal	n, R.
Andreu, J. Gar�n, L. Mosteo, J. Orduna, B. Villacampa, B. E. Diosdado, Tet-
rahedron 2012, 68, 6427 – 6437; d) C. S. Naveena, B. Poojary, T. Arulmoli,
K. Manjunatha, A. Prabhu, N. S. Kumari, Med. Chem. Res. 2013, 22,
1925 – 1937.

[7] For selected examples, see: a) P. V. Bedworth, Y. Cai, A. Jen, S. R. Marder,
J. Org. Chem. 1996, 61, 2242 – 2246; b) C. Cai, I. Liakatas, M.-S. Wong, M.
Bçsch, C. Bosshard, P. G
nter, S. Concilio, N. Tirelli, U. W. Suter, Org. Lett.
1999, 1, 1847 – 1849; c) M. Moreno Oliva, J. Casado, M. M. M. Raposo,
A. M. C. Fonseca, H. Hartmann, V. Hern	ndez, J. T. L�pez Navarrete, J.
Org. Chem. 2006, 71, 7509 – 7520; d) M. M. M. Raposo, A. M. F. P. Ferreira,
M. Belsley, J. C. V. P. Moura, Tetrahedron 2008, 64, 5878 – 5884; e) C. Her-
bivo, A. Comel, G. Kirsch, A. M. C. Fonseca, M. Belsley, M. M. M. Raposo,
Dyes Pigm. 2010, 86, 217 – 226; f) M. M. M. Raposo, M. C. R. Castro, M.
Belsley, A. M. C. Fonseca, Dyes Pigm. 2011, 91, 454 – 465.

[8] a) A. Mishra, C.-Q. Ma, P. B�uerle, Chem. Rev. 2009, 109, 1141 – 1276; b) S.
Barlow, S. A. Odom, K. Lancaster, Y. A. Getmanenko, R. Mason, V. Coro-
pceanu, J.-L. Br�das, S. R. Marder, J. Phys. Chem. B 2010, 114, 14397 –
14407.

[9] J. -M. Raimundo, P. Blanchard, N. Gallego-Planas, N. Mercier, I. Ledoux-
Rak, R. Hierle, J. Roncali, J. Org. Chem. 2002, 67, 205 – 218.

[10] For selected examples, see: a) O.-K. Kim, A. Fort, M. Barzoukas, M. Blan-
chard-Desce, J.-M. Lehn, J. Mater. Chem. 1999, 9, 2227 – 2232; b) O.-K.
Kim, K.-S. Lee, Z. Huang, W. B. Heuer, C. S. Paik-Sung, Opt. Mater. 2003,
21, 559 – 564; c) J. Casado, V. Hern	ndez, O.-K. Kim, J.-M. Lehn, J. T. L�-
pez Navarrete, S. Delgado Ledesma, R. Ponce Ort�z, M. C. Ruiz Delgado,
Y. Vida, E. P�rez-Inestrosa, Chem. Eur. J. 2004, 10, 3805 – 3816.

[11] A. B. Marco, R. Andreu, S. Franco, J. Gar�n, J. Orduna, B. Villacampa, R.
Alicante, Tetrahedron 2013, 69, 3919 – 3926.

[12] P. Coppo, M. L. Turner, J. Mater. Chem. 2005, 15, 1123 – 1133.
[13] T. Baumgartner, J. Inorg. Organomet. Polym. Mater. 2005, 15, 389 – 409.
[14] P. Yan, A. Xie, M. Wei, L. M. Loew, J. Org. Chem. 2008, 73, 6587 – 6594.
[15] For selected examples for 4H-pyranylidene-containing chromophores,

see: a) R. Andreu, L. Carrasquer, S. Franco, J. Gar�n, J. Orduna, N. Mart�-
nez de Baroja, R. Alicante, B. Villacampa, M. Allain, J. Org. Chem. 2009,
74, 6647 – 6657; b) R. Andreu, E. Gal	n, J. Orduna, B. Villacampa, R. Ali-
cante, J. T. L�pez Navarrete, J. Casado, J. Gar�n, Chem. Eur. J. 2011, 17,
826 – 838; c) S. Achelle, J.-P. Malval, S. Aloı̈se, A. Barsella, A. Spangen-
berg, L. Mager, H. Akdas-Kilig, J.-L. Fillaut, B. Caro, F. Robin-le Guen,
ChemPhysChem 2013, 14, 2725 – 2736; d) S. Achelle, S. Kahlal, J.-Y. Sail-
lard, N. Cabon, B. Caro, F. Robin-le Guen, Tetrahedron 2014, 70, 2804 –
2815.

[16] Compound previously reported in a) G. Zotti, G. Schiavon, A. Berlin, G.
Fontana, G. Pagani, Macromolecules 1994, 27, 1938 – 1942; for this work,
it was prepared by following the same procedure reported for the cor-
responding diethylhexyl analogue, see: b) C.-H. Chen, C.-H. Hsieh, M.
Dubosc, Y.-J. Cheng, C.-S. Hsu, Macromolecules 2010, 43, 697 – 708.

[17] Compound previously reported in a) K. Ogawa, S. C. Rasmussen, J. Org.
Chem. 2003, 68, 2921 – 2928; for this work, it was prepared by following
the same procedure reported for the corresponding N-(2-hexyldecyl)
analogue, see: b) J. Liu, R. Zhang, I. Osaka, S. Mishra, A. E. Javier, D. -M.
Smilgies, T. Kowalewski, R. D. McCullough, Adv. Funct. Mater. 2009, 19,
3427 – 3434.

[18] a) E. H. Elandaloussi, P. Fr�re, P. Richomme, J. Orduna, J. Gar�n, J. Roncali,
J. Am. Chem. Soc. 1997, 119, 10774 – 10784; b) R. K. Haynes, S. C. Vonwil-

ler, M. R. Luderer, Encyclopedia of Reagents for Organic Synthesis, Wiley,
New York, 2006.

[19] D. Hildebrandt, G. Mattersteig, O. Gerdes, S. Vetter, A. Weiss, Heliatek
GmbH, Patent WO 2011161262A1, 2011 [Chem. Abstr. 2011, 156,
127337].

[20] V. T. Abaev, I. V. Karsanov, Zh. Kh. Urtaeva, A. F. Blinokhvatov, A. A.
Bumber, O. Y. Okhlobystin, Zh. Obshch. Khim. 1990, 60, 1012 – 1019.

[21] E. Wang, Q. Meng, C. Wang, L. Li, H. Li, W. Hu, Synth. Met. 2009, 159,
1298 – 1301.

[22] M. C. Ruiz Delgado, V. Hern	ndez, J. Casado, J. T. L�pez Navarrete, J.-M.
Raimundo, P. Blanchard, J. Roncali, THEOCHEM 2004, 709, 187 – 193.

[23] a) S. R. Marder, J. W. Perry, B. G. Tiemann, C. B. Gorman, S. Gilmour, S. L.
Biddle, G. Bourhill, J. Am. Chem. Soc. 1993, 115, 2524 – 2526; b) G. Bour-
hill, J.-L. Br�das, L.-T. Cheng, S. R. Marder, F. Meyers, J. W. Perry, B. G. Tie-
mann, J. Am. Chem. Soc. 1994, 116, 2619 – 2620.

[24] For the sake of comparison, the BLA value obtained from X-ray for the
central rings of the neutral (non polar) oligothiophenes is �0.07 �, see:
S. Hotta, K. Waragai, J. Mater. Chem. 1991, 1, 835 – 842.

[25] M. C. Ruiz Delgado, V. Hern	ndez, J. Casado, J. T. L�pez Navarrete, J.-M.
Raimundo, P. Blanchard, J. Roncali, Chem. Eur. J. 2003, 9, 3670 – 3682.

[26] S. M. Bouzzine, A. Makayssi, M. Hamidi, M. Bouachrine, THEOCHEM
2008, 851, 254 – 262.

[27] M. C. R. Castro, P. Schellenberg, M. Belsley, A. M. C. Fonseca, S. S. M. Fer-
nandes, M. M. M. Raposo, Dyes Pigm. 2012, 95, 392 – 399.

[28] a) M. Xu, M. Zhang, M. Pastore, R. Li, F. De Angelis, P. Wang, Chem. Sci.
2012, 3, 976 – 983; b) L. E. Polander, A. Yella, J. Teuscher, R. Humphry-
Baker, B. F. E. Curchod, N. A. Astani, P. Gao, J.-E. Moser, I. Tavernelli, U.
Rothlisberger, M. Gr�tzel, Md. K. Nazeeruddin, J. Frey, Chem. Mater.
2013, 25, 2642 – 2648.

[29] M. Fujitsuka, T. Sato, F. Sezaki, K. Tanaka, A. Watanabe, O. Ito, J. Chem.
Soc. Faraday Trans. 1998, 94, 3331 – 3337.

[30] a) S. Zhang, Y. Guo, H. Fan, Y. Liu, H.-Y. Chen, G. Yang, X. Zhan, Y. Liu, Y.
Li, Y. Yang, J. Polym. Sci. Part A 2009, 47, 5498 – 5508; b) X. Zhan, Z. Tan,
E. Zhou, Y. Li, R. Misra, A. Grant, B. Domercq, X.-H. Zhang, Z. An, X.
Zhang, S. Barlow, B. Kippelen, S. R. Marder, J. Mater. Chem. 2009, 19,
5794 – 5803.

[31] K. R. Radke, K. Ogawa, S. C. Rasmussen, Org. Lett. 2005, 7, 5253 – 5256.
[32] a) Z. Wang, M. Liang, L. Wang, Y. Hao, C. Wang, Z. Sun, S. Xue, Chem.

Commun. 2013, 49, 5748 – 5750; b) J. H. Delcamp, Y. Shi, J.-H. Yum, T.
Sajoto, E. Dell’Orto, S. Barlow, M. K. Nazeeruddin, S. R. Marder, M. Gr�t-
zel, Chem. Eur. J. 2013, 19, 1819 – 1827.

[33] For examples with 4H-pyranylidene as the donor unit, see: a) E. Gal	n,
R. Andreu, J. Gar�n, J. Orduna, B. Villacampa, B. E. Diosdado, Org. Biomol.
Chem. 2012, 10, 8684 – 8691; b) A. B. Marco, R. Andreu, S. Franco, J.
Gar�n, J. Orduna, B. Villacampa, B. E. Diosdado, J. T. L�pez Navarrete, J.
Casado, Org. Biomol. Chem. 2013, 11, 6338 – 6349; for examples with
a different donor, see: c) J. A. Davies, A. Elangovan, P. A. Sullivan, B. C.
Olbricht, D. H. Bale, T. R. Ewy, C. M. Isborn, B. E. Eichinger, B. H. Robin-
son, P. J. Reid, X. Li, L. R. Dalton, J. Am. Chem. Soc. 2008, 130, 10565 –
10575.

[34] C. Reichardt, T. Welton in Solvents and Solvents Effects in Organic
Chemistry, 4th ed. , Wiley-VCH, Weinheim, 2010.

[35] a) J. L. Oudar, D. S. Chemla, J. Chem. Phys. 1977, 66, 2664 – 2668; b) D. R.
Kanis, M. A. Ratner, T. J. Marks, Chem. Rev. 1994, 94, 195 – 242.

[36] G. Melikian, F. P. Rouessac, C. Alexandre, Synth. Commun. 1995, 25,
3045 – 3051.

Received: July 23, 2014
Published online on October 7, 2014

Chem. Asian J. 2015, 10, 188 – 197 www.chemasianj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim197

Full Paper

http://dx.doi.org/10.1021/jo300373m
http://dx.doi.org/10.1021/jo300373m
http://dx.doi.org/10.1021/jo300373m
http://dx.doi.org/10.1016/j.optmat.2013.06.005
http://dx.doi.org/10.1016/j.optmat.2013.06.005
http://dx.doi.org/10.1016/j.optmat.2013.06.005
http://dx.doi.org/10.1039/a900820i
http://dx.doi.org/10.1039/a900820i
http://dx.doi.org/10.1039/a900820i
http://dx.doi.org/10.1039/b923185d
http://dx.doi.org/10.1039/b923185d
http://dx.doi.org/10.1039/b923185d
http://dx.doi.org/10.1016/j.tet.2012.05.123
http://dx.doi.org/10.1016/j.tet.2012.05.123
http://dx.doi.org/10.1016/j.tet.2012.05.123
http://dx.doi.org/10.1016/j.tet.2012.05.123
http://dx.doi.org/10.1007/s00044-012-0195-7
http://dx.doi.org/10.1007/s00044-012-0195-7
http://dx.doi.org/10.1007/s00044-012-0195-7
http://dx.doi.org/10.1007/s00044-012-0195-7
http://dx.doi.org/10.1021/jo9517555
http://dx.doi.org/10.1021/jo9517555
http://dx.doi.org/10.1021/jo9517555
http://dx.doi.org/10.1021/ol991118r
http://dx.doi.org/10.1021/ol991118r
http://dx.doi.org/10.1021/ol991118r
http://dx.doi.org/10.1021/ol991118r
http://dx.doi.org/10.1021/jo060318v
http://dx.doi.org/10.1021/jo060318v
http://dx.doi.org/10.1021/jo060318v
http://dx.doi.org/10.1021/jo060318v
http://dx.doi.org/10.1016/j.tet.2008.04.061
http://dx.doi.org/10.1016/j.tet.2008.04.061
http://dx.doi.org/10.1016/j.tet.2008.04.061
http://dx.doi.org/10.1016/j.dyepig.2010.01.006
http://dx.doi.org/10.1016/j.dyepig.2010.01.006
http://dx.doi.org/10.1016/j.dyepig.2010.01.006
http://dx.doi.org/10.1016/j.dyepig.2011.05.007
http://dx.doi.org/10.1016/j.dyepig.2011.05.007
http://dx.doi.org/10.1016/j.dyepig.2011.05.007
http://dx.doi.org/10.1021/cr8004229
http://dx.doi.org/10.1021/cr8004229
http://dx.doi.org/10.1021/cr8004229
http://dx.doi.org/10.1021/jp100774r
http://dx.doi.org/10.1021/jp100774r
http://dx.doi.org/10.1021/jp100774r
http://dx.doi.org/10.1021/jo010713f
http://dx.doi.org/10.1021/jo010713f
http://dx.doi.org/10.1021/jo010713f
http://dx.doi.org/10.1039/a902297j
http://dx.doi.org/10.1039/a902297j
http://dx.doi.org/10.1039/a902297j
http://dx.doi.org/10.1016/S0925-3467(02)00200-8
http://dx.doi.org/10.1016/S0925-3467(02)00200-8
http://dx.doi.org/10.1016/S0925-3467(02)00200-8
http://dx.doi.org/10.1016/S0925-3467(02)00200-8
http://dx.doi.org/10.1002/chem.200305752
http://dx.doi.org/10.1002/chem.200305752
http://dx.doi.org/10.1002/chem.200305752
http://dx.doi.org/10.1016/j.tet.2013.03.027
http://dx.doi.org/10.1016/j.tet.2013.03.027
http://dx.doi.org/10.1016/j.tet.2013.03.027
http://dx.doi.org/10.1039/b412143k
http://dx.doi.org/10.1039/b412143k
http://dx.doi.org/10.1039/b412143k
http://dx.doi.org/10.1007/s10904-006-9013-3
http://dx.doi.org/10.1007/s10904-006-9013-3
http://dx.doi.org/10.1007/s10904-006-9013-3
http://dx.doi.org/10.1021/jo800852h
http://dx.doi.org/10.1021/jo800852h
http://dx.doi.org/10.1021/jo800852h
http://dx.doi.org/10.1021/jo901142f
http://dx.doi.org/10.1021/jo901142f
http://dx.doi.org/10.1021/jo901142f
http://dx.doi.org/10.1021/jo901142f
http://dx.doi.org/10.1002/chem.201002158
http://dx.doi.org/10.1002/chem.201002158
http://dx.doi.org/10.1002/chem.201002158
http://dx.doi.org/10.1002/chem.201002158
http://dx.doi.org/10.1002/cphc.201300419
http://dx.doi.org/10.1002/cphc.201300419
http://dx.doi.org/10.1002/cphc.201300419
http://dx.doi.org/10.1016/j.tet.2014.02.071
http://dx.doi.org/10.1016/j.tet.2014.02.071
http://dx.doi.org/10.1016/j.tet.2014.02.071
http://dx.doi.org/10.1021/ma00085a043
http://dx.doi.org/10.1021/ma00085a043
http://dx.doi.org/10.1021/ma00085a043
http://dx.doi.org/10.1021/ma902206u
http://dx.doi.org/10.1021/ma902206u
http://dx.doi.org/10.1021/ma902206u
http://dx.doi.org/10.1021/jo034078k
http://dx.doi.org/10.1021/jo034078k
http://dx.doi.org/10.1021/jo034078k
http://dx.doi.org/10.1021/jo034078k
http://dx.doi.org/10.1002/adfm.200900926
http://dx.doi.org/10.1002/adfm.200900926
http://dx.doi.org/10.1002/adfm.200900926
http://dx.doi.org/10.1002/adfm.200900926
http://dx.doi.org/10.1021/ja9722739
http://dx.doi.org/10.1021/ja9722739
http://dx.doi.org/10.1021/ja9722739
http://dx.doi.org/10.1016/j.synthmet.2009.02.032
http://dx.doi.org/10.1016/j.synthmet.2009.02.032
http://dx.doi.org/10.1016/j.synthmet.2009.02.032
http://dx.doi.org/10.1016/j.synthmet.2009.02.032
http://dx.doi.org/10.1016/j.theochem.2003.10.082
http://dx.doi.org/10.1016/j.theochem.2003.10.082
http://dx.doi.org/10.1016/j.theochem.2003.10.082
http://dx.doi.org/10.1021/ja00059a067
http://dx.doi.org/10.1021/ja00059a067
http://dx.doi.org/10.1021/ja00059a067
http://dx.doi.org/10.1021/ja00085a052
http://dx.doi.org/10.1021/ja00085a052
http://dx.doi.org/10.1021/ja00085a052
http://dx.doi.org/10.1039/jm9910100835
http://dx.doi.org/10.1039/jm9910100835
http://dx.doi.org/10.1039/jm9910100835
http://dx.doi.org/10.1002/chem.200204542
http://dx.doi.org/10.1002/chem.200204542
http://dx.doi.org/10.1002/chem.200204542
http://dx.doi.org/10.1016/j.theochem.2007.11.023
http://dx.doi.org/10.1016/j.theochem.2007.11.023
http://dx.doi.org/10.1016/j.theochem.2007.11.023
http://dx.doi.org/10.1016/j.theochem.2007.11.023
http://dx.doi.org/10.1016/j.dyepig.2012.05.014
http://dx.doi.org/10.1016/j.dyepig.2012.05.014
http://dx.doi.org/10.1016/j.dyepig.2012.05.014
http://dx.doi.org/10.1039/c2sc00973k
http://dx.doi.org/10.1039/c2sc00973k
http://dx.doi.org/10.1039/c2sc00973k
http://dx.doi.org/10.1039/c2sc00973k
http://dx.doi.org/10.1021/cm401144j
http://dx.doi.org/10.1021/cm401144j
http://dx.doi.org/10.1021/cm401144j
http://dx.doi.org/10.1021/cm401144j
http://dx.doi.org/10.1039/a806072j
http://dx.doi.org/10.1039/a806072j
http://dx.doi.org/10.1039/a806072j
http://dx.doi.org/10.1039/a806072j
http://dx.doi.org/10.1002/pola.23601
http://dx.doi.org/10.1002/pola.23601
http://dx.doi.org/10.1002/pola.23601
http://dx.doi.org/10.1039/b907163f
http://dx.doi.org/10.1039/b907163f
http://dx.doi.org/10.1039/b907163f
http://dx.doi.org/10.1039/b907163f
http://dx.doi.org/10.1021/ol052152a
http://dx.doi.org/10.1021/ol052152a
http://dx.doi.org/10.1021/ol052152a
http://dx.doi.org/10.1039/c3cc42121j
http://dx.doi.org/10.1039/c3cc42121j
http://dx.doi.org/10.1039/c3cc42121j
http://dx.doi.org/10.1039/c3cc42121j
http://dx.doi.org/10.1002/chem.201202677
http://dx.doi.org/10.1002/chem.201202677
http://dx.doi.org/10.1002/chem.201202677
http://dx.doi.org/10.1039/c2ob26515j
http://dx.doi.org/10.1039/c2ob26515j
http://dx.doi.org/10.1039/c2ob26515j
http://dx.doi.org/10.1039/c2ob26515j
http://dx.doi.org/10.1039/c3ob41278d
http://dx.doi.org/10.1039/c3ob41278d
http://dx.doi.org/10.1039/c3ob41278d
http://dx.doi.org/10.1021/ja8007424
http://dx.doi.org/10.1021/ja8007424
http://dx.doi.org/10.1021/ja8007424
http://dx.doi.org/10.1063/1.434213
http://dx.doi.org/10.1063/1.434213
http://dx.doi.org/10.1063/1.434213
http://dx.doi.org/10.1021/cr00025a007
http://dx.doi.org/10.1021/cr00025a007
http://dx.doi.org/10.1021/cr00025a007
http://dx.doi.org/10.1080/00397919508011437
http://dx.doi.org/10.1080/00397919508011437
http://dx.doi.org/10.1080/00397919508011437
http://dx.doi.org/10.1080/00397919508011437
http://www.chemasianj.org

