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An iterative approach to the synthesis of thiophene-based organic dyes
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We developed an iterative synthetic method for oligo-aryl compounds using an organosilicon-based pal-
ladium-catalyzed cross-coupling reaction. Aryl compounds containing a benzyloxy(diisopropyl)silyl
group (masked Si group) had sufficient chemical stability, and the unmasking step proceeded in a high
yield under mild conditions. Both of the key unmasking/coupling steps required no strict anhydrous or
degassed conditions. The developed procedure was used for the synthesis of thiophene-based organic
dyes for dye-sensitized solar cells.

© 2012 Elsevier Ltd. All rights reserved.

Thiophene-based organic dyes make up a very important class
of compounds because they show promise as sensitizers for dye
sensitized solar cells (DSSCs)!~> and as donor materials for small-
molecule organic solar cells.%” Palladium-catalyzed cross-coupling
reactions (i.e, Suzuki-Miyaura,>® Migita-Kosugi-Stille,'®-13
Kumada-Tamao,'* Negishi,!> Hiyama'® coupling and so on'”) are
a particularly powerful tool for the preparation of thiophene-based
dyes. Iterative palladium-catalyzed cross-coupling approaches!®-24
have garnered much attention because they can produce structur-
ally diverse compounds from a somewhat-limited number of syn-
thetic operations (activation/unmasking of unreactive groups and
coupling), thus, this approach is suitable for laboratory automa-
tion.24~2° It would be desirable for the development of an iterative
approach to meet the following criteria: (1) that a readily available,
non toxic, and environmentally benign substrate be employed with
the generation of no toxic compound; (2) both the activation/
unmasking and the coupling steps should have good yields and
not require strict anhydrous and/or degassed conditions; and, (3)
a substrate with an unreactive group should have enough stability
so that the compound can be readily isolated and stored with the
activation/unmasking step carried out under mild reaction condi-
tions in one step. Hiyama, Nakao et al. reported an elegant sili-
con-based iterative palladium-catalyzed cross-coupling
approach.?! Organosilicon compounds are readily available, non
toxic, and environmentally benign.

We have reported the combinatorial synthesis of aryl
compounds based on palladium-catalyzed cross-coupling reac-
tions in solution and in a solid phase.°~32 Here, we wish to report
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the development of an iterative synthetic method for oligo-aro-
matic ring compounds using a silicon-based palladium-catalyzed
cross-coupling reaction and its application to the synthesis of thi-
ophene-based organic dyes for DSSC.

Denmark et al. reported a silicon-based cross-coupling reaction
using dimethylsilanol®* as an activating group. In the course of the
solid-phase synthetic study using a silyl linker,>*4-3¢ Showalter
and co-workers ascertained that the benzyloxy(diisopropyl)silyl
group can be converted into the corresponding diisopropylsilanol
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Scheme 1. An iterative approach for the synthesis of oligo-aromatic ring
compounds.
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Table 1 Table 2
Examination of the unmasking step to afford 2a from 1a Examination of the coupling step to afford 8 from 2a
- —
uLl .
B s C|28i(ipr)2 Pr /PI’ unmaskmg Ipr\Si/IPrS Me0\©\ . lPr CSZCO3 MeO
\ ] = B \(_7 i U Ho™> \ / 1 4 dioxane/H,0 S
then BnOH \ /
6 imidazole 2a 7 8
78% Entry [Pd] [Ligand] Yield? (%)
Entry Reagent Solvent Yield® (%) 1 [AllylPdCl], PPhs 12
2 [AllylPdCl], PCy; 25
; ¥32£ iEE/HzO 22% 3 [AllylPdCl], P(2-furyl)s 29
3 TBAF 1,4-Dioxane/H,0 72% 4 [AllylPdCl], P(o-tolyl)s 13
4 CsF 1,4-Dioxane/H,0 No reaction 5 [AllylPdCl], P(tBu); 34
5 TFA 1,4-Dioxane/H,0 0% 6 [AllyIPdCl], dppe 1
6 PPTS MeOH/H,0 39% ; mg}gggﬂz SPPE 53
7 p-TsOH-H,0 Acetone 37% o (AP dCl]j dgg ; 1
8 p-TsOH-H,0 Acetone/H,0 94% 10 [AllyIPCl], Xantphos 19
2 Isolated yield. 1 [AllylPdCl], Xphos 25
12 [AllylPdCl], AsPhs 65
13 Pd(OAC), AsPhs 6
under mild reaction conditions (TBAF in THF).>” According to sug- 14 PdCl, AsPhy 21
. . . 15 PdCly(MeCN), AsPhs 8
gestions in these reports, we developed the synthetic plan shown 16 PACl,(PPhs), AsPh, 1
in Scheme 1. We anticipated that aromatic ring 1 with a benzyl- 17 PACL(dppf) AsPhs 12
oxy(diisopropyl)silyl (masked Si) group would be sufficiently 18 Pd(PPhs), AsPhs 9
stable, in addition, it could be readily unmasked under mild 19 Pd;(dba)s-CHCl; AsPhs 8
reaction conditions in one step to afford compound 2 with a 2 Isolated yield.
diisopropylsilanol (activated Si) group. We planned to couple com-
pound 2 with aromatic ring 3 retaining both halogen and masked
Si groups to afford the desired coupling product 4. By repeating Table 3
the unmasking and the coupling steps, the aimed oligo-aromatic Influence of H,0 amount on the coupling of silanol 2a and 4-iodoanisole (7)
ring compound 5 would be synthesized.
The unmasking step (1a-2a) was initially examined (Table 1). A [alglsﬁcuz
one-pot, three-component coupling of 2-bromothiophene (6) and MeO *Pr /Pr 052083 MeO
dichlorodiisopropylsilane with benzyl alcohol afforded 2-benzyl- \©\ * Ho 5
oxy(diisopropyl)silyl-thiophene (1a) in a high yield.>® The previ- | \<_7 1,4- dloxane/Hgo
ously reported combination of TBAF in THF? did not afford the 7 g L/
desired silanol 2a and only the cleavage of the thiophene-Si bond - -
was observed (entry 1). Interestingly, the addition of H,0 was Entry H20 Yield® (%) Entry H20 Yield® (%)
effective in this reaction (entries 2 and 3). An excellent yield 1 None 30 5 10 equiv 54
(94%) was observed from the combination of p-TsOH-H,0 in ace- 2 1 equiv 33 6 20 equiv 65
. s . . 3 3 equiv 41 7 40 equiv 62
tone/H,0 (entry 8). Again, the addition of H,O was crucial to a high 4 5 equiv 55 3 80 equiv 26

yield under these acidic conditions (entries 7 and 8).

We examined the key cross-coupling reaction of 2a with
4-jodoanisole (7),%° as shown in Table 2. According to a previous
report,>® combinations of [allylPdCl], and ligands with Cs,CO3 in
1,4-dioxane/H,0 were examined (entries 1-12). Only the combina-
tion of 10 mol % [allylPdCl], and AsPh; gave a satisfactory yield
(entry 12). Various palladium reagents were examined in the
presence of the AsPhs ligand (entries 12-19). However, an
improvement in yield was not observed.*°

The amount of H,0 influenced the results of the reaction
(Table 3). A low yield was observed without the addition of H,O
(entry 1). The yield was improved by increasing the amount
(1 equiv to 20 equiv) of H,O (entries 1-6). However, the addition
of a larger amount (80 equiv) of H,O degraded the yield (entry
8). Thus, the optimal amount of H,O was determined to be
20 equiv It should be noted that both the unmasking/coupling
steps afforded reproducible results, and can be performed in the
presence of H,0, and neither required strict anhydrous nor de-
gassed conditions.

The coupling reaction between 3a, 3b,*' and 2a-2c was exam-
ined based on our developed procedure (Table 4). All the coupling
products, 4a-4d and 9, were obtained in moderate to satisfactory
yields.

The developed method was applied to the synthesis of thio-
phene-based dyes 152744 and 16*>~“® for the dye-sensitized solar

2 Isolated yield.

cell shown in Scheme 2. Both building block 2a with an activated
Si group and building block 3a with masked Si- and bromo-groups
were prepared from the common starting material, 2-benzyl-
oxy(diisopropyl)silyl-thiophene (1a) in good yields. The palla-
dium-catalyzed cross-coupling of 2a with 3a afforded the desired
product 4a in a 53% yield. A subsequent unmasking of benzyl silyl
ether 4a produced bithiophene 2c¢ in a 91% yield. Prepared mono-
thiophene 2a and bithiophene 2¢ were coupled with 4-bromo
triphenylamine (10) to afford the desired coupling products 11
and 12 in moderate yields. Formylation of compounds 11 and 12
by hexamethylenetetramine under microwave irradiation,*® and
the subsequent Knoevenagel condensation with tert-butyl cya-
noacetate, all were carried out in one-pot reactions. Finally, the
acid-mediated removal of tert-butyl groups proceeded smoothly
to afford the desired thiophene-based dyes 15 and 16 in excellent
yields. The developed synthetic scheme does not require strict
anhydrous nor degassed conditions.

In conclusion, we have developed an iterative synthetic method
for oligo-aryl compounds using an organosilicon-based palladium-
catalyzed cross-coupling reaction. Aryl compounds containing a
benzyloxy(diisopropyl)silyl group (masked Si group) have
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Table 4
Palladium-catalyzed cross-coupling between 3a,b and 2a-2c

m activated Si

|
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.Si_S._Br BnO" HE™ HO™'
Br
3a 3b 2a 2b
iPr. JPr
si_s_ I\
2c
Entry Sub Sub Pro Yield® (%)
1 3a 2a 4a 53
2 3a 2b 4b 48
3 3a 2c 9 40° (67)¢
4 3b 2a 4c 47
5 3b 2b 4d 50
Reagents and condition: 10 mol % [allyIPdCl],, AsPhs, Cs,COs, 1,4-dioxane/H,0, 90-100 °C, 12-24 h.
b Isolated yield.
¢ Overall yield from 2c.
4 Yield based on recovered 2c.
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Scheme 2. Synthesis of thiophene-based organic dyes 15 and 16 for DSSC based on our developed iterative synthetic approach. Reagents and conditions: (a) p-TsOH-H,0,
acetone/H,0, rt, 8 h, 94% (b) NBS, K,CO3, CH,Cly, 1t, 4 h, 85% (c) 10 mol % [allylPdCl],, AsPhs, Cs,CO5, 1,4-dioxane/H,0, 90 °C, 12 h, 53% (d) p-TsOH-H,0, acetone/H,0, rt, 8 h,

91% (e) 10 mol %

[allylPdCl],, AsPhs, Cs,COs3, 1,4-dioxane/H»0, 90 °C, 12 h (11: 49%, 12: 38%) (f) hexamethylenetetramine, AcOH/H,0, microwave irradiation, 150 °C, 1 h then

tert-butyl cyanoacetate, NH;,0Ac, 70 °C, 12 h {13: 67% (83% based on recovered 11), 14: 38% (81% based on recovered 12)} (g) TFA, CH,Cl,, rt, 2 h, (15: 98%, 16: 95%).

sufficient chemical stability, and the unmasking step proceeded in
a high yield under mild acidic conditions. Both the key unmasking/
coupling steps require no strict anhydrous and/or degassed condi-
tions. The developed procedure was used for the synthesis of thio-
phene-based dyes 15 and 16. Mono- and bi-thiophene compounds
2a and 2c were prepared in satisfactory yields. The coupling of
thiophenes 2a and 2¢ with a triphenylamine moiety and our orig-
inally developed one-pot formylation/Knoevenagel condensation

afforded the desired thiophene-based dyes. We want to again
emphasize that this developed procedure requires no strict anhy-
drous or degassed conditions.
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