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Highly Tin-Selective Stille Coupling: Synthesis of a Polymer
Containing a Stannole in the Main Chain**
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Anne Staubitz*

Abstract: The incorporation of heavier Group 14 element
heteroles into semiconducting polymers leads to unusual
optoelectronic properties. However, polymers containing stan-
noles have not been accessible to date. We report a synthetic
route to a well-defined, stannole-containing polymer, the first
example of this class of m-conjugated polymers. This route was
made possible by developing difunctionalized stannole mono-
mers and highly tin-selective Stille coupling reactions that leave
the tin in the stannole untouched. Compared to poly(3-n-
hexylthiophene), the resulting polymer displays a remarkable
bathochromic shift in its absorption.

The formal replacement of the methylene group in cyclo-
pentadienes by heavier Group 14 elements drastically
changes their electronic properties:(!! With the incorporation
of Si, Ge, or Sn the two o*-orbitals of the exocylic E-R bonds
(with E =Si, Ge, Sn) are much lower in energy than those of
C—R bonds, allowing efficient mixing with the m*-orbital of
the diene system. This mixing distinctly lowers their LUMO
levels compared to carbon cyclopentadienes.'>¢l Therefore,
these higher Group 14 heteroles are interesting heterocycles
for incorporation into semiconducting polymers: They are
expected to have low band gaps and to display novel charge-
transporting properties.”! Sila- and germafluorenes have been
incorporated in polymers® as have siloles and germoles,™
which led to distinct improvements in device performances.”’
Furthermore, Group 14 heteroles were also incorporated as
1,1-bridged heteroles."™® As far as tin is concerned, there is
some work on stannafluorenes|”’ but the chemistry of
stannoles is much less studied.!""*!

To date, no stannole has been published that contains
a reactive halogen functional group that could be used for
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cross-coupling reactions—on either the dienyl ring itself or on
any further aromatic substituents on this ring. The problem is
that stannacycles themselves are very versatile nucleophilic
compounds in Stille cross-coupling reactions. Indeed, stan-
noles may be viewed as cyclic vinyl tin compounds that are
regularly used in cross-coupling reactions'” and which,
depending on the reaction conditions, can be even more
reactive than aryl tin compounds.'!! The recently reported
reactivity of the related stannafluorenes illustrates the prob-
lem of being able to use reactive organo tin compounds in
cross-coupling reactions, if reactions at the tin center are not
wanted: it was shown that stannafluorenes 1 react cleanly with
dibromobenzenes 2 to give triphenylenes 3 in high yields
(Scheme 1).1

Herein, we demonstrate the first highly nucleophile
selective Stille reaction, differentiating between an endo-
and two exocyclic tin functional groups (Scheme 2). This

O - Br [Pd(PtBus),] g
nviez  + THF, 60 °C, 12h
O Br
1 2 3
and 15 other examples

Scheme 1. The reaction of stannafluorenes 1 with di-electrophiles 2
can lead to cross-coupled products 3 (in this example, isolated in 87 %
yield).”!

Scheme 2. Tin-selective cross-coupling reactions allow the synthesis of
stannole containing polymers.

allowed the synthesis of the first well-defined non-annulated
stannole-containing polymer of type A (Scheme 2), which
shows a strong bathochromic shift compared to the related
poly(3-n-hexylthiophene) (P3HT). To synthesize a monomer
of type C, two major challenges had to be overcome: First,
a synthetic route had to be developed to prepare a stannole
monomer that contained electrophilic functional groups
(bromides or iodides) on the carbon scaffold for the
subsequent polymerization. The second issue was to protect
the Sn center in the heterocycle so that it would be stable
under polymerization conditions. We envisioned that this
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could be achieved based on a kinetically deactivated tin
center in the stannole monomer.

The reactivity and functionalization possibilities of stan-
noles are almost entirely unexplored. Crucially, there is no
report of stannoles that are substituted with bromides or
iodides. This does not only concern bromide/iodide substitu-
ents on the ring, but also, no stannoles with brominated/
iodinated aryl substituents have been synthesized.

There are three established methods for the preparation
of stannoles: Generally, they can be prepared by synthesizing
a dilithiated butadiene species in situ and then quenching it
with R,SnCL™ ¥ (method A, Scheme 3). The second route

R method A R R

— Li . Sn g
i>—\_< R,SnCl, R \<\_/7/ R

R

method B
R,SNnCl,
-2

Cp, Cp

Scheme 3. Common preparation methods for stannoles.

involves a Zr-Sn exchange’*'¥l of zirconacyclopentadienes
with R,SnCl, (method B). Another possibility is the 1,1-
carboboration of activated tin diacetylides, also known as
Wrackmeyer reaction, which generally gives the desired
stannoles in high yields (method C).I"”!

Because the presence of halides (R’ =-Ar-X; Scheme 3) is
essential for the intended monomer, a route via a dilithiated
butadiene is problematic owing to potential unselective
halogen-lithium exchange reactions. Although method C is
an excellent and straightforward route for the synthesis of
stannoles (and other heteroles),!'"! it was not pursued at this
stage because it would result in a boron atom in the 3 or 4
position. Such an asymmetric monomer would be expected in
the subsequent polycondensation to lead to a regioirregular
polymer.

Therefore, a zirconacyclopentadiene was envisaged as
a stannole precursor, flanked by two halide substituted
3-n-hexylthiophenes. For this route, the octadiyne linked
bis(thiophene) 5 was prepared in an electrophile selective
Sonogashira cross-coupling reaction, without observing any
unselective coupling reaction with the bromide (Scheme 4).
Bromine-lithium exchange and subsequent quenching with
water or iodine at —78°C led to the protonated and iodinated
species 6a and 6b, respectively. The bromide-iodide

\ /
\ /
nHex \MA/ nHex

/m\ [Pd(PPh;),], Cul A .
R -
Br s 4' DMF/TEA 55°C  BF7 87 T R
5: 84%
nHex nHex
7\
XThgT T = \3/ X 1) nBuli, THF, -78 °C
X=H 6a:99% 2) l0rH0
X=1:6b:89% X 78°Ct0 20°C

Scheme 4. Synthesis of thiophene-flanked octadiyne 6.
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exchange was carried out because of the higher reactivity of
iodides in cross-coupling reactions,!'”! thus facilitating a later
polymerization process.

The commonly used reagent for the formation of zirco-
nacyclopentadienes from diynes is the insitu prepared
Negishi reagent."®! However, this highly reactive reagent is
problematic for halide-functionalized compounds, because it
is capable of C—X insertion reactions.'” A much milder
reagent is Rosenthal’s zirconocene,?” which has been used for
a bromide-functionalized zirconacyclopentadiene.**! Because
of these advantageous properties, Rosenthal’s zirconocene 7
was used in a reaction with 6 in toluene at 20°C for 18 h,
giving a dark red solution (Scheme 5). Copper chloride

Me;Si
X .
nHex CpaZr SiMe
A\ 7 N=
s = == S X \ //
X =H: 6a > Toluene, 20 °C
X=16b nHex

X=H, 10: R = Me: 85%
11: R=Ph: 22%
12: R=nBu: 61%
9: X=1,R=Ph: 81%

R,SnCl,, CuCl

Toluene, 20 °C

Scheme 5. Synthesis of a variety of stannoles by a zirconacyclopenta-
diene one-pot procedure.

promotes the Zr-Sn exchange not only in THF,** but also
in toluene, making it possible to carry out the reaction as
a simple one-pot procedure: The air- and moisture-sensitive
zirconacyclopentadiene 8 was directly transformed into the
corresponding stannoles within 3 h, using R,SnCl, (with R =
Me, nBu, Ph) and catalytic amounts of copper chloride at
20°C. The reaction was accompanied by a distinct color
change from the dark 8 to the bright orange stannoles in all
cases. For the isolation of 10 and 12, carried out by column
chromatography, it was necessary to condition the silica with
triethylamine to prevent decomposition of the stannoles. The
need for this procedure already gave some indication of their
lower stability compared to the phenyl-substituted stannole
11, which did not show any decomposition on silica. Initially,
stannoles without halides and with substituents of different
steric hindrance at the tin atom were prepared (R = Me, nBu,
Ph, 10-12) to investigate the stability of the different
stannoles under cross-coupling conditions, which would be
later used for polymerization.

The stabilities of these stannoles (10-12) were examined
by performing reactions with a 2-iodo thiophene 13, applying
standard cross-coupling conditions (Scheme 6).1*!! In the case
of R=Me and R=#nBu (10 and 12), a conversion of the
starting material of over 99 % was found, but the reaction
mixture was highly complex and the stannoles had completely
decomposed.” The phenyl substituted stannole 11 however,
showed a much higher stability under cross-coupling con-
ditions, with a conversion of 40 to 50%. These results
indicated that the use of phenyl-substituted stannoles should
offer a much higher stability.
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Scheme 6. Examination of the stability of stannoles 10, 11, and 12
under cross-coupling (polymerization) conditions.

Based on these results, an iodinated stannole 9, bearing
phenyl groups at the tin, was prepared in a yield of 81 %
(Scheme 5) and fully characterized. The determined
"J(*Sn,3C) values support the assignment of carbon signals,
showing similar coupling constants to hexaphenylstannole
(see the Supporting Information).?! The molecular structure
of 9 was determined by X-ray crystallography (Figure 1): the

Figure 1. ORTEP drawing of 9, thermal ellipsoids set at 50% proba-
bility. Hydrogen atoms and two disordered carbon atoms are omitted
for clarity. Selected bond lengths [A]: Sn1-C8 2.1328(3), Sn1-C1
2.1385(4), C1-C2 1.3724(5), C2-C7 1.4882(5), C7-C8 1.3675(5).

stannole ring is essentially planar, while the two phenyl rings
are twisted from this plane, with torsion angles of 85.98° (C32-
C31-Sn1-C1) and 83.11° (C46-C41-Sn1-C8). The smallest
angle of the strongly distorted tetrahedral environment of
the tin atom is 83.85° (C1-Sn1-C8), which is similar to other
reported values."®!%%! Compared to other Group 14 metal-
loles, this endocyclic angle increases from stannoles to
germoles to siloles, showing the influence of the large
atomic radius of tin and the long carbon—tin bonds."" The
Sn1—C8 and Snl1—Cl1 bonds are, as expected, much longer
than the C—C bonds of the stannole. The C—C bond
alternation of the 1,3-dienyl moiety is comparable to the
values of another thiophene-substituted stannole,['! but less
pronounced than in other reported structures without thio-
phenes attached to the stannole, possibly because of extended
conjugation.'®?*? The two thiophene rings are arranged
anti-coplanar to the central stannole ring, with dihedral angles
of 178.04° (C7-C8-C21-C22) and 177.77° (C2-C1-C11-C12).
This high planarity of the whole molecule should ensure an
effective conjugation, an important factor for a semiconduct-
ing polymer. The bulky phenyl groups do not perturb this

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

planarity, making them good candidates as stabilizing sub-
stituents for stannoles.

Having solved the problems of synthesizing a halide-
containing stannole and of finding an appropriate, stable-
enough substituent for the tin, the polymerization was carried
out by a Stille cross-coupling reaction between 9 and the
double-stannylated thiophene 14 (Scheme 7). The reaction

[Pd(PPh3),]
Toluene, reflux

TStTT: 90%

Scheme 7. Cross-coupling of 9 and 14, yielding 90% of the polymer
TStTT (M, =17.0 kDa, PDI=2.5).

was heated to reflux in toluene, using 5 mol % [Pd(PPh;),] as
a catalyst, to afford a purple-black polymer in 90 % yield after
purification by precipitation. '”Sn NMR spectroscopy and
MALDI mass spectrometry indicated that the reaction was
completely tin selective, without any noticeable decomposi-
tion of the stannole: the "”Sn NMR of the monomer 9 showed
one signal at 6 = —79.9 ppm which was slightly shifted to 6 =
—81.1 ppm in the polymer TStTT, and no additional signal
was observed. The MALDI-MS analysis showed a mass
difference of 792.2 Da between corresponding peaks, which
corresponds to the mass of the expected repeat unit.*!

The polymer showed good solubility in common solvents
(CHCl;, CH,Cl,, chlorobenzene, toluene, THF) at 20°C.
Number-and weight-average molecular weights were deter-
mined by gel permeation chromatography (GPC) to be M, =
6.8kDa and M,=17.0kDa (calibrated with polystyrene
standards), giving a polydispersity index (PDI) of 2.5. As
the chain length of polymers prepared by step-growth
polymerizations is extremely sensitive to unwanted side
reactions, this comparatively high molecular weight under-
lines the extremely high nucleophile-selectivity of the reac-
tion. The polymer was thermally stable up to 300°C and,
somewhat unusually for a phenyl-containing polymer, not
completely X-ray amorphous.®!

UV/Vis spectra (for luminescence spectra, see the Sup-
porting Information) from polymer TStTT were obtained in
chloroform and compared to those of monomer 9 (Figure 2).
The polymer TStTT shows a broad absorption in solution with
a A =536 nm. This value displays a significant bathochro-

1 4 -———
8 : -1
2os . —TstTT
8 -~~~ TStTT film
8
206
°
&
504 4
E
<]
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Figure 2. Absorption spectra of 9 and TStTT in chloroform and as
a film.
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mic shift compared to A, =441 nm of the monomer 9 and
Amax =450 nm of standard rrP3AT (regioregular poly(3-
alkylthiophene)),” showing the increased conjugation
length of TStTT compared to the monomer and the large
influence of the tin atom on the absorption as predicted. A
film of TStTT was obtained by spin-coating, leading to
broader absorption and a distinct red-shift of 49 nm (4,,,,=
585 nm) compared to the spectrum in solution. This results in
a band gap of E, (film, TStTT)=1.7 eV. This low band gap
implies the excellent applicability of stannoles for semi-
conducting polymers.

In conclusion, we have developed a synthetic route to
a stannole monomer with peripheral iodide (9) functional-
ities. This compound is the first stannole that allows nucle-
ophile-selective cross-coupling reactions in the exocyclic
position, leaving the stannole intact. With our method, it
was possible to obtain a new class of well-defined low band
gap polymers, which contain non-annulated stannoles. Future
work will involve the exploration of the photophysical
properties of stannole polymers in devices. Furthermore,
further functionalization of stannole monomers and regiore-
gular polymerization methods of asymmetric monomers are
of high interest. In this context, method C will be explored
which leads to a boryl group on the stannole that can be
potentially cross-coupled.
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