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Abstract: Starting from a silicon di-
chloro substituted silole and a silacy-
clobutene, a series of new organosili-
con-based spiro compounds was syn-
thesized by using standard organome-
tallic reaction procedures. The spiro
compounds that combine two organic
photoactive subunits at one silicon
center were fully characterized by the
usual analytical and spectroscopic
methods, which include molecular
structure determination by single-crys-

spectra of the compounds were record-
ed in the solid state and also as dilute
solutions in THF. Interpretation of the
spectra revealed that photolumines-
cence in this series of compounds origi-
nated from the stilbene or its vinylogue
subunits. Different linkages of these
groups to the silicon atoms (cyclic or

Keywords: fluorescence optical
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compounds

open structures, four- or five-mem-
bered cycles) strongly affected both the
excitation and the emission spectra,
which show different emission maxima
depending on the state of the sample
(solid state or in solution) and the
wavelength of light used for excitation.
Thus, owing to their optoelectronic
properties these compounds might be
useful tools for the design of sensitive
sensor materials and of optical
switches.

tal X-ray analysis. Photoluminescence

Introduction

Organic electroluminescent devices based on organic or or-
ganometallic frameworks, which are generally composed of
thin multilayers of hole-transporting, emissive, and electron-
transporting materials that are sandwiched between two
electrodes,!? have received much attention because of their
possible application as new display materials.”! Some un-
saturated ring compounds that contain silicon, such as
siloles and silacyclobutenes,*!! exhibit strong photolumi-
nescence emission in the solid state as well as a strong ag-
gregation-induced photoluminescence, which is a favored
characteristic for materials applications.

Spiro functionalized compounds that contain a silicon
center surrounded by four carbon atoms are of general in-
terest because they may serve as starting materials for the
preparation of macromolecules and polymers with interest-
ing physical properties.’! Both the polymers and the mono-
meric building units have useful nonlinear optical proper-
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ties.)’ Owing to their transparency, they may serve as tools
for the formation of organic electroluminescent devices.”!
Investigations into silaspirene molecules with tailor-made
optoelectronic physical properties that result from the un-
saturated carbon-carbon & bonds within the spiro ring
systems!’*®! are rather limited. Most of the spiro compounds
reported to date contain five-membered silacycloalkene ring
subunits in their molecular backbone.®®! To the best of our
knowledge, no paper has yet been published that deals with
pure silaspiro[3,3]hept-1,5-dienes, which are small-ring sila-
spirenes that might be important compounds for both theo-
retical studies and experimental applications. There is one
recent publication by Pellny et al. that discusses 2-phenyl-4-
benzylidene-1-silacyclobut-2-ene (PBSE) complexes of zir-
conocene and titanocene, in which the organometallic frag-
ments bridge the 1,5-dibenzylidene-3,7-diphenyl-4-silaspiro-
[3,3]hept-1,5-diene unit twice."”) In this paper we report the
syntheses and molecular structures of several silaspirenes,
silaspiro[3,4]octa-1,5,7-triene (6), which is a combination of
a PBSE subunit with a 2,3,4,5-tetraphenyl-1-silacyclopenta-
2,4-diene (silole) ring; silaspiro[3,3]hept-1,5-diene (7), which
combines a PBSE subunit with a 2,3-diphenyl-3-neopentyl-
1-silacyclobut-2-ene (DNSE) subunit; spiro compound 10,")
which is a combination of a silole ring and a silafluorene;
and spirosilole 2, which consists of two silole rings. Subse-
quently, their UV-visible and fluorescence spectra were
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measured and are discussed in comparison with the data for
the monocyclic building blocks 4 (silole), 5 (DNSE), and si-
lafluorene 13 and 14 (PBSE), to investigate the influence of
the silicon spiro bridges on the optoelectronic properties of
the silaspirenes.
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Si Ph
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Results and Discussion

Following published procedures, 1,1-dichlorosilacyclopenta-
diene (1) and octaphenyl-1,1"-spirobisilole (2)!'¥ were syn-
thesized by treatment of 1,4-dilithiotetraphenylbutadiene
with tetrachlorosilane (Scheme 1). 1,1-Dichlorosilacyclobu-
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tene (3)[""! was prepared by addition of tert-butyllithium to a
solution of tolane and vinyltrichlorosilane (Scheme 1). Reac-
tion of 1,1-dichlorosilanes 1 or 3 with PhC=CMgBr
(2 equiv) at room temperature in THF gave crystalline bis-
(alkynyl)-substituted silacyclic compounds 4*! and 5 in
yields of 73 and 86 %, respec-
tively.""! Subsequent treatment
of solutions of compounds 4 or
5 in THF with (cyclopentadie-
nyl)ethyl zirconocene (Takaha-

Ph Ph
W shi’s reagent, 1equiv)™ at
—35°C for 14 h, followed by hy-
Ph Ph drolysis of the reaction mix-
6 tures with 3N aqueous HCI, re-

sulted in the formation of sila-
spirenes 6 and 7 as crystalline
solids in yields of 26 and 69 %,
respectively. The two silaspir-
Si enes were purified and isolated
by column chromatography. It
is proposed that a mixture of 4
or 5 and [Zr(C,H,)Cp] leads to
the formation of zirconocene
complexes 8 and 9 as intermedi-
ates in a reaction pathway that
is analogous to that observed
for reactions of Takahashi’s re-
agent with bis(alkynyl)silanes,
which have been extensively in-
vestigated.™ Upon hydrolysis of complexes 8 and 9, 6 and
7 are formed through intramolecular coupling reactions of
alkynyl groups (Scheme 2). Spirosilole 10 was obtained from
a one-pot reaction of dichlorosilole 1 with 2.2'-dilithiobi-
phenyl, which was synthesized in situ by treating 2,2'-dibro-
mobiphenyl with #nBuLi (2equiv) in diethyl ether
(Scheme 3). 1,1-Dichlorosilane
11 was prepared by hydrosilyla-
tion of tolane with methyldi-
chlorosilane in the presence of
[PtCIH,] as a catalyst.'! The
addition of dichlorosilane 11 to
a suspension of 1,4-dilithiotetra-
phenylbutadiene in  diethyl
ether afforded silole 12 in a
yield of 38.5%. Compounds 10
and 12 are greenish yellow, air-
stable crystalline solids that
could be separated by column
chromatography on silica gel by
using a mixture of hexane/ace-
tone as the eluents (hexane/ace-
tone=10:1, R=0.36 for 10;
hexane/acetone =20:1, R;=0.51
for 12) (Scheme 4).

Ph Characterization of com-
3 pounds 2, 6, 7, 10, and 12: The
unequivocal characterization of

LiCl
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compounds 6, 7, 10, and 12 was achieved by means of ele-
mental analysis and standard spectroscopic techniques. In
agreement with their molecular structures, the 'H and
3C NMR spectra of 6, 7, 10, and 12 revealed the presence of
silole and silacyclobutene rings. The '"H NMR spectra of 6
and 7 have two singlets at 0=8.14 and 7.00 ppm for 6 and
0=8.11 and 7.03 ppm for 7, which were assigned as the
PhCH=C and —CH=C(Ph)Si hydrogen atoms, respective-
ly.%d The 3C NMR spectra of these compounds show two
methine carbon atoms at d=154.28 and 130.96 ppm for 6
and 0=153.28 and 131.16 ppm for 7, which correspond to
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Ph Ph  + 2LiCl spectively. These characteristic
M/ data are in reasonable agree-
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the PhCH= carbon atom and a
ring carbon atom (—CH=C), re-

ment with those reported for si-
lacyclobutenes.'™™!”) The most
10 relevant structural data for 2,
10, and 12 arise from the char-

acteristic low-field resonances

between 0=149 and 157 ppm

for the B-carbon atoms within

the silole rings.*! The molecular structures were further
confirmed by the results of single-crystal X-ray structural
analyses of 2, 6, 7, and 12. Suitable single crystals of 7 were
obtained from ethanol and crystals of 6 were obtained by
slow diffusion of n-hexane into a solution of 6 in diethyl
ether. The molecular structures of silaspirenes 6 and 7 were
determined at 173 and 140 K, respectively, and are depicted
by the ORTEP drawings in Figures 1 and 2. The crystal pa-
rameters, data collection parameters, and conditions for
structure refinement are summarized in Table 1. Analysis of
6 confirms the existence of both a silole and a silacyclobu-
tene ring with three endocyclic and one exocyclic localized
double bonds. The silacyclobutene subunit is perfectly
planar (the largest deviation from the plane is 0.0006 A) and
almost perpendicular (86.8°) to the plane of the five-mem-
bered ring (largest deviation =0.0224 A) in the silole moiety.
The four phenyl substituents at the silole ring skeleton show
a propeller-like arrangement, the two phenyl rings at the
PBSE unit lie within the silacyclobutene plane (interplanar
angles=6.9 and 5.4°). The endocyclic C-Si-C angles within
the silole and silacyclobutene rings are 93.08(9) and
74.35°(10), respectively. The molecular structure of the silole
unit in 6 is similar to that reported for a silaspirotropylidene,
which is a spirocyclic compound that consists of a silole and
a silacycloheptene unit."® Compared with [{Zr(CH,CsH,),}-
(C4Hs),SiC4(C¢Hs),], a compound in which a zirconocene

Ph
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Figure 1. Molecular Structure of 6. Ellipsoids are drawn at 50 % probabil-
ity. Hydrogen atoms are omitted for clarity. Selected bond lengths [A]
and angles [°]: Si1—C2 1.871(2), Si1—CS 1.874(2), Si1—C6 1.888(2), Sil—
C8 1.888(2), C2—C3 1.357(3), C3—C4 1.515(3), C4—C5 1.360(3), C6—C7
1.343(3), C7—C8 1.452(3), C8—C9 1.332(3); C2-Sil-C5 93.08(9), C6-Sil-
C8 74.35(10), Sil-C2-C3 107.14(14), Sil-C5-C4 107.06(14), C2-C3-C4
116.39(17), C3-C4-C5 116.19(17), Sil-C6-C7 89.68(15), Sil-C8-C7
86.55(14), C6-C7-C8 109.4(2), C7-C8-C9 130.4(2).

Figure 2. Molecular structure of 7. Ellipsoids are drawn at 50 % probability. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and angles [°]: Si1—C7 1.871(2), Sil—C9 1.892(2), Sil—C23 1.852(2), Sil—C25
1.904(2), C7—C8 1.363(3), C8—C9 1.460(3), C9—C10 1.340(3), C23—C24 1.359(2), C24—C25 1.545(2), Si2—C43
1.875(2), Si2—C45 1.893(2), Si2—C59 1.845(2), Si2—C61 1.902(2), C43—C44 1.361(3), C44—C45 1.468(3), C45—
C46 1.327(4), C59—-C60 1.359(3), C60—C61 1.544(2); C7-Sil-C9 74.83(9), C23-Sil-C25 77.64(7), Sil-C7-C8
90.4(1), C7-C8-C9 108.1(2), Sil-C9-C8 86.7(1), C8-C9-C10 129.1(2), Sil-C23-C24 90.7(1), C23-C24-C25
108.1(1), Si1-C25-C24 83.5(1), C43-Si2-C45 74.9(1), C59-Si2-C61 77.50(8), Si2-C43-C44 90.3(2), C43-C44-C45
108.2(2), Si2-C45-C44 86.5(2), C44-C45-C46 128.1(2), Si2-C59-C60 91.0(1), C59-C60-C61 107.7(1), Si2-C61-C60

83.5(1).

fragment is bound to a silacyclobutene,!™ the bond lengths
C6—C7 (1.343(3) A) and C8—C9 (1.332(3) A) in 6 are not
significantly different from those in the zirconocene com-
plex (1.348 and 1.322 A). In contrast, the bond length C7—
C8 (1.452(3) A) in 6 is much shorter than the corresponding
carbon—carbon bond of the zirconocene complex (1.595 A).
Whereas the two bond lengths Sil—C6 and Si1—C8 are equal
in 6 (1.888 A, within the expected accuracy), they are differ-
ent in the zirconocene compound (1.887 and 1.854 A).I'*")
X-ray structural analysis of silaspirene 7 shows two crys-
tallographically independent molecules (Figure 2). The two
silacyclobutene rings in representation a are planar and the
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angle between the planes is 93.1°, whereas the correspond-
ing moieties in representation b show a small deviation from
planarity (the angle between the [C43, Si2, C45] and [C43,
C44, C45] planes is 0.07°, and the angle between the [C43,
Si2, C45] and [C59, C60, C61] planes is 0.15°) and the inter-
planar angle between the best planes of the silacyclobutene
rings is 88.3°. The two phenyl substituents on the PBSE
skeleton are almost coplanar with the silacyclobutene plane
(interplanar angles=7.4 and 22.2° for representation a, and
15.1 and 21.1° for representation b). In the PBSE moiety,
the C=C endocyclic double bonds (1.363(3) in representa-
tion a and 1.361(3) A in representation b) are longer than
the exocyclic double bonds (1.340(3) in representation a and
1.327(4) A in representation b), which is similar to the
values reported by Rosenthal et al for the metal complex.!"”
The two phenyl substituents on the DNSE unit are charac-
terized by very different orientations. They show interplanar
angles with the attached silacyclobutene moiety of 52.0 and
34.8° for representation a and 19.5 and 54.2° for representa-
tion b. The Si—C bond lengths range from 1.845(2) to
1.904(2) A and are typical sili-
con—carbon single bonds. The
C-Si-C angles are 74.9° within
the PBSE and 77.6° within the
DNSE subunit.

The molecular structure of 10
is depicted in Figure 3 with se-
lected bond lengths and angles.
The crystal parameters, data
collection parameters, and con-
ditions for structure refinement
are summarized in Table 1. The
single-crystal X-ray analysis was
solved in the space group P2/c,
which contained two molecules
of 10 and formally 0.5 mole-
cules of acetone in the asym-
metric unit. As the two molecu-
lar structures look very similar
only one of them is shown in
Figure 3. The crystal structure
reveals that the atoms of the si-
lafluorene unit are coplanar
(largest  deviation=0.043 A),
and this plane is almost perpen-
dicular (88.9°) to the silole ring. The silole subunit of 10
shows a typical silole configuration" and is similar to the
silole moieties in compounds 6 and 12. The structure of the
silafluorene unit is almost comparable with that of diphenyl-
silafluorene and spirosilafluorene,”™ but shows some
small differences to that of dichlorosilafluorene.”*!

X-ray diffraction data of compound 12 were collected at
173 K. Its molecular structure is depicted in Figure 4 and the
crystal parameters, data collection parameters, and condi-
tions for structure refinement are summarized in Table 1.
The molecular features of the silole subunit of 12 are com-
parable to those of compound 6, which itself also shows a
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Table 1. Crystal data and conditions for crystallographic data collection and structure refinement of 2, 6, 7, 10,

Finally, the structure of the

fa] . .
and 12. “pure” silole spiro compound 2
2 6 7 10 12 was determined by single-crys-
formula CseH,0Si C,H,,Si Cj6H,,Si Cio75H050002551  Cu3H3,Si tal X-ray diffraction analysis.
M, 74097 588.79 494.72 551.23 578.79 An ORTEP plot of 2 is shown
color greenish yellow, greenish yellow, colorless, greenish yellow, greenish in Figure 5 and crystallographic
transparent transparent transparent transparent yellow, . . . . .
transparent information is summarized in
crystal system orthorhombic monoclinic orthorhombic monoclinic triclinic Table 1. The Si—C bond lengths
space group P2,2.2, P2)/c P2,2,2, P2j/c Pl are analogous to those of the
latgc]e onstants 10.2326(5) 10.2196(8) 10.7021(10) 10.3957(11) 10.7261(9) Si~C bond in 6 and are in the
a . . . . . . .
b [A] 10.2555(5) 10.1621(7) 13.5982(11) 23.101(2) 12.3330(10) typlcﬁlg]bond length range of si-
c[A] 38.881(2) 31.467(2) 39.147(4) 26.615(2) 13.661(2) loles.”™ According to the crys-
a ] 90 90 90 90 80.784(5) tallographic data, the silole
B[] 90 95.400(6) 90 93.507(8) 69.178(6) rings are perpendicular (the
v [°] 90 90 90 90 72.048(5) .

2 angle between the [C4, Sil, C1
VIAY 4080.2(4) 3253.4(4) 5697.0(9) 6379.7(10) 1604.3(3) & : [C4, Sil, ']
7 4 4 3 3 2 and [C8, Sil, C5] planes is
Peated [gem ] 1.206 1.202 1.154 1.148 1.198 89.9°).

u [em™] 0.096 0.103 0.105 0.101 0.103
radiation Moy, Moy, Moy, Mo Mo, Investigation of the optoelec-
monochromator graphite graphite graphite graphite graphite ¢ . ti £ d
20 range [°] 205<20<25.06 422<20<52.04 318<20<6516 492<20<50.72 32<20<5972 ‘romic properties ol compounds
—12<h<10  —12<h<12 —15<h<15 —12<h<12 —14<h<14 2, 47, 10, and 12-14: The
—11<k<12 -12<k<11 -20<k<19 —27<k<23 -15<k<16 monocyclic building blocks of
—46<1<46 —38<1<38 —59<1<58 —31<i<31 —17<i<18 the silaspirenes, such as siloles
refl. measured 30376 27854 98308 32222 33523 .
4 and 13 and silacyclobutenes §
refl. independent 7191 6361 19206 11395 7953 . y
R, 0.0586 0.035 0.046 0.0871 0.0228 and 14, exhibit intense photolu-
T[K] 173 173 140 173 173 minescence upon excitation
no. of parameters 515 406 675 755 397 with UV light.[ﬂ] In general, the
zfz ggizg 8;2 gégg 85‘35 8(1)2;; silole luminescence is due to a
R1[Fy>40(F)]  0.0317 0.056 0.062 0.0604 0.0413 o*-* LUMO that is stabilized
max. and min. in  0.177, —0.168  0.52, 030 0.90, —0.45 1.088, —0.268 0314, —0297  through the conjugation of the

Ao [e A7

o* orbital of the two exosilole

[a] Structure determination: Si positional parameters from direct methods (SHELX-97),2% further atoms and
refinement from AF synthesis (SHELX-97),?* refinement by anisotropic full-matrix least-squares procedure  t*
for all non-hydrogens, hydrogen position refinement by “riding” model; atomic scattering factors from litera-
ture.”*™! An image plate diffractometer system (STOE) was used. Lorenz and polarization coefficient correc-

tions were applied.

typical silole configuration.'”! The stilbene substituent, the
methyl group, and the silicon atom form a [C1, Sil, C6, C7]
plane (largest deviation=0.036 A), which is almost perpen-
dicular (87.6°) to the silole ring. The phenyl carbon atoms
C61 (deviation=0.068 A) and C71 (deviation=0.015 A) are
also in this plane. These structural findings are similar to the
arrangements of the silacyclobutene and stilbene subunits in
DNSE. As attempts to synthesize a DNSE molecule that
contains a silole group have been unsuccessful to date, 12
was used as an alternative model compound to investigate
its photoluminescence properties. The C6-Sil-Cl angle is
much larger than in DNSE (112.5 vs. 77.6° in DNSE) be-
cause Cl and C7 are not directly connected. The bond
lengths of Sil—C6 (1.85 A) and Si1—C1 (1.88 A) are similar
to those in DNSE (1.84 and 1.90 A, respectively). The two
phenyl rings in the stilbene moiety have different orienta-
tions. Their interplanar angles with the [C1, Sil, C6, C7]
plane are 78.0 and 22.2°, respectively.

7208 ——
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silicon—carbon bonds with the
orbital of the butadiene
moiety.”? For the characteristic
photoluminescence  properties
of silacyclobutenes it is mainly
the stilbene subunit that is re-
sponsible.”® The UV-visible
spectra and the photoluminescence of bicyclic silaspirenes 2,
6, 7, and 10 were measured in solution and also in the solid
state and compared with data obtained for monocyclic com-
pounds 4, §, 13, and 14.

As the stilbene subunit is responsible for the intense blue
photoluminescence of ring compound 5,%**) compound 12,
which contains a silole ring and an exocyclic stilbene sub-
unit, has also been included in our investigations for com-
parison. Important optophotoelectronic features were ex-
tracted from the spectra and are listed in Table 2. The UV-
visible spectra of both silaspirenes 6 and 7 show a strong ab-
sorption band at 300 to 370 nm, which is similar to that of
monocycle 14 with respect to the maxima, vibration struc-
tures, and appearances. Therefore, the absorption has been
assigned to the m—mt* transition of the butadiene moieties of
the PBSE subunits.*!l Clearly the silole and DNSE rings
have no significant influence on these absorptions, but for
both silaspirenes the extinction coefficient (¢) decreases
compared with respect to the ¢ detected for compound 14.

Chem. Eur. J. 2007, 13, 7204-7214
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Figure 3. Molecular structure of 10. Ellipsoids are drawn at 50% proba-
bility. Selected bond lengths [A] and angles [°]: Sil—C1 1.868(3), Sil—C4
1.865(4), Si1—C51 1.865(4), Sil—C61 1.862(4), C1-C2 1.352(5), C2—C3
1.521(5), C3—C4 1.358(5), C51—C52 1.419(5), C61—C62 1.409(5), C52—
C62 1.476(5), C51—-C56 1.398(5), C61—-Co66 1.401(5), C55—C56 1.388(5),
C65—C66 1.388(6), C54—C55 1.388(6), C64—C65 1.377(6), C53—C54
1.381(6), C63—Co64 1.385(6), C52—C53 1.395(5), C62—C63 1.391(5); Cl1-
Sil-C4 92.71(15), C51-Sil-C61 92.00(16), C2-C1-Sil 107.9(2), C1-C2-C3
115.7(3), C2-C3-C4 115.9(3), C3-C4-Sil 107.7(2), C52-C51-Sil 108.5(3),
C51-C52-C62 115.3(3), C62-C61-Sil 109.1(3), C61-C62-C52 115.1(3).

Figure 4. Molecular Structure of 12. Ellipsoids are drawn at 50 % proba-
bility. Hydrogen atoms are omitted for clarity. Selected bond lengths [A]
and angles [°]: Si1—C1 1.8581(12), Si1—C2 1.8702(11), Si1—C5 1.8682(12),
Sil-C6 1.8812(12), C2—C3 1.3612(15), C3—C4 1.5089(16), C4—CS5
1.3639(15), C6—C7 1.3455(16), C6—Co61, 1.4966(15), C7-C71 1.4769(16);
C1-Si1-C6 112.51(5), C2-Sil-C5 92.63(5), C7-C6-Sil 119.85(9), C7-Cé6-
C61 124.01(10), C6-C7-C71 130.90(11).

Whereas a weak absorption band at about 400 nm has been
found for 6 and assigned to the absorption of the silole
moiety, no band originating from the DNSE moiety could
be detected in the spectrum of 7. The absorption spectra for
compounds 2, 10, and 12 also have an absorption band in
the near-UV range (300-380 nm), which mainly originates
from the silole rings. Compared to the absorption of diethy-
nylsilole 4 at 374 nm, spirosilole 10 has a similar absorption
peak position (379 nm) with a slight increase of the extinc-
tion coefficient; this is assumed to arise from a small contri-
bution of the silafluorene unit because diphenylsilafluorene
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Figure 5. Molecular structure of 2. Ellipsoids are drawn at 50 % probabili-
ty. Hydrogen atoms are omitted for clarity. Sil—C1 1.874(2), Sil—C4
1.887(2), C1-C2 1.364(3), C2—C3 1.502(3), C3—C4 1.366(3), C1—Cl1
1.475(3), C2—C21 1.494(3); C1-Sil-C4 92.77(9), Sil-C1-C2 106.49(15),
C1-C2-C3 117.02(17), C2-C3-C4 116.08(17), C3-C4-Sil 106.76(15), Cl1-
Si1-C5 113.84(9), C1-Si1-C8 123.95(9).

13 shows a weak absorption at 321 nm. The near-UV absorp-
tion peak of “unspiro” silole 12 is blueshifted 10 nm com-
pared with spirosilole 10 and the extinction coefficient is fur-
ther increased to 1.24x10* mol™' cm™. Spirosilole 2, which
contains two tetraphenyl-silacyclopentadiene units, has ab-
sorption positions similar to diethynylsilole 4 and spirosilole
10, but the extinction coefficient of 2 is about twice as high
as that of 4. This difference is owing to the fact that 2 con-

Table 2. Absorption and emission data of compounds 2, 4-7, and 10, 12—
15.1a

Compd uv Fluorescence (s)  Fluorescence (THF)
Amx € Jrem (e e (Rex)!
[nm] [x10%] [nm] [nm]
2 378 210 504 (393) 510 (393)
4 374 0.99
253 734 500 (452, 393) 495 (388)
210 9.1
5 267 7.01
257 784 384 (313) 370 (303)
210 9.8
6 340 38 510 (300, 234) 388 (296, 341)
353 39 410 (234) 503 (341)
7 338 2.7
351 26 438 (260-392) 416 (345, 280)
10 379 111 499 (393) 386, 503 (320)
12 369 124 510(393) 374, 490 (300)
13 321 0.08
14 339 4.08
351 407 450 (394) 406 (346)
15 416 (345, 280)
330 (228, 280)
310 (280)

[a] A is the excitation wavelength and A, is the emission wavelength.
[b] Fluorescence measurement of sample in the solid state. [c] Fluores-
cence measurement of solutions of the sample in THF. [d] Excitation
wavelengths are given in parentheses.
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Figure 6. Photoluminescence spectra of silaspirene 6 (4. is the excited
wavelength). a) Solid-state emission spectrum (4., =300 nm), b) amplified
solid-state emission spectrum (4.,=234 nm), c) emission spectrum of a
solution in THF (4,,=296 nm), d) emission spectrum of a solution in
THF (4, =341 nm), e) excitation spectrum of a solution in THF (Ayq=
503 nm), and f) excitation spectrum of a solution in THF (44,,q=387 nm).

sists of two silole rings within each molecule, whereas 4 has
only one silole ring. Moreover, data comparison reflects the
fact that the phenylacetylide substituents in 4 have no re-
markable influence on the optical properties of the com-
pound.

As illustrated in Figures 6 and 7, the fluorescence behav-
ior of silaspirenes 6 and 7 is complicated and depends
strongly on the excitation wavelength and state of the
sample used. Upon excitation at 300 nm, a powder sample
of 6 exhibited a strong emission band at 510 nm, which cor-
responds to the typical emission of a silole (Figure 6a).1¥
However, when the excitation wavelength was fixed at
234 nm and the emission spectrum was amplified then a
small band was observed at 410 nm that corresponds to the
emission of a PBSE subunit (Figure 6b). When the spectrum
was recorded as a solution of 6 in THF then the PBSE emis-
sion at 388 nm becomes predominant (Figure 6¢). When the
solution was excited at 341 nm then a small band that result-
ed from the silole unit was observed at around 500 nm
(Figure 6d). This phenomenon is in close agreement with
the low photoluminescence of solutions of siloles in THF
that have been reported.”"

The emission spectrum of silaspiroheptene 7 in the solid
state (Figure 7a) was quite simple and contained only one
broad band at 438 nm that originated from the conjugated
butadiene system of the PBSE unit. No bands resulting from
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Figure 7. Photoluminescence spectra of silaspirene 7 and its photoreac-
tion product 15. a) Solid-state emission spectrum of 7 (4, =260 nm),
b) emission spectrum of a solution of silaspirene 15 in THF (4.,=
228 nm), ¢) emission spectrum of a solution of 15 in THF (4.,=280 nm),
d) emission spectrum of a solution of 15 in THF (A.,=344 nm), e) excita-
tion spectrum of a solution of 15 in THF (44,,4=416 nm), and f) excita-
tion spectrum of a solution of 15 in THF (A;,.q=325 nm).

the DNSE moiety could be assigned. In contrast, the fluo-
rescence of a solution of 7 in THF is rather complicated. At
first, only an emission at around 416 nm that originated
from the PBSE unit was observed. With exposition to UV
light, an emission between A=310 and 335 nm appears rap-
idly and its intensity increases with time. This behavior is
typical for solutions of 2,3-diphenyl-3-neopentyl-1-silacyclo-
but-2-enes in THF, and results from the photochemical reac-
tion depicted in Scheme 5.

P“%—\

Ph—(>=\ Si Ph
—_—
Ph-__<<;T;>__\\r:: 0, l‘lliir
Ph
7 15

Scheme 5.

Upon excitation of the solution of 15 in THF at 228 nm,
the predominant emission is detected as a broad band be-
tween 300 and 360 nm that results from the phenanthrene
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moiety (Figure 7b). Excitation at 344 nm causes the appear-
ance of a single strong broad band at 416 nm, which is at-
tributed to the PBSE part (Figure 7d). When an excitation
wavelength of 280 nm was used, both emission bands (344
and 416 nm) were detected (Figure 7c).

The excitation spectra of silaspirenes 6 and 15 also exhibit
interesting properties and are highly dependent on the emis-
sion wavelength. When the emission is fixed at the wave-
length of the silole (503 nm) or the PBSE bands (6: 387 nm;
7: 416 nm), the excitation spectra resemble those of the
silole (Figure 6e) and PBSE monomers (6: Figure 6f, 7: Fig-
ure 7e), respectively.*) However, when the emission is fixed
at the wavelength of the phenanthrene moiety absorption
(325 nm), the excitation spectrum has two peaks (Figure 7f),
which is different from that of its corresponding cyclomono-
mer (broad band, 240-340 nm).l*) The reason for this phe-
nomenon is still under investigation.

The excitation of a solution of spiro compound 10 in THF
by UV light in the range of 255 to 345 nm resulted in two
emission bands as shown in Figure 8a. The low energy emis-
sion at 503 nm originates from the silole moiety and the one
at 386 nm stems from the silafluorene unit. The excitation
spectra of 10 (Figure 8b and c) revealed that the relative
emission intensities of the two peaks at 386 nm and 503 nm
were highly dependent on the excitation UV wavelength. In
the range from 312 to 344 nm, the silafluorene emission is
stronger than that of the silole, whereas for other wave-

Emission / a.u.

T T T T T T T 1
250 300 350 400 450 500 550 600
Al nm

Emission / a.u.

0 T T T T T T 7
300 350 400 450 500 550 600 650

Al nm
Figure 8. Photoluminescence spectra of silole 10. a) Emission spectrum of
a solution in THF (4.,=320 nm), b) excitation spectrum of a solution in
THF (Aixea=500 nm), ¢) excitation spectrum of a solution in THF (Agy.q=
386 nm), d)solid-state emission spectrum (4.,=393 nm), and e) solid-
state excitation spectrum (Ageq =499 nm).
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lengths (<312 nm or >344 nm) the silole emission is stron-
ger. At wavelengths longer than 355 nm, the energy of the
incident light is not sufficient to excite the emission at
386 nm and only one emission at 503 nm remains. Emissions
from both silole and silafluorene moieties are weak for a so-
lution in THF. Siloles usually show weak emissions in organ-
ic solutions owing to the quenching effect caused by the ro-
tation of the phenyl groups situated at the butadiene ring."!
The weak emission of silafluorene is partially due to its low
near-UV absorption (Table 2). These results also reveal the
relatively independent optoelectronic properties of the two
silaorganic unsaturated rings. The silole absorption contri-
butes to the silole emission and the silafluorene absorption
affords the silafluorene emission, but no evidence for any
exchange of energy between the two rings was observed.
The emission of spiro compound 10 in the solid state is
quite simple, only one strong green emission at 499 nm is
detected (Figure 8d), which shows the typical emission prop-
erties of a silole. Compared with the strong emission of a
silole, the emission of the silafluorene is too weak to be ob-
served.

The photoluminescence spectra of “unspiro” compound
12 are depicted in Figure 9. A comparison of the spectra of
10 (Figure 8) and 12 (Figure 9) reveals that the photolumi-
nescent properties of both compounds are similar in many
aspects. The solution of 12 in THF exhibits two emission
bands at 490 and 374 nm (Figure 9b) that originate from the
silole ring and stilbene moiety, respectively. By using an ex-
citation wavelength beyond 353 nm, only a low-energy emis-
sion band from the silole at 490 nm is observed. Both emis-
sions of the silole and stilbene subunits are very weak. In
the solid state only a strong green emission from the silole
moiety is detected. There are also some differences in the
spectra. Spiro compound 10 shows a slight blue shift (from
503 to 499 nm, see Table 2) when comparing the emission of
a solution in THF and the solid state, whereas 12 reveals a
moderate red shift (from 490 to 510 nm, Table 2).

In contrast to the stilbene moiety in 7, that of 12 reacts
extremely slowly to form a phenanthrene subunit upon irra-

500 -
400
300 1

200

Emission / a.u.

100 4

T T T T T T T T
250 300 350 400 450 500 550 600
Al nm
Figure 9. Emission and excitation spectra of 12. a) Solid-state emission
spectrum (4., =310 nm) b) emission spectrum of a solution in THF (4.,=
300 nm), c) excitation spectrum of a solution in THF (Aj,q=490 nm),
and d) excitation spectrum of a solution in THF (Ag,.q=374 nm).
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diation with UV light in the presence of oxygen. This differ-
ent reaction pattern is understandable when considering
that the stilbene unit in 12 isomerizes to form trans-stilbe-
ne,?**! thus reducing the efficiency of forming an intramo-
lecular phenanthrene moiety. In contrast, this stilbene cis/
trans isomerization is not possible for 7, which allows a
rapid reaction to occur (Scheme 5). Furthermore, there are
probably steric interactions between the silole units and the
phenyl rings of the stilbenes that prohibit the suitable orien-
tation of the phenyl rings for the reaction, namely, the co-
planar conformation of the phenyl rings with the olefinic
unit.

The photoluminescence properties of spirosilole 2 has
similar properties to those discussed for siloles and the re-
sults of the optoelectronic investigations are shown in
Figure 10. The main difference is the emission intensity of
compound 2 in the solid state, which is lower than that ob-
served for most monocyclic siloles.

1000+
900+
8004
7004
600+
500+
4004
300+
200+
1004
04

Emission / a.u.

250 360 3%0 460 4150 5(l)0 5;50 660 BéO
Al nm
Figure 10. Emission and excitation spectra of 2. a) Solid-state emission
spectrum  (4,=393 nm), Db)solid-state excitation spectrum (Aggeq=
510 nm), c) emission spectrum of a solution in THF (4,,=393 nm), and
d) excitation spectrum of a solution in THF (Aj,.q=510 nm).

Conclusions

A series of organo functional substituted derivatives (4, 5,
and 14) and spiro compounds (2, 6, 7, and 10) were synthe-
sized from silicon dichloro substituted silole 1 and silacyclo-
butene 3. All of the compounds discussed have interesting
optoelectronic properties, which might be used for the
design of new LED and/or sensor materials, and are based
on both a strong blue photoluminescence of the solid-state
materials and their ability to show different emission
maxima depending on the state of the sample and the exci-
tation wavelengths used. These compounds can be intro-
duced into polymeric backbones of carbosilanes, polysilanes,
and siloxanes by using functional groups at the silicon
center or by using suitable ring-opening polymerization re-
actions, thus transferring the photoluminescent properties
into new materials with promising optoelectronic properties.
These investigations are now being performed in our labora-
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tories. Thus, linking the photoluminescent silicon-based
building blocks into conjugated m systems improves the lu-
minescent properties of the new materials that are obtained.

Experimental Section

General procedures: All reactions were carried out under an argon at-
mosphere (99.99 %, Messer-Griesheim) by using standard Schlenk tech-
niques. Solvents were purified by using standard methods and distilled
under argon prior to use. Literature methods were used to prepare di-
chlorosilanes 1,'Y 3,03 and 11;1% silole 2;1" silacyclobutene 5;'**! and si-
lafluorene 13.%*! All other reactant compounds were commercially avail-
able. NMR spectra were obtained by using a Bruker DPX 250 spectrom-
eter ("HNMR, 250 MHz; *C NMR, 62.9 MHz; *Si NMR, 49.7 MHz).
Chemical shifts are reported in ppm with reference to the CDCI; peak
for ®C NMR spectroscopy and the TMS peak for 'H and *Si NMR spec-
troscopy. UV-visible and fluorescence spectra were recorded by using a
CARY-1 UV/Vis spectrophotometer and a Perkin-Elmer LS 50B lumi-
nescence spectrometer, respectively. Microanalyses were performed by
using a Foss Heraeus CHN-O-RAPIO instrument.

Synthesis of 4 and 5: A solution of PhC=CMgBr (50 mmol) in THF
(50 mL) was added dropwise to a solution of 1 (10.5 g, 23.1 mmol) in
THF (20 mL) at room temperature. The reaction mixture was stirred at
room temperature for 1h before ice was added. The resulting mixture
was extracted with diethyl ether (3x100 mL) and washed with water and
brine. The extract was dried over MgSO, and the solvent was removed in
vacuo at room temperature to give a yellow solid. Recrystallization from
acetone resulted in the formation of 4 as greenish yellow crystals (9.9 g,
73%). '"HNMR (250 MHz, CDCl;): 6=7.51-6.89 ppm (m, 30H; Ph);
C NMR (62.9 MHz, CDCL): 6=156.6, 138.4, 137.9, 135.0, 132.4, 129.7,
129.5, 129.3, 1282, 127.9, 127.6, 126.7, 126.2, 122.3, 108.6, 85.7 ppm;
#Si NMR (49.7 MHz, CDCl;): 6 =—49.13 ppm; elemental analysis calcd
(%) for CyH,,Si: C 90.06, H 5.15; found: C 89.62, H 5.19.

Compound 5 was prepared in an analogous procedure to that described
for 4 by using 1,1-dichloro-2,3-diphenyl-3-neopentyl-1-silacyclobut-2-ene
3 instead of 1 as a starting material. Compound 5 was isolated as white
needles after concentration of the mother liquor (9.7 g, 86%). '"H NMR
(250 MHz, CDCly): 0=7.55-7.07 (m, 20H; Ph), 2.63 (dd, *J=12.4 Hz,
*J=4.4Hz, 1H; CH), 1.60 (dd, *J=12.8 Hz, ¥/ =13.9 Hz, 1H; CH,), 1.46
(dd, 3J=44Hz, J=13.5Hz, 1H; CH,), 0.96 ppm (s, 9H; C(CH,),);
BCNMR (62.9 MHz, CDCL): 6=159.4, 141.4, 136.52, 136.45, 1323,
132.2, 129.2, 128.33, 128.25, 128.2, 128.1, 127.9, 126.9, 122.4, 122.1, 109.2,
108.3, 87.6, 87.4, 40.9, 31.6, 31.0, 29.7 ppm; *Si NMR (49.7 MHz, CDCl,):
0=—47.37 ppm; elemental analysis calcd (%) for C;H;,Si: C 87.75, H
6.55; found: C 87.51, H 6.66.

Synthesis of 6: EtMgBr (1.0m THF solution, 1.3 mL, 1.3 mmol) was
added dropwise to a solution of [ZrCL,Cp,] (0.190 g, 0.65 mmol) in THF
(10 mL) at —78°C. After addition was complete, the reaction mixture
was stirred at —78°C for 1 h. Diethynylsilole 4 (0.293 g, 0.50 mmol) was
added with stirring at —35°C and the reaction mixture was stirred for an
additional 14 h. Finally, 3~ aqueous HCI (5 mL) was added at room tem-
perature, the reaction mixture was extracted with diethyl ether (3x
70 mL), and washed with water and brine. The extract was dried over
MgSO,. The solvent was evaporated in vacuo to give a brown solid that
was purified by column chromatography over silica gel (R;=0.45,
hexane/ethyl acetate=10:1) to give 6 (0.076 g, 26 %) as greenish yellow
crystals. "H NMR (250 MHz, CDCLy): 6 =38.14 (s, 1 H), 7.51-6.90 ppm (m,
31H); "CNMR (62.9 MHz, CDCLy): 6=157.1, 154.8, 154.3, 141.0, 139.0,
138.4, 138.0, 136.5, 134.3, 131.0, 129.7, 129.1, 128.7, 128.5, 128.2, 127.9,
127.7, 127.3, 127.1, 126.74, 126.69, 126.0 ppm; *Si NMR (49.7 MHz,
CDCl;): d =2.25 ppm; elemental analysis calcd (%) for C,Hj,Si: C 89.75,
H 5.48; found: C 89.65, H 5.62.

Synthesis of 7: EtMgBr (1.0m THF solution, 2.5 mL, 2.5 mmol) was
added dropwise to a solution of [ZrCl,Cp,] (0.365 g, 1.25 mmol) in THF
(15mL) in a 50 mL Schlenk tube at —78°C (dry ice/acetone bath). After
completion, the reaction mixture was stirred at —78°C for 1 h. Subse-
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quently, diethynylsilane 4 (0.493 g, 1.0 mmol) was added and the mixture
was allowed to gradually warm up to room temperature and was stirred
for an additional hour. 3N Aqueous HCI (5 mL) was added, the reaction
mixture was extracted with diethyl ether (3x70 mL), and the organic
phase was washed with water and brine. The extract was dried over
MgSO,. The solvent was evaporated in vacuo to give a brown solid. Re-
crystallization from ethanol afforded colorless crystals of 7 (0.34 g, 69 % ).
"H NMR (250 MHz, CDCl;): 6 =38.11 (s, 1 H), 7.60-7.11 (m, 20H), 7.03 (s,
1H), 3.08-3.02 (m, 1H), 1.56-1.24 (m, 2H), 0.71 ppm (s, 9H); “C NMR
(62.9 MHz, CDCl;): 6=159.6, 157.8, 153.3, 145.6, 144.3, 139.1, 136.9,
136.8, 136.4, 132.0, 131.2, 128.7, 1285, 128.4, 128.33, 12825, 128.12,
128.06, 127.2, 127.12, 127.07, 126.7, 41.1, 34.0, 30.5, 29.1 ppm; ¥Si NMR
(49.7MHz, CDCL;): 6=-5.14 ppm; elemental analysis caled (%) for
C;6H3,Si: C 87.40, H 6.93; found: C 87.32, H 6.68.

Synthesis of 10: 2,2’-Dibromobiphenyl (0.5 g, 1.6 mmol) and dry diethyl
ether (20 mL) were placed in a 50 mL Schlenk flask and the mixture was
cooled to —78°C before nBuLi (23% in hexane, ~2.5m; 1.5mL,
3.8 mmol) was added dropwise with constant stirring. After completion,
the reaction mixture was warmed up to room temperature and stirred for
20 h to form 2,2'-dilithiumbiphenyl. This solution was added dropwise to
a solution of 1,1-dichlorosilole (0.87 g, 1.9 mmol) in diethyl ether (50 mL)
at room temperature and stirred for 3 d. Water (10 mL) was added and
the organic phase was washed with water (3x20 mL). After drying over
MgSO,, the solvent was evaporated in vacuo to give a yellow solid that
was purified by column chromatography over silica gel (R;=0.36,
hexane/acetone =10:1) to give 10 as a greenish yellow crystalline solid
(0233 g, 26%). 'HNMR (250 MHz, CDCly): 6="7.80-6.59 ppm (m,
28H); "C NMR (62.9 MHz, CDCl;): 0 =158.4, 149.9, 139.0, 138.4, 134.6,
1339, 1322, 131.1, 129.9, 129.1, 128.1, 127.71, 127.68, 126.6, 125.8,
121.4 ppm; ¥Si NMR (49.7 MHz, CDCl;): 6 = —0.41 ppm; elemental anal-
ysis caled (%) for C,H,eSi-0.75acetone: C 87.45, H 5.64; found: C 87.07,
H 5.67. Element analysis reveals that there are more acetone molecules
in the crystals than those determined by single-crystal X-ray analysis,
which only found 0.25 molecules of acetone. This difference is probably
because not all of the acetone absorbed by the crystals can be detected
by X-ray diffraction.

Synthesis of 12: Tolane (5.33 g, 30 mmol), lithium granules (0.28 g,
40 mmol), and dry diethyl ether (20 mL) were placed in a 250 mL
Schlenk flask. The mixture was stirred at room temperature under argon
for 4 h to give a brown solution and a yellow precipitate. THF (100 mL)
was added to dissolve the precipitate to obtain a solution of dilithium
tetraphenylbutadiene. This solution was added dropwise to a solution of
dichlorosilane 11 (6.83 g, 23.3 mmol) in dry THF (30 mL). Subsequently,
the mixture was refluxed for 3 h to obtain a yellow solution that was
cooled to room temperature and treated with water (70 mL). The reac-
tion mixture was extracted with diethyl ether (3x70 mL). The organic
phase was washed with water and brine and dried over MgSO,. The sol-
vent was removed in vacuo to give a brown solid that was purified by
column chromatography over silica gel (R;=0.51, hexane/acetone =20:1)
to give 12 as greenish yellow crystals (3.34g, 38.5%). 'HNMR
(250 MHz, CDCl): 0=7.30-6.62 (m, 31H), 0.83 ppm (s, 3H; CHs);
BCNMR (62.9 MHz, CDCLy): 6=156.0, 141.5, 141.1, 140.8, 139.2, 139.0,
138.7, 137.1, 129.6, 129.5, 129.1, 128.0, 127.9, 127.8, 127.6, 127.5, 127.4,
126.1, 126.0, 125.6, —6.89 ppm; *SiNMR (49.7 MHz, CDCL): 6=
1.46 ppm; elemental analysis calcd (%) for C,;H;,Si: C 89.23, H 5.92;
found: C 88.93, H 5.92.

Crystallographic data: The supplementary crystallographic data for com-
pounds 2 (CCDC-641076), 6 (CCDC-185864), 7 (CCDC-185855), 10
(CCDC-641075), and 12 (CCDC-641074) can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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