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Electronic properties of polyhedral oligomeric silsesquioxane
(POSS) have recently been subjected to study. Although
theoretical calculations have predicted that POSS can work as an
acceptor for m-conjugated organic units, an effective reaction to
incorporate aryl groups into a POSS backbone remains to be
established. In this work, Rh-catalyzed direct arylation has been
developed. Heptaisobutyl-POSS with a Si-H group was reacted
with various aryl halides to be aryl-substitued POSSs.

Increasing attention has been given to polyhedral oligomeric
silsesquioxane (POSS).1 POSS has advantages in designability
properties due to organic substituents and
inorganic core, Because of these aspects,
numerous kinds of materials have been developed utilizing

and material
respectively.

POSSs for improvement of conventional organic materials:
cross-linkers,2 side-chain substituents,3 and fillers.* More
recently, POSS-based materials such as main-chain polymers5
and single-molecular films® have been reported. The
characteristic natures in the applications of POSSs are mainly
transparency and thermal stability. The caged silsesquioxane
moieties have been usually regarded as a non-conjugated unit
with m-electrons of the functional organic substituents. On the
other hand, some researches have proposed that POSS is a

potential candidate as optoelectronic materials.” ™ In 1989,
Feher and Budzichowski reported experimental results
showing an electron-accepting behaviour of a POSS

framework.” Theoretical calculations by Kieffer and coworkers
revealed that the HOMO-LUMO gap can be effectively lowered
via functionalization by aryl groups.8 However, in spite of these
pioneering findings, the experimental knowledge on the
properties of aryl-substituted POSSs remains to be
accumulated. This is because there is few synthetic routes for
access to aryl-substituted POSSs.
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Conventionally, aryl-substituted POSSs are produced by
condensation reaction of incompletely condensed POSS with
silane coupling agents (Scheme 1a),11'12 which must be
separately prepared with each aryl group. These silane
coupling agents such as trichlorosilanes®* and trialkoxysilanes12
require special care after the syntheses because they are
highly reactive; decomposition and/or self-condensation could
occur. Meanwhile, the seminal works on functionalization of
13 Heck
reaction and olefin metathesis of octavinylPOSS offer various
kinds of POSS derivatives with w-conjugated systems.g‘"1
Moreover, they also synthesized octa(p-iodophenyl)POSS,
which can be applied to traditional coupling chemistries.”®"

POSSs have been carried out by Laine’s group.

These works motivated us to develop facile synthetic routes
for the functionalization of POSS with aryl groups.

We envisioned that direct arylation, in which a Si-H group
on the corner of POSS is converted to a Si-aryl group, should
be a powerful tool for the incorporation of a POSS into m-
conjugated systems. Although there is no report on the direct
arylation of POSSs, we got an idea from Rh-catalyzed silylation
of aryl halides with triethoxysilane.14 In the presence of Rh(l)
species with tertiary amine, the Si-H bond is activated, and
Si-C bonds are formed with aryl halides. Inspired by this
synthetic protocol, we herein investigated Rh-catalyzed direct
arylation of a POSS. We have selected heptaisobutyl-POSS (n*
as a reaction substrate because mono-functional simple
structure is constructed. Additionally, 1 has advantages in
availability and solubility. In this work, the reaction condition
was optimised, and several aryl halides with electron-donating
and withdrawing groups were examined. This is the first
example of transition metal-catalyzed direct arylation of a
POSS.
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Scheme 1. Synthetic routes of aryl-substituted POSSs: (a)
traditional condensation, and (b) direct arylation.

Heptaisobutyl-POSS (1)*  was readily prepared by
condensation of  commercially-available incompletely
condensed POSS'® with trichlorosilane. As a rhodium catalyst,
[Rh(cod)(MeCN),]BF, was selected because this catalyst has
been used for silylation of aryl halides with triethoxysilane to
obtain silane coupling agents.”’17 Firstly, we chose the direct
arylation of 1 with p-iodoanisole 2a to screen the reaction
parameters. A solution of 1, 2a (1.5 eq.), [Rh(cod)(MeCN),]BF,
(5 mol%), and amine (7.5 eq.) was stirred for 1.5 h under
nitrogen (N,) atmosphere. In reference to the reported -
NMR spectrum of (p-anisyl)-heptaisobutyl-POSS (3a),12 the
NMR vyields were estimated. The reaction conditions and
results are summarized in Table 1.

In run 1-4, triethylamine (Et3N), diisopropylethylamine
(iPr,EtN), diazabicycloundecene (DBU), and diisopropylamine
(iPr,NH) were examined as an amine. After the reaction under
the condition of run 1-3, the "H-NMR spectrum of the crude
product showed no signal due to the Si-H group of 1, but small

Table 1. Optimization of the reaction conditions’

OMe
\ H R
si—O0~1./ . _0o.R
y Si Si —a
R\Sio//o\ // J| Meo@| @) R oTo //OS|
? 1o 90 %
0 g oJ [Rh(cod)(MeCN),]BF, \ /
R/\/sl\o///OSI\R amine 2 RQ\/ I\O//O/()Sl\R
S~ —si. 15h o A
0 > ; ~o—Si
R R =isobutyl R
1 3a
temperature ield®
Run base solvent po y
[°cl [%]
1 EtsN DMF 80 80
2 iPrEtN DMF 80 87
3 iPrNH DMF 80 75
4 DBU DMF 80 n.d.
5 iPrEtN DMF 50 16
6 iPryEtN toluene 80 3
7 iPryEtN THF reflux 5

“[POSS] = 0.15 M, [p-iodoanisole] = 0.225 M, [Rh] = 7.5 mM,
[amine] = 1.25 M. °NMR vyield.
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amounts of oligomeric by-products were included.
Additionally, in the case of run 4, decomposition of POSS cage
was observed. These results implied that the caged structure
of POSS was hydrolysed and condensed under the basic
condition. Sterically hindered amine, iPr,EtN (run 2, 87%), was
the most suitable for the present reaction thanks to its weak
nucleophilicity. In order to attempt for suppression of the side-
reactions, the reaction temperature was lowered to 50 °C (run
5). However, the reaction hardly proceeded even in the
presence of iPryEtN (16%), suggesting that the higher
temperature (80 °C) was necessary for this reaction.’® The
solvents besides N,N-dimethylformamide (DMF) were
investigated, but little amounts of the desired product 3a were

obtained when toluene (run 6) and THF (run 7) were employed.

More polar solvents such as dimethyl sulfoxide and methanol
cannot be used due to their poor solubility of 1.

We investigated the scope of the aryl halides with the
optimal reaction condition in hand (run 2 in Table 1). The
substrates and yields are summarized in Table 2. Aryl halides
with electron-donating groups (2a and 2b) were more reactive
than iodobenzene 2c. This trend is corresponding to the results
in the previous literature on transition-metal catalyzed aryl
sinIation.l‘l""'19 A sterically hindered substrate, o-anisyl iodide
2d was applicable to the present reaction as well. However, p-
iodobenzonitrile 2e did not react. It is reported that aryl

Table 2. Direct arylation of 1 with arylhalides®

o
e
[Rh(cad)(MeCN),|BF | /
iProEtN, DM!2: ¢ RQ\/(§|\O/7)/C)S'\R
80 °C, 1.5h Siv g’
R/ O R
3
Run Aryl halide Product yield of 3° [%]
1 MeOQI (2a) 3a 87 (78)
2w a 3b 87 (62)
3 (O e 3c 81 (74)
OMe
4 @I (2d) 3d 78 (71)

5 NC@I (2e) 3e n.d.
6° NCQI (2e) 3e n.d.
7 Meo@ar (2a) 3a 54
8¢ Nc@sr (2e") 3e n.d.

9Reaction condition of run 2 in Table 1. °"NMR yield (bare)
and isolated yield (in a parenthesis).
“Tetrabutylammonium iodide (1.0 eq.) was added.

This journal is © The Royal Society of Chemistry 20xx
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silylation of substrates with electron-withdrawing groups is a
challenging matter.'® Addition of tetrabutylammonium iodide
did not work (run 6 and 8), in spite of the reported effect of
jodide ion."* The reaction system should be modified to be
utilized for substrates with an electron-withdrawing group.
Aryl bromide can also be used in this reaction, though the
reaction yield is significantly lowered (run 7) in comparison to
aryl iodide (run 1).

Finally, the effect of POSS on the electronic properties of
aryl groups was investigated. The UV-vis absorption spectra of
3a-d were measured in hexane solutions (c =1 x 10" M, Figure
1a). The offsets of the absorption spectra of 3a-d (3a: 283 nm,
3b: 280 nm, 3c: 274 nm, 3d: 291 nm) were red-shifted from
those of their corresponding aryl moieties, i.e., anisole (281
nm), toluene (273 nm), and benzene (264 nm). To understand
the narrower HOMO-LUMO gaps, density functional theory
(DFT) calculation was carried out. The results of the calculation
showed that the LUMO levels of the aryl moieties were
significantly lowered by the incorporation of POSS in general
(Figure 1b). For example, the LUMO level of 3c (-0.74 eV) was
much lower than that of benzene (-0.42 eV), whereas the
HOMO levels of 3c (-7.02 eV) and benzene (-7.01 eV) were
similar. Therefore, the red-shifts of the absorption spectra
were caused by lowering the LUMO levels due to the electron-
acceptance of the POSS. This result is well corresponding to
the reported experimental and theoretical
researches. However, the absorption spectrum and
calculated frontier orbital energies of trimethoxyphenylsilane
(PhTMOS) showed no significant difference from 3c,
suggesting that the m-conjugation of the phenyl group was not
expanded to whole of the POSS moiety. To understand the
effect of the closed-cage structure of POSS, further
investigation should be carried out. Here, it has been
demonstrated that the present reaction strongly contributes
the systematic studies on aryl-substituted POSSs.

previously
7-10
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Fig. 1 (a) UV-vis absorption spectra and (b) frontier orbital
energies of 3a-d and their aryl moieties. The energy levels
were estimated by DFT calculations at the B3LYP/6-31G+(d,p)
level of theory with the Gaussian 09 suit program.20 z

Conclusions

This journal is © The Royal Society of Chemistry 20xx

groups improved the reaction yields.
substrate and aryl bromide were also applicable in the present
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In conclusion, Rh-catalyzed direct arylation of heptaisobutyl-
POSS 1 has been developed. The reaction with aryl halides
readily proceeded to produce aryl POSSs. Electron-donating
Sterically hindered

reaction, though a substrate with an electron-withdrawing

group cannot react. This reaction has opened the avenue
towards experimental studies on electronic contributions of

POSSs to m-electrons of functional organic units. Further
improvement of the reaction system, incorporation of various

m-conjugated systems, and introduction of substituents other
than isobutyl group are under investigation.
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Conjugation of a polyhedral oligomeric silsesquioxane (POSS) with w-electrons of functional
organic units has recently attracted much attention. This is the first example of catalytic direct

arylation of a POSS.
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