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Abstract

Preparation of double-layered carbosilane dendrimers using hydrosilylation and alkenylation as well as alkynylation is
described. The dendritic molecule is developed up to the fourth generation, which is composed of one propylene and two ethenyl
layers in the inner shell and 96 phenylethynyl groups on the outermost periphery. The dendrimers are characterized by the use
of NMR, MALDI-TOF mass spectroscopy, and elemental analysis. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Highly branched dendritic macromolecules have re-
ceived considerable attention in recent years [1]. New
materials with characteristic chemical and physical
properties can be prepared when these functions carry
out specific characters. The synthesis of the double-lay-
ered dendritic macromolecules by the use of two differ-
ent generating methods for inner and outer shells was
able to introduce the functionalization of the molecular
surface [2]. Recently, carbosilane dendrimers have at-
tracted great attention as a base for materials that are
used for the simple construction of molecular architec-
ture [3]. We observed a few methods for the prepara-
tion of carbosilane dendrimers possessing allyl, allyloxy
and ethynyl groups by the use of hydrosilation, alcohol-
ysis, and alkenylation as well as alkynylation proce-
dures [4-7]. Dendrimers with two different layers for
inner and outer shells have been focused on the modifi-
cation of the dendritic peripheral property [8]. But very
little is known about the synthetic approach of the
two-layered dendritic macromolecules, and in most
cases the studies are limited to the synthesis of the
unified molecules with great terminal macromolecular
species [9]. In this report, we will show that double-lay-
ered carbosilane dendrimers can be made by the use of
hydrosilation and subsequently alkenylation as well as
alkynylation.
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2. Results and discussion

The synthesis of carbosilane dendrimers is based on
the complete hydrosilation and alkenylation as well as
alkynylation of double and triple bonds as shown in
Scheme 1. The quantitative hydrosilation of double
bonds in (SiOMeCH=CH,), with hydrosilanes
(HSiMe,Cl; _,; n=0-2) and alkenylation as well as
alkynylation have already been recorded [4]. The 12
Si—Cl bonded chlorosilylated generation (G1-12Cl) is
obtained as a pure molecule by the reaction of
(SiOMeCH=CH,), and HSiCl; in the presence of Pt—C
(Pt—C; 10% Pt content on activated carbon) which is
obtained quantitatively. The first generation with 12
allylic end groups (GI-12A) is obtained as a pure
molecule by the reaction of (SiOMeCH,CH,SiCl,), and
allylmagnesium bromide. The reaction of G1-12A with
dichloromethylsilane under a platinum catalyst quanti-
tatively provided the second generation with the 24
Si—Cl bond-containing dendrimer (G2-24Cl). The reac-
tion of G2-24Cl with lithium phenylacethylide provided
the second generation with the 24 phenylethynyl group-
containing dendrimer (G2-24PA) on the periphery.
Subsequently, the transition of triple bonded G2-24PA
to G3-48Cl is carried out by hydrosilation that is
observed with quantitative yields. By the repetition of
hydrosilation with Gn-mPA (n=2, m=24;n=3, m=
48) with dichloromethylsilane under a platinum catalyst
and alkynylation with lithium phenylacethylide in
reflux condition, the ethynyl group-containing den-
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Scheme 1. Overview of reaction route of dendrimers.

drimers were prepared up to the fourth generation
with good yields. The formation of the fifth generation
with 192 Si—Cl bonds by the application of the same
reaction mechanism did not give a uniformly ordered
structure.

The identification and decision of the degree of reac-
tion of all branches in dendrimers are very important.
NMR spectroscopy clearly reveals the transition from
old generations to new generations. For example, infor-
mation about the transition of G2-24Cl to G2-24PA
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MALDI mass, EA, UV and SEC data of Gn-mPA type dendrimers

125

Gn-mPA  Formula MALDI (Found/Calc.) EA (Found/Calc.) (%) uv SEC

C H Jmax  Emax % 10° Rt (min) PD (M, /M,)
GI1-12A C,sHgg0,4Sig 954/954 60.70/60.44 9.50/9.30 - - - -
G2-24PA C,5,H,540,S1,, 3910/3911 77.08/77.40 6.42/6.60 243 0.840 16.41 1.19 (2719/2272)
G3-48PA  Cg0Hs50,0,S1,, 9831/9824 79.54/80.69 5.97/6.07 243 1.619 15.60 1.14 (4331/3786)
G4-96PA  C 476H 56,0451,  —?/21650 79.93/81.88 5.83/5.88 243 3215 14.90 1.15 (7161/6199)

4 Not observed.

can be obtained from the observation of the '"H-NMR
spectrum. The decay of methyl signals of G2-24Cl at
0.72 ppm and the formation of G2-24PA at 0.35 ppm
were clearly observed. Furthermore, '*C-NMR spectro-
scopic attachments of the hydrosilation procedure
clearly revealed the transition of triple bond signals at
90.05 and 106.37 ppm to double bonds at 140.39 and
157.04 ppm.

The MALDI mass spectroscopic determination of
G2-24PA and G3-48PA dendrimers mainly showed the
M signal that is clearly due to the structural perfec-
tion of the prepared dendrimers. The m/z value of
G2-24PA showing the dominant signal at 3910 amu
corresponds to the calculated value 3911. G3-48PA is
observed, respectively, at 9831 (calcd. 9824) amu (Table
1). However, the MALDI spectrum of G4-96PA with
21650 amu does not show an M* ion peak in this
condition. As a related result, we observed that the
tendency of the increasing number of triple bonds has
been in direct proportion to the increasing molar ab-
sorbities of the given dendrimers (see Fig. 1). This
method in any case can assist the determination of
molecular weight, because the MALDI-TOF mass spec-
troscopic determination of high-molecular-weight den-
drimers is not available in many cases. Size-exclusion
chromatography (SEC) provided additional informa-
tion on the perfect building and purity of each genera-
tion. As expected, the calculated molecular weight of
dendrimers was in indirect proportion to retention time
(see Fig. 2), but the molecular weights determined were
not in agreement with the theoretical molecular weight.
This is explained by differences in the linear polystyrene
standards and the synthesized ball-type dendrimers.
SEC analyzed polydisphersity values (M,,/M,: 1.14-
1.19) for the dendrimers G2-24PA to G4-96PA explain
that the prepared dendrimers have a very narrow
molecular-weight range. The plot of the observed
molecular weights of G2-24PA to G4-96PA versus re-
tention time revealed straight linearity. This means the
prepared dendrimers have regularly increased molecular
weight. Moreover, this SEC attachment could be an
indirect method for the determination of the molecular
weight of dendrimers.

The techniques used for the characterization of den-
drimers were 'H- and *C-NMR, and UV spectroscopy,
size-exclusion chromatography, and elemental analysis.
The simplicity of the 'H- and '*C-NMR spectra is an
indication of the high purity of dendrimers. Different
generations may be readily seen in the 'H- and '*C-
NMR spectra.
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3. Experimental

All reactions were carried out under a dried N,
atmosphere. Ether and THF were dried by sodium-—
benzophenone ketyl, while solvents such as toluene
were dried and distilled from sodium metal. The NMR
spectra were recorded on a Bruker AC-200 Spectrome-
ter. The UV spectra were measured by an HP 8452A
diode array UV-visible spectrophotometer. Elemental
analysis and MALDI mass spectroscopy (KRATOS
KOMPACKT MALDI 2) attachments were performed
in the Pusan and Taejon Branches of the Korean Basic
Science Institute.

3.1. G2-24Cl

A mixture of 6.11 g (6.57 mmol) of G1, 1593 g
(138.47 mmol) of HSiMeCl,, and 0.10 g of a hydrosila-
tion catalyst (Pt—C, 10% content on activated carbon)
was refluxed for 5 h. The excess dichloromethylsilane
was removed by vacuum. The catalyst was filtered off
and volatile components were removed by vacuum,
leaving 13.78 g of pure G2P, as a white precipitate.
Further purification was not available because of sensi-
tivity to moisture. By the NMR spectroscopy, the
yielded compound was a single dendrimer. Yield: 13.78
g (5.09 mmol, 90%) of pure G2-24Cl. 'H-NMR (ppm,
CDCly): 0 =0.10 (s, 12H, MeSi, G0), 0.72 (s, 36H,
MeSi, G2), 0.44 (m, 16H, CH,, G0), 0.69 (m, 24H,
CH,, G1), 1.19 (m, 24H, CH,, G1), 1.54 (m, 24H, CH,,
Gl1). PC-NMR (ppm, CDCl,): 6 = — 1.34 (MeSi, G0),
5.53 (MeSi, G2P), 3.23, 8.96 (CH,, GO0), 15.45, 17.34,
25.93 (CH,, G1).

3.2. G2-24PA

A total of 80 ml (80 mmol) of a lithium phenyl-
acetylide in THF was added slowly to 2.81 g (2.95
mmol) of G2P in 50 ml toluene. After the addition was
finished, the reaction mixture was refluxed for 5 h.
Volatile components were removed under reduced pres-
sure, leaving a yellow precipitate and salt was precipi-
tated in toluene and filtered off. The prepared
compounds were chromatographed on silica gel with
chloroform. The product G2-24PA was obtained as a
clear, yellow—brown glass (7.52 g, 1.92 mmol, 65%).
'H-NMR (ppm, CDCly): 6 = —0.30 (s, 12H, MeSi,
GO0), 0.35 (s, 36H, MeSi, G2), 0.48 (m, 16H, CH,, GO0),
0.73 (m, 24H, CH,, G1), 0.87 (m, 24H, CH,, G1), 1.60
(m, 24H, CH,, Gl), 7.44-7.55 (m, 120H, Ph, G2).
BC-NMR (ppm, CDCl,): § = —1.58 (MeSi, G0), —
1.12 (MeSi, G2), 3.78, 9.27 (CH,, G0), 16.12, 18.38,
20.80 (CH,, Gl1), 90.05, 106.37 (C=C, G2), 122.68
(Cquary)> 128.19 (C-0), 128.74 (C-p), 132.11 (C-m). Anal.
Calc. (%) for C,5,H,5c0,Si,,: C, 77.40; H, 6.60. Found:
C, 77.08; H, 6.42. UV (in THF): /., (243 nm), ¢,

0.840 x 10° mol~! cm ~!. MALDI-TOF MS: (Found/
Calc.) (3910/3911). IR (cm ', KBr): 2160 (ve.c). SEC:
Rt (min), 16.41; PD, 1.19 (M, /M,).

3.3. G3-48CI

The same procedure was used in the reaction of 3.76
g (0.96 mmol) of G2-24PA, 5.74 g (49.86 mmol) of
HSiMeCl,, and 0.08 g of a platinum catalyst in 25 ml
toluene for 17 h reflux. Yield: 6.08 g (0.91 mmol, 95%)
of pure G3-48Cl. 'H-NMR (ppm, CDCl,): 6 = — 0.61
(s, 12H, MeSi, G0), —0.48 (s, 36H, MeSi, G2), 0.71 (s,
72H, MeSi, G3P), —0.09 (m, 16H, CH,, G0), 0.08 (m,
24H, CH,, Gl), 0.32 (m, 24H, CH,, G1), 1.06 (m, 24H,
CH,, Gl), 6.51 (m, 24H, SiCH, G3), 7.02-7.27 (m,
120H, Ph, G2). *C-NMR (ppm, CDCl;): § = —1.21
(MeSi, G0), —2.98 (MeSi, G2), 4.53 (MeSi, G3), 3.82,
9.12 (CH,, GO0), 16.48, 18.31, 20.31 (CH,, G1), 140.39,
157.04 (C=C, G3P), 127.51 (Cyyar), 127.73 (C-0), 128.12
(C-p), 148.80 (C-m).

3.4. G3-48PA

The same procedure was used in the reaction of 3.04
g (0.45 mmol) of G3-48Cl and 30 ml (30 mmol) of
LiC=CPh in 25 ml THF for 5 h reflux. Yield: 2.09 g
(0.29 mmol, 64%) of pure G3-48PA. 'H-NMR (ppm,
CDClLy): 6= —0.50 (s, 12H, MeSi, G0), —0.50 (s,
36H, MeSi, G2), 0.39 (s, 72H, MeSi, G3), —0.07 (m,
16H, CH,, G0), —0.07 (m, 24H, CH,, Gl), 0.09 (m,
24H, CH,, G1), 0.93 (m, 24H, CH,, G1), 6.62 (m, 24H,
SiCH, G3), 7.16-7.35 (m, 360H, Ph, G2-G3). 3C-
NMR (ppm, CDCl;): 6 = — 1.48 (MeSi, G0), —2.88
(MeSi, G2), —0.86 (MeSi, G3), 3.86, 9.12 (CH,, GO0),
16.62, 18.31, 20.53 (CH,, G1), 147.92, 157.93 (C=C,
G3), 89.19, 107.55 (C=C, G3), 126.47, 127.60, 128.07,
143.17 (Ph, G2), 122.57 (Cyuar), 128.18 (C-0), 128.84
(C-p), 13202 (C-m). Anal. Calc. (%) for
Ce60Hs9,0,S14,: C, 80.69; H, 6.07. Found: C, 79.54; H,
5.97. UV (in THF): A,.. (243 nm), &, 1.619 x 10°
mol ~! cm ~!. MALDI-TOF MS: (Found/Calc.) (9831/
9824). IR (cm !, KBr): 2160 (vcc). SEC: Rt (min),
15.60; PD, 1.14 (M, /M,).

3.5. G4-96CI

The same procedure was used in the reaction of 1.37
g (0.14 mmol) of G3-48PA, 2.20 g (19.12 mmol) of
HSiMeCl,, and 0.05 g of a platinum catalyst in 25 ml
toluene for 17 h reflux. Yield: 2.02 g (0.13 mmol, 94%)
of pure G4-96Cl. 'H-NMR (ppm, CDCl,): 6 = — 0.67
(s, 12H, MeSi, G0), — 0.53 (s, 36H, MeSi, G2), — 0.67
(s, 72H, MeSi, G3), 0.64 (s, 144H, MeSi, G4), —0.14
(m, 16H, CH,, GO0), 0.01 (m, 24H, CH,, G1), 0.27 (m,
24H, CH,, G1), 0.92 (m, 24H, CH,, G1), 6.05 (m, 24H,
SiCH, G3), 6.49 (m, 48H, SiCH, G4), 6.84-7.22 (m,
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360H, Ph, G2-G3). BC-NMR (ppm, CDCl,): 6 = —
3.14 (MeSi, G0), —3.08 (MeSi, G2), —2.62 (MeSi,
G3), 4.51 (MeSi, G4), 3.87, 9.17 (CH,, GO0), 16.98,
18.30, 20.95 (CH,, Gl), 14591, 161.86 (C=C, G3),
139.98, 157.33 (C=C, G4), 126.42, 127.90, 144.23 (Ph,
G2), 12748 (Cyuur)> 128.09 (C-0), 128.19 (C-p),
146.46 (C-m).

3.6. G4-96PA

The same procedure was used in the reaction of
2.13 g (0.14 mmol) of G4-96Cl and 20 mml (20
mmol) of LiC=CPh in 25 ml THF for 6 h reflux.
Yield: 1.71 g (0.08 mmol, 56%) of pure G4-96PA.
'H-NMR (ppm, CDCly): § = —0.53 (s, 12H, MeSi,
G0), —0.67 (s, 36H, MeSi, G2), —0.67 (s, 72H,
MeSi, G3), 0.34 (s, 144H, MeSi, G4), —0.10 (m,
24H, CH,, G1), 0.10 (m, 24H, CH,, G1), 0.95 (m,
24H, CH,, G1), 6.04 (m, 24H, SiCH, G3), 6.72 (m,
48H, SiCH, G4), 7.17-7.59 (m, 840H, Ph, G2-G4).
BC-NMR (ppm, CDCl,): 6 = —1.50 (MeSi, G0), —
3.17 (MeSi, G2), —2.64 (MeSi, G3), —0.97 (MeSi,
G4), 3.82, 9.20 (CH,, GO0), 16.81, 18.80, 20.93 (CH,,
G1), 144.85, 163.04 (C=C, G2), 145.60, 158.31 (C=C,
G3), 89.24, 107.45 (C=C, G4), 126.48, 127.64, 131.41,
142.74 (Ph, G2-G3), 122.55 (Cyuur), 128.16 (C-0),
128.82 (C-p), 13199 (C-m). Anal. Calc. (%) for
Cla76H126404S19,: C, 81.88; H, 5.88. Found: C, 79.93;
H, 5.83. UV (in THF): A,., (243 nm), ¢,,,, 3.215 x
10> mol=! em~! IR (cm~!, KBr): 2159 (dc_c).
SEC: Rt (min), 14.90; PD, 1.15 (M, /M,).
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