Open Access Article. Published on 10 July 2023. Downloaded on 3/14/2026 5:07:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

INORGANIC CHEMISTRY

CHINESE

.
CHEMICAL ROYAL SOCIETY

CCS

FRONTIERS

RESEARCH ARTICLE

Cite this: /norg. Chem. Front., 2023,
10, 4587

Received 17th March 2023,
Accepted 10th June 2023

DOI: 10.1039/d3qi00500c¢

rsc.li/frontiers-inorganic

PELFES

SOCIETY ~OF CHEMISTRY

View Article Online

View Journal | View Issue

Tricky but repeatable synthetic approach to
branched, multifunctional silsesquioxane
dendrimer derivativest

ab julia Duszczak,®P
*a,b

b Rafat Januszewski,
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Dendrimers are a wide group of chemical compounds that are still being studied extensively. New dendri-
mer cores are sought to improve their physicochemical properties. We present the syntheses of silses-
quioxane dendrimers with different cores, from mono-Tg, octa-Tg silsesquioxane to di- and tetrafunc-
tional double-decker silsesquioxanes. These compounds were obtained by a sequence of hydrosilylation
and reduction reactions in a one-pot protocol. As part of the research, the location of reactive Si—H and
Si-Vi bonds on the selectivity of the hydrosilylation process was verified, as well as two reducing agents
LiAlH4 and Red-Al®, on the reduction process. In addition, the reactivity of the obtained new hydrogen
derivatives of these SQs was tested in the process of hydrosilylation with selected olefins and in a repeti-
tive one-pot route to increase the generation of these dendritic systems.

Introduction

Dendrimers are specific macromolecular compounds of pre-
cisely defined, often spherical three-dimensional structure,
built of a multifunctional core with respectively attached
branching units (arms). Their important aspect is the architec-
ture which is constituted of three parts: the core - placed in its
interior, repeating units forming tree-like branched structure
and external surface functional groups. Various types of con-
nections are used in the chemistry of dendrimers, e.g. the poly-
amidoamines, polyamides, poly(i-lysine), organophosphorus
or organosilicon compounds, ie. silanes, carbosilanes, silox-
anes, carbosiloxanes."™ Systems bearing phosphorus or
silicon branching points have recently emerged within this
family of dendrimers.*

With regards to carbosilane dendrimers, two synthetic
paths to their formation can be distinguished. The first
method applies hydrosilylation reactions, e.g. tetravinylsilane
hydrosilylated with dichloromethylsilane to obtain Si-Cl
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bonds. The Grignard reaction follows, which usually forms a
compound possessing unsaturated carbon-carbon - silicon
bonds, e.g. Si-vinyl, Si-allyl.>™ The second protocol is based
on the reduction of the Si-Cl bond to introduce Si-H.'® The
compounds resulting from both these methods contain reac-
tive Si-Vi or Si-H, susceptible to further transformation,
increasing dendrimer’s generation with more branching units.
For carbosilanes, the procedure employing Grignards reagents
is more popular.

The properties that determine dendrimers’ subsequent
application depend on, i.e. their size and type of surface/end
groups. There are reports on the investigation of pure carbosi-
lane dendrimers series (G3-G8 generations) vs. their hybrid
carbosilane-siloxane analogues (G4, G6, G7 generations).'™"?
Interestingly, there is a correlation between the T, and the type
of functional groups in the surface layer but not in terms of
dendrimer generation. On the contrary, the high molecular
weight of dendrimers is responsive to specific interactions
between molecules with the increasing generation and it is
manifested by increases in melt viscosity and an effective
liquid-solid transition. As for the surface groups, in addition
to standard silane groups, the hydroxyl, imidazole, sulfonate,
and carboxylate phosphonium groups enabling anchoring
metal atoms are interesting.’**” Considering organosilicon-
based dendrimers, carbosilanes are one of particularly impor-
tant systems due to their properties that influence further
application. They have been used in diverse areas of chemistry
or medicine, e.g. in catalysis, anticancer therapy, immunother-
apy and drug/gene delivery.'® > The cores of such systems can
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be constructed of silanes, cyclosiloxanes, 1,3,5-trisilacyclohex-

well as more extensive structures, such as

3,23,24

ane, as
silsesquioxanes.

The latter, i.e. silsesquioxanes (SQs), are hybrid compounds
characterized by the presence of a rigid, inorganic Si-O-Si core
and organic substituents attached to silicon atoms of this
core. Their general formula, i.e. (RSiO; 5),, where R stands for
organic functional group and n reflects the number of rep-
etitions of this unit from 6 to 18,>® does not give insight into
the spatial architecture of these systems. They may constitute
random resins or more defined ladder, open- or closed cage,
and recently also double-decker silsesquioxanes (DDSQ).>¢2®
In the literature, there is limited information on the use of Tg-
type SQ dendrimer cores with a particular emphasis on octa-
functionalized SQs due to theirs spherical architecture.>* The
advantage of the surface area of octa-Tg SQs with diverse
organic functionalities is the possibility of increasing their
compatibility with organic materials. The use of this system
makes it possible to obtain a large number of functional
groups with a small number of synthetic steps.>**° It should
also be mentioned that SQs are present in dendrimers not
only cores but also as repeat units (known as hyperbranched
polymers based on SQs)*' or SQs as surface functionalities.*>
However, the reports on the use of monofunctional Tg-type SQ
as the core of specific dendrons are limited.>®**3* The
research on the use of DDSQ as cores of dendrimers is even
less explored.®® In general, the formation of SQ-based dendri-
mers is based on a classical approach concerning divergent
and convergent methodology.>* The advantage of divergent
protocols for SQs containing dendrimers is due to the multi-
plicity of reactive groups at SQs, their diversity which enables a
wide range of chemistry tools and also on 3D SQ structure that
diminish potential steric crowding of the end moieties.
However, there are also few reports of the use of convergent
routes.*® Due to diversity in the functional groups at SQs in-
organic core, their modification is tunably varying from amida-
tion, Michael addition, and thiol-ene reaction to metathesis or
hydrosilylation, often employing reaction sequences.>! In the
case of carbosilane arms at SQ cores, they may be classically
modified via hydrosilylation of the followed by Grignard reac-
tion.?” Reports on the use subsequent Si-Cl reduction to Si-H
are very scarce.*® Resulting products may possess phosphine,
ferrocene surface groups, which made them possible to be
applied as potential catalysts, i.e. in hydroformylation, hydro-
carbonylation and methoxy-carbonylation reactions, as plati-
num electrode modifiers, respectively.*”?°** In general, the
application of silsesquioxane dendrimer hybrid systems is
comprehensive, ranging from catalysis, liquid crystals to
photoactive hybrid systems used as probes, e.g. in MRI, photo-
dynamic therapy or drug delivery.**

Here, we present studies on the elaboration of a synthetic
protocol leading to the formation of silsesquioxane dendritic
systems with different types of cores ranging from Ty to closed-
and open-cage DDSQ systems. These compounds possess a
various number of carbosilane functionalities, varying from
one, two, four and eight, respectively. The synthetic protocol is
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based on the hydrosilylation reaction and the subsequent
reduction performed in a one-pot repetitive reaction sequence.
Within the scope of the studies, two reducing agents, i.e.
LiAlH, and Red-Al®, were verified. They turned out to be
efficient with the respective type of silsesquioxane core. As a
result, a series of SQs-based dendrimers of G2 generation pos-
sessing from 4 to 32 reactive Si-H end groups was effectively
obtained. The presence of end Si-H groups opens possibilities
for further functionalization/modification via i.e. consecutive
hydrosilylation with, e.g. olefins (tests with allyl glycidyl ether,
1-octene), as well as the possibility to further increase of den-
drimers generation (Scheme 1). This is the first comprehensive
synthetic report describing the evaluation of the nature of SQ
core and the type of chlorosilane on the efficiency of reactions
and regioselectivity in the synthesis of silsesquioxane-based
dendrimers.

Results and discussion

Synthesis of the first generation of carbosilane dendrimers
with silsesquioxane cores

Hydrosilylation of C-C multiple bonds is still one of the major
catalytic routes for functionalization of organosilicon com-
pounds and is also common in industry. This process is
characterized by its atom-efficiency, broad substrate scope,
and widespread application.*>*® However, the reaction may
not proceed with complete selectivity control and two main
products may be obtained, i.e. a or f§ due to the Markovnikov
rule. Moreover, the possibility for other side processes, ie.
dehydrogenative silylation, isomerization or hydrogenation
may also be observed.””

In general, for olefin hydrosilylation p-regioselectivity is pre-
ferred especially in terms of dendrimer formation. It is
favoured, e.g. due to steric hindrance of the surface groups
and their further availability. The reaction selectivity may be
influenced by various factors, e.g. a suitable catalyst, and reac-
tion temperature, but also by the location of Si-H and olefin
(Si-Vi) reactive bonds in reactants. Therefore, it was decided to
verify the location of the Si-H moiety, whether in the silses-
quioxane structure or in the olefin, i.e. unsaturated chloroorga-
nosilicon component, susceptible to further modification.

A model reaction was selected with the hydrogen derivative
iBu,T4-OSiH, (synthesized according to the literature data)*®
and dichloromethylvinylsilane (Cl,MeSiVi) to be tested in Pt-
mediated hydrosilylation (Scheme 2, PATH A). In this way, the
reaction could be monitored easily by FT-IR via analysis of
changes in the area of the bands at ca. 7 = 2100 and 900 cm™*
corresponding to the stretching vibrations of Si-H bond,
located in the SQs reagent. The reaction was carried out in the
presence of Karstedt’s catalyst ([Pty(dvds);]) for 24 h at 95 °C.*°
After reaction completion, which was manifested by complete
disappearance of the Si-H band in the FT-IR spectrum, the
solvent and unreacted chlorosilane were evaporated. The crude
product containing two Si-Cl moieties was subjected to con-
secutive reduction to form Si-H groups testing lithium alu-
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Scheme 1 Synthetic route to obtain dendritic systems via hydrosilylation followed by reduction.
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Scheme 2 Possible selectivity of hydrosilylation reaction using mono-
Tg SQ with different location of the Si—H functionality resulting in the
formation of two products G1-1iBuOSi-2H-f and G1-1iBuOSi-2H-a.

minium hydride (LiAlH,) as a convenient reducing agent
(Scheme 2).

However, after the isolation of the product resulting from
PATH A, the *°Si NMR analysis showed the presence of
doubled peaks in the area of all types of silicon atoms present
in the postulated compound containing two Si-H moieties.
These resonance lines, e.g. 11.69, 11.44 (M-unit Si), —29.08,
—30.21 (Si-H), —66.89, —67.03, —67.07, —67.10, —67.74, —67.87,
—67.90 (T-unit Si), and —109.64 and —109.93 (Q-unit Si) ppm
indicated the presence of a mixture of two products, i.e. f and
o obtained in a 80:20 ratio, abbreviated as G1-1iBuOSi-2H-f§
and G1-1iBuOSi-2H-a, respectively (Fig. 1a). *C NMR spectra
revealed the presence of resonance lines at 2.37 and
11.80 ppm corresponding to -CH,- moieties of the § isomer
(G1-1iBuOSi-2H-B) and 4.53 and 9.83 ppm correlating to =CH

This journal is © the Partner Organisations 2023
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Fig. 1 A selected range of stacked 2°Si NMR spectra of (a) a post reac-
tion mixture (PATH A) confirming the presence of G1-1iBu-OSi-2H-f
and G1-1iBu-2H-«, (b) regioselective formation (PATH B) of G1-1iBu-
2H-f product.

and -CHj; units in o isomer (G1-1iBuOSi-2H-a). Also verified
by DEPT-135 (see ESI, Fig. S507).

As the hydrosilylation reaction resulted in formation f and
a addition products some literature discusses the impact of
the location of Si-H moiety (at the SQs core or olefin) on reac-
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tion selectivity, we decided to verify this.*>>' For this reason,
an analogous hydrosilylation and reduction protocols were
designed (PATH B) but varying in the structure of reagents, i.e.
iBu,Tg-0SiVi and dichloromethylsilane (Cl,MeSiH) were used
as substrates. Interestingly, preservation of almost all reaction
conditions, with the sole change in the location of the Si-H
group, from silsesquioxane to chlorosilane, enabled the regio-
selective formation of G1-1iBuOSi-2H-f system, confirmed by
NMR analyses. It may be seen, especially in the *°Si NMR spec-
trum the presence of peaks corresponding to respective silicon
atoms, e.g. 11.44 (M-unit Si), —29.08 (Si-H), —67.07, —67.10,
—67.87, —67.90 (T-unit Si), and —109.64 (Q-unit Si) ppm
(Fig. 1b). The selectivity of this reaction may be a derivative of
two factors, i.e. steric bulkiness of SQs core but also the elec-
tronic effect of substituents (i.e. Cl vs. O) in reactive Si-H and
Si-HC=CH, groups. It affects the type of olefin insertion into
the Pt-H bond of active catalyst occurring as either 1,2- or 2,1-
insertion that results in the formation of p or o isomer respect-
ively. Also, it was reported that the presence of electron-with-
drawing atom(s) increases the reactivity of Si-H moiety.> This
is in accordance with the Chalk-Harrod’s mechanism.*”**

The obtained results facilitated the selection of the optimal
location of the Si-H and Si-Vi bonds in applied reactants. This
also helped to develop an efficient protocol for the synthesis of
dendritic systems using different types of silsesquioxane cores,
i.e. di- and tetra-DDSQ as well as octa-Tg. As the usage of silses-
quioxanes possessing reactive Si-Vi moieties affects the final
regioselectivity of the B-addition product, it was decided to
apply two compounds direct linked to the vinyl group to Ty
core, without the -OSi(Me,)- unit between them. For this
purpose, we omitted the  symbol in the abbreviations of pro-
ducts (unless needed) in further parts of the manuscript.
Additionally, the iBu,Tg-Vi is obtained in fewer steps of the
synthetic path.>® For the proper exploration of the sequence of
hydrosilylation (1.) and reduction reactions (2.), the iBu,Tg-Vi
was used as a model reagent to react with dichloromethyl-
silane (Cl,MeSiH) in order to optimize reaction conditions and
enable the formation of G1-1iBu-2H. The first of the reaction
sequence was hydrosilylation, which was carried out using
Karstedt’s catalyst ([Pty(dvds);]) at 95 °C for 24 h with stoichio-
metry [iBu,TgVi]: [CL,MeSiH]: ([Pt,(dvds);]) = 1:2:1 x 107*
Two-fold excess of Cl,MeSiH enabled >99% conversion of
iBu,Ts-Vi. After completion of the reaction, the solvent and
unreacted chlorosilane were evaporated under reduced
pressure and crude dichloro product as an intermediate
product (G1-1iBu-2Cl) was dried and the subsequent step of
the PATH B was maintained. The reduction was performed in
toluene, and 1.2 equiv. of reducing agent per one reactive Si-Cl
group was added and the reaction was conducted at room
temperature for 20 h. In this case, LiAlH, was used. When the
reaction was finished, the by-products, such as lithium chlor-
ide and aluminium chloride, were removed by a syringe filter
(0.2 pm). The product (G1-1iBu-2H) was obtained in 89%
isolate yield. An analogue synthetic approach was applied for
other monosubstituted Tg derivatives with iBu groups (GO-
1iBu-1H, G2-2iBu-4H). The comparison of FT-IR spectra of
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iBu,Ts-Vi and G1-1iBu-2H showed apparent proof of the differ-
ences in their structure. The disappearance of stretching
vibration bands deriving from =C-H and C=C bonds at ca. ¥
= 3050 and 7 = 1600 cm™ ", was noted respectively, with the
simultaneous presence of Si-H stretching vibration bands in
the range of ca. 7 = 2100 and 900 cm ™" (Fig. S53 in ESIT).

The double-decker silsesquioxane is specific construction
of cage silsesquioxanes. It is characterized by two decks of
cyclosiloxane rings that are stacked one above the another and
connected by two oxygen bridges with phenyl groups at Si core
atoms. They may occur in the form of di- and tetrafunctional
analogues.’®** As octafunctional Ty SQs are applied as cores
for dendrimers and the reports on DDSQ-based systems resem-
bling dumbbell-shaped dendrimers are very rare in the
literature.>”

For this, we applied the developed sequence of hydrosilyl-
ation reaction (1.) with subsequent reduction (2.) using LiAlH,
that was verified in terms of di- and tetrafunctional DDSQ, e.g.
to obtain G0-2D-2H. The '"H NMR spectrum of crude product
pointed to the disappearance of resonance lines from vinyl
groups at ca. 5.90-6.20 ppm. However, as there was no reso-
nance line deriving from Si-H bond which supposed to be
present at ca. 3.50-3.70 ppm, there was no evidence on the
successful completion of Si-Cl to Si-H reduction. The solution
for this was to replace the reducing agent from LiAlH, to
sodium bis(2-methoxyethoxy) aluminum hydride (Red-Al®).
Red-Al® possesses two active reactive hydrogen atoms in its
structure and is considered a milder reducing agent.>® In the
procedure elaborated to yield GO-2D-2H the step Si—Cl to Si-H
reduction (2.) was performed using 0.6 fold excess of Red-Al®
per one reactive Si-Cl group in the DDSQ.

Despite the fact that reduction of Si-Cl to Si-H is a well-
known reaction, it has never been verified in situ, so we
decided to study this process using real-time FT-IR spec-
troscopy. The conducted experiment using G1-4D-8Cl (to gain
G1-4D-8H), revealed that the consumption of Si-Cl with simul-
taneous formation of Si-H bonds proceeded extremely fast
(Scheme 3). Specifically, it occurred immediately after the
addition of Red-Al® which was evident from the appearance of
a new band in the range of 880-970 cm™" (Fig. 2a). We also
observed a notable increase in the process temperature, from
approximately 23 °C to 26 °C (Fig. 2b). However, the reaction
was performed on a small scale, indicating that, for larger-
scale synthesis, the addition of the reducing agent to the reac-
tion mixture along with reaction time should be carefully con-
trolled due to the exothermic nature of the process and poss-
ible diffusion issues.

STEP 1. Hydosilylation STEP 2. Reduction Si-Cl to Si-H

H
Cl H

! cl ¢l | - ] L

. : ) i~_S i~S

~4i oSN HSE i~y O8Iy LA S ~dy oSy

oLl Cl_¢f / 05 . Gl orRega® H 7 05 _ H

< V06, P4 ol V01 _~d; < 06 ~d;

i-O | ! j-O \ 3~ H, i-O 1 1~

\/S‘| //Si/\/sll & ’sAi/\/SII A
DDSQ-40SiVi &l G1-4D-8CI H G1-4D-8H

Scheme 3 Synthetic path to obtain G1-4D-8H via hydrosilylation fol-
lowed by reduction.
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Fig. 2 FT-IR in situ spectra of G1-4D-8Cl reduction using Red-Al® to
gain G1-4D-8H: (a) 3D illustrations of the Si—H bond formation recorded
in real time, (b) plot of Si—H peak area formation vs. temperature in real
time of reaction.

Another problem to be solved was the isolation of the pure
GO0-2D-2H product with good yield. In general, the purification
of SQ-based compounds can be performed using various tech-
niques such as column chromatography, precipitation, extrac-
tion or their combination. Herein, at first, the crude G0-2D-2H
product was precipitated in acetonitrile (MeCN). This is a good
solvent in which Red-Al® is soluble, so could be easily decan-
tated. GO-2D-2H was properly separated from the impurities by
washing with DCM to dissolve the G0-2D-2H. After decantation
and evaporation of DCM, pure G0-2D-2H product was obtained
in 64% yield. This isolation procedure was described as
Method I and is depicted in Fig. 3 and in Table 1.
Interestingly, we found that using a higher excess of reducing
agent (i.e. 1.5 equiv. of Red-Al®) did not improve the product
yield, despite being tested for its impact.

The procedure developed for the effective formation of GO-
2D-2H was transferred to other DDSQ compounds, e.g. to
obtain G1-2D-4H (0.6 equiv. Red-Al® on the reactive group).
Unfortunately, the isolation yield was unsatisfactory, i.e. only
23%. In this case, a different method of isolation was devel-
oped which includes a combination of different techniques.

This journal is © the Partner Organisations 2023
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Crude product I

Precipitationin cold
MeCN and decantation

Decant|

Decomposed Red-Al®

Precipitate

Product with impurities

Washing with DCM

Precipitate Decantll

Insoluble impurities ’ Pure product |

Fig. 3 Method | for isolating products from a reaction mixture from a
reaction in which the reducing agent was Red-Al® for phenyl derivatives
of DDSQ and Tg.

Table 1 Dependence of isolation methods on the yields of respective
DDSQ-based dendrimers

G0-2D-2H G1-2D-4H G0-4D-4H G1-4D-8H
Method I 64% 23% 58% 19%
Method II 90% 85% 94% 91%

One of the procedures was a dropwise addition of the reaction
mixture to cold isopropanol (iPrOH) to decompose Red-Al® fol-
lowed by solvent evaporation. The crude product was filtered
on a chromatography column with DCM as eluent. Another
method was based also on iPrOH used for Red-Al® decompo-
sition and washing of resulting precipitate with DCM to extract
G1-2D-4H. However, none of the presented protocols provided
a positive result in the increase of G1-2D-4H yield. Finally, as
the crucial aspect is decomposition of Red-Al® and the fact
that DDSQ compounds are not soluble in water, the extraction
was performed using toluene and 10% acetic acid water solu-
tion. Surprisingly, this procedure enabled the isolation of G1-
2D-4H in 85% yield and was described as Method II, shown in
Fig. 4. All DDSQ-based dendrimers were isolated using both
methods to compare their impact on the isolation yield, which
was presented in Table 1. As a result, Method II based on the
extraction using toluene and 10% acetic acid water solution

Reaction mixture in toluene

Extraction with 10% acetic acid
water solution

Water layer Organic layer

Decomposed Red-Al®
and residual of product

3-fold extraction with toluene

Organic layer
Water layer

Decomposed Red-Al® Pure product

Fig. 4 Method Il for isolating products from a reaction mixture from a
reaction in which the reducing agent was Red-Al® for phenyl derivatives
of DDSQ and Tg.
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significantly affected the isolation yields of verified com-
pounds when compared to Method 1.

After optimizing the conditions for various SQ derivatives,
we decided to apply the developed methodology for the
functionalization of more challenging structures, namely
spherosilicates bearing a significantly greater number of reac-
tive Si-H species. The Pt-catalyzed hydrosilylation of trichloro-
vinylsilane with octakis(dimethyl-siloxy)silsesquioxane (octaTg-
OSiH) followed by subsequent reduction of the Si-Cl inter-
mediate in the presence of Red-Al® gave a mixture of isomers
(B:a = 64:36). This phenomenon was expected and also
observed for other classes of SQs. However, the opposite
approach based on the application of octakis(dimethyl-
vinylsiloxy)silsesquioxane (octaTg-OSiVi) and trichlorosilane
resulted in the regioselective formation of §§ isomer. The same
behaviour was observed when the dichloromethylsilane and
octaTg-0SiVi were used, which was corroborated by 'H, *C
and *°Si NMR analyses (Fig. $35-S371). The outcomes of these
experiments clearly indicated that the application of the chlor-
ohydrosilanes and vinyl-SQ derivatives always leads to the anti-
Markovnikov addition products (§ isomer), regardless of the
type of SQ structure and the number of reactive groups
bonded to the SQ cage. Surprisingly, this observation has not
been reported so far. The isolation procedure for octa-Tg
derivatives relied on the decomposition of Red-Al® in 2-propa-
nol followed by evaporation of the volatiles and subsequent
product extraction by n-hexane. This simple methodology
allowed us to isolate products with satisfactory yields i.e. >80%
The synthesized novel derivative (G1-8T-16H), due to the easily
accessible hydrosilyl units, opens possibilities for the synthesis
of functionalized dendritic SQ-derivatives bearing sixteen
organic groups around the cage, as well as the formation of a
higher generation through the above-described one-pot
protocol.

While searching for the most effective purification method-
ology enabling efficient product isolation, two methods were
developed (Fig. 3 and 4) depending on the type of the SQ core.
Method 1 involves the use of MeCN, a good precipitating
solvent for silsesquioxanes. During the isolation of respective
SQ derivatives, some crystal material of the following systems
were obtained: G0-4D-4H and G1-2D-4H, which were amenable
to XRD analysis. These two systems were found to be more sus-
ceptible to crystallization in MeCN when compared to other
compounds. Perspective views of the molecules G0-4D-4H and
G1-2D-4H are shown in Fig. 5a and b. The molecule G1-2D-4H
is Ci-symmetrical, lying across the inversion center in the
space group Pbca. As observed in similar structures, the geo-
metry around Si atom is quite stable, as shown by the mean
values and their esd’s (Table 2). On the other hand, the range
of Si-O-Si angles is quite extensive. In principle, the overall
geometries and shapes of both open and closed structures are
similar to those shown by us earlier.’®”

In the elaboration of the synthetic protocol for the DDSQ-
based dendrimers based on Red-Al® instead of LiAlH,, some
tests were performed to obtain mono-Tg systems with Ph inert
groups, which exhibited some failures in the formation. It was
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Fig. 5 Perspective view of: (a) the complex G0-4D-4H; ellipsoids are
drawn at the 50% probability level; only the molecule of larger occu-
pancy is shown. Hydrogen atoms are shown as spheres of arbitrary radii;
(b) one of the symmetry-independent molecules of complex G1-2D-4H;
ellipsoids are drawn at the 50% probability level; hydrogen atoms are
shown as spheres of arbitrary radii. The unlabeled part is related to the
labelled one by symmetry operation —x, -y, 2 — z.

Table 2 Relevant geometrical parameters (A, °) with s.u.'s in parenth-
eses (in the case of G1-2D-4H there is only one independent example of
C-Si-C angle)

G0-4D-4H G1-2D-4H
(Si-0) 1.620(12) 1.615(9)
(Si-C) 1.858(23) 1.845(8)
(Si-0-Si) 147(7) 155(7)
Max (Si-O-Si) 162.2(2) 162.8(2)
Min (Si-O-Si) 138.5(2) 141.7(2)
(0-Si-0) 109.3(12) 109.2(14)
(0-Si-C) 109.2(18) 109.4(14)
(C-Si-C) 111(3) 114.9(4)

decided to verify the methods using LiAlH, and Red-Al® for
these derivatives. In the beginning, a similar procedure to gain
GO0-1Ph-1H was conducted using LiAlH, by analogy to the GO-
1iBu-1H system. Unfortunately, similar lack of Si-H bond was
observed on "H NMR spectra. Analogous reduction protocol
based on Red-Al® was applied and the desired products (GO-
1Ph-1H and G1-1Ph-2H) were obtained with good yields. Both
methods were validated to obtain G1-1Ph-2H. Interestingly, for
this system, the use of LiAlH, and Red-Al® made it possible to
obtain a product with a yield of 45% and 60%, respectively,
showing improvement for Red-Al®. The G1-1Ph-2H is again a
good example of the fact that silsesquioxanes, due to their
differences in architectures and presence of diverse inert
groups should be approached individually. This concerns the
synthetic protocol conditions for their formation as well as
their isolation and purification.?>"®

The reactivity of Si-H modified SQ-based dendrimers

Silsesquioxane dendrimers of GO and G1 generation posses-
sing Si-H bond can be modified to increase their generation
by a sequence of hydrosilylation and reduction as well as
hydrosilylation reaction with functional alkenes.*>*® To verify
the reactivity of the Si-H bond of selected compounds, the G1-
4D-8H was reacted with allyl glycidyl ether via hydrosilylation
reaction with elaborated reaction conditions, i.e. the following

This journal is © the Partner Organisations 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3qi00500c

Open Access Article. Published on 10 July 2023. Downloaded on 3/14/2026 5:07:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

stoichiometry: [G1-4D-8H] : [allyl glycidyl ether] : ([Pty(dvds);]) =
1:9:8 x 107, in 24 h and at 95 °C. The FT-IR performed for
the reaction mixture enabled complete confirmation of G1-
4D-8H, the disappearance of bands derived from Si-H bond
stretching vibrations in the range of © = 2124 and
900 cm™'.*>*” This was also validated by the results in 'H
NMR spectra and the lack of resonance lines attributed to the
proton of Si-H moiety. Interestingly, the "H NMR analysis
revealed the increase in integration of protons derived from
the ~-CH,-CH,~- bridge present in the structure from 16 to 32.
This may indicate that the Si-CH,-CH,- resonance generated
in this process has a similar chemical environment to the pre-
existing ~CH,-CH,- bridge in the structure, leading to overlap
in the resonances and requiring integration for accurate identi-
fication. This process was selective towards the exclusive for-
mation of p-addition product. Additionally, >°Si NMR analysis
displayed the shift of signal at —29.37 ppm originating from
the silicon in -Si(CH;)H, moiety to 5.48 ppm which is a confir-
mation of -Si(CH;)(CH,-), group formation. The verification
of catalytic reactivity of Si-H groups was performed for the
DDSQ—based dendrimers with allyl glycidyl ether. The analo-
gous reactions were applied to Tg-based dendrimer with sym-
metrically octasubstituted Tg core: G1-8T-16H, allyl glycidyl
ether and 1-octene resulting in the formation of G1-
16T-16epoxy and G1-16T-160ctyl, respectively. However, in this
case, the process turned out to be less selective as up to 13%
a-addition products were detected. Nevertheless, the exemplary
experiments confirmed that the incorporated Si-H units were
susceptible to further functionalization via hydrosilylation
reaction. Therefore, the scope of the functional alkenes can be
easily extended thanks to a wide gamut of commercially avail-
able chemicals and known, highly tolerant catalytic systems.
The epoxy-modified SQ-based dendrimers, due to the presence
of oxirane rings are susceptible to further modifications, e.g.
ring opening.® 1t is a procedure leading to the formation of
modifiers applied in epoxy resin or nanocomposites.’*%

The second generation of carbosilane dendrimers with
silsesquioxane cores

The essence of dendritic systems is the possibility to create
compounds with the highest generation. Consequently, the
next step of our research were attempts at obtaining the
G2 generation of the studied systems. Isobutyl derivative (G1-
1iBu-2H) was used as a model reagent. The same hydrosilyl-
ation/reduction sequence protocol was applied with LiAlH, as
a reducing reagent to the synthesized G1 dendritic system.
Hydrosilylation conditions: [G1-1iBu-

H]: [Cl,MeSiVi] : [Pty(dvds);] = 1:4:4 x 10~% reduction con-
ditions: LiAlH, 1.2 equiv. per one -Si-Cl group. The "H NMR
analysis of the reaction mixture revealed the presence of two
multiplets deriving from Si-H bond in a range of
3.70-3.80 ppm (G2-1iBu-4H). These resonance lines were
slightly low-field-shifted when compared to the placement of
protons of Si-H in G1-1iBu-2H (3.69-3.73 ppm). Moreover, the
?°Si NMR analysis of G2-1iBu-4H displayed the presence of
three peaks at ca. —2.60, —3.30 and —4.30 ppm, deriving from
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Scheme 4 Three different possibilities of substitution in the G2-1iBu-
4H system.

the created -Si(CH3)-C- moiety. Additionally, there were four
peaks derived from Si-H groups, i.e. at —29.19, —29.27, —29.63
and —29.66 ppm. These results may suggest that a mixture of
f- and a-addition products was obtained. These are isomers of
statistical substitution and three possible products may be
obtained, because of different addition of each Si-H double
bond of olefin. The "*C NMR supported by the DEPT-135 NMR
technique enabled analysis of the reaction mixture and selec-
tion and assignment of peaks to respective - and a-addition
products, as there are three possible placement of substituents
(Scheme 4, Fig. S11 and S13 in ESI{).

Although the product of double f-addition is the preferred
substitution position in the synthesis of dendrimers during
the hydrosilylation reaction, all of the products in this mixture
have the G2 generation. For the p, p-product, a longer flexible,
ethylene bridge reduces steric hindrance in subsequent gener-
ations. On the other hand, for the «, - or a, a - systems, the
reactive groups are available for further modification, though
the steric hindrance may be an obstacle to further modifi-
cation which may not proceed easily. Moreover, the same
result was obtained when G1-8T-16H was used as a starting
material in the synthesis of the SQ-based second dendrimer
generation (G2-16T-32H) which was depicted in Scheme 5.
This in turn confirms the previously emphasized conclusion
describing the crucial role of the Si-H and Si-Vi location in
reagents on the reaction regioselectivity. Nevertheless, the
presence of o-regioisomers does not exclude their suscepti-
bility to further functionalization through catalytic
reactions.*”%%%

The GPC analysis may enable the determination of the dis-
persity of dendritic systems. The obtained chromatograms con-
firmed the monodispersity of all the obtained systems. It
should be also emphasized that no increase in the value of the
polydispersity index (PDI) was observed in any of the example.
Its value is in the range of 1.08-1.24, which proves the high
selectivity of the process without the formation of any duplex
systems (see ESIt). Such relationships were observed for silses-
quioxane-based dendritic systems.®*

8 2) Reduction 2) "2)Reduction

ﬂo\s, > 1) H- s. CI P 0\5, 1) H- s. CI ] ﬂ 0\5,
< " Ns'
l\
8

H
G1-8T-16H Sis
H

G2-16T-32H

octaTg-OSiVi

Scheme 5 Synthetic path to obtain G2-16T-32H.
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Conclusions

To conclude, an effective one-pot synthesis of dendrimers with
a different type of silsesquioxane core, from mono-Tg, octa-Tg
SQ to di- and tetrafunctional DDSQ, was presented. The syn-
thetic protocol was based on the reaction sequence, i.e. hydro-
silylation followed by the reduction. To obtain the p-product,
the placement of Si-H and Si-Vi reactive groups was verified in
regards to respective products. Within the scope of our
studies, two reducing agents were tested: LiAlH, and Red-Al®.
The systems with a mono-functional SQ core, LiAlH, revealed
to be good reducing agents, however, for dendrimers with a
DDSQ and octa-Tg core, the Red-Al® was preferable. These
studies are another example®® that macromolecular systems,
despite similar structures, should be approached individually,
which was also observed when purifying the obtained com-
pounds. In addition, the structures of the compounds GO-
4D-4H and G1-2D-4H were confirmed by XRD analysis.
Hydrogen derivatives of the GO and G1 generations are charac-
terized by the presence of a reactive Si-H bond, which was con-
firmed in the hydrosilylation reaction with 1-octene and allyl
glycidyl ether. Additionally, reactive G1 generation systems
were developed to obtain higher generation dendrimers.
Despite the non-selectivity of the hydrosilylation, reactive
G2 generation dendritic systems with mixed o and p substi-
tution were obtained. All synthesized compounds can be modi-
fied in catalytic processes, such as hydrosilylation.
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