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Wykaz stosowanych skrétow

'H NMR - (proton Nuclear Magnetic Resonance) — spektroskopia protonowego magnetycznego
rezonansu jagdrowego
13C NMR — (carbon-13 Nuclear Magnetic Resonance) — spektroskopia weglowego magnetycznego
rezonansu jagdrowego

29Si NMR — (silicon-29 Nuclear Magnetic Resonance) — spektroskopia krzemowego magnetycznego
rezonansu jagdrowego

A — powierzchnia elektrody
Bi(OTf);z — trifluorometanosulfonian bizmutu(l1)

BSE — (BackScattered Electron detector) — detektor elektronéw wstecznie rozproszonych w analizie
SEM

C — stezenie substancji elektroaktywne;j

Co — stezenie depolaryzatora

Cua — pojemno$¢ miedzyfazowa warstwy podwdjne;j

CDCl; — chloroform deuterowany

CHCI; — chloroform

CV — (Cyclic Voltammetry) — woltamperometria cykliczna

Do — wspolczynnik dyfuzji

DCM — dichlorometan/ chlorek metylenu

DDSQ — (Double-Decker Silsesquioxane) — silseskwioksan typu double-decker

DDSQ-40H - tetrasilanol DDSQ

DIBAL — wodorek diizobutyloglinu

E1° — potencjat poczatkowy

E.° — potencjal koncowy

AE;.1° — r6znica potencjalow

EA — (Elemental Analysis) — analiza elementarna

EIS — (Electrochemical Impedance Spectroscopy) — elektrochemiczna spektroskopia impedancyjna
Et,0O — eter dietylowy

EtsN — trietyloamina

ESI MS — (Electrospray lonization Mass Spectrometry) — spektrometria mas z jonizacja probki poprzez
elektrorozpylanie

F — stata Faradaya

FT-IR — (Fourier Transform Infrared Spectroscopy) — spektroskopia w podczerwieni
z transformacjg Fouriera
FT-IR — in situ — (Fourier Transform Infrared Spectroscopy — in situ) — spektroskopia

w podczerwieni in situ z transformacja Fouriera w realnym czasie trwania

G — generacja

GE — the General Electric

GPC — (Gel Permeation Chromatography) — chromatografia zelowo-permeacyjna
HMDS - 1,1,1,3,3,3-heksametylodisilazan

iBu — grupa izobutylowa
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iBu;Ts — monopodstawiony w pelni skondensowany silseskwioksan typu Ts z izobutylowymi grupami
inertnymi

io— warto$¢ pradu wymiennego

ip — natezenie pradu piku

IUPAC — (International Union of Pure and Applied Chemistry) — Miedzynarodowa Unia Chemii
Czystej i Stosowanej

Ju-1 — jadrowa stala sprzezenia spinowo-Spinowego

[u-1r(cod)ClI].— dimer chlorku 1,5-cyklooktadienu irydu(l)

k® — stata heterogeniczna przenoszenia elektronow

K¢ — (Comproportionantion Constant) — stata wspotproporcjonalnosci

ks — stata szybkosci przenoszenia elektronéw

KH — wodorek potasu

KHMDS - bis(trimetylosililo)amidek potasu

LiAIH; = LAH — glinowodorek litu

MALDI TOF MS — (Matrix Assisted Laser Desorption/lonization (MALDI) Time-Of-Flight (TOF)
Mass Spectrometry) — spektrometria mas z laserowg jonizacjg probki wspomagana matryca
z detektorem czasu przelotu

MeCN - acetonitryl

n — liczba elektronow biorgca udziat w reakcji elektrodowej

n-BuL.i — n-butylolit

NaBH4 — tetrahydroboran sodu

NaH — wodorek sodu

NMR — (Nuclear Magnetic Resonance) — spektroskopia magnetycznego rezonansu jgdrowego
MeCN — acetonitryl

MeOH — metanol

OLED - (Organic Light Emitting Diode) — organiczne diody emitujace $wiatto

PAMAM - poli(amidoaminy)

Ph — grupa fenylowa

PhsTg — w pelni skondensowany silseskwioksan typu Ts posiadajacy osiem grup fenylowych
POSS — (Polyhedral Oligomeric Silsesquioxanes) — poliedryczne oligomeryczne silseskwioksany
PPI — poli(propyleno iminy)

PVA — alkohol poliwinylowy

Pt — platyna

[Pto(dvds)s] — tris(1,1,3,3-tetrametylo-1,3-diwinylodisiloksan)diplatyna(0), katalizator Karstedt’a
R — stata gazowa

Ret — kinetyka przenoszenia elektrolitow

Rs — rezystancja elektrolitu

Red-Al® — bis(2-metoksyetoksy)glinowodorek sodu

SCE - (Saturated Calomel Electrode) — kalomelowa elektroda odniesienia

Sc(OTf); — trifluorometanosulfonian skandu(l11)

SE — (Secondary Electron) — elektrony wtorne

SEM — (Scanning Electron Microscope) — skaningowy mikroskop elektronowy

SQ — (Silsesquioxane) — silseskwioksan

T — temperatura bezwzgledna

Ts — w pelni skondensowany silseskwioksan klatkowy

~0~
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T4” — temperatura 5% ubytku masy

T41%% — temperatura 10% ubytku masy

TGA — (Thermogravimetric Analysis) — analiza termograwimetryczna
THF — tertrahydrofuran

TMDS —1,1,3,3-tetrametylodisilazan

v — szybko$¢ zmian potencjatu

o — liczba falowa

Vi — grupa winylowa (HC=CH,)

W — impendancja Warburga

XRD - (X-ray Diffraction) — rentgenografia strukturalna
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Streszczenie w jezyku polskim

Chemia dendrymerow jest jedng z dziedzin nauki, ktéra ulega cigglemu rozwojowi, ze wzgledu
na réznorodnos$¢ struktur mozliwych do otrzymania. Dendrymery charakteryzuja si¢ budowa kulista
z znaczng iloscia powierzchniowych grup funkcyjnych, w poréwnaniu z ich odpowiednikami
posiadajacymi dwie lub trzy takie same grupy, co determinuje ich polepszone wlasciwos$ci
fizykochemiczne. Jako rdzenie dendrymeréw wykorzystuje si¢, m.in. ugrupowania poliamidoaminowe,
karbosilanowe czy karbosiloksanowe. W ostatnich latach wzrasta zainteresowanie wykorzystaniem jako
rdzenia dendrymeru specyficznych zwigzkoéw krzemoorganicznych, tzw. silseskwioksandéw. To uktady
0 trojwymiarowej, dobrze zdefiniowanej strukturze potaczen Si-O-Si, stanowigcych rdzen tych
czasteczek z zakotwiczonymi grupami organicznymi na jego powierzchni. W zwigzku z powyzszym,
natura tych organiczno-nieorganicznych struktur definiuje je jako zwiazki hybrydowe, charakteryzujace
si¢ ciekawymi wiasciwosciami fizykochemicznymi, ktére determinuja ich pdzniejsze szerokie
zastosowanie W chemii materialowej, medycynie, przemysle, ale roéwniez
1w zyciu codziennym.

W ramach niniejszej rozprawy doktorskiej, pt. ,,Ukfady dendrytyczne na bazie funkcjonalizowanych
silseskwioksanow — synteza i charakterystyka” zaprojektowano i opracowano protokoly syntez
dendrymeréw o roznych rdzeniach silseskwioksanowych: monofunkcyjnym typu Te (kubicznym)
z izobutylowymi i fenylowymi grupami inertnymi oraz di- i tetrafunkcyjnym silseskwioksanem typu
double-decker (DDSQ). Wybrane zwigzki zostaly scharakteryzowane pod katem wybranych
wiasciwosci fizykochemicznych. Przedstawiona rozprawa doktorska obejmuje cykl czterech publikacji
(P1 — P4), ktore opisuja synteze i charakterystyke dendrymerow silseskwioksanowych roznigcych si¢
dendronami: winylo- i chlorometyleno-podstawionymi (P1), karbosilanowymi (P2), ferrocenowymi
(P3) oraz poliolowymi (P4). W ramach pracy P1, P2, P4 jako rdzenie silseskwioksanowe wykorzystano
zarowno monofunkcyjny iBu;Ts oraz Ph;Tg oraz di- i tetrafunkcyjny silseskwioksan typu double-
decker. Natomiast w pracy P3 rdzeniem dendrymerow ferrocenowych byt jedynie tetrafunkcyjny
DDSQ.

Pierwsza praca z cyklu (P1) dotyczyta opracowania Sciezki syntetycznej do otrzymania winylo-
i chlorometyleno-podstawionych dendrymeréw o niskiej generacji, odpowiednio G1 i G1.5. Protokot
syntetyczny opierat si¢ na sekwencji reakcji kondensacji oraz hydrosililowania. Podczas pierwszego
etapu oprocz pozadanych zwigzkéw otrzymano nowy typ silseskwioksanu typu double-decker
z zamknigtym z jednej strony narozem, ktorego struktura zostala potwierdzona za pomocg analizy XRD.
Natomiast w drugim etapie badan procesu hydrosililowania weryfikowany byt wplyw rodzaju
katalizatora, temperatury prowadzenia reakcji na opracowanie warunkéw umozliwiajacych selektywne
otrzymanie produktu p-addycji, ktory jest preferowany w syntezie zwigzkéw dendrytycznych. Dobor
wprowadzanych grup reaktywnych (winylowych- i chlorometylenowych-) byt zamierzonym celem
w kwestii mozliwosci dalszego wykorzystania tych ukladow, | w zwiazku z tym latwoscia
ich modyfikacji.

W publikacji P2 zostata opisana synteza dendrymerow silseskwioksanowych z karbosilanowymi
dendronami, w ktorej wykorzystano zaprojektowang indywidualnie procedurg, oparta na sekwencji
reakcji hydrosililowania i redukcji. W ramach tych badan weryfikowano umiejscowienie wigzania
Si-H w strukturach obu reagentéw na selektywno$¢ procesu hydrosililowania. Zweryfikowano takze
rodzaj czynnika redukujacego oraz opracowano roézne metody oczyszczania uzyskanych produktow
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w zaleznosci od stosowanych reagentow, tj. struktur silseskwioksanow. Dodatkowo, sprawdzono
mozliwo$¢ modyfikacji obecnego w nowych dendrymerach o geneneracji G.1 wigzania Si-H w reakcji
hydrosililowania celem jego funkcjonalizacji, jak rowniez dalszego rozbudowania dendrymeru poprzez
zastosowanie opracowanej metody ,,0ne-pot”.

Kolejna praca P3 poswiccona jest otrzymaniu uktadéw z ferrocenowymi podstawnikami i rdzeniem
silseskwioksanowym typu double-decker. Zwigzki te zostaly przygotowane w oparciu o reakcje
hydrosililowania. Dodatkowym aspektem badan byta charakterystyka samych zwigzkow pod katem ich
stabilno$ci termicznej oraz rozpuszczalno$ci w podstawowych rozpuszczalnikach organicznych.
Ponadto, ze wzgledu na obecne w strukturze grupy ferrocenowe, otrzymane uktady zostaty zbadane pod
katem wilasciwosci utleniajgco-redukujacych z wykorzystaniem woltamperometrii  cyklicznej,
co zrealizowano podczas stazu w grupie prof. Pilar Garcia Armada, w ramach stypendium z projektu
Inicjatywa Doskonatosci — Uczelnia Badawcza. W ramach realizowanych prac przygotowano
zmodyfikowane przez ferrocenowe dendrymery elektrody platynowe, ktorych wilasciwosci zostaty
zweryfikowane przez techniki woltamperometrii cyklicznej i elektrochemicznej spektroskopii
impedancyjnej.

Ostatnia publikacja z cyklu (P4) dotyczyta syntezy poliolowych uktadow dendrytycznych o réznych
rdzeniach silseskwioksanowych. Do tego celu zaprojektowano szlak syntezy tych zwiazkow, ktory
opieral si¢ na sekwencji reakcji katalitycznych: hydrosililowania, O-sililowania oraz ponownego
hydrosililowania. Podczas badan weryfikowano wptyw budowy wykorzystanych do badan olefin
z grupami hydroksylowymi. Zrewidowano wlasciwosci fizykochemiczne otrzymanych uktadow
dendrytycznych w zaleznosci od iloSci podstawnikow organicznych, jak i rodzaju rdzenia
silseskwioksanowego. Opracowano 3 metody oczyszczania takich zwigzkow w zaleznos$ci od typu
rdzenia dendrymeru, jak rowniez sprawdzono stabilnos$¢ uktadow G1.5 w warunkach atmosferycznych.

Badania przedstawione w opublikowanych pracach byty realizowane w ramach grantow
doktoranckich z projektu Uniwersytet Jutra | nr POWR.03.05.00-00-Z303/17 finansowanego przez
Narodowe Centrum Badan i Rozwoju oraz z projektu Inicjatywa Doskonatosci — Uczelnia Badawcza.
Konkurs 17, Zadanie 02 — Wsparcie procesu aplikacji grantowych: merytoryczne, techniczne
i jezykowe; nr wniosku 017/02/SNS/0001, pt.: “Poliolowe uklady dendrytyczne na bazie rdzeni
silseskwioksanowych”, a takze stazu w ramach projektu Inicjatywa Doskonatosci — Uczelnia Badawcza,
konkurs 048, zadanie 13 — Wsparcie umigdzynarodowienia badan naukowych prowadzonych w Szkole
Doktorskiej UAM, nr wniosku: 048/13/UAM/0017.

Przedstawione w publikacjach P1 — P4 zoptymalizowane procedury syntetyczne pozwolity
na otrzymanie 39 uktadéw dendrytycznych, z czego 36 jest nieznanych w literaturze, ktérych struktury
zostaly potwierdzone spektroskopowo i spektrometrycznie. Podczas badan wykazano, ze rozbudowane
uktady molekularne o zdefiniowanej strukturze charakteryzuja si¢ indywidualnymi cechami
fizykochemicznymi ze wzgledu na obecne w ich architekturze réznorodne funkcjonaty, jak i rézne typy
rdzeni silseskwioksanowych, co determinowato konkretny sposob podejscia do ich otrzymania.
Ponadto, syntezowane uktady dendrytyczne stanowia biblioteke nowych, nieznanych do tej pory
zwigzkow taczacych naturg dendrymerow i silseskwioksanow typu Tg oraz double-decker, dzigki ktorej
mozna blizej pozna¢ t¢ nowa dziedzing chemii. Taka baza zwigzkéw moze by¢ podstawowym
elementem do planowania kierunkow ich dalszego wykorzystania. Badania prowadzone
W przedstawionej pracy doktorskiej wpisuja si¢ w ambitne wyzwania chemii materiatlow. W ostatnich
latach liczba raportow dotyczacych syntez dendrymerow o charakterze hybrydowym o réznorodnych

~12 ~
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zastosowaniach ro$nie, a mimo to, perspektywy dalszego rozwoju tej grupy uktadéw sa duze i by¢ moze
nadal nie do konca odkryte.

~13 ~
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Streszczenie w jezyku angielskim

The field of dendrimer chemistry has been continually evolving, driven by the diversity of structures
that can be obtained. Dendrimers, characterized by a spherical structure with numerous surface
functional groups, exhibit enhanced physicochemical properties in comparison to their counterparts with
fewer identical groups. Various polyamidoamine, carbosilane, and carbosiloxane groups serve
as dendrimer cores. In recent years, there has been growing interest in the use of specific organosilicon
compounds, so-called silsesquioxanes, as dendrimer cores. These three-dimensional structures feature
well-defined Si-O-Si connections, forming the core with organic groups anchored on the surface.
Therefore, the nature of these organic-inorganic structures defines them as hybrid compounds exhibiting
interesting physicochemical properties which determine their subsequent wide use in materials
chemistry, medicine, industry, but also in everyday life.

The doctoral thesis, titled "Dendritic Systems Based on Functionalized Silsesquioxanes — Synthesis
and Characterization", focused on designing and developing synthesis protocols for dendrimers
with different silsesquioxane cores - monofunctional Tg (cubic) with isobutyl and phenyl inert groups,
as well as di- and tetrafunctional double-decker silsesquioxanes. Selected physicochemical properties
of the compounds were characterized. This doctoral dissertation is composed of four publications
(P1 — P4) covering the synthesis and characterization of silsesquioxane dendrimers with different
dendrons: vinyl- and chloromethyl-substituted dendrimers (P1), carbosilane dendrimers (P2), ferrocene-
substituted dendrimers (P3), and polyol dendrimers (P4). P3 describes ferrocene dendrimers based only
on tetrafunctional DDSQ core.

The first publication (P1) is focused on the development of a synthetic route to low-generation vinyl-
and chloromethyl-substituted dendrimers (G1 and G1.5) using a synthetic protocol based on
condensation and hydrosilylation reactions. Unexpectedly, during the first stage of research, a new type
of double-decker silsesquioxane, closed on one side of the corner, was obtained which was confirmed
by XRD analysis. In the second stage of studies on the hydrosilylation process, the influence of the type
of catalyst and reaction temperatures on the efficient conditions enabling selective obtaining of
the g-addition product - crucial in dendrimer synthesis - were verified. The selection of the introduced
reactive groups (vinyl- and chloromethyl-) was the intended goal to examine the possibility of their
further use due to the ease of modification.

The second publication (P2) described the synthesis of carbosilane-substituted dendrimers using
a custom-designed procedure based on a sequence of hydrosilylation and reduction reactions. As a part
of these studies, the location of the Si-H bond in the reagents’ structures was verified it terms
of the impact on selectivity of the hydrosilylation process. The type of reducing agent was also revised
and various methods of purifying of the obtained products were developed, depending on the reagents
used, i.e. the silsesquioxane structures. Additionally, the possibility of modifying the Si-H bond present
in the new dendrimers of the G.1 generation was examined using the hydrosilylation reaction in order
to functionalize it, as well as to further expand the dendrimer by using the developed
"one-pot™ method.

The third publication (P3) was devoted to gaining dendrimers with ferrocene substituents
and a double-decker silsesquioxane core. An additional aspect of the research was the characterization
of the compounds in terms of their thermal stability and solubility in basic organic solvents. Moreover,
due to the ferrocene groups present in the structure, the obtained systems were tested for reduction-
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oxidation properties using cyclic voltammetry (CV) during an internship in the group of prof. Pilar
Garcia Armada, as a part of the scholarship from the Excellence Initiative — Research University project.
Within conducted studies, platinum electrodes modified by ferrocene dendrimers were prepared
and characterized by cyclic voltammetry (CV) and electrochemical impedance techniques (EIS).

The fourth publication (P4) concerned the synthesis of polyol dendrimers with different
silsesquioxane cores. For this purpose, the developed synthetic route explored the sequence of catalytic
reactions: hydrosilylation, O-silylation and hydrosilylation. During the tests, the influence of
the structure of olefins with hydroxyl groups used in the research was verified. The physicochemical
properties of the obtained dendritic systems were verified in terms of the amount of organic substituents
and the type of silsesquioxane core. To isolate these compounds, three purification methods were
developed and they were dependent on the type of dendrimer core. Also, the stability of the G1.5 systems
in atmospheric conditions was verified.

The research work was conducted as a part of doctoral grants from the Uniwersytet Jutra | project
no. POWR.03.05.00-00-2303/17 financed by the National Center for Research and Development and
the Excellence Initiative — Research University, Competition 17, Task 02 — Support for the grant
application process: substantive, technical and linguistic; application no. 017/02/SNS/0001, entitled:
"Polyol dendritic systems based on silsesquioxane cores", and scholarship from the Excellence Initiative
— Research University project, competition 048, task 13 — Support for the internationalization
of scientific research conducted at the Adam Mickiewicz University Doctoral School; application
number: 048/13/UAM/0017.

The optimized synthetic procedures presented in publications P1 — P4 resulted in obtaining
39 dendritic systems, 36 of which are novel. The structures were spectroscopically confirmed,
demonstrating unique physicochemical characteristics. It was proved that such systems with a defined
structure possess their individual physicochemical features due to the various functionalities present
in their structure, as well as different types of silsesquioxane cores, which determined the specific
approach in their preparation. These studies contribute to the ambitious challenges in materials
chemistry, providing a library of novel compounds merging dendrimer and silsesquioxane properties
for potential diverse applications. The work aligns with the ongoing exploration and development
of hybrid dendrimer structures, holding promise for future discoveries in this exciting field of chemistry.

~ 15~
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Dorobek naukowy

A. Wykaz publikacji wchodzacych w sklad rozprawy doktorskiej

P1. Aleksandra Mrzygldd, Maciej Kubicki, Beata Dudziec*
Vinyl- and chloromethyl-substituted mono-Ts and double-decker silsesquioxanes as specific
cores to low generation dendritic systems
Dalton Transactions, 2022, 51, 1144-1149; IF2022= 4,00; 1Fsyea= 3,70.

P2.  Aleksandra Mrzygtod, Rafat Januszewski, Julia Duszczak, Michat Dutkiewicz, Maciej Kubicki,
Beata Dudziec”
Tricky but repeatable synthetic approach to branched, multifunctional silsesquioxane
dendrimer derivatives
Inorganic Chemistry Frontiers, 2023, 10, 4587-4596; 1F2023= 7,00; IFsyea= 6,30.

P3. Aleksandra Mrzygltdod, Maria Pilar Garcia-Armada, Monika Rzonsowska, Beata Dudziec*,
Marek Nowicki
Metallodendrimers unveiled: invastigation the formation and features of double-decker
silsesquioxane-based silylferrocene dendrimers
Inorganic Chemistry, 2023, 62 (41), 16932-16942; IF023= 4,60; IFsyca= 4,40.

P4.  Aleksandra Mrzygtod*, Monika Rzonsowska, Beata Dudziec”
Exploring polyol-functionalized dendrimers with silsesquioxane cores
Inorganic Chemistry, 2023, 62 (51), 21343-21352; IF2023= 4,60; IFsyca= 4,40.

Sumaryczny Impact Factor (IF) wedtug listy Journal Citation Reports (JRC) na rok wydania publikacji
wynosi: 20,20.
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B. Wykaz pozostalych publikacji niewchodzacych w sklad rozprawy doktorskiej

1. Julia Duszczak, Aleksandra Mrzygléd, Katarzyna Mituta, Michat Dutkiewicz, Rafat
Januszewski, Monika Rzonsowska, Beata Dudziec”, Marek Nowicki, Maciej Kubicki
Distinct insight into the use of difunctional double-decker silsesquioxanes as building blocks
for alternating A-B type macromolecular frameworks
Inorganic Chemistry Frontiers, 2023, 10, 888-899. IFx23= 7,00; IFsyea= 6,30.

C. Miedzynarodowe staze naukowe

v/ 12.09.2018 — 31.01.2019, 5 miesi¢czny staz naukowy w grupie badawczej Prof. Jesus Pérez-
Torrente — Universidad de Zaragoza, Instituto de Sintesis Quimica y Catalisis Homogénea,
Wydziat Chemii, C/ Pedro Cerbuna 12, 50009 Zaragoza, Hiszpania. Wyjazd finansowany
w ramach projektu Erasmus+.

v'6.10.2022 — 20.10.2022, 2 tygodniowy staz naukowy w grupie badawczej prof. Maria Pilar
Garcia Armada — Universidad Politécnica de Madrid, Escuela Técnica Superior de Ingenieros
Industriales, Catedratica de Ingenieria Quimica, C/ José Gutierrez Abascal 2, 28006 Madrid,
Hiszpania. Staz realizowany w ramach stypendium z projektu Inicjatywa Doskonatosci —
Uczelnia Badawcza. Konkurs 048, Zadanie 13 — Wsparcie umigdzynarodowienia badan
naukowych prowadzonych w Szkole Doktorskiej UAM; nr wniosku: 048/13/UAM/0017.

D. Udzial w projektach badawczych

v' Opus 12 grant nr 2016/23/B/ST5/00201, pt. “Nowe perspektywy dla tetrafunkcjonalnych
silseskwioksanow typu double-decker jako molekularnych rusztowan dla reaktywnych grup
organicznych” finansowany przez Narodowe Centrum Nauki.

Czas realizacji: 04.07.2017 — 03.04.2021.
Pelniona funkcja: wykonawca.
Kierownik projektu: Prof. UAM dr hab. Beata Dudziec.

v' Grant doktorancki w ramach projektu Uniwersytet Jutra | nr POWR.03.05.00-00-Z2303/17
finansowany przez Narodowe Centrum Badan i Rozwoju.
Okres realizacji: 26.05.2021 — 26.06.2022.
Petniona funkcja: Kierownik.

v" MiniGrant doktorancki pt.. “Poliolowe uktady dendrytyczne na bazie rdzeni
silseskwioksanowych” w ramach projektu /nicjatywa Doskonatosci — Uczelnia Badawcza.
Konkurs 17, Zadanie 02 — Wsparcie procesu aplikacji grantowych: merytoryczne, techniczne
i jezykowe; nr wniosku 017/02/SNS/0001.

Okres realizacji: 1.10.2021 — 30.09.2022.
Petniona funkcja: Kierownik.

v Opus 21 grant nr 2021/41/B/ST5/02028, pt. “Zaawansowane materialy koordynacyjne
projektowane w oparciu o funkcjonalne silseskwioksany” finansowany przez Narodowe
Centrum Nauki.

Czas realizacji: 18.01.2022 — obecnie.
Pelniona funkcja: wykonawca.
Kierownik projektu: Prof. UAM dr hab. Beata Dudziec.
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E. Uczestnictwo w konferencjach naukowych

= Komunikaty wygloszone osobiscie

v A. Florkowska, Poziom glukozy we krwi czlowieka — metabolizm i cukrzyca,
XV Ogodlnopolskie Sympozjum Naukowego Kota Chemikéow Uniwersytetu im. Adama
Mickiewicza w Poznaniu, w Jeziorach, 24-26.10.2014, Jeziory, Polska (prezentacja).

v'A. Florkowska, Sztuczne kamienie, XVI Ogolnopolskie Sympozjum Naukowego Kota
Chemikow Uniwersytetu im. Adama Mickiewicza w Poznaniu, w Jeziorach, 26-29.03.2015,
Jeziory, Polska (prezentacja).

v A. Florkowska, Dlaczego rosliny parzq?, XVII Ogdlnopolskie Sympozjum Naukowego Kota
Chemikoéw Uniwersytetu im. Adama Mickiewicza w Poznaniu, w Jeziorach, 23-25.10.2015,
Jeziory, Polska (prezentacja).

v A. Florkowska, Protonoterapia, czyli inne podejscie w leczeniu nowotworéw,
XVIII Ogolnopolskie Sympozjum Naukowego Kota Chemikow Uniwersytetu im. Adama
Mickiewicza w Poznaniu, w Jeziorach, 21-23.10.2016, Jeziory, Polska (prezentacja).

v A. Florkowska, Protonoterapia, czyli inne podejscie w leczeniu nowotworéw,
XLV Ogodlnopolska Szkota Chemii ,,Chemia na fali” Jesien’16, 10-14.11.2016, Rozewie, Polska
(prezentacja).

v A. Florkowska, NanoKnife — noze, ktére potrafig leczyé, XIX Ogdlnopolskie Sympozjum
Naukowego Kota Chemikéw Uniwersytetu im. Adama Mickiewicza w Poznaniu, w Jeziorach,
24-26.03.2017, Jeziory, Polska (prezentacja).

v A. Florkowska, NanoKnife — noze, ktére potrafig leczy¢, XLVI Ogolnopolska Szkota Chemii
,Potega pierwiastkow” Wiosna’17, 29.04-03.05.2017, Jachranka, Polska (poster).

v'A. Florkowska, B. Dudziec, Synteza i charakterystyka nowych tetrafunkcyjnych pochodnych
silseskwioksanow typu double-decker, XX Ogolnopolskie Sympozjum Naukowego Kota
Chemikoéw Uniwersytetu im. Adama Mickiewicza w Poznaniu, w Jeziorach, 20-22.10.2017,
Jeziory, Polska (prezentacja).

v A. Florkowska, Nowe asymetryczne kompleksy rodu i irydu, XXI Ogolnopolskie Sympozjum
Naukowego Kota Chemikow Uniwersytetu im. Adama Mickiewicza w Poznaniu, w Jeziorach,
23-25.03.2018, Jeziory, Polska (prezentacja).

v' A. Florkowska, Nawe katalizatory irydu stosowane w dehydrogenacji kwasu mréwkowego,
XXII Ogolnopolskie Sympozjum Naukowego Kota Chemikéw Uniwersytetu im. Adama
Mickiewicza w Poznaniu, w Jeziorach, 15-17.03.2019, Jeziory, Polska (prezentacja).

v'A. Florkowska, B. Dudziec, Wykorzystanie difunkcyjnych silseskwioksanéw typu double-
decker w syntezie liniowych uktadow makromolekularnych, XXIII Ogoélnopolskie Sympozjum
Naukowego Kota Chemikéw Uniwersytetu im. Adama Mickiewicza w Poznaniu, w Jeziorach,
18-20.10.2019, Jeziory, Polska (prezentacja).

v' A. Florkowska, J. Duszczak, B. Dudziec, K. Mituta, M. Rzonsowska, M. Dutkiewicz,
R. Januszewski, M. Nowicki, Budowa reagentow a architektura makromolekularnych
produktow  krzemoorganicznych z  wykorzystaniem  struktury DDSQ w  procesie
hydrosililowania, XVI Wroctawskie Studenckie Sympozjum Chemiczne, 05-06.12.2020,
Wroctaw, Polska (prezentacja).
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A. Florkowska, B. Dudziec, Dendrymery silseskwioksanowe- wlasciwosci i zastosowanie,
XVII Wroctawskie Studenckie Sympozjum Chemiczne, 15-16.05.2021, Wroctaw, Polska
(prezentacja).

A. Florkowska, B. Dudziec, Silsesquioxane derivatives as potential cores for dendritic systems,
The 19" International Symposium on Silicon Chemistry (online), 05-07.07.2021, Toulouse,
France (poster).

A. Florkowska, R. Januszewski, M. Kubicki, B. Dudziec, New dendritic systems with mono-Tsg
and double-decker silsesquioxane cores, The 4™ edition of the International Symposium
on Synthesis and Catalysis 2021, 31.08-03.09.2021, Evora, Portugal (flash communication).

A. Florkowska, R. Januszewski, M. Kubicki, B. Dudziec, New dendritic systems with mono-Tsg
and double-decker silsesquioxane cores, The 4" edition of the International Symposium
on Synthesis and Catalysis 2021, 31.08-03.09.2021, Evora, Portugal (poster).

A. Florkowska, B. Dudziec, Dendrimers with carbosilane functionality based
on silsesquioxane cores, The 5" International Symposium on Silsesquioxanes-based Functional
Materials (online), 24-25.09.2021, Beijin, China (prezentacja).

A. Mrzygléd, B. Dudziec, Medyczne zastosowanie dendrymerow o rdzeniach
silseskwioksanowych, XXV Ogolnopolskie Sympozjum Naukowego Kota Chemikow
Uniwersytetu im. Adama Mickiewicza w Poznaniu, w Jeziorach, 05-07.11.2021, Jeziory, Polska
(prezentacja).

A. Mrzyglod, J. Duszczak, B. Dudziec, Si-Cl reduction as a route to obtain dendritic systems
with silsesquioxane cores, 8" EuChemS Chemistry Congress, 28.08-01.09.2022, Lizbona,
Portugalia (poster).

A. Mrzygléd, Maria Pilar Garcia-Armada, Beata Dudziec, Ferrocene modifications
at silsesquioxane-based dendrimers, 14" Advanced Polymers via Macromolecular Engineering,
23-27.04.2023, Paryz, Francja (poster).

A. Mrzyglod, M. Rzonsowska, B. Dudziec, N,X-pincer type derivatives of dendrimers with
silsesquioxane core, 10" European Silicon Days, 10-12.07.2023, Montpellier, Francja (poster).

Wspolautorstwo wystapien konferencyjnych

J. Duszczak, A. Florkowska, B. Dudziec, R. Januszewski, M. Dutkiewicz, M. Kubicki, Linear
double-decker silsesquioxane based macromolecular frameworks, The 19" International
Symposium on Silicon Chemistry, 05-07.07.2021, Toulouse, France (poster).

B. Dudziec, M. Rzonsowska, K. Mitula, J. Duszczak, A. Florkowska, M. Kubicki, Double-
Decker Silsesquioxanes and their (Unexpectedly Frustrating) Transformation, The 4™ edition
of the International Symposium on Synthesis and Catalysis 2021, 31.08-03.09.2021, Evora,
Portugal (wystapienie ustne).

B. Dudziec, K. Mituta, M. Rzonsowska, J. Duszczak, A. Mrzyglod, Unsaturated
Silsesquioxanes as Buildings Blocks of Novel Hybrid Systems, Il International Conference
on Materials Science & Engineering, 18-22.04.2022, Boston, MA, USA (wyktad)

B. Dudziec, K. Mituta, M. Rzonsowska, J. Duszczak, A. Mrzygléd, Are Silsesquioxanes
Susceptible to be Part of Hybrid Ligands?, 8" EuChemS Chemistry Congress,
28.08-01.09.2022, Lizbona, Portugalia (wystapienie ustne).
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v" M. Rzonsowska, B. Dudziec, A. Mrzygléd, Synthesis and assembly properties of selected Ts
and DDSQ silsesquioxanes ligands, 8" EuChemS Chemistry Congress, 28.08-01.09.2022,
Lizbona, Portugalia (wystgpienie ustne).

v" B. Dudziec, M. Rzonsowska, K. Mituta, A. Mrzyglod, J. Duszczak, Silsesquioxanes from
the inside out - modifications and emerging functions, 10" European Silicon Days,
10-12.07.2023, Montpellier, Francja (wyktad).

F. Stypendia, nagrody i wyroznienia
v' 2015 - 2016 Laureatka Stypendium Rektora UAM Ill-stopnia dla najlepszych studentow.

2016 — 2017 Laureatka Stypendium Rektora UAM lI-stopnia dla najlepszych studentow.
2017 — 2018 Laureatka Stypendium Rektora UAM I-stopnia dla najlepszych studentow.

AEENERN

2018 — 2019 Laureatka Stypendium dla studenta/studentki — magistranta/magistrantki w ramach
projektu Opus 12 grant nr 2016/23/B/ST5/00201.

2021 Otrzymanie dofinansowania wyjazdu na konferencj¢ naukowg The 19" International
Symposium on Silicon Chemistry, Toulouse, Francja w ramach projektu Inicjatywa
Doskonatosci — Uczelnia Badawcza. Konkurs 15, Zadanie 06 — Wsparcie udziatu naukowcow
i doktorantow w prestizowych konferencjach naukowych; nr wniosku 015/06/POB3/0003.

<

v' 2021 Otrzymanie dofinansowania wyjazdu na konferencje naukowag The 4" edition
of the International Symposium on Synthesis and Catalysis 2021, Evora, Portugalia w ramach
projektu Inicjatywa Doskonatosci — Uczelnia Badawcza. Konkurs 22, Zadanie 06 — Wsparcie
udziatu naukowcow i doktorantow w prestizowych konferencjach naukowych; nr wniosku
022/06/POB3/0007.

v" 2022 Otrzymanie dofinansowania dwutygodniowego wyjazdu stazowego do Madrytu w ramach
projektu Inicjatywa Doskonatosci — Uczelnia Badawcza. Konkurs 048, Zadanie 13 — Wsparcie
umi¢dzynarodowienia badan naukowych prowadzonych w Szkole Doktorskiej UAM;
nr wniosku: 048/13/UAM/0017.

v’ 2022 Otrzymanie dofinansowania wyjazdu na konferencje naukowa 8" EuChemS Chemistry
Congress, Lizbona, Portugalia w ramach projektu Inicjatywa Doskonatosci — Uczelnia
Badawcza. Konkurs 71, Zadanie 06 — Wsparcie udzialu naukowcow i doktorantow
w prestizowych konferencjach naukowych; nr wniosku 071/06/POB3/0009.

v' 2023 Otrzymanie dofinansowania wyjazdu na konferencje naukowa 14" Advanced Polymers
via Macromolecular Engineering, Paryz, Francja w ramach projektu Inicjatywa Doskonatosci —
Uczelnia Badawcza. Konkurs 93, Zadanie 06 — Wsparcie udziatu naukowcoéw i doktorantow
w prestizowych konferencjach naukowych; nr wniosku 093/06/POB3/0008.

v' 2023 Otrzymanie dofinansowania wyjazdu na konferencje naukowsg 10" European Silicon
Days, Montpellier, Francja w ramach projektu ,,UNIWERSYTET JUTRA II — zintegrowany
program rozwoju Uniwersytetu im. Adama Mickiewicza w Poznaniu”, nr POWR.03.05.00-00-
Z303/18.

G. Aktywno$¢ pozanaukowa
v 2014 - 2019 Cztonek Naukowego Kota Chemikow NKCh UAM Poznan

o Udzial w organizacji konferencji:
e XVI Ogolnopolskic Sympozjum Naukowego Kota Chemikow Uniwersytetu
im. Adama Mickiewicza w Poznaniu, w Jeziorach, 26-29.03.2015, Jeziory, Polska;
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XVII Ogolnopolskie Sympozjum Naukowego Kota Chemikéw Uniwersytetu
im. Adama Mickiewicza w Poznaniu, w Jeziorach, 23-25.10.2015, Jeziory, Polska;

XLIV Ogo6lnopolska Szkota Chemii ,Poznaj Nasza Chemig¢!” Wiosna’lo6,
30.04-04.05.2016, Koszuty, Polska; Wspotorganizator;

XVII Ogoélnopolskie Sympozjum Naukowego Kota Chemikow Uniwersytetu
im. Adama Mickiewicza w Poznaniu, w Jeziorach, 21-23.10.2016, Jeziory, Polska;

XIX Ogoélnopolskie Sympozjum Naukowego Kota Chemikow Uniwersytetu
im. Adama Mickiewicza w Poznaniu, w Jeziorach, 24-26.10.2017, Jeziory, Polska.

Organizacja oraz aktywny udzial w pokazach chemicznych i warsztatach dla dzieci
i mlodziezy.

Organizacja pokazow chemicznych w ramach Festiwalu Nauki i Sztuki.

Organizacja pokazow chemicznych w ramach Nocy Naukowcow.

v 2014 — 2019 Cztonek Stowarzyszenia ESN UAM Poznan.

O
@)

2015 — 2016 Cztonek Zarzadu ds. finansowych ESN UAM Poznan.

2016 Cztonek Komitetu Organizacyjnego ds. finansowych zjazdu szkoleniowego
GreatUpgrade.

2016 — 2018 Cztonek Komisji Rewizyjne;j.

2017 Czlonek Komitetu Organizacyjnego Erasmus Date Auction Poznan.
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Przewodnik po publikacjach stanowiacych rozprawe doktorska

1. Wstep

Chemia metaloorganiczna, jako interdyscyplinarna gataz chemii faczaca aspekty chemii organicznej
i nieorganicznej, jest jedna z najbardziej rozwijanych dziedzin, ze szczegdlnym uwzglednieniem chemii
krzemoorganicznej. Zwiazane jest to nie tylko z aspektami badan podstawowych, ale takze a moze
przede wszystkim ich aplikacyjnosci, biorac pod uwage szczeg6lnie kwestie chemii materiatow, katalizy
czy medycyny. W tym miejscu nalezy wskazaé na zagadnienia nazewnictwa zwigzkow
krzemoorganicznych, ktoére oprocz nomenklatury zgodnej z IUPAC, czesto przyjmuje utatwiong
terminologie zaproponowang przez the General Electric (GE). Opiera si¢ ona na rzgdowos$ci atomow
krzemu, tj. ilosci potaczen atoméw tlenu z jednym atomem krzemu w strukturze. W ten sposob
wyrdzniamy cztery podstawowe jednostki budulcowe zwigzkéw krzemoorganicznych, ktore zostaty
przedstawione na Schemacie 1.1

PPN AT
\Sli/ \Sli/ \Sli/ ~ \sii/
(0] (o]
. Ny < .
M D T Q
mono di tri tetra
[RSiOq2]n [RSiOy)5]n [RSiO3/2], [RSiOy2]n

Schemat 1. Schematyczne przedstawienie zroznicowanej rzedowosci atomoéw krzemu.

Chemia zwigzkow krzemoorganicznych obejmuje szerokie spektrum uktadow roznigcych si¢ swoja
strukturg. Wyrézniamy uktady o mniejszej masie czasteczkowej, tj. silany, siloksany, silanole, silazany,
cyklosiloksany, jak i o znacznie wyzszej, m.in. polisiloksany, czy silseskwioksany (SQ). Te ostatnie
naleza do uktadow hybrydowych charakteryzujacych sie obecno$cig w strukturze nieorganicznego
rdzenia Si-O-Si oraz organicznych podstawnikéw, przylaczonych do kazdego atomu krzemu.
Opisywane sg ogélnym wzorem [RSiOs/2]n, gdzie R moze by¢ wodorem lub funkcjonalizowana grupg
alkilows, czy arylowa. Ich skomplikowana nazwa jest zwigzana z budowg czgsteczki i mozna podzieli¢
ja na 3 cztony: sil — oznacza krzem, sesqui — poéttora i informuje, ze na kazdy atom krzemu przypada
1,5 atomu tlenu oraz ane — oznacza, ze kazdy atom krzemu jest potaczony z atomem wodoru lub grupa
weglowodorowa. Uktady te, ze wzgledu na swoj hybrydowy charakter — potaczenia komponentow
organicznych i nieorganicznych, wyrdzniaja si¢ dwoista natura, ktora umozliwia tworzenie nowych,
multifunkcyjnych materiatow o ciekawych wlasciwosciach i szerokim spektrum zastosowan.
Ze wzgledu na rézne mozliwosci konfiguracji przestrzennej potaczen atomow krzemu, tlenu oraz
podstawnikow wyrdznia si¢ kilka rodzajow silseskwioksanow, m.in. silseskwioskany o budowie
nieuporzadkowanej, tzw. zywice Silseskwioksanowe, drabinkowej czy klatkowej, w ktérej wyrdznic
mozna uklady catkowicie i nie w pelni skondensowane (Schemat 2).*
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1
Silseskwioksany Silseskwioksany . Silseskwioksany klatkowe i czesciowo klatkowe !
. - 1
nieuporzadkowane drabinkowe I R '
I s R..-OH R _o '
' aES si” Si \SI '
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Schemat 2. Rodzaje struktur silseskwioksanow.

Jedng z najbardziej popularnych grup silseskwioksanow sg uktady klatkowe, ze wzgledu na ich
stosunkowo tatwa synteze i nastepcza modyfikacjeg, jak rowniez ich wtasciwosci. W literaturze znane
s silseskwioksany o roznej wielkosci klatki od uktadu typu T4do nawet T1s (Schemat 2).2-6 Jednak nadal
zdecydowanie przewazajaca liczba przyktadow literaturowych dotyczy wykorzystania kostki typu T,
ktéra przyjmuje forme szeScienng. W narozach tej struktury znajdujg si¢ atomy krzemu (potaczone
mostkami tlenowymi), do ktorych przytaczone sg podstawniki reaktywne lub inertne. Ze wzgledu
na rézny charakter podstawnikow, wyrdznia si¢ silseskwioksany typu Ts z jedng lub o§mioma grupami
reaktywnymi.® Obecno$¢ w szkielecie tych uktadow sztywnego, symetrycznego rdzenia potaczen
Si-O-Si nadaje tym zwigzkom specyficzne cechy, m.in. wysoka stabilno$¢ termiczng. Pozostate,
interesujgce wiasciwosci fizyko-chemiczne tych uktadow, jaki i ich potencjalne zastosowanie jest
determinowane przez ilo$¢, a takze rodzaj obecnych w strukturze organicznych podstawnikow.’®

Inng ciekawa grupa klatkowych silseskwioksanéw, znanych od ponad dwoch dekad
sg silseskwioksany typu double-decker (DDSQ). Charakteryzuja sie obecnos$cig dwoch pier§cieni
cyklotetrasiloksanowych utozonych jeden na drugim i potaczonych dwoma mostkami tlenowymi.
Dodatkowo, do kazdego atomu krzemu przylgczona jest grupa fenylowa.’®!' W ramach tej grupy
silseskwioksanow, wyrdznia sie dwa typy uktadéw, tj. difunkcyjny o zamknietej strukturze (D2 Ts) oraz
tetrafunkcyjny o budowie otwartej (M4Ts) (Schemat 2).12-* W literaturze naukowej z ostatnich lat coraz
czeSciej pojawiaja si¢ doniesienia o otrzymaniu uktadu zamknietego typu D,Tg z dwiema,
ale i z czterema grupami reaktywnymi.® Zwiazki tego typu sa syntezowane ze wzgledow poznawczych
i porownawczych w odniesieniu do kubicznych analogéw. Jednoczesnie ich wlasnosci fizykochemiczne
1 obecnos¢ dwoch lub czterech grup reaktywnych predestynuje je do wykorzystania jako blokow
budulcowych uktadéw makromolekularnych w postali liniowej, ale i usieciowanej.%” Mozna znalez¢
takze przyktady silseskwioksanow typu double-decker, ktore moga posiadaé¢ zakotwiczone jednostki
0 wlasciwos$ciach koordynujgcych metale, wykazujacych ciekawe wilasno$ci fizykochemiczne, 121819
Pomimo ciagglego zainteresowania uktadami DDSQ to liczba doniesien literaturowych dotyczaca tej
tematyKi jest znaczaco mniejsza w poréwnaniu z opisujacymi kubiczne silseskwioksany typu Tg. 21220
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Kluczowa procedura syntezy silseskwioksanow opiera si¢ na dwoch procesach: hydrolizie
i kondensacji. W przypadku catkowicie skondensowanych kostek typu Ts lub ich niecatkowicie
skondensowanych form (trisilanolu) reakcja zachodzi pomiedzy trojorganofunkcyjnymi silanami
RSiXs, gdzie R to organiczny podstawnik, a X to np. grupa metoksylowa, etoksylowa lub atom chloru.®
Z kolei rdzen DDSQ otrzymuje si¢ w wyniku hydrolitycznej kondensacji trimetoksyfenylosilanu
w obecnosci wodorotlenku sodu w 2-propanolu. Nastepnie sol sodowa (DDSQ-40Na) pod wptywem
kwasu octowego i wody przeksztatcana jest w forme tetrasilanolu (DDSQ-40H). Jak wspomniano
wcezesniej wyrdzniamy dwa rodzaje  silseskwioksanow typu double-decker — difunkcyjny
oraz tetrafunkcyjny DDSQ, ktore otrzymuje si¢ w wyniku reakcji kondensacji tetrasilanolu DDSQ
z odpowiednio dichloro- i monochlorosilanem (Schemat 3).1?

a) l
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Schemat 3. Synteza silseskwioksanow: a) klatkowego i czg¢sciowo klatkowego typu T7 i Ts; b) typu
double-decker.

Jedng z istotnych cech silseskwioksanow, zawigzang z obecnoscig prostych grup funkcyjnych jest
tatwos¢ ich dalszej modyfikacji.?®#* W literaturze czesto pojawia sie¢ okreslenie o tzw. ,,ang. tunable
functional groups”, oznaczajace w thtumaczeniu dostownym ,,dostrajalne grupy funkcyjne”, wskazujace
na atwo$¢ ich modyfikacji.?®?! Oznacza to, ze w zaleznoSci od typu grupy funkcyjnej obecnej
w strukturze kostki wykorzystuje si¢ odpowiednio dobrane procesy chemiczne do jej przeksztalcenia,
ktére mozna podzieli¢, na reakcje stechiometryczne oraz katalityczne (Schemat 4). Do pierwszej grupy
zaliczane sg, m.in. kondensacja, hydroliza, substytucja nukleofilowa, redukcja czy reakcja
Grignarda.®?>?* Grupy funkcyjne, ktére mozna modyfikowaé z wykorzystaniem tych reakcji to,
m.in. -Si-OH, -Si-Cl, -Si-alkil-X (X = CI, Br, ). Z punktu widzenia wydajnosci i selektywnos$ci
proceséw chemicznych, a takze czasu ich trwania, zdecydowanie przewaza mozliwo$¢ stosowania
procesow katalitycznych. W tym punkcie mozna wyrdznié silseskwioksany posiadajace W swojej
strukturze grupy funkcyjne takie jak: -Si-H, -Si-HC=CH,, -Si-C=CH, -Si-OH, -Si-alkil-N3s, ktére moga
by¢ modyfikowane w wyniku reakcji hydrosililowania, O—sililowania, metatezy krzyzowej, sililujacego
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sprzegania, sprzegania Hecka lub Sonogashiry, jak rowniez reakcji typu click, tj. cykloaddycja (3+2)

alkinow do azydkow katalizowana zwigzkami Cu' (CUAAC) (Huisgena), addycja eno-tiolowa. 81233
36,25-32
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Schemat 4. Przyktadowe procedury modyfikacji silseskwioksanow.

Mnogo$é¢ proceséw jakimi mozna funkcjonalizowaé grupy reaktywne obecne w strukturach
silseskwioksanowych pozwala na wprowadzenie nowego typu funkcjonalow o wigkszym
skomplikowaniu budowy, ktore nadaja im interesujace wlasciwosci fizyko-chemiczne, wptywajac tym
samym na zwigkszenie ich potencjatu aplikacyjnego. Co wiecej, czesto te poprawione wiasnosci fizyko-
chemiczne s3a rezultatem synergicznego dziatania obecnej w strukturze grupy organicznej
z nieorganicznym szkieletem kostki. Silseskwioksany typu Ts ze wzgledu na fakt, ze zostaty opisane
najwczesniej, to sg najbardziej zbadane i znalazly zastosowanie w roznych dziedzinach chemii
czy medycyny. Wykorzystuje si¢ je w nanomateriatach jako nanonapetniacze czy modyfikatory matryc
polimerowych, poniewaz polepszajg ich wlasciwosci, np. mechaniczne, termiczne, czy optyczne.”7-3°
Zwiazki te stuza takze do otrzymania materiatow porowatych, badanych w kierunku detekcji jonow,
adsorbowania barwnikow czy metali cigzkich.***® Biokompatybilno$¢ funkcjonalizowanych
silseskwioksanow, atakze ich brak toksycznosci wykorzystano w otrzymywaniu materiatow
0 przeznaczeniu medycznym, tj. komponenty dentystyczne, uklady transportujace leki i geny
czy w inzynierii tkankowej.®*>* Odpowiedni dobdr organicznych podstawnikow zakotwiczonych
na nieorganicznych  klatkach wplywa na ich interesujace wlasciwosci fluorescencyjne
i elektrochemiczne, co zostalo wykorzystane w urzadzeniach optycznych oraz sensorach.®>°
Omawiana szeroka grupa zwiazkow Kkrzemoorganicznych znalazta rowniez zastosowanie jako
komponenty katalizatorow, baterii, jak rowniez W przemysle tekstylnym i kosmetycznym,23:36:60-62
Jednak nie tylko silseskwioksany typu Ts znalazty szerokie spektrum zastosowan. W literaturze
pojawiaja si¢ doniesienia o wykorzystaniu silseskwioksanow typu double-decker, m.in. jako
modyfikatoréw matryc polimerowych.'2% Wiasciwosci takie jak wysoka stabilno$¢ termiczna decyduja
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0 tym, ze DDSQ jest stosowany do modyfikacji polimeréw, zywic epoksydowych, otrzymywania
struktur porowatych lub jako komonomery z wybranymi merami organicznymi.l’3164-6¢ Dopre
wlasciwosci optyczne i rozpuszczalno$¢ w rozpuszcezalnikach organicznych pozwala na wykorzystanie
tych zwigzkoéw do produkcji urzadzen fotoprzewodnikowych, mikroelektronicznych czy w diodach
OLED.*??® Ponadto, DDSQ mogg charakteryzowaé si¢ wlaéciwosciami powlokotwérczymi,
co umozliwito utworzenie filmoéw typu Langmuir-Bodgett’a.t”% W literaturze mozna réwniez zalezé
doniesienia o0 potencjalnym zastosowaniu DDSQ w ogniwach paliwowych ze wzgledu
na przewodnictwo protonéw zaréwno w stanie suchym, jak i wilgotnym.%® Dodatkowo, w ostatnim
czasie pojawita si¢ praca dotyczaca otrzymania hybrydowego kompozytu, opartego o alkohol
poliwinylowy (PVA) modyfikowany silseskwioksanem typu double-decker (DDSQ-PVA), ktory
postuzyt jako podtoze do wzrostu ludzkich komorek fibroblastow, co $wiadczy o zainteresowaniu
tg grupg materiatow rowniez w kierunku potencjalnej aplikacji medycznej.”

Al

Dendrymery, to ciekawa grupa uktadow

0 budowie = makromolekularnej,  ktore ° -3

nieustajaco pozostaja W kregu w’;:; \l / A r
zainteresowan chemikow i sg intensywnie o4 R pY. P
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strukturg.”* Pierwsze informacje na temat 4‘ / ------- \ i"‘.
rozbudowanych ~ molekul  podobnych B I ‘ 3 f.;'.

do o$miornicy  zostaly  przedstawione l .7 "&“ 'J"\;L
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»czasteczki  kaskadowe” pojawilo  sie
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roku grupa prof. Tomalia po raz pierwszy
uzyla do ich nazwy terminu dendrymer.”

Dendron
® Grupy powierzchniowe
Jednostki rozgateziajgce

B Rdzen

Stowo to wywodzi si¢ 2. greckiego | mozna Schemat 5. Schematyczne przedstawienie struktury

podzieli¢ je na dwa czlony, dendron — budowy dendrymeru.

drzewo oraz meros — jednostka.

Dendrymery zbudowane sg z wielofunkcyjnego rdzenia (Schemat 5 czerwony kwadrat), od ktorego
odchodza rozbudowane galezie, tzw. ramiona (dendrony) (Schemat 5 szary obszar), zakonczone
grupami funkcyjnymi (Schemat 5 fioletowe kota). Natomiast, pomi¢dzy ramionami znajdujg si¢ wolne
przestrzenie, w ktorych, jak donosi literatura, moga by¢ zaabsorbowane mniejsze czasteczki, np. jony
metali (Cu®*, Cd?*).”* Dodatkowo, charakterystycznym pojeciem zwigzanym z dendrymerami jest
tzw. generacja, ktora informuje o stopniu rozbudowania danej czgsteczki.”>™® Na Schemacie 5
zaznaczono niebieskimi okrggami warstwy wokot rdzenia, stopnie rozgalgzienia i odpowiadajace
im numery generacji.

Metodologia syntez uktadéw dendrytycznych jest zwigzana z dwoma rozwigzaniami, okreslanymi
jako metody: dywergentna oraz konwergentna (Schemat 6).° Sciezka dywergentna polega
na nabudowywaniu krok po kroku molekularnych monomeréw na juz istniejacym rdzeniu,
przy jednoczesnym wzroscie generacji. Zaletami tej procedury jest otrzymanie dendrymeru o wysokiej
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masie molekularnej oraz stopniu polimeryzacji. Wadami takiego podejscia jest kwestia niecatkowitej
funkcjonalizacji dendrymeru ze wzglgdu na duzg zawadg steryczng czy mozliwos¢ towarzyszacych
reakcji ubocznych. Problematycznym aspektem jest wtedy etap oczyszczania dendrymeréw
od produktow ubocznych, ktore ze wzglgdu na podobienstwo strukturalne, czesto charakteryzuja sie
zblizonymi wlasciwosciami fizykochemicznymi. Metoda konwergentna zwigzana jest z indywidualng
synteza rozbudowanego dendronu, tj. ramienia, ktory w ostatecznym etapie jest przylaczany
do multifunkcyjnego rdzenia. Ta metoda ma swoich zwolennikow ze wzglgdu na fakt, ze do uzyskania
finalnego dendrymeru wykorzystuje mniej etapéw syntetycznych w poréwnaniu z podejSciem
dywergentnym, co moze prowadzi¢ do wigkszej kontroli procesu. Dodatkowo, jest to metoda, ktora
umozliwia otrzymanie dendrymerdéw asymetrycznych, poniewaz na ostatecznym etapie tagczenia ramion
z wielofunkcynym rdzeniem, mozna przylaczy¢ strukturalnie rézne segmenty dendronow. '
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Schemat 6. Metody otrzymania uktadow dendrytycznych.

Wiasciwosci fizykochemiczne dendrymeréw sg zalezne od budowy samego rdzenia, jak i grup
terminalnych, funkcyjnych. Do najbardziej popularnych rodzajow dendrymerow ze wzglgdu na rdzen
wyroznia si¢, m.in. poli(amidoaminy) (PAMAM),”” poli(propyleno iminy) (PPI),’® peptydy,™
glikodendrymery® czy karbosilany, kabrosiloksany.8! Natomiast najczesciej spotykanymi jednostkami
rozgalgziajacymi i grupami powierzchniowymi sg proste grupy, ktore mozna modyfikowaé réoznymi
metodami, np. grupy karboksylowe (-COOH), hydroksylowe (-OH) czy aminowe
(-NH>). Rodzaj dendrymeréw, jak i grup funkcyjnych implikuje typ reakcji jaki zostanie zastosowany
do otrzymania tych uktadow. Dodatkowo, istotnym aspektem planowania syntezy jest oprocz doboru,
takze polaczenie odpowiednich typow reakcji, w celu efektywnej modyfikacji i rozbudowania
czgsteczki. Do syntezy dendrymerow wykorzystuje sie dobrze znane reakcje organiczne, jak i te nowe,
ktore maja na celu efektywne zablokowanie i odblokowanie grup funkcyjnych. Mozna wyroznic,
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m.in.: substytucj¢ nukleofilows, addycje Michaela, hydrosililowanie, reakcje typu click (addycja
eno-tiolenowa czy alkinowo-azydkowa reakcja Huisgena katalizowana jonami Cu(l)).’t76:82-84
Ponadto sa przyktady aplikacji innych metod, np., enzymatycznych (synteza monopodstawionego
poli(e-kaprolaktonu) katalizowana lipazg), czy niekowalencyjne takie jak samoorganizacja
dendrymerow.®

Ze wzgledu na zdefiniowang, trojwymiarowa strukture, duza ilo$¢ funkcyjnych grup
powierzchniowych oraz nano-rozmiary, dendrymery znalazty liczne Kierunki zastosowan.® Przyktadem
moze by¢ medycyna. Ze wzgledu na architekture tych zwigzkow, mozliwe jest zamkniecie
bioaktywnych molekut lekow w przestrzeniach pomi¢dzy dendronami, ktore moga by¢ wrazliwe
np. na zmiany pH srodowiska w jakim si¢ znajduja, umozliwiajac ich uwolnienie. Czasteczki
bioaktywne mogg by¢ takze zakotwiczone na powierzchni dendrymeru poprzez wigzania kowalencyjne
lub oddzialywania elektrostatyczne.”*8- W literaturze naukowej mozna znalezé przyktady
wykorzystania uktadow dendrytycznych w terapii genowej, przeciwnowotworowej, czy jako kontrasty
w obrazowaniu medycznym.®% Wiasciwoséci absorbujace i akumulujgce dendrymerdow zostaty
wykorzystane w ich uzyciu do oczyszczania $ciekow z jonéw metali cigzkich.®*®® Dendrymery
stosowane sg roOwniez jako katalizatory procesow takich jak acylowanie Friedela-Craftsa czy reakcji
Suzuki %697

Interesujgcym faktem sg doniesienia literaturowe przedstawiajgce potaczenie tych dwoch grup
zwiazkow, tj. silseskwioksanéw i dendrymerow. Okazuje sie, ze umiejscowienie silseskwioksanu
w strukturach dendrytycznych moze by¢ strukturalnie rézne, a przyktady literaturowe mozna podzieli¢
na 4 kategorie (Schemat 7):

1) silseskwioksan jako rdzen dendrymerdw z zakotwiczonymi ramionami dendronu;

2) silseskwioksan jako powtarzajgca si¢ jednostka w tréjwymiarowej strukturze sieci;

3) silseskwioksan jako grupa powierzchniowa;

4) silseskwioksan jako rdzen sprzezony z dendronem.%
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dendrymerowz zakotwiczonymi powtarzajgca sie jednostkaw grupa powierzchniowa sprzezonyz dendronem
ramionami dendronu tréjwymiarowej strukturze sieci

Schemat 7. Rodzaje silseskwioksanowych uktadow dendrytycznych.

W grupie 1 wykorzystywany jest oktafunkcyjny silseskwioksan typu Ts, posiadajacy przy samym
rdzeniu klatki osiem grup reaktywnych, stanowigcych jednostki rozgateziajace, ktore umozliwiajg
szybka rozbudowe rozgatezien, przy rownoczesnej matej ilosci krokow syntetycznych. Dodatkowo,
trojwymiarowy, szeScienny rdzen pozwala molekule na przyjmowanie symetrycznego, sferycznego
ksztattu. Jest to istotng zaleta tych uktadow, ze wzgledu na fakt ograniczenia mozliwosci pojawienia si¢
defektow w strukturze, czy niepelnej funkcjonalizacji grup powierzchniowych spowodowanych zawada
steryczng — stloczeniem grup powierzchniowych. Uklady te ze wzgledu na swoje wlasciwoscei,
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m.in. zdefiniowane nanorozmiary czy biokompatybilno$¢ znalazly zastosowanie w medycynie jako
transportery lekow, gendow, czy jako substancje bedace kontrastem do wykonania rezonansu
magnetycznego.®®1%° Silseskwioksanowe dendrymery zostaty wykorzystane jako katalizatory takich
procesow jak hydroformylacji, hydrokarbonylacji czy epoksydowania olefin.10:-10

Dendrymery z powtarzajaca si¢ jednostka silseskwioksanu — grupa 2 — stanowigcych strukture sieci
trojwymiarowej charakteryzuje si¢ wigksza zawarto$cig struktur klatkowych w materiale, co powoduje
znaczacg poprawe wlasciwosci termicznych i mechanicznych tych ukladow (Schemat 7).% Rowniez
w tym przypadku silseskwioksanem wykorzystanym do tworzenia tego typu architektur jest
oktafunkcyjny silseskwioksan typu Ts. Grupa prof. Wu otrzymata silseskwioksanowe dendrymery
o generacji G1 i G2 z obecnymi 9 i 65 jednostkami klatkowymi posiadajacymi finalnie 56 i 392
reaktywne, winylowe grupy powierzchniowe. Dendrymery te uzyskano w odpowiednio jednym i trzech
etapach syntetycznych.1® Uzyskanie tak duzej iloSci grup terminalnych moglo zosta¢ zrealizowane
ze wzgledu na multifunkcyjno$¢ silseskwioksanu. Inng stosowang nazwg tych uktadow usieciowanych
jest trojwymiarowy hiperrozgateziony polimer.

Grupa 3 obejmuje uktady, w ktorych silseskwioksan petni funkcjg grupy powierzchniowej (Schemat
7) i pojawia si¢ mozliwos$¢ jego bezposredniego oddziatywania z otaczajagcym go Srodowiskiem. Z tego
tez wzgledu, wlasciwosci tych uktadow sa w duzej mierze zblizone do wyj$ciowych silseskwioksanow,
co daje takze mozliwos$¢ uzyskania kontroli nad parametrami mechanicznymi i termicznymi tego typu
dendrymerow poprzez regulowanie zawartosci ilosci klatek w strukturze.®® Przyktadem tego typu badan
sa doniesienia, m.in. grupy prof. Dvornic, ktora jako pierwsza przedstawita syntez¢ dendrymeru
poli(amidoaminowego) (PAMAM) z monofunkcyjnym silseskwioksanem typu Tg jako grupg
powierzchniow.’?” Udowodniono teze, ze wigksza zawarto$¢ jednostek SQ wplywa na zmiane
rozpuszczalnosci dendrymerow, przypominajgc bardziej wihasciwosci samego silseskwioksanu,
tj. wicksza rozpuszczalno$¢ w chloroformie, toluenie i tetrahydrofuranie. Dodatkowo, zaobserwowano
fakt mozliwo$ci okreslenia temperatury topnienia w tych dendrymerach, ktoérej na ogoét nie mozna
wyznaczy¢. Moze to $wiadczyé o tworzeniu si¢ wewnatrz- lub migdzyczasteczkowych domen
krystalicznych, ulegajacych uporzadkowaniu, ze wzglgdu na obecno$¢ jednostek silseskwioksanowych.

Grupa 4 dendrymerow silseskwioksanowych zwigzana jest z uzyciem silseskwioksanow jako
rdzenia sprz¢zonego z dendronem (Schemat 7). W tym przypadku istotna jest zdefiniowana struktura
makroczasteczkowa ukfadu i duza elastyczno$é/,,dostrajalnos¢” (ang. “tunable”) pod wzgledem
rozmiaréw i funkcjonalnosci (wielko$¢ i typ grup reaktywnych). To sg takze wiasciwosci istotne
dla otrzymania struktur samoorganizujacych sie w roztworze lub w masie.®® W tym celu wykorzystuje
sie monofunkcyjny silseskwioksan typu Tsg, ktory znajduje sie z jednej strony czgsteczki, a rozbudowany
podstawnik organiczny — dendron z drugiej jej strony. Prof. Naka wraz ze swojg grupg przedstawili
syntezg dendronow silseskwioksanowych zakonczonych ugrupowaniem akrylanu metylu lub estru
t-butylu z aminopropyloheptaizobutylosilseskwioksanem.1® Otrzymali w ten sposob serie dendronéow
zakonczonych grupami hydroksylowymi i karboksylowymi o réznych generacjach. Wykazali,
ze zwiazki charakteryzuja si¢ amfifilowoscia, tj. wilasciwosciami hydrofilowo-hydrofobowymi,
przyjmujac ksztatt stozka i majac tendencje do tworzenia miceli. Srednica hydrodynamiczna tych miceli
maleje wraz ze wzrostem generacji, np. w metanolu dla G2POSS-OH wynosita 18 + 10 nm,
a dla G3POSS-OH 6 + 4 nm. Dodatkowo, zwiazki te na ptytkach szklanych tworzg transparentne filmy
(bezbarwne lub barwy biatej), auktad G3POSS-COOH cechowat si¢ mozliwoscia uformowania
,wolnostojacej folii” (“free-standing film”) o wysokiej przezroczystosci.
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Zaréwno chemia dendrymerow, jak i silseskwioksanow ulega nieustannemu rozwojowi, 0 czym
$wiadczg liczne publikacje i patenty pojawiajace si¢ w obu tematykach kazdego roku. Doniesien
literaturowych dotyczacych potaczenia tych dwoch rodzin zwigzkow jest stosunkowo niewiele,
szczegblnie je§li porowna¢ to z iloScig prac W poszczegdlnych grupach. Skupiaja si¢ one
na wykorzystaniu jednego rodzaju silseskwioksanu typu Ts w postaci formy mono- lub oktafunkcyjnej.
Tym niemniej, uktady dendrytyczne zbudowane z uzyciem powyzszych uktadow charakteryzuja si¢
ciekawymi wilasciwosciami fizykochemicznymi, ktére umozliwity znalezienie ich zastosowan,
m.in. w medycynie, katalizie.®® Mnogo$¢ struktur silseskwioksanowych, a w szczegdlnosci mozliwosé
wykorzystania silseskwioksanu typu double-decker jako rdzenia uktadow dendrytycznych stato
si¢ motywacja do przeprowadzenia badan w przedstawionej dysertacji. Zrealizowane badania nad
syntezg zwigzkow dendrytycznych na bazie silseskwioksandéw, pozwolity na poszerzenie wiedzy
nie tylko w tematyce silseskwioksanéw typu double-decker, ale takze w obszarze dendrymerow
otrzymanych zich udziatem. Otrzymane w ramach realizacji przedstawionej rozprawy doktorskiej
wyniki wpisuja si¢ w ambitne wyzwania chemii materialow, ktoére umozliwiajg stworzenie
rozbudowanej biblioteki zwigzkow 0 ciekawych wlasciwosciach  fizykochemicznych oraz
zdefiniowaniu ich potencjatu aplikacyjnego. Pomimo licznych doniesien literaturowych dotyczacych
syntezy uktadow hybrydowych i zwigzanych z nimi kierunkami aplikacji, to perspektywy rozwoju
dziedziny chemii taczacej tematy silseskwioksanoéw i dendrymerow sa szerokie i nadal nie do konca
poznane.
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2. Cel pracy

Celem naukowym rozprawy doktorskiej pt., ,,Ukfady dendrytyczne na bazie funkcjonalizowanych
silseskwioksandéw — synteza i charakterystyka” byto opracowanie selektywnych i efektywnych metod
syntez dendrymeréw o roznej funkcjonalnosci, w ktorych rdzenie bylyby zbudowane z klatek
silseskwioksanowych oraz zbadanie ich wlasciwosci fizykochemicznych (Schemat 8).
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Schemat 8. Ogolny schemat przedstawiajacy cel pracy.

W ramach prowadzonych prac przeprowadzono kolejno etapy zaplanowania $ciezek syntez
wybranych grup dendrymerow:
e zwierajacych wybrane szkielety silseskwioksanéw roznigcych si¢ budowa szkieletu Si-O-Si,

tj. Ts typu kubicznego oraz Ty i T12 typu double-decker,

e posiadajacych w swojej strukturze dedykowang ilo$¢ centrow rozgatezien,
e 0 okreslonym typie grup terminalnych,
co w rezultacie wptywa na funkcjonalno$¢ catego dendrymeru. Przeprowadzone badania opieraty
si¢ na opracowaniu szlakow syntez wybranych grup dendrymeréw, ktore zawieraja konkretng ilos¢
rozgatezien i terminalnych grup funkcyjnych. Reakcje wykorzystane w realizacji powyzszego celu
opieraly si¢ na procesach stechiometrycznych, tj. reakcji kondensacji ugrupowan silanolowych
z odpowiednimi chlorosilanami, redukcji wigzan Si-Cl do Si-H oraz wybranych procesach
katalitycznych, tj. hydrosililowanie olefin i O-sililowanie grup hydroksylowych. Badane reakcje,
ktorych warunki zoptymalizowano doprowadzity do selektywnego i wydajnego otrzymania szerokiej
gamy produktow z dobrymi i bardzo dobrymi wydajno$ciami. Dobor takich grup funkcyjnych (Si-H,
Si-HC=CHj,, C-OH) byt pokierowany ich tatwg dalsza modyfikacja, jak rowniez kwestig raportow o ich
wykorzystaniu w syntezie materiatow 81217 Nowatorskim aspektem tych badan byto zastosowywanie
silseskwioksanu typu double-decker jako rdzenia dendrymerow, co jest pierwszym takim przyktadem
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w literaturze. Architektura szkieletu tej czasteczki, zardwno dla di-, jak i dla tetrafunkcyjnej pochodnej,
umozliwita otrzymanie uktadéw przypominajacych struktury hantlowe, w odr6znieniu od znanych
z literatury zwigzkow oktapodstawionych o budowie kulistej.

Realizowane badania doprowadzity do opracowania metod syntez wybranych grup dendrymerow
0 rdzeniach silseskwioksanowych roéznej struktury, generacji oraz funkcjonalnosci, co zostato
potwierdzone odpowiednimi technikami analitycznymi. Zweryfikowane zostaly takze wybrane
wlasciwosci fizykochemiczne tych uktadow, co calo$ciowo umozliwito stworzenie odpowiedniej
biblioteki dendrymeréw silseskwioksanowych. Synteza nowych, nieopublikowanych do tej pory
zwigzkow tego typu dopetnia innowacyjnego charakteru przeprowadzonych prac.
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3. Oméwienie wynikow badan

Przeprowadzone badania zostaly podzielone na 4 etapy, ktére odpowiadaja poszczegdlnym tematom
publikacji:
1) Synteza i charakterystyka winylo- i chlorometyleno-podstawionych  dendrymerow
silseskwioksanowych (P1).
2) Synteza i charakterystyka dendrymerow silseskwioksanowych opartych na karbosilanach (P2).
3) Synteza i charakterystyka ferrocenowych dendrymerow silseskwioksanowych (P3).
4) Synteza i charakterystyka poliolowych dendrymeréw silseskwioksanowych (P4).
W niniejszym opisie badan zostaly zastosowane symbole otrzymanych zwigzkow, ktore sg tozsame
z oznaczeniami znajdujacymi si¢ w odpowiednich publikacjach. Pozwoli to na sprawne przegladanie
I porownywanie przedstawionych wynikow zaréwno w rozprawie doktorskiej, jak i w publikacjach
naukowych.

3.1  Synteza i charakterystyka winylo- i chlorometyleno-podstawionych dendrymeréw
silseskwioksanowych (P1).

Badania realizowane w ramach niniejszej dysertacji rozpoczgto od syntezy uktadow dendrytycznych
o trzech typach rdzeni silseskwioksanowych — monofunkcyjnego typu Ts (pochodna izobutylowa
i fenylowa, R = iBu, Ph) oraz di- i tetrafunkcyjnego silseskwioksanu typu double-decker, z prostymi
grupami reaktywnymi — winylowymi i chlorometylenowymi (P1). W zaleznosci od rodzaju rdzenia
uktady posiadaty od 3 do 12 grup funkcyjnych.

Pierwszym etapem prowadzonych badan bylo otrzymanie winylo-podstawionych uktadéw
dendrytycznych  w  wyniku reakcji ~ kondensacji pomigdzy  odpowiednim  silanolem,
a triwinylochlorosilanem (CISi) prowadzonej przez 24 godziny (Schemat 9). Jako zasady, ktora
ma za zadanie wigzanie produktu ubocznego — chlorowodoru, zastosowano trietyloaming (EtsN).
W celu otrzymania produktow o petnej konwersji wigzan Si-OH do Si-Viz oraz wysokiej wydajnosci
weryfikowano rozng stechiometri¢ stosowanych reagentow. Dla zwigzkow posiadajacych rdzen typu Ts
zastosowano nastepujgcg stechiometrie: [RTg-OH] : [CISi] : [EtsN] =1:1,5: 2,5 (R = iBu, Ph). Tlos¢
uzytego silanu, jak i aminy jest znacznie wigksza w pordéwnaniu z informacjami dostepnymi
literaturowo, w ktorych synteza uktadéw o tym samym rodzaju rdzenia prowadzona w analogicznej
reakcji kondensacji z mniej rozbudowanymi silanami wymaga tylko 5% nadmiaru chlorosilanu.'®
Rowniez w przypadku difunkcyjnego rdzenia DDSQ (DDSQ-d(OSiVis)) zaobserwowano koniecznos$¢
uzycia wiekszego nadmiaru reagentoéw, tj. 1,3 rownowaznika molowego triwinylochlorosilanu oraz
2,2 rownowaznika molowego trietyloaminy.

=
: OH) ~  ELN THF : 0—siy
n 4+ CI-Si — -
* \ +1--
v //\ ’ /) n
! : . L s . ! ’
A = A2 0 S Y T A
A . R7 )(\ A\ \I’ 4
n=1 n=2 n=4

R=iBu; iBuTg-OSiVi;  DDSQ-d(OSiVi;)  DDSQ-t(0SiVi;)
Ph; PhTg-0SiVi,

Schemat 9. Schemat syntezy winylo-podstawionych silseskwioksanowych uktadow dendrytycznych
z wykorzystaniem reakcji kondensaciji.
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Interesujacym i jednocze$nie najbardziej problematycznym etapem tych prac byty badania zwiazane
z otrzymaniem DDSQ-t(OSiVis). Do tego celu zastosowano znang z literatury stechiometri¢ reagentow,
tj. [DDSQ-40H] : [CISi] : [EtsN] = 1 : 4,2 : 6, ktora powinna prowadzi¢ do selektywnej syntezy
produktu tetrapodstawionego.?? Jednakze juz na etapie analizy wynikow badan spektroskopii *H NMR
mieszaniny poreakcyjnej zaobserwowano zwielokrotnienie linii rezonansowych w zakresie winylowym
(5,60 — 6,30 ppm) oraz na widmie 2*Si NMR, $wiadczace o obecnosci mieszaniny produktow (Schemat
10a, Schemat 11a). Jedng z metod oczyszczania uktadow silseskwioksanowych typu double-decker jest
wytracenie w acetonitrylu, ktory zastosowano do rozdziatu i w tym przypadku. W rezultacie otrzymano
mata ilo$¢ osadu, ktorg scharakteryzowano jako oktafenylosilseskwioksan (PhsTs) (Schemat 12).
Z otrzymanego dekantu otrzymano krysztaty, ktore zostaty zanalizowane metodg XRD, potwierdzajac
otrzymanie nowego typu struktury, tj. kostki zamknigtej z jednej strony, oznaczonej jako
semi-DDSQ-d(OSiVis), ktora de facto byta produktem ubocznym tej reakcji. Uzyskany z tego rozdziatu
kolejny dekant pozwolil na otrzymanie nowych krysztatéw, ktorych analiza XRD potwierdzita
otrzymania pozadanego produktu DDSQ-t(OSiVis). Jest to jeden z nielicznych przyktadow powstania
uktadu typu DDSQ domknigtego z jednej strony, ktorego synteza jest zgoda z zaproponowanym
mechanizmem opisanym w literaturze.®> W celu weryfikacji wpltywu nadmiaru chlorosilanu
na selektywnos¢ i wydajno$¢ powstajacego semi-DDSQ-d(OSiVis) przeprowadzono test, w ktorym
zwigkszono ilo$¢ winylochlorosilanu do 6 réwnowaznikéw molowych na 1 mol DDSQ-40H, stosujac
ta samg ilo$¢ aminy. Na podstawie analizy potozenia linii rezonansowych grupy winylowej na widmie
H NMR 0szacowano, 7e stosunek ilosciowy otrzymanych produktéw
semi-DDSQ-d(OSiVis) : DDSQ-t(OSiVis) wynosi 1 : 56, a dla pierwotnej stechiometrii
[DDSQ-40H] : [CISi] = 1 : 4,2 ten stosunek wynosi 1 : 8,4. Wynika z tego, ze wigksza ilos¢
chlorosilanu nie wplyneta korzystnie na zwickszenie iloSci powstania pozgdanego produktu
DDSQ-t(OSiVis). Moze to wskazywaé na fakt, ze zarowno wptyw elektronowy i steryczny samego
chlorosilanu ma wptyw na powstawanie odpowiednich produktow reakcji kondensacji, co jest zgodne
z ostatnim doniesieniem literaturowym na ten temat.?
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Schemat 10. Wybrany zakres widm 'H NMR: (a) mieszaniny poreakcyjnej DDSQ-t(OSiVis)
oraz semi-DDSQ-d(OSiVis), (b) DDSQ-t(OSiVis), (c) semi-DDSQ-d(OSiVis).
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Schemat 11. Widma %Si NMR a) mieszaniny poreakcyjnej DDSQ-t(OSiVis)
oraz semi-DDSQ-d(OSiVis), (b) DDSQ-t(OSiVis), (c) semi-DDSQ-d(OSiVis).

~35~



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

Wydzial Chemii
| ~ J
U= 'L Sio
OH — EuN g o~ =
HO“]-,O0H + CI-Si, — =~ o sf—_\\ O-siy
HO L 7" THF —gi-0< )
7§
DDSQ-40H DDSQ-t(OSiVis) semi-DDSQ-d(0SiVi,) PhgTg
(produkt uboczny) (produkt uboczny)

Schemat 12. Schemat syntezy DDSQ-t(OSiVis) z zastosowanie reakcji kondensacji.

Aby uzyskac¢ oczekiwany produkt DDSQ-t(OSiVis) z jak najwigksza efektywnoscig, zweryfikowano
metody oczyszczania tego uktadu od produktow ubocznych. Zgodnie z literaturowymi doniesieniami
badano wykorzystanie réznych rozpuszczalnikéw do rozdziatu produktow. W tym przypadku badano
krystalizacje w acetonitrylu, wytrgcanie w réznych rozpuszczalnikach (MeCN, MeOH),?110
a w rezultacie okazato sie, Ze najlepsze rezultaty daje dwukrotne wytracenie w metanolu. Na Schemacie
10 i 11 przedstawiono poréwnanie widm 'H i #Si NMR mieszaniny poreakcyjnej (a) iobu
wyizolowanych produktow (b, c), przedstawiajace roznice w ilosci linii rezonansowych
i ich przesunig¢¢ ze wzgledu na symetrig Struktur obu produktow.

W tym przypadku moze nasungé si¢ pytanie o uniwersalno$¢ opracowywanej metodyki syntez
i izolacji zwigzkow chemicznych w badanych reakcjach. Jest to czesto procedura, ktora jest wrecz
konieczna w syntezie zwigzkow organicznych czy metaloorganicznych, majac szczegolnie na wzgledzie
kwestie ekonomii syntez. Na przyktadzie badan realizowanych na tym etapie prac badawczych
w przypadku silseskwioksanow, okazuje sie, ze jest to wrecz niemozliwe. Zwigzki 0 tak duzych masach
molowych, przekraczajacych 1000 g/mol nie zachowuja si¢ jak mate, molekularne analogi
krzemoorganiczne i niewielka zmiana w ich strukturze wptywa w zasadniczy sposob na zmiang
wlasciwosci fizykochemicznych. Przeklada si¢ to na konieczno$¢ opracowania indywidualnych,
dopasowanych procedur syntetycznych, jak i izolacji. Podsumowujac ten fragment badan zwigzanych
z opracowaniem metody izolacji ukladow zawierajacych ugrupowanie triwinylosililowe, efektywna
metodg oczyszczania uktadow o rdzeniu typu Ts: iBuTs-OSiVis i PhTs-OSiVis jest jednokrotne
wytracenie w metanolu. Uktad DDSQ-d(OSiVis), ktory posiada dodatkowy mostek tlenowy w swojej
strukturze otrzymywany jest przez powolng (kilka dni) krystalizacjg z metanolu w lodowce (4 °C).
Natomiast, aby uzyskac selektywnie DDSQ-t(OSiVis) nalezy surowy produkt dwukrotnie wytraci¢
w metanolu.

Istotnym aspektem w chemii dendrymeréw jest rozbudowanie uktadow lub wydtuzenie ramienia,
ktore umozliwi czesciowe zniwelowanie zwigkszajacej si¢ z kazdym kolejnym etapem zawady
sterycznej. Dlatego kolejnym krokiem badan byta modyfikacja otrzymanych winylopodstawionych
uktadéw dendrytycznych w wyniku reakcji hydrosililowania z chlorometyleno(dimetylo)silanem,
aby otrzymac zwigzki 0 generacji G1.5, co przedstawiono na Schemacie 13. Do tego celu zdecydowano
wykorzysta¢ procedure hydrosililowania, procesu ktory jest uwazany za jeden z najistotniejszych
W chemii zwigzkow krzemu, takze o znaczeniu przemystowym.!! Hydrosililowanie jest to reakcja
addycji wigzania Si-H do wigzan nienasyconych wegiel-wegiel lub wegiel-heteroatom (tlen, azot)
w wyniku, ktorej otrzymuje si¢ zwiagzki o ugrupowaniu wegiel-krzem. Proces ten charakteryzuje si¢
wysoka wydajno$cig atomows, selektywnoscia, fatwym dostepem do reagentow .12 Do najbardziej
pozadanych produktéw tego procesu nalezy produkt f (niezgodny z reguta Markovnikowa) oraz
w ostatnich latach produkt a. Jednakze, moga zachodzi¢ réwniez inne procesy uboczne, do ktorych
zalicza sie, m.in. dehydrogenujace sililowanie, izomeryzacje lub uwodornienie zwigzku nienasyconego.
Selektywno$¢ procesu jest kontrolowana za pomocg kilku czynnikow takich jak zastosowanie
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odpowiedniego katalizatora, dobor warunkéw reakcji czy kwestie elektronowe i steryczne reagentow,
co jest takze zwigzane z odpowiednim umiejscowieniem wigzania Si-H w substracie.

\ ~Cl
Si—
L Ao-si o-si~_/
—si , _ /
‘ /)\ + H-Sim [kat.] - Z_\—SI\_\CI .
L n \ ClI Ar, toluen, T=90-95°C L si
i—
17
Cl n
Produkt B Mozliwy prodkt uboczny a

avan s BN ] * i e [-Ir(cod)Cll
n=1 n=2 n=4

R= iBu; iBuTg-(SiCH,Cl); DDSQ-d(SiCH,Cl); = DDSQ-(SiCH,Cl);
Ph; PhTg-(SiCH,CI)5

Schemat 13. Schemat syntezy chlorometyleno-podstawionych silseskwioksanowych uktadow
dendrtyczynych w reakcji hydrosililowania.

Na tym etapie proces hydrosililowania byt prowadzony z zamiarem selektywnego otrzymania
produktu . W zwiazku z powyzszym weryfikowano dobor odpowiedniego katalizatora — porownywano
efekty uzyskane dla kompleksu Karstedt’a  [Pta(dvds)s] oraz  dimeru irydowego
[u-Ir(cod)Cl]. — znanych ze swojej wysokiej aktywnosci i selektywnosci w tym procesie.'® Badano
takze wptyw stechiometrii reagentow i temperatury reakcji. Na podstawie dostepnych informacji
literaturowych, opracowane warunki zwigzane byly z wykorzystaniem 10% nadmiaru
chlorometyleno(dimetylo)silanu.'* Wptyw poszczegdlnych zmiennych na selektywno$é uzyskanych
produktow a i B sprawdzano w oparciu o analize widm *H NMR. Interesujgca obserwacja jest wieksza
selektywnos$¢ [u-Ir(cod)Cl]; w wydajnej syntezie produktow typu anty-Markovnikowa dla uktadow:
iBuTs-(SiCH.Cl); oraz DDSQ-d(SiCH.Cl)s, w temperaturze 95 °C, uzyskujac odpowiednio
wydajnosci produktoéw na poziomie 65 — 90%. Co ciekawe, dla najbardziej rozbudowanego uktadu
DDSQ-t(SiCHCl)s pozytywne rezultaty przyniosto wykorzystanie katalizatora Karstedt’a (zarowno
w temperaturze 90 i 95 °C), pozwalajac na uzyskanie powyzszego produktu z wydajnoscig 94%.
Niestety, niezaleznie od zastosowanych warunkéw nieudato si¢ selektywnie otrzymaé produktu
PhTs-(SiCH2Cl)s, w syntezie ktorego zawsze obecny byt produkt o. W tym przypadku najmniejszg
ilos¢ produktu a w mieszaninie poreakcyjnej otrzymano przy zastosowanych warunkach: [Ptz(dvds)s]
oraz 90 °C. Mozliwe wyjasnienie takich rezultatow moze by¢ zwigzane z elektronowym wplywem
Kklatki silseskwioksan Ts, do ktorej przytaczonych jest 7 grup fenylowych, w odréznieniu od grup
izobutylowych (w przypadku iBuTg-(SICH2Cl)s). Obserwacje wplywu elektronowego klaski
silseskwioksanowej, m.in. w odniesieniu do jej udzialu w przenoszeniu fadunku dotyczg, m.in. praca
Laine’a i wspotpracownikow.*® Podobne obserwacje zanotowano w przypadku tworzenia liniowych
uktadow polimerowych opartych na difunkcyjnym silseskwioksanie typu double-decker, réznigcych si¢
dodatkowym mostkiem tlenowym w strukturze, co jest powigzane ze zmiang rzedowosci atomow
krzemu. Wykazano, ze reaktywnos$¢ wigzania Si-HC=CH; przy atomie krzemu typu D jest mniejsza
niz przy atomie krzemu typu M, co jest zwigzane z obecno$cig innego otocznia w postaci
elektronowyciagajacych atomow tlenu.t’

Przedstawione tutaj badania sg pierwszym doniesieniem dotyczacym zastosowania silseskwioksanu
typu double-decker jako rdzenia uktadéw dendrytycznych. W zwiazku z powyzszym postanowiono
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zbada¢ wihasciwosci fizyczne tych uktadow, np. rozpuszczalno$¢ w podstawowych rozpuszczalnikach
organicznych: DCM, Et;O, THF, toluen, MeOH, MeCN i n-heksan. Wszystkie zwigzki bardzo dobrze
rozpuszczaja si¢ w rozpuszczalnikach o $redniej polarnosci (indeks polarnosci 2,3 - 4,2),
a nie rozpuszczaja si¢ w zwigzkach polarnych, tj. MeOH oraz MeCN. Wyjatkiem jest
DDSQ-d(SiCH2Cl)s, ktorego probka 20 mg rozpuscita si¢ w 7 ml MeCN. Dodatkowo, wickszo$é
otrzymanych ukladéw dendrytycznych nie rozpuszcza si¢ w n-heksanie (PhTs-OSiVis,
DDSQ-d(OSiVis), DDSQ-t(OSiViz), iBuTe-(SICH.Cl)s, PhTs-(SiCH2Cl)3), =z wyjatkiem
iBuTgs-OSiVis, DDSQ-d(SiCHCl); oraz DDSQ-t(SiCH.Cl);. Co ciekawe, n-heksan jest jednym
z rozpuszczalnikow, w ktorym wytrgca si¢ silseskwioksany typu double-decker w celu ich
oczyszczenia. W tym przypadku obserwowany jest duzy wplyw podstawnikow chloroalifatycznych
na wzrost rozpuszczalnosci produktu ze szkieletem DDSQ w rozpuszczalnikach niepolarnych.

Badania przedstawione w pracy Pl sa przykladem nowego podejscia do syntezy uktadow
dendrytycznych o rdzeniach silseskwioksanowych. Otrzymano 1gcznie 9 nowych uktadow
dendrytycznych o réznych rdzeniach silseskwioksanowych, z wydajnosciami 64 — 91%. Opracowanie
warunkow syntezy, a takze i procedur izolacji zaréwno winylo-, jak i chlorometyleno- podstawionych
uktadow wymagato indywidualnego podejscia do kazdego z uktadéw, ze wzgledu na podstawnik,
ale rowniez na sam rdzen silseskwioksanowy. Otrzymanie zwigzkow z takimi prostymi grupami
funkcyjnymi pozwala na ich dalsza modyfikacje poprzez reakcje np. substytucje nukleofilowa
czy mozliwo$¢ tworzenia organicznych soli imidazolowych. 116

3.2 Synteza i charakterystyka dendrymerow silseskwioksanowych opartych
na karbosilanach (P2).

Karbosilany sa jednymi z najbardziej znanych uktadéw dendrytycznych, dlatego kolejnym celem
badan w ramach dysertacji byta weryfikacja mozliwosci otrzymania karbosilanowych dednrymerow
o rdzeniach silseskwioksanowych. Wykorzystano 3 typy silseskwioksanow: Tg — z grupa inertng
izobutylowg i fenylowa oraz dwa rodzaje DDSQ — di- i tetrafunkcyjny. W literaturze mozna znalez¢
nieliczne doniesienia dotyczace otrzymania dendrymerow z wykorzystaniem silseskwioksanow
z oktafunkcyjnym rdzeniem i karbosilanowymi ramionami. Ich synteza opiera si¢ na wykorzystaniu
reakcji hydrosililowania i nastgpczej reakcji Grignard’a.’? Inng alternatywng drogg syntezy takich
uktadéw moze by¢ zastosowanie sekwencji reakcji sktadajacej si¢ np. z hydrosililowania i procesu
nastepczego, ktory zbadano w tej czesci dysertacji (Schemat 14). Do tego celu postanowiono
wykorzysta¢ mozliwosci wprowadzenia do rdzenia silseskwioksanu ugrupowania Si-Cl, a nastepnie
zbadanie redukcji tego podstawnika do ugrupowania Si-H i weryfikacje mozliwosci jego dalszej
modyfikacji. Proces redukcji wigzania Si-Cl do Si-H jest znany z nielicznych prac dotyczacych syntezy
prostych dendrymeréw karbosilanowych z wodorowymi grupami terminalnymi.'’ Na tej podstawie
postanowiono zweryfikowa¢ kwesti¢ zasadnosci uzycia tej metodologii, nieznanej w przypadku
silseskwioksanow.
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Schemat 14. Schematyczne przedstawienie koncepcji modyfikacji grup reaktywnych silseskwioksanu.

Jak zostato to opisane w punkcie 3.1 na selektywno$¢ reakcji hydrosililowania wplywa kilka
czynnikow, m.in. rodzaj Katalizatora, temperatura prowadzonego procesu, stechiometria reagentow,
jak réwniez kwestie steryczne i elektronowe reagentow, tj. m.in. umiejscowienie reaktywnych wigzan
Si-H lub Si-HC=CH,. Dlatego pierwszym etapem badan byta weryfikacja umiejscowienia wigzania
Si-H, przy ustalonych warunkach reakcji, w celu oceny wpltywu tego aspektu na selektywnos¢ reakcji —
otrzymania produktu S-addycji, ktory jest najbardziej pozadany w syntezie uktadow dendrytycznych.

Ta czeg$¢ badan zostata podzielona na dwa typy podejs$¢ syntetycznych (Schemat 15):

e SCIEZKA A, ktora opisuje reakcje pomigdzy wodorowa pochodna silseskwioksanu typu Tg
z izobutylowymi grupami inertnymi (iBu;Ts-OSiH), a olefing (dichlorometylowinylosilanem
— Cl;MeSiVi), z nastepcza redukcjg oraz

e SCIEZKA B dotyczaca reakcji winylowej pochodnej SQ  (iBu/Ts-OSiVi)
z dichlorometylosilanem (ClMeSiH) i nastepcza redukcja wigzania Si-Cl w produkcie

do Si-H.
SCIEZKA A
Sl S|
si-Cl g/, LiAH, \/,
O\S./ Va ~Cl * v ~CI \H
/71 SH —"iBu, C! Bu
- ’ (Cl;MeSiVi) 7
iBu, [Pty(dvds)s] G1-1iBu0Si-2Cl-« G1-1iBu0Si-2H-a
IR do 20% produktu o
iBu;Tg-OSi
SCIEZKAB =~ oo [ 0 l;,' o N
A S\'/ Cl,M s?-: D LT S LiAlH, LT S1'\|-|
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Schemat 15. Selektywnos$¢ reakcji hydrosililowania przedstawiona na przyktadzie monofunkcyjnego
silseskwioksanu typu Tg w zalezno$ci od umiejscowienia reaktywnego wigzania Si-H w substratach
procesu.

Dla obu $ciezek syntetycznych stechiometria reakcji hydrosililowania byta weryfikowana 1 ustalona
jako nastepujaca: [iBu7Tg] : [chlorosilan] : ([Ptz(dvds)s]) = 1 : 2 : 1 x 10 majac na celu uzyskanie
catkowitego przereagowania silseskwioksanu, ze wzgledu na trudno$¢ w oddzieleniu
nieprzereagowanego substratu  (Cl.MeSiVi/ Cl.MeSiH) od produktu silseskwioksanowego
(iBu7Te-OSiH/ iBu7Tg-OSiVi). Reakcje prowadzono przez 24 godziny w temp. 95 °C, w toluenie.
Dobor warunkow reakcji wykorzystano na podstawie wczesniejszych badan realizowanych w grupie
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Promotorki. 17114118119 Jednoczesnie, ze wzgledu na wrazliwo$¢ na wilgo¢ produktu reakcji
hydrosililowania (G1-1iBuOSi-2Cl), co mogtoby utrudnia¢ jego analize (obecno$¢ potencjalnych
produktéow hydrolizy i kondensacji), postanowiono przeprowadzi¢ nastgpczy proces redukcji
ugrupowania Si-Cl do Si-H. Do tego celu wykorzystano czynnik redukujacy w postaci LiAlH4 (LAH),
znany z literatury zwigzkéw krzemoorganicznych.'?® W testowych reakcjach zastosowano
1,2 réwnowaznika molowego LiAlIH4 w stosunku do jednej reaktywnej grupy Si-Cl. Analiza widm
2Si NMR wykazata (Schemat 16), ze przeprowadzenie reakcji zgodnie z procedura SCIEZKI A,
tj. uzycie klatki iBu7Tg z ugrupowaniem Si-H w jego strukturze oraz Cl,MeSiVi prowadzi do powstania
mieszaniny produktow S i a, z 20% udzialem produktu a-addycji. Natomiast reakcja prowadzona
zgodnie z zatozeniem SCIEZKI B doprowadzila do selektywnego otrzymania pozadanego produktu

S-addyciji.
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Schemat 16. Porownanie wybranego zakresu widm *Si NMR: a) mieszaniny poreakcyjnej
(SCIEZKA A) potwierdzajaca obecnos¢ G1-1iBuOSi-2H-# i G1-1iBuOSi-2H-a, b) regioselektywne
powstanie produktu G1-1iBuOSi-2H-g (SCIEZKA B).

Roéznica w selektywnos$ci badanego procesu hydrosililowania mogta by¢ spowodowana zwiekszong
zawada steryczng rdzenia SQ, ale takze wpltywem elektronowym podstawnikow chlorowych przy
reaktywnym wigzaniu Si-H lub Si-HC=CHy. Jest to zgodne z mechanizmem Chalka-Harroda, w ktérym
insercja olefiny do wigzania Pt-H wystepujacego w aktywnej formie katalizatora i moze przebiegaé
zgodnie z insercja typu 1,2- lub 2,1-, w wyniku czego otrzymuje si¢ odpowiednio izomer S lub a.
Dodatkowo, obecno$¢ atomow elektronowyciagajacych wptywa na zwiekszenie reaktywnosci wigzania
Si-H, co jest znane z literatury.!7121122
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Badania procesu hydrosililowania prowadzone wg obu $ciezek doprowadzity do opracowania
warunkow  selektywnego otrzymywania produktu fS-addycji (G1-1iBuOSi-2CI-g), zgodnie
z zalozeniami SCIEZKI B, ktory w nastepnej kolejnosci moze byé uzyty jako substrat do syntezy
pochodnej z wigzaniem Si-H. Na tym etapie przystapiono do opracowania warunkow reakcji redukcji
wigzania Si-Cl do Si-H dendrymerow. W literaturze obecne sg doniesienie dotyczace uzycia,
m.in. tetrahydroboran sodu (NaBHy), tetrahydroglinian litu (LiAlH4, LAH), wodorku diizobutyloglinu
(DIBAL) jako czynnikow redukujgcych, ktore sg stosowane w syntezie organicznej.'?3!%* Jednak
kwestia zasadnicza, to odpowiedni dobor czynnika redukujacego, ktory umozliwi selektywna redukcje
pozadanej grupy reaktywnej i wykaze si¢ tolerancja na obecne w strukturze inne ugrupowania. W pracy
P2 wykorzystano 2 zwiazki o charakterze redukujagcym, tj. LiAlHs (LAH) oraz
bis(2-metoksyetoksy)glinowodorku sodu (Red-Al®), ktére s3 znane z literatury jako czynniki
redukujgce wigzania Si-Cl.1%%1%® W tym przypadku istota doboru odpowiedniego reagenta jest
potencjalna wrazliwosc¢ klatki silseskwioksanowej na czynniki zbyt agresywne.

W reakcji modelowej (SCIEZKA B), wykorzystano czynnik redukujacy LiAlHs (LAH) w ilosci
1,2 rownowaznika molowego na 1 ugrupowanie Si-Cl, ktory zostat dodany do surowego produktu
G1-1iBuOSi-2ClI-g, doprowadzajac do kompletnej redukeji powyzszych ugrupowan do Si-H. Reakcja
byta prowadzona przez 20 — 24 godziny w temperaturze pokojowej, w THF. Zanik wigzania Si-Cl
potwierdzita analiza ?Si NMR, ze wzgledu na obecno$¢ przesunigé rezonansowych w obszarze
-29,08 ppm, charakterystycznego dla wigzania Si-H. Izolacja produktu reakcji zwigzana byta
z oddzieleniem soli chlorku glinu za pomoca saczenia z wykorzystaniem filtru strzykawkowego
(0,2 um). Umozliwito to otrzymanie produktu G1-1iBuOSi-2H-f z wysoka wydajnos$cia na poziomie
89%.

Na etapie badania umiejscowienia wigzan reaktywnych w strukturach substratow wykorzystano
uktady posiadajace dodatkowy mostek -OSi(Me)-. Jego brak nie wplywa znaczaco na przebieg reakcji
zgodnie ze SCIEZKA B, dlatego w celu minimalizacji ilosci etapéw syntetycznych wykorzystano
silseskwioksan z bezposrednio przylaczonym wigzaniem winylowym. Nastepnym krokiem byla
weryfikacja mozliwosci otrzymania analogicznych karbosilanowych dendrymeréw z rdzeniem
silseskwioksanu typu DDSQ. Po przeprowadzeniu wstepnych testow opartych na uzyciu opracowanych
warunkéw reakcji dla pochodnej izobutylowej, tj. katalizator Karstedt’a dla pierwszego etapu i LiAlH4
dla etapu redukcji, stwierdzono na widmie H NMR brak linii rezonansowych w zakresie
ok. 3,50 — 3,70 ppm, ktére $wiadczytyby o powstaniu nowego wigzania Si-H. W przypadku rdzenia
DDSQ konieczne okazato si¢ zastosowanie tagodniejszego czynnika redukujacego w postaci
bis(2-metoksyetoksy)glinowodorku sodu (Red-Al®), co przyniosto pozytywne rezultaty. Ze wzgledu
na fakt, ze Red-Al® posiada dwa aktywne atomy wodoru w strukturze zastosowano 0,6 rownowaznika
molowego tego zwiazku na jedna reaktywna grupe Si-Cl.

Mimo, ze reakcja redukcji Si-Cl do Si-H jest procesem dobrze poznanym, to brak w literaturze
informacji o jej postepie W czasie rzeczywistym. W zwiazku z powyzszym postanowiono ten fakt
zweryfikowaé, co dokonano podczas reakcji syntezy G1-4D-8H (Schemat 17), ktora monitorowano
za pomocg techniki FT-IR in situ. Na poczatku badania (pierwsze 10 min.) rejestrowano widmo FT-IR
mieszaniny reakcyjnej bez czynnika redukujacego. Red-Al® zostal dodany w 12 min., o czym $§wiadczy
pojawienie si¢ nowego pasma w zakresie o = 880 — 970 cmL, ktorego intensywno$¢ ustabilizowata sie
po czasie 2 min. Na tej podstawie mozna zauwazy¢ bardzo szybki zanik tego pasma, co $wiadczy
0 przereagowaniu wigzania Si-Cl i utworzeniu wigzania Si-H, co nastgpito po dodaniu czynnika
redukujacego (Schemat 18a). Dodatkowo, wykres zaleznosci zmiany temperatury reakcji od ilosci
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powstajacego wigzania Si-H od czasu pokazuje wzrost temperatury od ok. 23 °C do 26 °C. Nalezy
podkresli¢, ze skala przeprowadzanej reakcji byta mata, tj. masa poczatkowa substratu wynosita
ok. 0,260 mg (Schemat 18b). Ze wzglgdu na egzotermiczny charakter reakcji redukcji nalezy zwrdcié
szczegolng uwage przy przeprowadzaniu reakcji w wigkszej skali i dodawanie czynnika redukujacego
porcjami w odstepach czasowych.

ETAP 1. Hydosililowanie ETAP 2. Redukcja Si-Cl do Si-H
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Schemat 17. Sciezka syntetyczna otrzymania G1-4D-8H z wykorzystaniem sekwencji reakgji
hydrosililowania i redukcji.
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Schemat 18. Widma FT-IR in situ redukcji G1-4D-8Cl do G1-4D-8H z wykorzystaniem Red-Al®:
a) ilustracja 3D powstawania wigzania Si-H w czasie rzeczywistym; b) wykres powierzchni piku
powstawania wigzania Si-H od czasu rzeczywistego reakcji i temperatury.

Zmiana czynnika redukujacego do otrzymania karbosilanowych uktadow dendrytycznych o rdzeniu
silseskwioksanowym typu double-decker z LAH na Red-Al®, wplyneta na konieczno$¢ modyfikacji
metody izolacji oraz oczyszczania finalnych produktow. Zweryfikowano rézne metody oczyszczania
takie jak kolumna chromatograficzna, wytracenie, ekstrakcja albo ich kombinacja. W toku badan
opracowano dwie procedury oczyszczania roéznigce sie¢ wydajnos$cia otrzymanych produktow.

e Metoda | polegata na wytraceniu surowego produktu w acetonitrylu. Nastgpnie otrzymany
osad przemywano DCM, aby oddzieli¢ rozpuszczalny produkt od nierozpuszczlanych
zanieczyszczen.

e Metoda Il wykorzystywata ekstrakcj¢ mieszaniny reakcyjnej 10% wodnym roztworem
kwasu octowego.

W Tabeli 1 przedstawiono poréwnanie wydajnosci otrzymanych produktow dendrytycznych z uzyciem
silseskwioksanow typu DDSQ w zalezno$ci od zastosowanej metody oczyszczania. Mozna
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zaobserwowaé, ze w przypadku pochodnych DDSQ, Metoda Il jest znaczaco efektywniejsza,
W szczegolnosei dla uktadow G1-2D-4H i G1-4D-8H.

Tabela 1. Zestawienie wydajnosci produktow dendrytycznych o rdzeniach DDSQ w zaleznoS$ci
od zastosowanej metody oczyszczania.

. Metoda oczyszczania
Skrét produktu Metoda I [%] Metoda 11 [%]
G0-2D-2H 64 90
G1-2D-4H 23 85
G0-4D-4H 58 94
G1-4D-8H 19 91

Silseskwioksan typu Tgs z fenylowymi grupami inertnymi swoja budowa przypomina pochodng
izobutylowa. Jednak ze wzgledu na aromatyczny charakter grup obojetnych, jego modyfikacje
sg utrudnione. Dlatego, w celu otrzymania GO0-1Ph-1H oraz G1-1Ph-2H, zweryfikowano wptyw
obu czynnikow redukujgcych w drugim etapie syntezy. W toku prac zwigzek G0-1Ph-1H otrzymano
tylko z wykorzystaniem Red-Al®. Natomiast, uklad G1-1Ph-2H syntezowano z wykorzystaniem
zarowno LiAlH4 i Red-Al® z odpowiednio 45% oraz 60% wydajno$cig. Ponownie zaobserwowano
lepszy wplyw tagodniejszego czynnika redukujacego na reakcje redukcji dendrytycznych ukladow
silseskwioksanowych z fenylowymi podstawnikami.

Kolejnym etapem badan byla proba dalszej modyfikacji otrzymanych dendrymerdéw
silseskwioksanowych o generacji G1 z reaktywnym wigzaniem Si-H. Ten zabieg mozna zrealizowaé
wg dwaoch koncepcji, co opisano ponizej:

1) wprowadzenie innej reaktywnej lub niereaktywnej grupy bez zmiany generacji (Schemat 19);

2) rozbudowanie uktadu z jednoczesnym zwigkszeniem generacji (Schemat 20).

Obecnos¢ wigzan Si-H w strukturze silseskwioksanu wskazuje na mozliwo$¢ wykorzystania reakcji
hydrosililowania do ich dalszej funkcjonalizacji, co jest podejsciem znanym i powszechnie stosowanym
w chemii zwigzkow krzemoorganicznych.!’14119 W celu sprawdzenia reaktywnosci wigzania Si-H
w otrzymanych uktadach przeprowadzono reakcje hydrosililowania z najbardziej rozbudowanym
uktadem, tj. G1-4D-8H, przy uzyciu eteru allilowo-glicydylowego w obecnosci katalizatora Karstedt’a
([G1-4D-8H] : [eter allilowo-glicydylowy] : ([Pt2(dvds)s]) =1:9 : 8 x 107%).

@ 7

3 o)
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N |__SilH 7\\ |__Si~0_~%
H-Si_~ 0-Si_ OO ~Si 0-Si_
Sl\og /SI\O o
7 - T -
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H OJ—J \T)
G1-4D-8H g G1-4D-8epoxy

Schemat 19. Schemat syntezy uktadu G1-4D-8epoxy.

Reakcje prowadzono przez 24 godziny w temperaturze 95 °C, a produkt otrzymano z 85% wydajnoscia.
Produkt zostal scharakteryzowany spektroskopowo i spektrometrycznie, co potwierdzito strukture
otrzymanego zwigzku oraz potencjat dendrymeréw G1 do ich dalszej modyfikacji w oparciu o proces

~43 ~



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

Wydzial Chemii
-

hydrosililowania. Jednocze$nie zwigzki z terminalnymi ugrupowaniami epoksydowymi mogg by¢

stosowane jako modyfikatory zywic epoksydowych i tworzenia pochodnych ich nanokompozytow. %6
128

Rozbudowanie uktadu z jednoczesnym zwigkszeniem generacji badano w reakcji z izobutylowa
pochodng G1-1iBu-2H (Schemat 20). W tym celu przeprowadzono proces hydrosililowania, opisany
dla syntezy dendrymerdw o generacji G1, wg SCIEZKI B.

H H

H \ / |
Si-H Si-H Si“H
H RS ‘. H /, H —, H
L/ ~Si—ClI s S ob ay
Si-y 7 Slﬁs’in SIYSI\H Sl\rSI\H
vy (v
. - - . + -
iBu, ) LiAH, iBu, iBu, iBu,
G1-1iBu-2H B.B Ba a,a

Schemat 20. Mozliwe do otrzymania trzy produkty hydrosililowania G1-1liBu-2H i tworzenia
izomeréw G1-1iBu-2H.

Zastosowano nastepujaca stechiometri¢ dla pierwszego etapu: [G1-1liBu-2H] : [Cl:MeSiVi] :
[Ptz(dvds)s] =1 : 4 : 4 x 107*, a reakcje redukcji prowadzono z uzyciem 1,2 rownowaznika molowego
LiAlHs na jedng grupe Si-Cl. Na widmie 2°Si NMR zaobserwowano trzy linie rezonansowe przy
ok. -2,60, -3,30 i -4,30 ppm odpowiadajace ugrupowaniu -Si(CHs)-C- oraz cztery sygnaty przy -29,19,
-29,27, -29,63 oraz -29,66 ppm. Zmultiplikowana ilo$¢ sygnalow na widmie 2°Si NMR $wiadczy
0 powstaniu mieszaniny produktow o réznym podstawieniu: B,5-, f,a- oraz a,a- produkt. Najbardziej
pozadanym produktem w tej syntezie byl produkt podwojnej f-addycji, ze wzgledu na diuzszy
elastyczny mostek etylowy, ktory zmniejsza zawade steryczng. Jednakze, zaréwno podstawienie
f,a- oraz o,a- daja produkt o generacji G2, ale z wigksza zawada steryczna, ktdra moze utrudnic¢ dalsza
modyfikacje.

W finalnym etapie badan weryfikowano mozliwo$¢ przeprowadzenia reakcji hydrosililowania
i redukcji w sekwencji procesow przeprowadzonych wg procedury ,,0ne-pot”, tj. w jednym naczyniu
reakcyjnym i bez izolacji produktu posredniego, czyli zwigzku z ugrupowaniami Si-Cl.

Pierwszy etap — reakcja hydrosililowania — syntezy ,,one-pot” byt prowadzony przez 24 godziny
w 95 °C w obecnosci katalizatora Karstedt’a, w toluenie. Nastepnie odparowywano toluen oraz nadmiar
chlorosilanu na linii pr6zniowo-gazowej.

W kolejnym etapie wysuszong pochodng chlorowa silseskwioksanu poddano redukcji przez
20 — 24 godzin w temperaturze pokojowej z wykorzystaniem glinowodorku litu (LiAlIH4) lub
bis(2-metoksyetoksy)glinowodorku sodu (Red-Al®) jako czynnika redukujacego. Zobrazowano
to na ponizszym Schemacie reakcji (Schemat 21):
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| ETAP 1. Hydosililowanie
1 R1

: H-Si-R?
e
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R%=H, R*=Me
(G1)R3R*=H

— = 8Si-0-Si

n=1 n=2
R=iBu G0-1iBu-1H G0-2D-2H G0-4D-4H
G1-1iBu-2H G1-2D-4H G1-4D-8H

R=Ph GO0-1Ph-H
G1-1Ph-2H

Schemat 21. Schemat syntezy karbosilanowych dednrymerow silseskwioksanowych o generacji GO
i G1 wykorzystaniem sekwencji reakcji hydrosililowania i redukcji.

Wyniki badan otrzymanych w ramach publikacji P2 ukazuja nowe podejscie do otrzymania
karbosilanowych dendrymerow o réznych rdzeniach silseskwioksanowych, tj. typu Ts i DDSQ
z wykorzystaniem syntezy ,,0ne-pot” i dwoch procesow: hydrosililowania oraz redukcji. W ramach
badan uzyskano 7 ukladéw roznigcych si¢ generacja, rdzeniem i podstawnikami z wydajno$ciami
w zakresie 53 — 94%. Analogicznie jak w pracy P1 obserwowany jest duzy wpltyw samego rdzenia
na wlasciwosci otrzymanych dendrymerdw i konieczno$¢ opracowywania indywidualnych warunkow
syntezy, ale przede wszystkim izolacji dla poszczegolnych uktadow.

3.3  Synteza i charakterystyka ferrocenowych dendrymeréw silseskwioksanowych
(P3).

Celem badan przedstawionych w publikacji P3 bylo zaprojektowanie struktur dendrymerow
o0 rdzeniach silseseskwioksanowych i grupach terminalnych o specjalnej funkcjonalnosci, nadajace;j
tym zwigzkom potencjalne wiasciwosci elektrochemiczne. Inspiracja do tego byly doniesienia
literaturowe wskazujace na mozliwo$¢ potencjalnego zastosowania takiego typu uktadow jako m.in.
modyfikatorow elektrod, stosowanych do monitorowania poziomu ATP?, glukozy czy jako
katalizatory.'?¥2 W tym przypadku synteze dendrymeréw ograniczono do zastosowania tylko rdzenia
silseskwioksanowego typu double-decker o otwartej strukturze, ktory nie jest znany w tego typu
badaniach. W ramach prac zwiazanych z publikacja P3 otrzymano dwa dendrymery o generacji G1i G2,
ktére w kolejnym etapie weryfikowano pod katem wiasciwosci elektrochemicznych ze wzgledu
na obecne w ich strukturze jednostki ferrocenowe, wykazujace taki potencjat.

W ramach zrealizowanych prac badawczych zaplanowano dwie $ciezki syntetyczne, aby otrzymac
ferrocenowe dendrymery DDSQ o generacji G1 (Sciezka G1) i G2 (Sciezka G2). W obu przypadkach
poczatkowym substratem jest wyjSciowy prekursor tetrasilanol DDSQ-40H. Zaprojektowane $ciezki
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syntetyczne dla ferrocenowych uktadow dendrytycznych o rdzeniu DDSQ przedstawiono
na Schemacie 22.

Sciezka G1
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Schemat 22. Sciezki syntezy ferrocenowych uktadow dendrytycznych o rdzeniu DDSQ.

Opis Sciezki G1

W celu otrzymania zwigzku G1-DDSQ-Fcs przeprowadzono reakcje hydrosililownia pomiedzy
dwoma znanymi z literatury substratami, tj. pochodng DDSQ zawierajaca cztery reaktywne wigzania
Si-H (G0-DDSQ-40SiH)?? i di(ferrocenylo)winylosilanem (Fc.MeSiVi)!®. Zwiazek Fc,MeSiVi zostat
zsyntezowany w oparciu o doniesienia literaturowe grupy prof. Pilar Garcia Armada, w ktorej
realizowana byla elektrochemiczna czg$¢ tych badan, w ramach stypendium z projektu Inicjatywa
Doskonatosci — Uczelnia Badawcza; konkurs 048, zadanie 13 — Wsparcie umi¢dzynarodowienia badan
naukowych prowadzonych w Szkole Doktorskiej UAM; nr wniosku: 048/13/UAM/0017. Reakcja
otrzymania G1-DDSQ-Fcs prowadzona byta w stechiometrii [G0-DDSQ-40SiH] : [Fc.MeSiVi] :
([Pt2(dvds)s]) = 1 : 4,8 : 4 x 10 przez 24 godziny w 95 °C. Zakonczenie procesu hydrosililowania
mozna byto obserwowac przez wykorzystanie techniki FT-IR, ktora umozliwita weryfikacje zaniku
pasma przy o = 2100 cm™ oraz 5 = 900 cm™ odpowiadajgcego drganiom rozciggajagcym wigzania
Si-H. Dodatkowo, na zestawieniu widm *H NMR substratow: G0-DDSQ-40SiH i Fc,MeSiVi widaé
zanik linii rezonansowych od wigzania Si-H w zakresie 4,84 — 4,86 ppm oraz wigzania Si-HC=CH,
w zakresie 5,84 ppm, Ju-w = 20,3, 3,7 Hz; 6,10 ppm, Ju-w = 14,6, 3,7 Hz; 6,47 ppm, Ju.n = 20,3, 14,6 Hz
od obu substratbw na widmie produktu (Schemat 23). Na widmie 'H NMR zwigzku
G1-DDSQ-Fcs zaobserwowano zmiany w zakresie 3,80 — 4,40 ppm, w ktorym wystepuja sygnaty
od protonéw grup ferrocenowych. Sygnat od wigzania C-H w pierScieniu cyklopentadienylowym

polaczonym z atomem Si jest przesuniety w kierunku niskiego pola w poroéwnaniu z odpowiednimi
liniami rezonansowymi substratu Fc.MeSiVi. Nie zaobserwowano takich zmian dla analogicznego
dendrymeru o oktafunkcyjnym rdzeniu silseskwioksanowym znanym w literaturze.3* Moze to by¢
spowodowane zmiang otoczenia chemicznego atomow krzemu oraz zmniejszong zawada steryczng
ze wzgledu na inny typ rdzenia (DDSQ), ktore wplywaja na efekt ekranowania.
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Schemat 23. Wybrany zakres widm 'H NMR: a) GO0-DDSQ-40SiH, b) Fc:MeSiVi,
¢) G1-DDSQ-Fc.

Opis Sciezki G2

Drugi, bardziej rozbudowany dendrymer G2-DDSQ-Fcis posiadajacy 16 grup ferrocenowych
W swojej strukturze zostat otrzymany w wyniku sekwencji reakcji: kondensacji, hydrosililowania,
redukcji 1 ponownego hydrosililowania (Schemat 22). Wyjsciowa pochodna tetrawinylowa
G0-DDSQ-40SiVi, otrzymana w reakcji kondensacji, zgodnie z preparatyka literaturowa® postuzyta
jako substrat do reakcji hydrosililowania z HSiMeCl, w obecno$ci kompleksu platyny ([Pt2(dvds)s]),
aby produkt tego procesu uzy¢ nastepnie do redukcji z uzyciem czynnika redukujacego Red-Al®,
prowadzac do otrzymania G1-DDSQ-4Si(H).. Uktad ten, posiadajacy w swojej strukturze
8 reaktywnych wigzan Si-H zostal wykorzystany w ostatnim etapie syntezy G2-DDSQ-Fcis. Synteza
G1-DDSQ-4Si(H), zostata opisana w publikacji P2® (w tej pracy zwigzek G1-DDSQ-4Si(H), miat
oznaczenie G1-4D-8H). Rowniez w przypadku hydrosililowania G1-DDSQ-4Si(H). zastosowano 20%
nadmiar Fc,MeSiVi i reakcje prowadzono przez 24 godziny w 95 °C. Istotnym aspektem otrzymania
czystych uktadow dendrytycznych w realizowanych pracach badawczych byto opracowanie wydajnego

procesu oczyszczania, w szczegolnosci celem usunigcia nieprzereagowanego Fc:MeSiVi. W tym
przypadku wykorzystano réznice w rozpuszczalnosci poszczegélnych zwigzkéw, tj. substratu
FcaMeSiVi oraz produktéw G1-DDSQ-Fcg | G2-DDSQ-Fcs.
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Fc,MeSiVi jest bardzo dobrze rozpuszczalny
w rozpuszczalnikach  organicznych, takich jak
DCM, THF, toluen czy n-heksan, a silseskwioksany
typu double-decker ze wzgledu na swoj
nieorganiczny rdzen charakteryzuja si¢ bardzo staba
rozpuszczalnoscig w n-heksanie, MeCN czy MeOH.
Dlatego wykonano rozdzial danego produktu
od substratu FcoMeSiVi z wykorzystaniem
kolumny chromatograficznej  (Schemat 24).
W pierwszym etapie naniesiono na krzemionke
rozpuszczony surowy produkt w DCM i pozwolono
odparowac¢ rozpuszczalnikowi przez noc. Nastepnie
przemyto kolumne eluentem
THF : n-heksan stosunku 1 : 80 w celu wymycia
substratu FcoMeSiVi. Kolejnym krokiem byta
zmiana eluentu na DCM : n-heksan 3 : 2, ktory
umozliwit wymycie czystego produktu
G1-DDSQ-Fcs lub G2-DDSQ-Fcis. Ze wzgledu
na pomaranczowa barwe zwigzkéw mozna bylo
wizualnie zaobserwowac wymywanie
poszczegblnych frakcji z kolumny. Ostatecznie,
oba zwigzki G1-DDSQ-Fcs i G2-DDSQ-FCis  Schemat 24. Schematyczne przedstawienie
zostaly wyizolowane z wydajno$ciami odpowiednio procedury oczyszczania ferrocenowych
74% i 60% oraz  scharakteryzowane dendrymerdw o rdzeniu DDSQ.
spektroskopowo, a takze spektrometrycznie.

Wazna czegScig badan w ramach publikacji P3 bylo zbadanie wtasciwosci fizykochemicznych
otrzymanych dendrymerow. Oprocz weryfikacji rozpuszczalnoséci, ktéra umozliwila opracowanie
metody oczyszczania, zweryfikowano roéwniez stabilno$¢ termiczng za pomocg analizy
termograwimetrycznej (TGA) oraz wlasciwosci elektrochemiczne. Zaréwno G1-DDSQ-Fcs,
jak i G2-DDSQ-Fc16 charakteryzowaty si¢ dobrg stabilnoscig termiczna, dla ktorych 5% ubytek masy

obserwowano odpowiednio w TdS% =431 °C oraz T(f% =421 °C, a 10% ubytek masy przy temperaturze

T‘;O% =455 °C i TC}O% = 442 °C. Ze wzgledu na wiekszg ilos¢ grup alifatycznych w strukturze
G2-DDSQ-Fcis masa pozostatosci w700 °C  byla mniejsza (54%) w poréwnaniu
z G1-DDSQ-Fcs (61%). W literaturze mozna znalez¢ dendrymer o budowie zblizonej
do G2-DDSQ-Fcis, ale z rdzeniem silseskwioksanowym typu Ts (G1-Fcie).2** Po poréwnaniu obu
produktow zaobserwowano, ze wigksza stabilnos$cig termiczng charakteryzuje si¢ G2-DDSQ-FcCye.
Moze to by¢ spowodowane wigkszg iloscig atomoéw krzemu, jak rowniez obecno$cia grup fenylowych
w strukturze rdzenia DDSQ.

Zwiazki z ugrupowaniami ferrocenowymi charakteryzuja si¢ wiasciwosciami redoks, dlatego
otrzymane dendrymery zostaly zbadane pod katem okreSlenia ich wtasciwosci elektrochemicznych.
Na poczatku przeprowadzono zbadanie ich wtasciwosci red-ox za pomoca woltamperometrii cyklicznej
(CV) w roztworach dichlorometanu o niskim stezeniu centréw ferrocenowych (~10* M). W obu
woltamperogramach  cyklicznych  (Schemat 25), zaréwno dla wukladu G1-DDSQ-Fcs,
jak i G2-DDSQ-Fcis, wystepuja dwa dobrze oddzielone i odwracalne piki utleniania/redukcji o rowniej
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intensywnosci przy potencjatach E:° = 0,42 V i Ex® = 0,62 V dla G1-DDSQ-Fcs oraz E.° = 0,42 V
i E2° = 0,55V dla G2-DDSQ-Fci6 (wzgledem kalomelowej elektrody odniesienia (SCE)).
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Schemat 25 Woltamperogramy cykliczne dendrymeréw G1-DDSQ-Fcs i G2-DDSQ-Fcis
zarejestrowane w elektrolicie podstawowym bedacym 0,1 M roztworem n-BusNPFs w CHCl,
(szybko$¢ zmiany potencjatu elektrody: 20 mV-s?).

Dodatkowo, w procesie odwrotnym obserwuje si¢ waskg fale redukcji powigzang z drugim procesem
utleniania wskazujaca na obecnos¢ piku stripingowego, co $wiadczy o wytracaniu si¢ na powierzchni
elektrody utlenionej postaci ferrocenowych dendrymeréw DDSQ, a w cyklu katodowym btona
czgsciowo si¢ rozpuszcza w miare ich redukcji. Zmiany rozpuszczalnos$ci podczas wielokrotnych cykli
utleniania/redukcji powodujg, ze natezenia pradu piku zwigkszajg si¢, w szczegolnosci dla dendrymeru
G2-DDSQ-Fcs6, co $wiadczy o tworzeniu si¢ cienkiej warstwy polimerowej na elektrodzie.

Liniowa zalezno$¢ natezenia pradu piku od pierwiastka kwadratowego z szybko$ci zmiany
potencjatu (VY2
sa kontrolowane dyfuzja. Rownanie Randles-Sevick’a (1) umozliwilo obliczenie warto$ci
wspotczynnika dyfuzji substancji elektroaktywnej Do dla obu dendrymeréow i wynosity
one odpowiednio Do = 1,44 x 10* cm?st i Dy = 441 x 10* cm?s? dla G1-DDSQ-Fcs
i G2-DDSQ-Fci. Roéznica pomigdzy wspolczynnikami dla odpowiednich dendrymeréw jest
spowodowana nizszym wzrostem nat¢zenia pradu w przypadku G1-DDSQ-Fcs w kolejnych cyklach.

Roéwnanie Randles-Sevick’a:

) byla obserwowana dla obu przypadkéw, co wskazuje na procesy redoks, ktore

i, = 2,69 - 10°n3/24Dy/? Cov/? (1)

gdzie

ip — natezenie pradu piku [A],

n — liczba elektronéw bioraca udzial w reakcji elektrodowe;j,

A — powierzchnia elektrody [cm?],

Co — stezenie depolaryzotora [mol-cm?],

Vv — szybko$¢ zmiany potencjatu [V-s?].
Dodatkowo, dwufalowa odpowiedz redoks potwierdza istnienie oddziatywan pomiedzy dwoma
centrami ferrocenylowymi potaczonymi atomem krzemu. Pierwsze utlenienie zachodzi w miejscach
niesgsiadujacych ze soba, co zapobiega utlenianiu pozostalych centrow ferrocenowych sgsiadujacych

~49 ~



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

Wydzial Chemii
-

Z juz utlenionymi. Stopien interakcji pomiedzy dwoma centrami ferrocenowymi mozna obliczy¢
na podstawie roznicy potencjatéw redoks (AEJ_; = E9 — E?) i dla G1-DDSQ-Fcs wynosi 200 mV,
adla G2-DDSQ-Fcis 130 mV. Dodatkowo, czeSciowo utlenione silseskwioksany mozna zaliczy¢
do zwigzkow o mieszanej wartosciowosci klasy II, zgodnie z klasyfikacja Robina-Daya, a stata
wspolproporcjonalnosci K¢ jest roéwna 2405 mV i1 158 mV odpowiednio dla G1-DDSQ-Fcs
i G2-DDSQ-Fci6 oraz odpowiada rownaniu (2);36-1%8

FeID _ Fa(D 4 FedID) _ po(ID) o, Fe(D _ gD 2)

Jak juz zaobserwowano we wstgpnych badaniach elektrochemicznych, uktady ferrocenowe moga
tworzy¢ powtoki elektroaktywne na elektrodzie platynowej. Oba dendrymery posiadaja taka sama
strukture rdzenia, a elektroaktywnos¢ przypisuje¢ si¢ wyltacznie obecnosci rdéznej ilosci grup
ferrocenowych. Dodatkowo, ilo§¢ materiatu elektroosadzonego jest zalezna od ilosci pradu zuzytego
podczas osadzania elektrolitycznego (prawo Faradaya), a to jest kontrolowane przez przytozony
potencjal, czas trwania pulsu potencjalu i stezenie substancji elektroaktywnej w roztworze.
W zalezno$ci od zastosowanej metody potencjodynamicznej (o zmiennym potencjale w czasie)
czy potencjostatycznej (o statym, zadanym potencjale przez okreslony czas) mozna otrzymac inng
strukture polimeru. W pierwszym przypadku, gdy dyfuzja dendrymeru jest wystarczajaco szybka,
mozna utworzy¢ bardziej przepuszczalne warstwy, ze wzgledu na uporzadkowane tworzenie
si¢ polimeru w miejscach zarodkowania, a ich grubosc¢ jest bardziej kontrolowalna poprzez dobor liczby
skanow. Inna sytuacja jest, gdy wspotczynnik dyfuzji jest zbyt niski i/lub udziat grup ferrocenowych
jest niewielki w stosunku do wielkosci czasteczki, co wymaga przeciwdziatania w postaci zastosowania
nadpotencjalu. W ten sposéb tworza si¢ warstwy o strukturze bardziej zwartej, ale ich grubos¢ jest
trudniejsza do kontrolowania. Ze wzgledu na roéznice w strukturach polimeréw otrzymanych w rézny
sposob przygotowano i zbadano warstwy otrzymane obiema metodami.

W pierwszym etapie do modyfikacji elektrody za pomoca G1-DDSQ-Fcg zastosowano metodg
potencjodynamiczng. Jednakze grubo$¢ uzyskanej powloki byla zbyt mata (I" = 1,98 x 107!
mol-Fc/cm?), dlatego zmieniono warunki i zastosowano elektrolize z kontrolowanym potencjatem
owartosci 1,0 V przez 5 min. Do modyfikacji elektrod platynowych za pomoca dendrymeru
G2-DDSQ-Fcis mozna bylo zastosowaé obie metody, poprzez wielokrotne cykle utleniania/redukcji
(20 cykli w zakresie 0,0 — 1,0 V) oraz przy kontrolowanym potencjale 1,0 V przez 5 min. Schemat 26
przedstawia woltamperogramy cykliczne elektrod zmodyfikowanych obydwoma dendrymerami
zapomocg metody potencjodynamicznej i potencjostatycznej w elektrolicie podstawowym
organicznym i wodnym. Rowniez w tym przypadku w roztworze dichlorometanu zaobserwowano dwa
dobrze zdefiniowane, odwracalne piki utleniania/redukcji, ktore potwierdzaja istnienie oddziatywan
pomigdzy dwoma centrami zelaza (Schemat 26a). Ponadto, nie pojawia si¢ ostry pik odpowiadajacy
czgsciowemu rozpuszczeniu si¢ powtoki, co swiadczy o stabilnosci folii w warunkach organicznych
i utrzymywana jest ona od pierwszego cyklu przez kolejne bez utraty masy. Pordéwnujgc
woltamperogramy cykliczne otrzymane dla dendrymeru o generacji G1 (G1-DDSQ-Fcg) i G2
(G2-DDSQ-Fc16) mozna zaobserwowac, ze obecno$¢ wigkszej liczby grup ferrocenowych w uktadzie
G2-DDSQ-Fcis wptywa na ksztatt pikow, ktore sg lepiej wyksztatcone.
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Schemat 26. Woltamperogramy elektrod modyfikowanych obydwoma dendrymerami: a) w 0,1 M
roztworze n-BusNPFs w CHCl; b) w 0,1 M roztworze NaClO, w buforze fosforanowym (pH 7,0)
i (szybko$¢ zmiany potencjatu elektrody: 20 mV:-s?).

Natomiast w roztworze wodnym, woltamperogramy zmodyfikowanych elektrod przedstawiajg jeden
odwracalny pik, co moze by¢ spowodowane nachodzacymi na siebie oddzialywaniami jednostek
ferrocenowych (Schemat 26b). Wptyw na to mogg mie¢ czasteczki polarnego rozpuszczalnika, ktore
moga znajdowac si¢ pomigdzy grupami ferrocenowymi, przeciwdziatajac tym samym mozliwo$ci
pojawienia si¢ oddziatywan elektrochemicznych, utrudniajgc potaczenie dwoch par redoks. W Tabeli 2
zabrano warto$ci potencjatow formalnych zarowno dla elektrod badanych w roztworze organicznym,
jak i wodnym.

Tabela 2. Elektrochemiczne wyniki dla zmodyfikowanych elektrod.

Gl-DDSQ-FCg GZ-DDSQ-FCm
Metoda Metoda Metoda
potencjodynamiczna potencjodynamiczna potencjostatyczna
Roztwor Roztwor Roztwor Roztwor Roztwor Roztwor
wodny | organiczny wodny organiczny wodny organiczny
Epar/V 0.48 0.36 0.45 0.35 0.51 0.36
Epct/V 0.42 0.33 0.37 0.34 0.39 0.34
AEp/mV 65 30 80 10 120 20
E%/V 0.45 0.34 0.41 0.35 0.45 0.35
Epaa/V - 0.51 - 0.49 - 0.49
Epczlv - 050 - 048 - 047
AEplmV - 10 - 10 - 20
E%/V - 0.50 - 0.49 - 0.48
o 0.47 0.51 0.51 0.52 0.54 0.51
n 0.98 1.06 0.93 1.10 1.07 1.23
k/s 1.02 - 2.03 - 0.09 -
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Grubo$¢ powlok zostata obliczona na podstawie wotamperogramow cyklicznych otrzymanych
w $rodowisku wodnym. Grubos$¢ warstwy dla dendrymeru G1-DDSQ-Fcs otrzymanej w wyniku
metody potencjostatycznej wynosita 3 x 107 mol-Fc/cm?, dla dendrymeru G2-DDSQ-Fcis
odpowiednio 8 x 1071 i 7 x 107 mol-Fc/cm? odpowiednio dla metody potencjodynamicznej
i potencjostatycznej.

Schemat 26b przedstawia rdéznice pomigdzy foliami utworzonymi przez dendrymer
G2-DDSQ-Fcis w zalezno$ci od metody ich tworzenia. Grubszy film otrzymany metoda
potencjostatyczng moze utatwia¢ ruch przeciwjonéw i transfer elektronéw przy braku jednoczesnego
wzrostu rezystancji, dzieki czemu transfer elektronow bedzie bardzo szybki. Ponadto dowiedziono,
ze mniejsza ilo$¢ grup ferrocenowych przypadajacej na 1 czasteczke powoduje trudnosci w osadzeniu
si¢ dendrymeru G1-DDSQ-Fcs, pomimo zastosowania metody potencjostatyczne;j.

Parametr szerokosci piku w potowie wysokosci, W1, pozwala na zbadanie kinetyki przenoszenia
elektronow przez warstwy, scharakteryzowanie uktadu redoks w obu rozpuszczalnikach i powigzanie
Z metodami przygotowania elektrod. Umozliwia takze wyznaczenie liczby wymienionych elektronéw
n, jak rowniez elektronowego wspolczynnika przenikania a, ktore wskazujg na symetric uktadow
elektrochemicznych. W przypadku gdy piki katodowe i anodowe przy bardzo matych szybkosciach
zmiany potencjatu (10 mV-s?) zblizajg si¢ do pikow odwracalnych, symetrycznych wzgledem osi
potencjatu, to Wy, staje si¢ niezalezny od a i zbliza si¢ do wartosci 90,6/n mV. Z kolei przy duzych
szybko$ciach skanowania (500 mV-s™), Wi, piku katodowego musi by¢ réwna 62,5/na, a Wy piku
anodowego wynosi 62,5/n(1 — a).*° Na podstawie tych zalezno$ci wykazano, ze wszystkie procesy
redoks wszystkich uktadéow sg jednoelektronowe, co odpowiada parze redoks ferrocen/kation
ferrocenowy, a wspotczynniki o wynosza ok. 0,5, co $wiadczy, ze uktady te s3 symetryczne
i odwracalne. Warto$ci te zostaty zebrane w Tabeli 2.

Kinetyke zmodyfikowanych elektrod z osadzong jedna warstwa lub wieloma warstwami materiatu
zaabsorbowanymi na powierzchni mozna bada¢ na podstawie modelu opracowanego przez Lavirona,
ktory opiera si¢ na zmienno$ci wolamperogramow cyklicznych wzgledem szybkosci zmiany potencjatu
(v), co umozliwia okreSlenie czy elektroaktywne grupy sg ograniczone powierzchniowo.%140
Na podstawie woltamperograméow cyklicznych otrzymanych dla wszystkich elektrod w roztworze
niewodnym zaobserwowano, ze rdéznica pomig¢dzy potencjalem piku anodowego, a potencjatem piku
katodowego (AEy) jest praktycznie nie zmienna wraz ze wzrostem szybko$ci skanowania, a wartosci
AE, sa nieznacznie wicksze od zera (Tabela 2). Swiadczy to o braku ograniczen kinetycznych dla tych
elektrod. Dodatkowo, zalezno$¢ pomigdzy natezeniami pradow szczytowych, a szybkos$ciag zmiany
potencjatu elektrody charakteryzuje si¢ liniowos$cia, co jest charakterystyczne dla monowarstw.

Z kolei w $rodowisku wodnym zaobserwowano, ze potencjaly szczytowe przesuwajg si¢ wraz
ze wzrostem szybkos$ci zmiany potencjatu elektrody. Na tej podstawie mozna oszacowa¢ homogeniczng
stalg szybkosci przenoszenia elektronéw ks. W tym celu Laviron opracowal dwa przypadki, ktore
sg zalezne od wielkosci AE,. Homogeniczng stalg szybkos$ci przenoszenia elektronéw dla uktadow
charakteryzujacych si¢ AEp >200/n mV, wyznacza si¢ na podstawie rownania (3):

NFAE,
2,3RT

logk; = alog(l—a)+ (1 —a) loga — log% —a(l—a) 3

gdzie

R — stata gazowa, R = 8,314 [J'mol* K],
F — stata Faradaya, F = 96485 [C-mol™],
T — temperatura absolutna [K].
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Z kolei dla uktadow, gdzie AE; < 200/n mV, Laviron opracowat tabele z warto$ciami AE,, ktdre sa
funkcjg parametru m, gdzie

RTkg

m= (@)

Fnv

Natomiast dopasowanie wielomianowe (R? = 0,9992) tych danych oblicza si¢ z rownania (5):

Fnv
m = tre = 0,0003AE7 +0,0047AE, + 0,491 (5)

Otrzymane elektrody: G1-DDSQ-Fcs modyfikowana potencjostatycznie i G2-DDSQ-Fcis
modyfikowana potencjodynamicznie charakteryzowaty si¢ wartosciami AE, < 200/n mV w przedziale
v=10-300 mV-s?, natomiast dla G2-DDSQ-Fc1s modyfikowanej potencjostatycznie AE, > 200/n mV
w zakresie v> 50 mV-s. W Tabeli 2 przedstawiono warto$ci stalej szybko$ci przenoszenia elektrondow,
ks. Sposrod otrzymanych zmodyfikowanych elektrod najlepszymi wlasnosciami charakteryzowata si¢
elektroda modyfikowana G2-DDSQ-Fci6 otrzymana metoda potencjodynamiczna.

Dodatkowo, na podstawie zaleznosci natgzenia pradu szczytowego od szybkosci zmiany potencjatu
elektrody Laviron wykazat, ze szczytowe prady anodowe i katodowe maja cechy liniowosci tylko
dla duzych i matych v dla folii wielowarstwowych. Jednak, gdy i, jest proporcjonalne do V¥, gdzie
X przyjmuje warto$¢ 0,6 to Laviron przewiduje, ze folie wielowarstwowe charakteryzuja si¢ szybkim
przeniesieniem elektronow. Elektrody z filmem G2-DDSQ-Fcis wykazaly dobrg liniowos¢ zaleznosci
pomiedzy szczytowymi pradami anodowymi i katodowymi wzgledem V°® w calym przedziale
czestotliwosei, a dla filmu G1-DDSQ-Fcs ta zalezno$¢ wynosita v°8. Na tej podstawie, zgodnie
z modelem Lavirona mozna stwierdzi¢, ze otrzymane zmodyfikowane elektrody charakteryzujg si¢
budowa wielowarstwowa z szybkim przenoszeniem elektrondw.

Inng metoda elektrochemiczng zastosowang do scharakteryzowania zmodyfikowanych elektrod
platynowych byta elektrochemiczna spektroskopia impedancyjna (EIS), ktéora umozliwia zbadanie
szybkosci procesow zachodzacych na elektrodzie oraz jej powierzchni. Technika ta pozwala
na modelowanie granicy faz elektroda-elektrolit przy uzyciu obwodu zastepczego sktadajacego sig
Z rezystancji przenoszenia tadunku, ktora kontroluje kinetyke przenoszenia elektronéw (Rcr),
impedancji Warburga, ktora reprezentuje dyfuzje jonow z elektrolitu w masie do granicy faz elektrody
(W), pojemnosci miedzyfazowej warstwy podwdjnej (Cql) i rezystancji elektrolitu (Rs).**! Na podstawie
wykresé6w Nyquista mozna oszacowa¢ warto$¢ Rcr 1 Ca. Wykres ten sklada si¢ z dwoch czgsei:
polkolistej, ktorej srednica odpowiada wartos$ci Rer oraz czesci liniowej dla niskich czestotliwosci, ktdra
jest charakterystyczna dla uktadow kontrolowanych dyfuzja. W przypadkach chropowatych
powierzchni, gdy system odbiega od idealnego zachowania pojemnosciowego wprowadza si¢ staly
element fazowy CPE, ktory odzwierciedla niejednorodnos¢ warstwy i jest zdefiniowany jako
CPE = A (jw)™, gdzie n — odchylenie granicy faz od modelu Randlesa (warto$é¢ pomiedzy 0,5 — 1),
A — wspotczynnik, ktory staje sie rowny Cqi, gdy n=1.

~53 ~



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

Wydzial Chemii
-

Otrzymane Wykresy NquiSta °° ——G1-DDSQ-Fe, potencjostatyczny <

potwierdzity otrzymanie elektrod #%9]—o2.00sa-Fc,, potencioaynamiczny , o3
400 { ——G2-DDSQ-Fc , potencjostatyczny vy

zmodyfikowanych za pomoca .
silseskwioksanowych dendrymeréw w0 L
ferrocenowych w wyniku zastosowania obu g om0
procedur (Schemat 27). Pod wzgledem N 200
kinetyki przenoszenia (0 mniejszym Rcr) 150 ]
najlepsze wyniki otrzymano dla polimeru 100 |
utworzonego z G2-DDSQ-Fcis 50
otrzymanego .potenCJodynamlcznle, 1
a najwigksze warto$ci dla warstwy dla tego Z (@

samego dendrymeru, ale otrzymanego

metoda  potencjostatyczna. Dodatkowo, Schemat 27. Wykres Nyquista zmodyfikowanych

) o ] ! elektrod w roztworze 0,1 M KCI z 10 mM
na podstawie wynikow EIS mozna obliczy¢ Ks[Fc(CN)e/Ks[Fe(CN)¢]. Linie to dopasowania
wartos¢ pradu wymiennego (io) i symulacje umozliwiajagce uzyskanie obwodow
(réwnanie 6) 1 stale heterogeniczne zastepczych typu Randlesa. Wstawka przedstawia
przenoszenia elektronow (k°) (rownanie 7), model obwodu zastepczego uzyskany w wyniku

ktore wyznacza sie z nastepujacych rownan;  dopasowania i symulacji danych EIS.

Ret = RT/nFio (6)
io= nFAK’C (7)

gdzie

R — stata gazowa, R = 8,314 [J-mol?* K],

T — temperatura bezwzgledna [K],

F — stata Faradaya, F = 96485 [C-mol],

C — stezenie substancji elektroaktywnej [mol-cm™],
A — powierzchnia elektrody [cm?].242

Tabela 3 przedstawia wszystkie wyniki otrzymane na podstawie analizy EIS w porownaniu
z niezmodyfikowang elektrodg platynowg.'*® Ponownie, najlepsze warto$ci przewodzace i kinetyczne
uzyskano dla elektrody zmodyfikowanej przy uzyciu G2-DDSQ-Fci6 metodg potencjodynamiczna.

Tabela 3. Wyniki EIS dla trzech typéw zmodyfikowanych elektrod.

Elektroda Rt (Q) | CPE (uF) n io (uA) | k®(cms?) X2
Niezmodyfikowana!*? 32 4,29 0,829 791 1,17 x 107 -
Potencjostatycznie %
G1-DDSO-Fcs 214 11,00 0,834 132 2,34 x 10 0,0095
Potencjodynamicznie %
G2-DDSO-Fess 194 9,48 0,843 144 2,53 %10 0,0025
Potencjostatycznie 643 5,40 0,862 424 | 7,29x107 | 0,0056

G2-DDSQ-FC15

Zaréwno woltamperometria cykliczna, jak i elektrochemiczna spektroskopia impedancyjna
wykazaty tworzenie si¢ wielowarstwowych polimerow na elektrodach platynowych. W zwigzku z czym
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zbadano  morfologic  elektrod Pt  zmodyfikowanych za  pomoca  G1-DDSQ-Fcs
i G2-DDSQ-Fcis z wykorzystaniem techniki skaningowej mikroskopii elektronowej (SEM). Elektrody
przygotowano poprzez elektrolize o kontrolowanym potencjale (metoda potencjostatyczna — E = 1,0 V
przez 5 min) i powtarzania cykli (metoda potencjodynamiczna — 20 cykli w zakresie potencjatow
0,0—1,0 V). W obu przypadkach obserwowano catkowite pokrycie powierzchni platyny folig o znacznej
grubos$ci. Dodatkowo, Schemat 28 przedstawia cze$¢ drutu Pt, ktorego prawa strona nie byta zanurzona
w roztworze ferrocenowego dendrymeru silseskwioksanowego, a lewa strona — byta zanurzona,
€0 pokazuje utworzong powtoka. Na podstawie obrazow uzyskanych za pomocg detekcji elektronow
wstecznie rozproszonych (BSE) i roéznicy w jasnos$ci pikseli, ktora jest powigzana z masg atomowa jader
osadzonych atoméw, mozna wyraznie rozr6zni¢ obrazy czystej platyny (jasne) od obszarow platyny
pokrytej warstwa dendrymeru. Powloka na elektrodzie nie jest gtadka i jednolita, ma nieregularna,
ziarnista powierzchni¢ z porami o $rednicy przekroju poprzecznego od kilku mikrometrow do 20 um
(Schemat 29).

Ve

: I ’..- ’V 0“': ". = -
Schemat 28. Obrazy ze skaningowego mikroskopu Schemat  29.  Powigkszenie  obrazu
elektronowego drutéw Pt zmodyfikowanych przez skaningowej  mikroskopii  elektronowej

G1-DDSQ-Fcs przy uzyciu metody kontrolowanego uzyskanego z wykorzystaniem detektora
potencjatu przy E = 1,0 V przez 5 min: (aic) obrazy elektrondow wstecznie rozproszonych BSE
uzyskane z wykorzystaniem detektora BSE drutu Pt zmodyfikowanego przez
(elektronéw wstecznie rozproszonych) oraz (b i d) G1-DDSQ-Fcs.

detektora SE (elektronéw wtornych).

W pracy P3 otrzymano dwa ferrocenowe dendrymery o rdzeniu silseskwioksanowym typu
double-decker o generacji G1 1 G2 z wydajnoscia w zakresie 60 — 74%. Wykazaty one wysoka stabilnosé¢
termiczng oraz ciekawe wlasciwosci elektrochemiczne. Oba dendrymery majg taka samg strukture
rdzenia, a ich elektroaktywno$¢ jest zalezna wyltacznie od obecnosci i ilosci grup ferrocenowych,
jak i sposobu przygotowania oraz przeprowadzenia procesu elektrolizy.

~B55 ~



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

Wydzial Chemii
-

3.4  Synteza i charakterystyka poliolowych dendrymeréw silseskwioksanowych (P4).

W publikacji P4 skupiono si¢ na otrzymaniu dendrymeréw 2z réznymi rdzeniami
silseskwioksanowym, o roznej generacji i zawierajacych rozng ilos¢ jednostek poliolowych.
Realizowane badania zostaty podzielone na 3 etapy:

1) synteza dendrymerdéw o generacji G1 z grupami hydroksylowymi oraz opracowanie wydajnej

metody ich oczyszczania;

2) optymalizacja warunkéw reakcji do otrzymania dendrymerow o generacji G1.5 z ugrupowaniem

-O-Me;Si-H;

3) synteza dendrymerow poliolowych o generacji G2.

Do zamierzonego celu wykorzystano wodorowe (zawierajace wigzanie/a Si-H) pochodne
silseskwioksanu typu Ts z izobutylowymi'* i fenylowymi grupami inertnymi oraz oba rodzaje
silseskwioksanu typu double-decker, tj. uktad di- i tetrafunkcyjny.?*45 W pierwszym etapie badan
wykorzystano proces hydrosililowania pochodnych wodorowych z r6znymi olefinami zawierajagcymi
w swojej strukturze grupy hydroksylowe, tj. 7-okten-1,2-diol (olefina a), 2-(allyloksymetylo)-2-etylo-
1,3-propanediol (olefina b), 3-allyloksy-1,2-propanediol (olefina ) r6znigcymi sie: dtugoscia tancucha
alifatycznego (olefina a — C8, b — C6, ¢ — C6), obecnoscig asymetrycznego atomu wegla (olefina a i €)
oraz dodatkowym atomem tlenu w tancuchu alifatycznym (olefina b i c) (Schemat 30).
Do przeprowadzenia reakcji zastosowano 10% nadmiar olefiny oraz 10* réwnowaznika molowego
katalizatora Karstedt’a na jedna grupe reaktywna Si-H w strukturze silseskwioksanu. Reakcje
prowadzono w 95 °C przez 24 godziny. 14118119 7Ze wzgledu na wykorzystanie wodorowych pochodnych
silseskwioksanow, postep reakcji mozna byto obserwowac z wykorzystaniem techniki FT-IR, poprzez
analize zaniku pasm rozciggajacych od wigzania Si-H przy o = 900 cm™™,

7
i H)n [Pty(dvds)s] "‘ Q >
‘ A S , n

0-Si+ , g o-Si’ NSO,
"‘ L7 X si S~ N

= 7/
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R / ~.._O \7\ b)74° \
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G1-1iBu-a-20H  G1-1Ph-a-20H G1-2D-a-40H G1-4D-a-80H Dl
G1-1iBu-b-20H  G1-1Ph-b-20H G1-2D-b-40H G1-4D-b-80H _ _
G1-1iBu-c-20H  G1-1Ph-c-20H G1-2D-c-40H G1-4D-c-80H == = Si-O-Si

Schemat 30. Ogodlny schemat reakcji otrzymania poliolowych dendrymeréw silseskwioksanowych
0 generacji G1 z wykorzystaniem reakcji hydrosililowania.

Otrzymane zwiazki mialy postuzy¢ jako reagenty do dalszego wykorzystania, powigkszenia
ich generacji. Ze wzgledu na wcze$niejsze doswiadczenia z procesami izolacji i oczyszczania
silseskwioksanow o réznych rdzeniach temat ten takze okazat si¢ wyzwaniem. W tym przypadku
konieczne byto usuniecie pozostatosci katalizatora Karstedt’a oraz nadmiaru olefiny. Popularng metoda
na usuni¢cie pozostatosci po uzyciu [Pty(dvds)s] jest zastosowanie kolumny chromatograficznej
z krzemionkg i chloroformem jako eluentem.'*!® Jednakze, ze wzgledu na obecno$¢ grup
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hydroksylowych w strukturze silseskwioksandéw, ktore wykazuja powinowactwo do krzemionki,
nie mozna byto zastosowac tej metody. Zweryfikowano modyfikacje tej procedury w postaci innego
wypehienia kolumn (krzemionka modyfikowana trietyloaming,'*® celit), jak i fazy ruchomej (toluen,
chloroform). Najbardziej optymalng metoda oczyszczania syntezowanych nowych uktadow byto
zastosowanie celitu jako fazy stacjonarnej oraz chloroformu jako eluentu.

W nastgpnym etapie konieczne byto pozbycie si¢ nadmiaru olefiny. Proces oczyszczania
rozbudowanych uktadéw silseskwioksanowych, jak juz wykazano we wczesniejszych rozdziatach (3.1,
3.2), jest istotnym aspektem wymagajacym indywidualnego podejscia ze wzgledu na roéznice
w strukturze rdzenia czy ilosci grup funkcyjnych. W tym przypadku opracowano trzy metody
oczyszczania dendrymeré6w od nadmiaru olefiny wykorzystanej jako reagenta do syntezy. Efektywna
metodg oczyszczania dendrymerdw opartych na silseskwioksanie typu double-decker byta Metoda |
polegajaca na przygotowaniu mieszaniny surowego produktu w MeOH : DCM w stosunku 2 : 1, do
ktorej dodano wody w celu rozdzielenia faz. Schemat 31 przedstawia zestawienie widm *H NMR dla:
—  mieszaniny poreakcyjnej G1-2D-a-40H (Schemat 31a),

—  fazy wodnej (Schemat 31b), w ktorej znajduje si¢ olefina oraz

—  fazy organicznej z czystym produktem G1-2D-a-40OH (Schemat 31c).

Dla uktadow zawierajacych wigkszg ilo$¢ grup hydroksylowych (G1-4D-a-80H, G1-4D-b-80H,
G1-4D-c-80H) nalezato zatezy¢ warstwe wodno-metanolowa oraz doda¢ dodatkowsa ilos¢ DCM w celu
separacji faz. Metoda | jest podobna do ekstrakcji, ktora rowniez byta weryfikowana dla uktadow
dendrytycznych o rdzeniu iBusTs, jednak wymagato to zatezenia warstwy wodnej w celu odzyskania
produktu.
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Schemat 31. Poréwnanie widm H NMR: a) mieszaniny poreakcyjnej G1-2D-a-40H, b) warstwy
wodnej, ¢) warstwy organicznej podczas oczyszczania. *) Referencyjna linia rezonansowa CDCls.

Metoda | okazata sie by¢ nieskuteczna do oczyszczania zwigzkéw o rdzeniu fenylowym typu Ts,
ze wzgledu na wysoka gestos¢ funkcjonalizowanych olefin (od 0,941 do 1,068 g/ml), ktore osadzaty si¢
na wytragconym zwigzku w MeOH. Dlatego realizowano badania z wykorzystaniem procesu wytracania
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produktu w wybranym rozpuszczalniku, w ktorym olefina bylaby rozpuszczalna. W toku badan
weryfikowano uzycie metanolu oraz acetonitrylu (MeCN), jako znanych rozpuszczalnikow
do wytracenia silseskwioksanow. Dos¢ dobre rezultaty uzyskano dla MeCN, ktory charakteryzuje si¢
nizszym indeksem polarnosci (6,2) w poréwnaniu do metanolu (6,6). Metoda ta zostata oznaczona jako
Il. Jednakze wydajnos$ci uzyskane dla badanych uktadow ta metoda byly niskie, w zakresie 12 — 36%
(Tabela 4). Dlatego postanowiono zastosowa¢ dwukrotnie Metode I, w celu usuni¢cia znacznej ilosci
olefiny w poczatkowym etapie z wykorzystaniem bardziej polarnego rozpuszczalnika (MeOH),
a nastgpnie zastosowano Metode II, tj. wytragcenie w MeCN. Polaczenie tych dwoch metod, w efekcie
zwigkszyto wydajnos¢ reakeji do 47%, a procedure oznaczono jako Metoda I11.

Metoda Il rowniez zostata zastosowana do oczyszczania uktadow dendrytycznych opartych
na izobutylowych rdzeniach silseskwioksanowych typu Ts w celu poréwnania metod. Niestety,
ta metoda wykazata mniejsze wydajnosci w stosunku do Metody | dla tych zwigzkow, co moze by¢
spowodowane réznicg w rozpuszczalno$ci jaka wykazuja zwiazki (inertne grupy iBu vs Ph). WyniKki
zebrano w postali Tabeli 4. Metoda Il nie mogta by¢ takze zastosowana dla uktadow o rdzeniach
DDSQ, ze wzgledu na ich rozpuszczalnos¢ w MeCN, co byto spowodowane wigkszg iloscig grup
alifatycznych i hydroksylowych w ich strukturze.

Tabela 4. Wydajnos¢ poszczegolnych produktow w zaleznosci od zastosowanej metody oczyszczania
dendrymerow silseskwioksanowych typu Ts.

Skrét produktu Metoda izolacji
Metoda | [%6] Metoda 11 [%] Metoda |11 [%0]

G1-1liBu-a-20H 92 82 *
G1-1iBu-b-20H 84 81 *
G1-1iBu-c-20H 96 65 *
G1-1Ph-a-20H - 12 43
G1-1Ph-b-20H - 24 47
G1-1Ph-c-20H - 36 10

* nie weryfikowano

Kolejnym etapem badan byta modyfikacja grup hydroksylowych w celu otrzymania uktadow
dendrytycznych o generacji G1.5 z nowym ugrupowaniem -O-Me;Si-H (Schemat 32). Podstawowa
metoda modyfikacji grup hydroksylowych jest ich deprotonacja potgczona z nastgpcza substytucja
nukleofilowa czynnkiem sililowym. W ramach przeprowadzonych badan zweryfikowano kilka
czynnikow deprotonujgcych, m.in. n-butylolit (n-BuLi), wodorek potasu (KH), wodorek sodu (NaH),
a do nastepczej substytucji wykorzystano chlorodimetylosilan. Jednakze w toku prac nie uzyskano
satysfakcjonujgcych rezultatow dla tej Sciezki syntetycznej, pozwalajagcej na jej wykorzystanie
w dalszych badaniach.
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Schemat 32. Ogoélny schemat reakcji otrzymania dendrymerow silseskwioksanowych o generacji G1.5
z wykorzystaniem reakcji O-sililowania.

Inng metodg na blokowanie grup -OH jest reakcja z bis(trimetylosililo)amidkiem potasu (KHMDS)
lub 1,1,1,3,3,3-heksametylodisilazanem (HMDS). Ze wzgledu na gtowne zalozenie badan, jakim byto
otrzymanie nowego, reaktywnego ugrupowania -O-Me;Si-H, zastosowano 1,1,3,3-tetrametylodisilazan
(TMDS). Modyfikacja G1-1iBu-a-20H w obecnosci 1 ml TMDS oraz toluenu (15 pl) prowadzona
byta przez 24 godziny w 100 °C. Postep reakcji byt monitorowany za pomoca techniki FT-IR poprzez
obserwowanie zaniku pasma & = 3371 cm® od grupy hydroksylowej oraz pojawienia si¢ pasm
przy o = 2118 oraz & = 904 cm™ odpowiadajacych powstajacemu wigzaniu Si-H. Widmo #*Si NMR
przedstawito trzy nowe linie rezonansowe przy 6,22, 6,06, 4,43 ppm odpowiadajace nowym atomom
krzemu typu M z ugrupowan -CH-O-Me;Si-H and -CH;-O-Me;Si-H. Dwa sygnaly przy 6,22 oraz
6,06 ppm pochodza od atomoéw krzemu przy asymetrycznym atomie wegla, co $wiadczy o powstaniu
mieszaniny diastereoizomerow.

W zwigzku z powyzszym postanowiono wykorzysta¢ procedurg katalityczng. W literaturze mozna
znalez¢ kilka metod, ktore umozliwiaja przeprowadzenie reakcji O-sililowania. Moze ona zachodzi¢,
m.in. pomigdzy:

e silanolem a winylotriorganosilanem w obecnosci kompleksu rutenu ([RuUHCI(CO)(PCys)2]), ™’

e silanolem a 2-metyloalilosilanem z wykorzystaniem trifluorometanosulfonianu skandu(lll)

[Sc(OTf)s] lub Nafionu 314

e silanolem a disilazanem w obecnosci trifluorometanosulfonianu bizmutu(Ill) [Bi(OTf)s]

lub tez jego braku.'*

W literaturze réwniez mozna znalez¢ informacje o sililowaniu grupy hydroksylowej
Z wykorzystaniem disilazanu w obecno$ci Bi(OTf)s, jako katalizatora. Jego wykorzystanie zostato
pokazane dla niskoczasteczkowych uktadéow krzemoorganicznych przez prof. Hreczycho
i wspotpracownikow. To tagodna metoda sililowania, umozliwiajgca szybkie wprowadzenie blokady
grupy hydroksylowej, ktoéra moze zawiera¢ ugrupowania zaréwno reaktywne, jak i niereaktywne przy
atomie Si.}91%0 W zwigzku z tym postanowiono zbada¢ mozliwosci jej wykorzystania do modyfikacji
uktadow dendrytycznych o generacji G1. Po zweryfikowaniu stechiometrii reagentow, najbardziej
korzystna dla ukltadow o rdzeniu silseskwioksanowym typu Tg z izobutylowymi inertnymi
podstawnikami byta: [G1] : [TMDS] : [Bi(OTf)3] = 1 : 8 : 0,04 (G1 = G1-liBu-a-20H,
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G1-1iBu-b-20H, G1-1iBu-c-20H). Reakcj¢ prowadzono przez 24 godziny w temperaturze pokojoweyj.
Proces oczyszczania polegal na przesaczeniu mieszaniny reakcyjnej przez filtr strzykawkowy
(0,2 um), a nastgpnie odparowaniu rozpuszczalnikow i przemyciu osadu MeCN, w celu usunigcia
niecatkowicie przereagowanego substratu (TMDS). Otrzymano nowe uktady dendrytyczne o generacji
G1.5 zwydajnoscia w zakresie 72 — 82%, ktore zostaly scharakteryzowane spektroskopowo.
Opracowane warunki reakcji zostaly przeniesione na otrzymanie hantlowych dendrymeréw o rdzeniu
DDSQ. Wocelu syntezy G1.5-2D-b-4SiH oraz G1.5-4D-b-8SiH zastosowano odpowiednie
stechiometrie reagentow: [G1-2D-b-40OH] : [TMDS] : [Bi(OTf)s] = 1 : 16 : 0,08 oraz
[G1-4D-b-80H] : [TMDS] : [Bi(OTf)s] =1:32:0,16. Jednakze, pojawity si¢ problemy w przypadku
oczyszczania produktu G1.5-2D-b-4SiH, poniewaz charakteryzuje si¢ on bardzo dobrg
rozpuszczalnoscia w MeCN, n-heksanie, THF, CHCIlz oraz DCM. Moze by¢ to spowodowane
obecnoscia dhugich tancuchow alifatycznych przy zamknigtym rdzeniu DDSQ. Widma NMR
potwierdzajg otrzymanie produktu G1.5-2D-b-4SiH, ale z zanieczyszczeniami, ktorych nie mozna byto
usung¢ na tym etapie prac. Cickawa obserwacjg byt fakt, jak duzy wptyw ma na wiasciwosci
fizykochemiczne sam rodzaj rdzenia uktadéw dendrytycznych. W przypadku otwartego rdzenia DDSQ),
zwigzek G1.5-4D-b-8SiH, pomimo wigkszej ilosci fancuchow alifatycznych niz w G1.5-2D-b-4SiH,
nie wykazywat tak duzej rozpuszczalnosci w MeCN, co umozliwito jego oczyszczanie z uzyciem tego
rozpuszczalnika.

W trakcie realizacji prac badawczych zaobserwowano wrazliwo$¢ wybranych dendrymerow
na czynniki otoczenia, co wiazato si¢ z ich zmniejszong stabilno$ciag w czasie. Mozna to bylo
zaobserwowaé poprzez wykonanie widm 'H i ?Si NMR i obserwacje zaniku linii rezonansowych
od wigzania Si-H. W zwiazku z powyzszym wybrano dendrymer G1.5-4D-b-8SiH i postanowiono
sprawdzi¢ jego stabilno$¢ poprzez wykonanie widm NMR w odpowiednich odstgpach czasowych,
tj. po 5 i 60 dniach. Schemat 33 przedstawia poréwnanie widm analizy H NMR substratu
G1-4D-b-80H, G1.5-4D-b-8SiH zaraz po reakcji, po 5 i 60 dniach. Juz po 5 dniach mozna
zaobserwowac pojawienie si¢ dodatkowych linii rezonansowych w zakresie 4,69 — 4,72 ppm sugerujace
pojawienie si¢ niecatkowicie podstawionego produktu z wolnymi grupami -OH. Dodatkowo, pojawity
si¢ nowe sygnaly w zakresie 0,01 — 0,18 ppm $wiadczace o powstaniu nowych grup metylowych
oraz w zakresie 2,90 — 3,64 ppm obserwowane sg dodatkowe sygnaty, ktore mogg odpowiada¢ grupom
znajdujgcym si¢ w substracie G1-4D-b-80H. W analogiczny sposéb analizowano widma #Si NMR
(Schemat 34). Po 5 dniach zarejestrowano dodatkowa lini¢ rezonansowg przy 6,86 ppm, ktdra sugeruje
pojawienie si¢ niecatkowicie podstawionego produktu. Natomiast po 60 dniach, nie obserwujemy
sygnatow od atoméw krzemu typu M od ugrupowania -O-Me;Si-H przy wartosciach 5,33 oraz
6,86 ppm. Pojawila si¢ linia rezonansowa przy -21,93 ppm, ktora odpowiada atomowi krzemu typu D.5!
Analiza widm NMR wykonanych w interwatach czasowych moze potwierdzi¢ niestabilno§¢ nowej
grupy sililowo-eterowej (C-O-Si-H) w dendrymerach G1.5. Jest to prawdopodobnie spowodowane
rozerwaniem wigzania C-O-|-Si- pod wptywem wilgoci znajdujacej si¢ w powietrzu, z jednoczesnym
odtworzeniem sig¢ substratu hydroksylowego i powstania polisiloksanu.'®® Stabilno$¢ wigzania C-O-Si
mozna by zwigkszy¢ poprzez wyeliminowanie grup alifatycznych sgsiadujacych z -OH i wprowadzenie
pierscienia fenylowego w to miejsce.'®
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Schemat 33. Poréwnanie wybranego zakresu widm *H NMR: a) G1-4D-b-80H, b) G1.5-4D-b-8SiH,
¢) G1.5-4D-b-8SiH (5 dni), d) G1.5-4D-b-8SiH (60 dni). *) Referencyjna rezonansowa linia CDCls.

Schemat 34. Poréwnanie wybranego zakresu widm #Si NMR: a) G1-4D-b-80H, b) G1.5-4D-b-8SiH,
c) G1.5-4D-b-8SiH (5 dni), d) G1.5-4D-b-8SiH (60 dni).

Trzecim etapem realizowanych badan w ramach opracowania §ciezki syntetycznej otrzymania
poliolowych uktadéw dendrytycznych byta modyfikacja dendrymerdw o generacji G1.5, z reaktywnym
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wigzaniem Si-H poprzez reakcje hydrosililowania z odpowiednig olefing (olefina a, b oraz c)
zawierajaca ugrupowanie diolowe, w celu otrzymania zwigzkow o generacji G2 (Schemat 35). Zaréwno
nadmiar olefiny, rodzaj i ilo$¢ katalizatora na jedng grupe reaktywna w strukturze silseskwioksanu,
jaki czas i temperatura prowadzenia procesu byla analogiczna do opisanej przy etapie I,
czyli 1,1 réwnowaznika molowego olefiny i 10* rownowaznika molowego Kkatalizatora Karstedt’a
na jedna grupe¢ reaktywna i reakcja prowadzona byta przez 24 godziny w temperaturze 95 °C. W toku
prac dowiedziono, ze najbardziej efektywna metoda oczyszczania uzyskanych produktow
dendrymerycznych byta Metoda I, ktora zwigzana byta z przygotowaniem mieszaniny surowego
produktu w MeOH : DCM w stosunku 2 : 1, do ktorej dodano wody w celu rozdzielenia faz. Otrzymane
zwigzki zostaly wyizolowane i scharakteryzowane spektroskopowo. Nalezy podkre$li¢, ze analiza widm
H i 2Si NMR tych zwigzkéw byta utrudniona, ze wzgledu na ich podobienstwo do dendrymerow
o0 generacji G1 z otrzymanych w wyniku reakcji z tymi samymi olefinami, np. G1-1liBu-a-20H
oraz G2-1iBu-a-2a-40H. W tym przypadku analiza **C NMR oraz FT-IR umozliwita jednoznaczne
potwierdzenie otrzymania dendrymeréw o generacji G2. Na widmie *C NMR obserwowane byty
przesunigcia sygnatow od grup metylowych z -1,44, -1,41, -0,68 i -0,53 ppm na -0,96, 0,35 oraz
1,20 ppm dla zwigzku G2-1iBu-a-2a-40OH.

s'i'H '/\/ \OH
—o " [Ptz(dvds)3]
A P
\Sij
" "H
ol "

> = a) Y/ o’
> - /, d B \
, - \ Si / N , O\Sii/ b) \//\'O/E\\/

N .0 \ I~
n=1 =2 /‘\,?I n =4
1
R=iBu ©) 5LOAN
G2-1iBu-a-2a-40H G2-2D-b-4b-80H G2-4D-b-8b-160H
G2-1iBu-b-2b-40H = = Si-O-Si

Schemat 35. Schematyczne przedstawienie syntezy poliolowych dendrymerow o rdzeniu
silseskwioksanowych o generacji G2 z wykorzystaniem reakcji hydrosililowania.

Dodatkowo, widmo FT-IR przedstawia pojawienie si¢ pasma & = 3368 cm™ odpowiadajacej grupie
hydroksylowej. Jednakze, najwigksze zmiany obserwowane sg w zakresie & = 700-900 cm?,
tzw. obszarze , finger print” (ang.), pomigdzy widmami uzyskanymi dla G1-1liBu-a-20H oraz
G2-1liBu-a-2a-40H (Schemat 36). Zmiany te sa spowodowane wystepowaniem dodatkowych drgan
zginajacych w plaszczyznie grup -OH, -CH,-, -CHas. Jest to jednoznaczne potwierdzenie otrzymania
stabilnego na powietrzu dendrymeru o generacji G2.
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Schemat 36. Poréwnanie widm FT-IR wyizolowanych produktéw: iBu;Tg-OSiH (niebieskie),
G1-1liBu-a-20H (pomaranczowe), G1.5-iBu-a-2SiH (zielone) i G2-liBu-a-2a-40H (z6lte).
Prostokatna ramka odpowiada pasmom drgan zginajacych w ptaszczyznie grup (p) -OH, -CHz-, CHs.

Uklady o generacji G2 w swojej strukturze posiadajg wigcej tancuchéw alifatycznych, ktore
wptywaja na ich wlasciwosci fizykochemiczne i mozna zaryzykowac stwierdzenie, ze sa one w duzej
mierze zblizone do wilasciwosci stosowanych olefin. Dlatego utrudniony jest proces oczyszczania
dendrymeréw o generacji G2 z nadmiaru stosowanej w reakcji olefiny, ze wzgledu na wzajemne
podobienstwo obu zwigzkéw w rozpuszczalnosci. Mozna to zaobserwowac podczas pordéwnania
wydajnosci G2-1iBu-a-2a-40H, ktérej wydajno$é wynosi 38%, a dla uktadu bardziej rozbudowanego
G2-4D-b-8b-160H ta wydajnos¢ jest niemal 2-krotnie mniejsza (20%).

Podczas poszukiwan odpowiednich metod oczyszczania obserwowano
rozpuszczalno$¢ poszczegdlnych uktadow dendrytycznych w wybranych rozpuszczalnikach.
W zawigzku z czym postanowiono zbada¢ rozpuszczalno$¢ wybranych zwigzkéw (po dwa przyktady
z kazdego typu rdzenia: iBu;Ts, di-DDSQ oraz tetra-DDSQ) w podstawowych rozpuszczalnikach
organicznych: DCM, Et;O, THF, toluen, MeOH, MeCN i n-heksan. Wybrane uktady dendrytyczne
oprocz roznych rdzeni, roznity si¢ podstawnikiem diolowym: dodatkowym atomem tlenu w tancuchu
alifatycznym (b) albo jego brakiem (a). Oprocz tego wybrano jeden najbardziej rozbudowany zwiazek
G2-4D-b-2b-160H charakteryzujacy si¢ najwicksza iloscia grup hydroksylowych (16 grup)
z dodatkowymi atomami tlenu w tancuchach alifatycznych. Analizowano probki o masie 20 mg, ktore
bardzo dobrze rozpuszczaly si¢ w DCM, Et,O, THF, toluenie w zakresie 15 — 102 pl. Uktady
dendrytyczne o rdzeniu iBusTs, tj. G1-liBu-a-20H oraz G1-1liBu-b-20H sa rozpuszczalne
w n-heksanie (28 — 40 pl) ze wzglgdu na inertne podstawniki przy rdzeniu, ale nie sg rozpuszczalne
w MeOH oraz MeCN, pomimo obecnosci hydrofilowych podstawnikow -OH. Natomiast, ciekawe
zachowanie zaobserwowano dla dendrymeréw z rdzeniem DDSQ. Zwiazki te charakteryzowaty

zréznicowang

si¢ dobra rozpuszczalnoscia zarowno w MeOH i MeCN ze wzgledu na wigkszg ilo$¢ grup
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hydroksylowych oraz dodatkowe atomu tlenu w tancuchach alifatycznych (275 — 3850 pl) pomimo,
ze te rozpuszczalniki sg stosowane przewaznie do oczyszczania uktadow DDSQ poprzez wytracanie.
Dodatkowo, G2-4D-b-8b-160H charakteryzowat si¢ bardzo dobra rozpuszczalnoscia w tych
rozpuszczalnikach (60 — 137 pl).

W ramach pracy P4 zostato przedstawione indywidualne podejscie do syntezy poliolowych uktadow
dendrytycznych na drodze opracowanego szlaku syntetycznego w oparciu o sekwencje reakcji
hydrosililowania, O-sililowania oraz ponownego hydrosililowania. Otrzymano tacznie 21 uktadow
dendrytycznych o generacjach G1 (wydajno$¢ 36 — 96%), G1.5 (wydajnos¢ 72 — 85%) oraz G2
(wydajnos¢ 18 — 39%) z rdzeniami silseskwioksanowymi, z ktorych 18 zwigzkow jest nieznanych
w literaturze. Podczas prowadzonych badan obserwowany byt znaczny wptyw zaréwno samego typu
rdzenia, jak i rodzaju i ilosci podstawnikéw organicznych na wiasciwosci fizyczne (postac,
rozpuszczalnos$¢) i chemiczne (reaktywno$¢ w procesie hydrosililowania i O-sililowania) otrzymanych
zwigzkow. Przedstawione badania byly realizowane w ramach MiniGrantu doktoranckiego
pt.: “Poliolowe ukiady dendrytyczne na bazie rdzeni silseskwioksanowych” w ramach projektu
Inicjatywa Doskonatosci — Uczelnia Badawcza, konkurs 17, zadanie 02 — Wsparcie procesu aplikacji
grantowych: merytoryczne, techniczne i jezykowe; nr wniosku 017/02/SNS/0001.
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4. Podsumowanie i wnioskKi

Celem badan prowadzonych w ramach dysertacji doktorskiej byto zaprojektowanie oraz otrzymanie
nowych uktadow dendrytycznych o rdzeniach silseskwioksanowych z szczegdlnym uwzglgdnieniem
silseskwioksanow typu Tg z izobutylowymi i fenylowymi grupami inertnymi oraz di- i tetrafunkcyjnych
silseskwioksanow typu double-decker.

Do najwazniejszych osiggnie¢ pracy naleza:

1) Otrzymanie winylo- i chlorometyleno-podstawionych silseskwioksanéw jako rdzeni
dendrymerow (P1).

e Opracowanie warunkow syntezy, izolacji 1 przeprowadzenie charakterystyki pigciu
winylopodstawionych uktadéw dendrytycznych o generacji G1 otrzymanych w wyniku reakcji
kondensaciji.

e Uzyskanie nowego, nieznanego w literaturze ukfadu silseskwioksanu typu double-decker
Z jednostronnie domknigtg krawedzia (Semi-DDSQ-d(OSiVis)).

e Okreslenie po raz pierwszy struktur krystalicznych zwigzkow DDSQ-t(OSiVis) oraz
semi-DDSQ-d(OSiVis) za pomoca rentgenografii strukturalnej przez prof. dr hab. Macieja
Kubickiego.

e Opracowanie indywidualnych warunkéw reakcji hydrosililowania (rodzaj katalizatora
i temperatura prowadzenia reakcji) w celu otrzymania dendrymerow o generacji G1.5:
iBuTs-(SICH2Cl);, PhTs-(SiCH2Cl);, DDSQ-d(SiCH:Cl);3 oraz DDSQ-t(SiCH2Cl)s,
zaleznych od typu rdzenia, grup inertnych i iloci grup funkcyjnych.

e Zbadanie rozpuszczalnosci otrzymanych dendrymerdéw o generacji G1 i G1.5 w podstawowych
rozpuszczalnikach  organicznych: DCM, THF, Et,O, toluen, MeOH, MeCN,
n-heksan.

Publikacja P1 stanowi pierwsze doniesienie literaturowe o uktadach dendrytycznych z rdzeniem DDSQ.

2) Synteza silseskwioksanowych ukladéw dendrytycznych o ramionach karbosilanowych (P2).

o Weryfikacja umiejscowienia wigzania Si-H i Si-HC=CH, w reagentach na selektywne
otrzymanie produktu S-addycji w reakcji hydrosililowania.

e Opracowanie indywidualnych warunkéw syntezy karbosilanowych dendrymeréw o rdzeniach
silseskwioksanowych, w odniesieniu do stosowanego czynnika redukujacego:

o dla uktadéw o rdzeniu typu Ts z izobutylowymi grupami inertnymi LiAIH,.

o dla uktadéw o rdzeniu typu Tg z fenylowymi grupami inertnymi i dla DDSQ Red-Al®.

o opracowanie procedur izolacji i oczyszczania opisanej jako Metoda Il przy
zastosowaniu Red-Al®.

e Otrzymanie z wysokimi wydajno$ciami dwoch uktadow dendrytycznych o generacji GO oraz
trzech o generacji G1 z rdzeniem typu Tsg, ktorych struktury zostaly w pelni potwierdzone
wykonanymi analizami spektroskopowymi.

o Weryfikacja reaktywno$ci nowego wigzania Si-H w strukturze G1-4D-8H w reakcji
hydrosililowania z eterem alliloglicydylowym i otrzymanie dendrymeru G1-8D-8epoxy.

o Opracowanie metody syntezy i otrzymanie mieszaniny dendrymerow o generacji G2 o rdzeniu
typu iBu7Ts z grupami funkcyjnymi w postaci Si-H w pozycjach g,5-, a,f- oraz a,a-.
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3) Ferrocenowe uklady dendrytyczne o rdzeniu DDSQ (P3).

e Opracowanie metody syntezy dendrymerow o generacji G1 1 G2: G1-DDSQ-Fcg,
G2-DDSQ-Fcis, zawierajacych w swojej strukturze odpowiednio 8 i 16 jednostek
ferrocenowych, ktore zostaly otrzymane z wydajnosciami 60 — 74%, a ich struktury zostaty
potwierdzone analizg spektroskopowa.

e Weryfikacja stabilno$ci termicznej (TGA) oraz rozpuszczalnosci obu dendrymerdéw
w podstawowych rozpuszczalnikach organicznych.

e Przeprowadzenie oceny wiasciwosci utleniajgco-redukujacych dendrymerow G1-DDSQ-Fcs
oraz G2-DDSQ-Fcis za pomoca woltamperometrii cyklicznej (CV). Weryfikacja wplywu
opracowanej metody analizy CV — potencjostatyczna i potencjodynamiczna na uzyskane wyniki
potencjatow red-ox przygotowanych elektrod platynowych.

e Otrzymanie zmodyfikowanych platynowych elektrod z polimerowymi powlokami utworzonymi
przez dendrymery (G1-DDSQ-Fcg oraz G2-DDSQ-Fc16) i weryfikacja ich wlasciwos$ci zaleznie
od budowy za pomocg woltamperometrii cyklicznej, elektrochemicznej spektroskopii
impedancyjnej (EIS) oraz zdje¢ SEM.

4) Poliolowe uklady dendrytyczne o réznych rdzeniach silseskwioksanowych (P4).

e Opracowanie metody syntez 9 nowych dendrymeréw o generacji G1, 5 dendrymerow
0 generacji G1.5 oraz 4 dendrymerdw o generacji G2 z udzialem silseskwioksanow typu Ts Oraz
DDSQ polegajacej na przeprowadzeniu sekwencji nastgpujacych po sobie reakcji
hydrosililowania, O-sililowania i ponownego hydrosililowania.

e Opracowanie trzech metod oczyszczania dendrymeréw o generacji G1 w zaleznosci
od zastosowanego rdzenia silseskwioksanowego.

e Zbadanie mozliwosci wykorzystania reakcji O-sililowania jako metody umozliwiajacej
modyfikacje grupy hydroksylowej z jednoczesnym wprowadzeniem reaktywnego wigzania
-O-Si-H.

e Analiza reaktywnosci katalitycznej wprowadzonego ugrupowania Si-H w zwigzkach
0 generacji G1.5 w procesie hydrosililowania.

e Ocena wpltywu budowy olefin, tj. olefina z asymetrycznym atomem wegla (olefina a,
olefina ¢), z dodatkowym atomem tlenu (olefina b, olefina ¢), jak rowniez ilo$ci podstawnikoéw
organicznych w strukturach dendrymerow zaleznych od rodzaju rdzenia silseskwioksanowego
na wlasciwosci fizykochemiczne otrzymanych zwigzkow.

o Weryfikacja stabilno$ci uktadow o generacji G1.5 w odniesieniu do wilgoci znajdujacej si¢
W powietrzu w czasie.

Przeprowadzone badania doprowadzily do opracowania metodologii syntez ukladow
dendrytycznych z rdzeniami silseskwioksanowymi: typu Ts a takze DDSQ w wersji zamknietej
i otwartej. Otrzymane zwiagzki zawieraja ugrupowania funkcyjne: winylowe- (P1), CICH,- (P1) H- (P2
i P4), Cl- (P2), epoksy (P2), ferrocen (P3), -OH (P4), ktore w czesci przypadkéw modyfikowano
zapomocg dobranych odpowiednio metod Kkatalitycznych o zoptymalizowanych warunkach
dla selektywnej i wydajnej syntezy pozadanych produktow. Metody te to hydrosililowanie, redukcja
czy O-sililowanie. Wszystkie uzyskane w badaniach realizowanych w ramach pracy doktorskiej uktady
zostaty wyizolowane i scharakteryzowane spektroskopowo (*H, *C, 2Si NMR, FT-IR, dla wybranych
DEPT-135, 'H{®C!HSQC) i spektrometrycznie. Dla cze$ci wykonano analiz¢ ich stabilnoéci
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termicznej, a dla ukladéw ferrocenowych takze oceniono wiasciwosci utleniajgco-redukujace.
Syntezowane w ramach badan niniejszej rozprawy doktorskiej uktady, ktore 36 z 39 zwigzkow jest
nieznana w literaturze, wraz z ich charakterystyka, stanowig innowacyjng biblioteke uktadow
dendrytycznych o réznych rdzeniach klatek i funkcjonatach zakotwiczonych na tych nieorganicznych
rdzeniach w réznej ilosci. Taka baza zwigzkow moze by¢ podstawowym elementem do planowania
kierunkéw ich dalszego wykorzystania. Uzyskane w ramach przedstawionej dysertacji dendrymery
charakteryzuja si¢ $cisle zdefiniowang budowa molekularng, a obecnos¢ reaktywnych grup funkcyjnych
umozliwia ich dalszg funkcjonalizacje. W ostatnich latach liczba raportow dotyczacych syntez
dendrymeréw o charakterze hybrydowym o réznorodnych zastosowaniach rosnie, a mimo to,
perspektywy dalszego rozwoju tej grupy uktadow sa duze i by¢ moze nadal nie do konca odkryte.
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Mgr Aleksandra Mrzygtod
Wydzial Chemii, Zaktad Chemii Metaloorganiczne;
Uniwersytet im. Adama Mickiewicza w Poznaniu

Oswiadczenie
Publikacje wehodzgce w sklad rozprawy doktorskiej

Niniejszym o$wiadczam, ze w ponizszych artykulach méj wktad autorski obejmuje:

P1. Aleksandra Mrzygldéd, Maciej Kubicki, Beata Dudziec*, Vinyl- and chloromethyl-
substituted mono-Ts and double-decker silsesquioxanes as specific cores to low
generation dendritic systems, Dalton Transaction, 2022, 51, 1144-1149.

- synteze oraz charakterystyke spektroskopowa ('H, *C, 2Si NMR oraz FT-IR) substratow
iBuTs-OH, PhTs-OH, DDSQ-d(OH) niezbednych do przeprowadzenia dalszych etapow
prac badawczych w pracy;

- optymalizacje warunkéw prowadzenia reakcji kondensacji, syntezg, a takze wykonanie
i interpretacj¢ analiz spektroskopii: 'H, 'C, %Si NMR, FT-IR oraz spetrometrii
ESI-TOF MS zsyntezowanych winylopodstawionych dendrymeréw silseskwioksanowych
o generacji G1 (iBuTs-OSiViz, PhTs-OSiViz, DDSQ-d(OSiVi3) oraz DDSQ-t(0SiVi3));

- opracowanie indywidualnych metod i wykonanie izolacji poszczegdlnych produktow
iBuTs-0SiVis, PhTs-0SiVis, DDSQ-d(OSiVis) oraz DDSQ-t(0SiVis) otrzymanych
w wyniku reakcji kondensacji;

- otrzymanie krysztalow do pomiaréw rentgenostrukturalnych (semi-DDSQ-d(OSiVis3) oraz
DDSQ-t(0SiVis));

- badania reakcji hydrosililowania oraz optymalizacje warunkéw prowadzenia reakcji w celu
otrzymania produktu B-addyc;ji;

- synteze, izolacje, a takze wykonanie i interpretacje analiz spektroskopii 'H, '*C, #°Si NMR
oraz FT-IR oraz spektrometrii ESI-TOF MS zsyntezowanych chlorometylopodstawionych
dendrymerow  silseskwioksanowych o  generacji  G1.5  (iBuTs-(SiCH2Cl)s,
PhTs-(SiCH2Cl)3, DDSQ-d(SiCH2Cl)s oraz DDSQ-t(SiCH:2Cl)3);

- zbadanie rozpuszczalnosci wszystkich otrzymanych dendrymerdw;

- prace koncepcyjne 1 wspoltworzenie manuskryptu publikacji, m.in. wykonanie
odpowiedniego przegladu literatury, rysunkéw i tabel oraz przygotowanie Supporting
Information;

- przygotowanie projektu abstraktu graficznego;

- wspoétudzialt w naniesieniu poprawek edytorskich i recenzenckich.

Collegium Chemicum, ul. Uniwersytetu Poznanskiego 8, 61-614 Poznan
aleflo@amu.edu.pl
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P2. Aleksandra Mrzyglod, Rafal Januszewski, Julia Duszczak, Michal Dutkiewicz, Maciej
Kubicki, Beata Dudziec*, Tricky but repeatable synthetic approach to branched,
multifunctional silsesquioxane dendrimer derivatives, Inorganic Chemistry Frontiers,
2023, 10, 4587-4596.

badania reaktywnosci odpowiednich pochodnych zawierajacych wiazanie Si-H w reakcji
hydrosililowania w celu otrzymania produktu -addycji na podstawie reakcji modelowej
pomiedzy pochodng izobutylowa silseskwioksanu z dichlorosilanem oraz nastgpczej
reakcji redukeji, jak réwniez wykonanie i interpretacja analiz spektroskopii 'H, *C, ?°Si
NMR oraz FT-IR produktu G1-1iBuOSi-2H-J;

optymalizacje warunkéw prowadzenia reakcji, synteze, izolacj¢, a takze wykonanie
i interpretacje analiz spektroskopii 'H, *C, *Si NMR oraz FT-IR zsyntezowanych
wodoropodstawionych dendrymerow silseskwioksanowych typu Ts z izobutylowymi
grupami inertnymi oznaczonych w publikacji symbolami G0-1iBu-1H oraz G1-1iBu-2H;
wspotudziat w zbadaniu procesu redukcji in sifu na przykladzie syntezy G1-4D-8H;
weryfikacj¢ réznych metod oczyszczania dendrymeréw o rdzeniu DDSQ i opracowanie
Metody II;

weryfikacje metod redukcji z wykorzystaniem LiAlHs oraz Red-Al® jako czynnikéw
redukujgcych w  syntezie dendrymeréw opartych na fenylowych rdzeniach
silseskwioksanowych typu Tg;

synteze, izolacje, a takze wykonanie i interpretacje analiz spektroskopii 'H, *C, ?Si NMR
oraz FT-IR zsyntezowanych wodoropodstawionych dendrymeréw silseskwioksanowych
typu Ts z fenylowymi grupami inertnymi oznaczonych w publikacji symbolami
G0-1Ph-1H oraz G1-1Ph-2H;

weryfikacje reaktywnosci wigzan Si-H w otrzymanych nowych dendrymerach w reakcji
hydrosililowania pomigdzy G1-4D-8H, a eterem allilowoglicydylowym przy jednoczesnej
analizie i interpretacji widm 'H, '*C, ?Si NMR oraz FT-IR otrzymanego G1-4D-8epoxy;
synteze, izolacje, a takze wykonanie i interpretacje analiz spektroskopii 'H, '3C, 2°Si NMR
oraz FT-IR mieszaniny dendrymeru o generacji G2 z réoznym podstawieniem,
oznaczonego w publikacji symbolem G2-1iBu-4H;

interpretacje uzyskanych wynikéw chromatografii zelowej (GPC) dla zwiazkéw:
G1-1iBuOSi-2H-p, G0-1iBu-1H, G1-1iBu-2H, G0-1Ph-1H, G1-1Ph-2H, G0-2D-2H,
G1-2D-4H, G0-4D-4H, G1-4D-8H, G1-8D-8epoxy, G2-2iBu-4H;

prace koncepcyjne i edytorskie zwiazane z przygotowaniem manuskryptu publikacji, m.in.
wykonanie odpowiedniego przegladu literatury, rysunkow i tabel (poza Fig. 2, Fig. 5,
Table 2 w manuskrypcie) oraz przygotowanie Supporting Information;

przygotowanie projektu abstraktu graficznego;

wspbtudziatl w naniesieniu poprawek edytorskich i recenzenckich.
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P3. Aleksandra Mrzygtod, M. Pilar Garcia Armada, Monika Rzonsowska, Beata Dudziec*,
Marek Nowicki, Metallodendrimers unveiled: investigation the formation and features of
double-decker silsesquioxane-based sillylferrocene dendrimers, Inorganic Chemistry,
2023, 62, 41, 16932-16942.

syntezg oraz charakterystyke ('H, "C, 2°Si NMR oraz FT-IR) substratow
G1-DDSQ-4Si(H)2, Fc2MeSiVi niezbednych do przeprowadzenia dalszych prac
badawczych w publikacji;

optymalizacj¢ warunkow prowadzenia reakcji, syntezg, izolacj¢, a takze wykonanie
i interpretacje analiz spektroskopii 'H, "“C, #Si NMR oraz FT-IR, jak réwniez
interpretacja widm MALDI-TOF MS zsyntezowanych ferocenowych dendrymerow
o rdzeniu silseskwioksanowym typu double-decker oznaczonych w publikacji symbolami
G1-DDSQ-Fceg oraz G2-DDSQ-Fcis:

zbadanie = rozpuszczalno$ci  otrzymanych  dendrymeréw  G1-DDSQ-Fes  oraz
G2-DDSQ-Feis;

wykonanie pomiarow termograwimetrycznych dla dendrymerow G1-DDSQ-Fes oraz
G2-DDSQ-Fei6 oraz interpretacja uzyskanych wynikow;

wspotudziat w wykonaniu pomiaréw woltamperometrii cyklicznej w roztworze,
utworzeniu zmodyfikowanych przez otrzymane dendrymery elektrod platynowych oraz
wykonaniu pomiaréw woltamperometrii cyklicznej oraz elektrochemicznej spektroskopii
impedancyjne;j;

prace koncepcyjne i edytorskie zwigzane z przygotowaniem manuskryptu publikacji m.in.
wykonanie odpowiedniego przegladu literatury, rysunkéw (Figure 1., Figure 2., Figure S3.,
Figure S1-S3) i tabel (Table 1.,Table 2., Table S1-S2) oraz przygotowanie Supporting
Information;

przygotowanie projektu abstraktu graficznego;

wspotudzial w naniesieniu poprawek edytorskich i recenzenckich.

P4. Aleksandra Mrzyglod*, Monika Rzonsowska, Beata Dudziec*, Exploring polyol-
functionalized dendrimers with silsesquioxane cores, Inorganic Chemistry, 2023, 62, 51,
21343-21352

synteze oraz charakterystyke spektroskopowg 'H, *C, ?°Si NMR oraz FT-IR poliolowych

pochodnych silseskwioksanow oznaczonych w pracy symbolem: G1-1iBu-c-20H,

G1-2D-c-40H, G1-4D-¢c-80H;

optymalizacje warunkow prowadzenia reakcji, synteze, izolacjg, a takze wykonanie

i interpretacje analiz spektroskopii 'H, '“C, #Si NMR oraz FT-IR, jak réwniez

interpretacia widm ESI-TOF MS  zsyntezowanych dendrymeréw o rdzeniu

silseskwioksanowym o generacji:

e Gl oznaczonych w publikacji symbolami G1-1iBu-a-20H, G1-1iBu-b-20H,
G1-1Ph-a-20H, G1-1Ph-b-20H, G1-1Ph-c-20H, G1-2D-a-40OH, G1-2D-b-40OH,
G1-4D-a-80H, G1-4D-a-80H,

e (1.5 oznaczonych w publikacji symbolami G1.5-1iBu-a-2SiH, G1.5-1iBu-b-2SiH,
G1.5-1iBu-c-28SiH, G1.5-2D-b-4SiH, G1.5-4D-b-8SiH,

Collegium Chemicum. ul. Uniwersytetu Poznanskiego 8. 61-614 Poznan
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e G2 oznaczonych w publikacji symbolami G2-1iBu-a-2a-4OH, G2-1iBu-b-2b-40H,
G2-2D-b-4b-80H, G2-4D-b-8b-160H;

opracowanie trzech metod oczyszczania poliolowych dendrymeréw sileskwioksanowych

o generacji G1 w zaleznosci od stosowanego rdzenia klatki;

zbadanie stabilno$ci otrzymanych dendrymeréw G1.5 w warunkach atmosferycznych po

czasie 5 i 60 dni dla ukladu G1.5-4D-b-8SiH oraz po 6 i 12 miesiecy dla uktadu

G1.5-1iBu-b-2SiH poprzez wykonanie i interpretacje analiz spektroskopii 'H oraz 2°Si

NMR;

zbadanie rozpuszczalnosci wybranych dendrymeréw: G1-1iBu-a-20H, G1-1iBu-b-20H,

G1-2D-a-40H, G1-2D-b-40H, G1-4D-a-80H, G1-4D-b-8OH, G2-4D-b-8b-160H;

prace koncepcyjne i edytorskie zwiazane z przygotowaniem manuskryptu publikacji, m.in.

wykonanie odpowiedniego przegladu literatury, rysunkow, tabel oraz przygotowanie

Supporting Information;

przygotowanie projektu abstraktu graficznego;

wspotudziat w naniesieniu poprawek edytorskich i recenzenckich.

Publikacja nie wchodzaca w sklad rozprawy doktorskiej

. Julia Duszczak, Aleksandra Mrzyglod, Katarzyna Mituta, Michal Dutkiewicz, Rafat
Januszewski, Monika Rzonsowska, Beata Dudziec*, Marek Nowicki, Maciej Kubicki,
Distinct insight into the use of difunctional double-decker silsesquioxanes as building
blocks for alternating A-B type macromolecular frameworks, Inorganic Chemistry
Frontiers, 2023, 10, 888-899.

synteze oraz charakterystyke spektroskopowa 'H, °C, °Si NMR oraz FT-IR substratow
oznaczonych w publikacji symbolami 4f oraz 4g;

synteze, izolacje, a takze wykonanie analiz i interpretacje widm 'H, 1*C, #°Si NMR oraz
FT-IR otrzymanych polimerow 6a-d, 6a-f, 6a-g;

weryfikacje nastgpujacych czynnikow: rodzaj katalizatora (PtOz, [Pta(dvds)s]), czasu
prowadzenia reakcji oraz umiejscowienia wigzan reaktywnych (Si-H oraz Si-HC=CHa)
w substratach na stopien polimeryzacji otrzymanych polimerow (6a-d/7a-d, 6a-f/7a-f,
6a-g/7a-g);

zbadanie rozpuszczalnosci wybranych uktadow (7b-g, 7e-g) rézniacych sie dodatkowym
ugrupowaniem tacznikiem -OSi(Mez)-;

optymalizacj¢ warunkow przygotowania folii na plytkach szklanych do dalszych badan
wilasciwosci fizykochemicznych;

wspottworzenie manuskryptu publikacji m.in. rysunkow (Fig. 9), tabel (Table 1, Table 2,
Table 3) oraz wspottworzenie Supporting Information,

wspotudziat w przygotowaniu projektu abstraktu graficznego;

wspotudziat w naniesieniu poprawek edytorskich i recenzenckich.

Mgr Aleksandra Mrzyglod
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Prof. UAM dr hab. Beata Dudziec
Wydziat Chemii, Zaktad Chemii Metaloorganicznej
Uniwersytet im. Adama Mickiewicza w Poznaniu

Oswiadczenie

Niniejszym oswiadczam, ze w ponizszych artykutach:

1. Aleksandra Mrzygtéd, Maciej Kubicki, Beata Dudziec*, Vinyl- and chloromethyl-substituted mono-
Ts and double-decker silsesquioxanes as specific cores to low generation dendritic systems, Dalton
Transaction, 2022, 51, 1144-1149

2. Aleksandra Mrzygtdd, Rafat Januszewski, Julia Duszczak, Michat Dutkiewicz, Maciej Kubicki, Beata
Dudziec*, Tricky but repeatable synthetic approach to branched, multifunctional silsesquioxane
dendrimer derivatives, Inorganic Chemistry Frontiers, 2023, 10, 4587-4596

3. Aleksandra Mrzygtéd, M. Pilar Garcia Armada, Monika Rzonsowska, Beata Dudziec*, Marek
Nowicki, Metallodendrimers unveiled: investigation the formation and features of double-decker
silsesquioxane-based sillylferrocene dendrimers, Inorganic Chemistry, 2023, 62, 41, 16932-16942

4. Aleksandra Mrzygtéd*, Monika Rzonsowska, Beata Dudziec*, Exploring polyol-functionalized
dendrimers with silsesquioxane cores, Inorganic Chemistry, 2023, 62, 51, 21343-21352

5. Julia Duszczak, Aleksandra Mrzygtéd, Katarzyna Mituta, Michat Dutkiewicz, Rafat Januszewski,
Monika Rzonsowska, Beata Dudziec*, Marek Nowicki, Maciej Kubicki, Distinct insight into the use
of difunctional double-decker silsesquioxanes as building blocks for alternating A-B type
macromolecular frameworks, Inorganic Chemistry Frontiers, 2023, 10, 888-899

maj wktad autorski obejmuje:

- opracowanie koncepcji badan oraz zaplanowanie szlakow syntez,

- wspdtudziat w optymalizacji warunkdw prowadzenia reakgji,

- wspotudziat w dyskusji oraz interpretacji uzyskanych wynikéw,

- wspottworzenie i korekte manuskryptéw publikacji wraz z Supporting Information,
- korespondencje z edytorami i recenzentami.

Beats Dactn

Prof. UAM dr hab. Beata Dudziec

= Collegium Chemicum, ul. Uniwersytetu Poznanskiego 8, 61-614 Poznan
ol & - g
r\ tel. +48 61 829 18 78,
*J? e-mail: beata.dudziec@gmail.com www.dudziecgroup.org

UCZELNIA
BADAWCZA : , EPACUR www.chemia.amu.edu.pl



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM Wydziat Chemii

Dr Julia Duszczak-Kaczmarek Poznan, 08.01.2024
Wydzial Chemii, Zaktad Chemii Metaloorganicznej
Uniwersytet im. Adama Mickiewicza w Poznaniu

Oswiadczenie
Niniejszym o$wiadczam, ze w ponizszych artykutach moj wkiad autorki obejmuje:

1. Aleksandra Mrzygtod, Rafal Januszewski, Julia Duszczak, Michal Dutkiewicz, Maciej
Kubicki, Beata Dudziec*, Tricky but repeatable synthetic approach to branched,
multifunctional silsesquioxane dendrimer derivatives, Inorganic Chemistry Frontiers,
2023, 10, 4587-4596.

- optymalizacj¢ warunkéw prowadzenia Syntez oraz wykonanie analiz i interpretacje widm
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oznaczonych symbolami: 1b oraz 1c;
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Introduction

Hybrid compounds have gained much interest due to their
dual properties deriving from both organic and inorganic frag-
ments. Silsesquioxanes (SQs) may be distinguished as their
specific representatives. They are characterized by the presence
of an inorganic Si-O-Si core and organic substituents attached
to silicon atoms. There are several types of SQ structures:
random, ladder, cage, open cage and double-decker silses-
quioxanes (DDSQs)."> Because of their unique properties, e.g.
nanosized dimension, thermal stability, and most of all, ideal
processability, they have found many applications from
materials chemistry, catalysis, optoelectronics to medicine.>™
Dendrimers are polymeric compounds with well-defined,
extensive and 3D structured spherical systems.®” They are
built of multifunctional cores and attached branched dendritic
arms which constitute the dendrimer’s generation (G), deter-
mining its size. Their properties are related to the type and
number of functional groups.®

The scientific information on the use of silsesquioxanes as
dendrimer cores is limited mainly to the octafunctional Tg
cubic frameworks. The eight reactive groups of the Si-O-Si
core constitute the GO generation and the simple modifi-

“Faculty of Chemistry, Adam Mickiewicz University in Poznan,

Uniwersytetu Poznanskiego 8, 61-614 Poznan, Poland.

E-mail: beata.dudziec@gmail.com
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tElectronic supplementary information (ESI) available: Experimental pro-
cedures, analytical data of isolated compounds and CIF data for DDSQ-t(OSiVi;)
and semi-DDSQ-d(0SiVi;). CCDC 2093718 and 2093719. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/d1dt04012j
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via hydrolytic condensation followed by the hydrosilylation reaction, optimized to yield selectively
B-products. Their structures were confirmed by spectroscopic and XRD analyses. It is the first example of
double-decker SQs used as cores for the construction of a low generation of dendrimer featuring specific
dumbbell frameworks expanding in two or four directions.

cations allow us to multiply this amount to build-up next
generations.®® In addition, there are only a few reports on
monofunctional cubic Tg SQs that exhibit interesting e.g.
amphiphilic, film-forming properties.®'® Nonetheless, the SQ-
based dendritic systems have found some applications, e.g. in
medicine as a drug and gene delivery agent or MRI agent, as
electrode modifiers or in catalysis."*™* However, the use of
SQs as dendritic cores still seems unexplored, especially in the
area of using DDSQs. Due to their different symmetry than
closed di-functional (D,Tg)'®> and open tetra-functional
(M,4Ts)'® DDSQs, they are distinct in the number of reactive
groups at GO. Therefore, the construction of the following den-
drimer’s branches may be easier due to the less steric hin-
drance of these arms and their expansion in two or four direc-
tions vs. eight in the case of Ts. In this way, the possible
DDSQ-based dendrimers may exhibit a kind of dumbbell struc-
ture, i.e. different from the spherical structure for Tg-based
systems.

The crucial aspect in determining the possibility to expand
a dendrimer’s generation is the type of functional group that
requires the respective class of protocol for its modification. At
this point, silsesquioxanes seem to be ideal representatives for
use as dendritic cores as they possess specific reactive moieties
attached to the silicon, e.g. Si-OH, Si-H, Si-CH=CH,, etc. to
be functionalized in a range of processes such as hydrolytic
condensation, Grignard reaction, reduction, hydrosilylation,
cross-metathesis, nucleophilic  substitution, Heck or
Sonogashira coupling or Friedel-Crafts reaction.>'*'7~23

Herein, we present our studies on the use of diverse SQ
frameworks as specific cores of dendrimers. The formation of
dendrons using mono-Tg SQs and di- and tetrafunctional
DDSQs based on a sequence of hydrolytic condensation (HC)
and hydrosilylation reactions is revealed (Scheme 1). The intro-

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Synthetic path to yield mono-Tg, di- and tetrafunctional
DDSQs as dendrimer cores obtained via hydrolytic condensation fol-
lowed by hydrosilylation.

duction of Si-vinyl and Si-CH,Cl groups, respectively, opens
up multiple modification possibilities. For the vinyl group
coupling or cross-metathesis process, hydrosilylation may be
used as we applied. The Si-CH,Cl group may be an important
synthon to be used in other reaction types, e.g. substitution
with acrylic salt, imidazole or CuAAC click reaction that was
reported for T, frameworks.*'®2*2° In this work, the trivinylsi-
lyl moiety is attached to the Si-O-Si core that depending on
the type of the SQs may be one group as in the Tg-based
dendron or two- and four in DDSQ, respectively, creating as a
result 3, 6 and 12 new potential arms to be expanded in
further modifications. To the best of our best knowledge, it is
the first report on using DDSQs as a dendrimer core constitut-
ing dumbbell-type frameworks.

Results and discussion

Hydrolytic condensation of mono-T; silanol and di- and tetra-
DDSQ silanol

The first step was to obtain G1 vinyl substituted dendritic
systems, i.e. to use hydroxyl mono-Ts and di-DDSQ derivatives
(synthesized before use®®*’) and trivinylchlorosilane (CISi) via
hydrolytic condensation. As a reaction model, the synthesis of
iBuTg-0SiVi; was chosen. The synthetic protocol was based on
the literature, but with modified stoichiometry i.e. [iBuTg-
OH]: [CISi] : [Et;N] = 1:1.05 : 1.5).”® However, it turned out that
the °Si NMR spectrum of the crude product revealed the pres-
ence of additional peaks at —66.72 and —67.83 ppm deriving
from unreacted iBu-silanol.>® Since the complete consumption
of silanol is essential, a change in the reagent stoichiometry
was required and the amount of CISi and Et;N was raised to
[iBuTg-OH]: [CISi]: [amine] = 1:1.5:2.5. This resulted in the
synthesis of pure iBuTg-OSiVi; in an 85% yield. The elaborated
model reaction conditions were applied for the efficient for-
mation of PhTg-0OSiVi;. Unfortunately, these conditions were
not sufficient for the synthesis of DDSQ compounds. In the
case of the effective synthesis of DDSQ-d(OSivi;) (0.152 g,
0.13 mmol), the amount of CISi (0.054 mL, 0.33 mmol)

This journal is © The Royal Society of Chemistry 2022
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needed to be increased to 30% excess per one Si-OH group
and only the use of 2.2 equiv. of Et;N (0.078 mL, 0.56 mmol)
per one reactive group enabled its >99.9% conversion. This
may be due to the greater steric hindrance of the Si-OH
groups preventing their full substitution.

However, the results obtained for tetrakis(trivinyl)-sub-
stituted  double-decker  silsesquioxane (DDSQ-t(OSiVis))
seemed to be quite unprecedented. The standard hydrolytic
condensation methodology for tetra-DDSQ systems, which is
used by our group,”” was also applied in this case (stoichio-
metry [DDSQ-40H]:[CISi]:[Et;N] = 1:4.2:6; 0.201 g,
0.19 mmol:0.129 mL, 0.79 mmol:0.157 mL, 1.13 mmol)
(Scheme 2).

However, the "H NMR of the crude reaction product that
was performed to verify the completion of the reaction revealed
the presence of the product mixture (small, additional reso-
nance lines observed in the presence of a range of vinyl
groups, Fig. 1a). It was decided to precipitate the obtained
mixture in MeCN (acetonitrile) to get pure DDSQ-t(OSiVis)
which is schematically presented step-by-step in Fig. S3 of the
ESL{ In the beginning, a small amount of PhgPOSS precipi-
tated that was separated. The decant (I) was left undisturbed
and a few days later some crystals appeared that were amen-
able for the measurement. Unexpectedly, the XRD analysis
confirmed the formation of one-side closed cages, the so-

Scheme 2 Synthetic path to obtain DDSQ-t(OSiVis) via hydrolytic
condensation.

Fig. 1 A selected range of stacked *H NMR spectra of (a) a mixture of
DDSQ-t(OSiViz) and semi-DDSQ-d(OSiViz), (b) DDSQ-t(OSiVis), (c)
semi-DDSQ-d(OSiVis).
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called semi-DDSQ-d(OSiVi;) that was obtained as a by-product.
Interestingly, the decant (II) left from the separated crystal
semi-DDSQ-d(OSiVi;) for a few days revealed the presence of a
new crystalline material the XRD analysis of which proved it to
be DDSQ-t(0SiVi;). As crystallization is proved to be one of the
known isolation methods for SQs,***' we also tried to verify
another precipitating solvent, e.g. MeOH (described in Fig. S4
in the ESIf). The precipitation of crude product mixture in
cold MeOH enables the separation of a solid the '"H NMR ana-
lysis of which confirmed it to be still a mix of DDSQ-t(OSiVis)
with a small amount of semi-DDSQ-d(0SiVi;) as a by-product.
The second precipitation of the resulting sediment in MeOH
allowed us to separate pure DDSQ-t(OSiVi;) in a solid-state.
Moreover, in the decant (I) obtained after the first precipi-
tation, some crystals appeared that the "H NMR analysis con-
firmed to be also pure DDSQ-t(0SiVi;). As a result, these two
solvents were studied to separate DDSQ-t(OSiViz) from the
reaction mixture and a procedure for its efficient isolation was
established as two-fold participation in MeOH.

Perspective views of obtained crystals of DDSQ-t(OSiVi;)
and semi-DDSQ-d(OSiVi;) are shown in Fig. S1 in ESIL;} the
crystal structures confirm the proposed synthetic route. The
geometrical characteristics of both molecules are well within
typical ranges: the mean values of the Si-O bond lengths are
1.619(10) A in DDSQ-t(0SiViz) and 1.617(9) A in semi-DDSQ-d
(0SiVi;); the appropriate vales for Si-C distances are 1.847(18)
A in DDSQ-t(0SiViz) and 1.849(7) A in semi-DDSQ-d(OSiVis).
The O-Si-O angles are also typically in a wider range—135.28
(16)°-161.84(19)° in DDSQ-t(0SiVi;) and 140.10(8)°-161.48
(10)° in semi-DDSQ-d(OSiViz). In the crystal structure of
DDSQ-t(0SiVi;), each molecule has 12 closest neighbours,
which give an architecture that is overall similar to the closest-
packed hexagonal network. For these 12 closest molecules, the
centroid-to-centroid distances are in a relatively narrow range,
13.52-15.64 A, and the next molecule is more than 19 A from
the central one. The case of semi-DDSQ-d(OSiVis) is less clear.
There are 12 contacts within 15.2 A, but the spread is larger
(11.2-15.2 A) and the gap to the next molecule is smaller.

In addition, a test of different HC reagent stoichiometry
was performed to eliminate the issue of lack of trivinylchlorosi-
lane (CISi) in the reaction system as a conclusion of one-side
closed cage semi-DDSQ formation. This is aimed at the verifi-
cation of the possibility to obtain DDSQ-t(0SiVi;) as the only
product with a better yield. The reaction with a higher loading
of CISi, i.e. 6 equiv. per 1 mol of DDSQ-40OH and the same
amount of triethylamine was carried out. The ratio of semi-
DDSQ-d(0SiVi;) to DDSQ-t(0SiVi;) products obtained in the
crude mixture was calculated based on 'H NMR analysis
(Fig. S5 in the ESIt) and is estimated at 1:5.6. Our original
reaction stoichiometry, i.e. 4.2 equiv. of CISi per 1 mol of
DDSQ-40H, resulted in the obtaining of products mixture at a
ratio of 1: 8.4. Interestingly, a higher amount of trivinylchloro-
silane does not lead to the exclusive formation of DDSQ-t
(0SiVi;) as expected. In this process, the aspect of steric and
electronic factors of chlorosilanes may also play an important
role in the formation of respective hydrolytic condensation
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products and also suggest the more complex mechanism of
this process. This research is in accordance with our current
studies concerning the investigation of the DDSQ-40H hydro-
lytic condensation process.*’

Vinyl-substituted DDSQs were characterized by spectro-
scopic methods. Fig. 1 shows the comparison of the '"H NMR
stacked spectra of the post-reaction products mixture (a),
DDSQ-t(0SiVi;) (b) and semi-DDSQ-d(OSiVi;) (c). DDSQ-t
(OSiVvi;) is distinguished by the additional triplet at 7.03 ppm
(Jun = 7.6 Hz) derived from =C-H (Ph) and the vinyl groups
peaks in a range 5.61-6.09 ppm. For semi-DDSQ-d(OSiVi;), the
range of vinyl protons is low-field shifted to 5.88-6.25 ppm
and two additional doublets at 7.49 ppm (Juy = 6.6 Hz) and
7.55 ppm (Juy = 6.8 Hz) were observed. In addition, due to the
differences in the chemical surrounding of respective silicon
atoms, the *°Si NMR shows some discrepancies (Fig. 2). As
DDSQ-t(0SiVi;) is a symmetric molecule, only two peaks deriv-
ing from the Si-O-Si are observed at —75.20 and —78.57 ppm.
In contrast, the **Si NMR spectrum of semi-DDSQ-d(OSiVis)
reveals the presence of three peaks at —75.75, —76.27 and
—78.03 ppm. A similar analogy was observed in the case of
other tetra-functional DDSQ derivatives.>°

As a result of conducted results, the tri-vinyl derivatives of
monosubstituted Tg and di- and tetrasubstituted DDSQs were
effectively obtained in high yields (71-91%). The specificity of
individual core type, i.e. its symmetry but also the number of
functional groups attached to it affect the physical properties
of these systems, e.g. solubility. Interestingly, the distinction of
each molecule is so big that it requires an individual protocol
for its purification. For example, iBuTg-0SiVi; and PhTg-0SiVi;
were obtained upon single precipitation in cold MeOH. In con-
trast, DDSQ-d(OSiVi;) needs slow precipitation, ie. to be left
for a few days in MeOH in the refrigerator and DDSQ-t(0SiVi3)

Fig. 2 A selected range of stacked 2°Si NMR spectra of (a) a mixture of
DDSQ-t(OSiViz) and semi-DDSQ-d(OSiViz), (b) DDSQ-t(OSiVis), (c)
semi-DDSQ-d(OSiVis).

This journal is © The Royal Society of Chemistry 2022
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requires a two-fold participation procedure
described in detail in the ESI, Sect. 3.1.1.7

in MeOH,

Modification of G1 dendritic system via hydrosilylation
reaction

The presence of vinyl groups in the structures of the obtained
SQ systems (iBuTg-OSiVi;, PhTs-0SivVi;, DDSQ-d(OSiViz), and
DDSQ-t(0SiViz)) enables easy modification in at least a few
catalytic reactions, e.g. hydrosilylation, cross-metathesis, or
Heck or silylative coupling.'®*® However, in the case of the last
three processes mentioned, the type of reagents limits the
possibility for its further expansion as a dendrimer. In our
research, the hydrosilylation reaction was chosen because of
its high effectiveness and selectivity, and easy access to
different types of reagents.”’ Depending on the catalyst and
reaction conditions, the selectivity of the process may be
modulated to form desired products. Its selectivity towards the
formation of the p-product is the essence of dendrimer
chemistry.>?? For this and also as we are experienced in the
selective use of hydrosilylation in SQs,>*?* the vinyl substi-
tuted silsesquioxanes were the ideal reagents to be tested.
Each of the obtained vinyl SQs was reacted with chloromethyl-
(dimethyl)silane (SiH) to obtain the G1.5 generation with
chloromethyl-Si- as a new type of reactive group.'®

For this, iBuTg-0SiVi; was used as a model reagent to react
with SiH to elaborate optimal reaction conditions enabling the
formation of iBuTg-(SiCH,Cl);. The first test was carried out in
the presence of a Karstedt’s catalyst ([Pt,(dvds);]) at 95 °C for
24 h, according to the literature.®® The FT-IR analysis was
employed to monitor the reaction progress due to the analysis
of the changes in the area of bands at ca. 7 = 3050 and 7 =
1600 cm™* corresponding to the stretching vibrations of the
=CH and C=C bonds, respectively (the stacked spectra of
iBuTg-0SiVi; and iBuTs-(SiCH,Cl); shown in Fig. S6 in the
ESIT). In addition, the appearance of a new band at ca. 0 =
727 em™! in the case of iBuTs-(SiCH,Cl); may be attributed to
the stretching vibration of the C-Cl bond. However, in some
examples, the hydrosilylation results were not selective
towards the formation of the p-product. The "H NMR and *°Si
NMR spectra obtained for the reaction mixture after the hydro-
silylation of iBuTg-OSiVi; using [Pt,(dvds);] (Table 1, entry 1,
Fig. 3) revealed the presence of the a and f hydrosilylation pro-
ducts. In the "H NMR spectrum, a small doublet at 2.84 ppm
(Jum = 4.3 Hz) that corresponds to the protons of the CH,-Cl
groups of the a product was observed next to the singlet at
2.79 ppm (from B product) (Fig. 3(a)). In addition, the *°Si
NMR analysis confirmed the presence of the o product, due to
the additional peaks at 11.97, 5.66, —109.88 ppm, respectively
(Fig. 3(b)). Simple modifications of the reaction conditions,
e.g. lowering the temperature to 90 °C, enabled a-product
forming with higher susceptibility (entry 2, a-18%). In the case
of iBuTg-(SiCH,Cl);, the selective formation of the f-product
was achieved by the change of catalysts to ([p-Ir(cod)Cl],)
(entry 3).3¢

It is known, that even insignificant changes in the reagents
structures, e.g. the presence of specific functionality or a group

This journal is © The Royal Society of Chemistry 2022
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Table 1 Hydrosilylation of trivinyl-substituted silsesquioxanes with SiH?

Si-Vi conversion

[%] (isolation Selectivity:
Entry Substrate Catalyst yield [%]) o:p[%]
1 iBuTs-0SiVis Pty(dvds);]  >99 (90) 7:93
2 Pt,(dvds),]” 18:82
3 w-Ir(cod)Cl], ¢ 1:99
4 PhT;-0SiVi, Pty(dvds);]  >99 (64) 20:80
5 Pt,(dvds),]” 5:95
6 w-Ir(cod)Cl], ¢ 26:74
7 DDSQ-d(0SiViz) [Pt,(dvds);]*  >99 (65) 11:89
8 Pt,(dvds),]* 7:93
9 u—Ir(cod)Cl}2 ¢ 1:99
10  DDSQ-t(0SiVi;) [Pty(dvds);})  >99 (94) 1:99
11 Pt,(dvds);]*/ 1:99
12 [p-Ir(cod)Cl],®  85-90 —
“Experimental conditions: Toluene, Ar, 24 h, T = 95 °C,

[SQ]: [cat] : [silane] = 1:3 x 10™*: 3.3. The selectivity of a-and f-product
formation was determined on the basis of '"H NMR. *T = 90 °C.
°[SQ]:[cat]:[silane] = 1:5 x 107°:3.3. ?[SQ]:[cat]:[silane] = 1:6 x
107*:6.6. °[SQ]: [cat] : [silane] = 1:9 x 107> : 6.6./[SQ] : [cat] : [silane] =
1:12 x 1074:13.8. 4[SQ] : [cat] : [silane] = 1: 18 x 107> : 13.8.

Fig. 3 A selected range of stacked *H NMR (a) and 2°Si NMR (b) spectra
of the a and B hydrosilylation product mixture obtained by the hydro-
silylation of iBuTg-OSiVis using [Pt,(dvds)s] (Table 1, entry 1).

type may influence the result of the hydrosilylation reaction. It
was noted in our previous studies on SQs that sometimes they
should be treated individually.**

In this case, the change in the inert group from iBu to Ph
on SQ core affects the electronic and steric properties of PhTg-
OSiViz. As a result, the optimal conditions set were different
from those for its iBu counterpart and only 5% of the
a-product was formed (entries 4-6). The optimal reaction con-
ditions elaborated for iBuTg-OSiVi; and PhTg-OSiVi; were
tested for the double-decker reagents (DDSQ-d(OSiVi;) and
DDSQ-t(0SiViz)). In the case of DDSQ-d(OSiVi;), the desired
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B-product DDSQ-d(SiCH,Cl); was formed in the presence of [p-
Ir(cod)Cl], (entry 9). In contrast, to form DDSQ-t(SiCH,Cl); in
the highest yield and selectivity, the appliance of [Pt,(dvds);]
was required and the temperature did not affect the selectivity
of the reaction. Interestingly, the most branched system DDSQ-
t(SiCH,Cl); was suspected to be the hardest to synthesize but
it turned out to be just the opposite. As it has been shown,
each SQ system had to be treated individually for the use of
hydrosilylation as a modification tool. It may appear to be the
tendency in the chemistry of silsesquioxanes, contrary to the
analogous reactions with simple silanes. Nonetheless, all of
the compounds were obtained in high yield and characterized
spectroscopically (*H, **C, ?°Si NMR and FT-IR).

The presence of two different silsesquioxane cores and also
the diverse type and the number of inert or functional groups
are essential for their physical properties.> As the obtained
compounds are planned to be further used in the formation of
the next-generation dendrimers, their solubility is crucial.
Therefore, it was decided to verify the solubility of these
eight compounds (iBuTg-OSiViz, PhTg-0SiViz, DDSQ-d(0SiVis),
DDSQ-t(0SiVi;), iBuTg-(SiCH,Cl);, PhTs-(SiCH,Cl);, DDSQ-d
(SiCH,Cl);, and DDSQ-t(SiCH,Cl);) in common solvents, i.e.
DCM, Et,O, THF, toluene, MeOH, MeCN and n-hexane. The
procedure involved using 20 mg of a compound followed by a
slow dropwise addition of a respective solvent to obtain a
clear, transparent solution (Table S2 in the ESIf). In the case
of samples, where 7 mL of a solvent was added with no signifi-
cant change in sample solubility, the compound was treated as
insoluble. All the obtained products are well soluble in sol-
vents with medium polarity (polarity index is in a range
2.3-4.2), ie. in toluene, diethyl ether, DCM and THF
(15-600 pL). Only PhTs-OSiViz was insoluble in Et,O, MeOH,
MeCN and n-hexane. When the polarity of the solvents was
increasing, e.g. methanol and acetonitrile, the tested com-
pounds were insoluble, and a white solid was formed.
However, iBuTg-(SiCH,Cl); in MeOH and MeCN was in a form
of oil. In addition, DDSQ-d(SiCH,Cl); was observed to dissolve
in 7 mL of acetonitrile. Interesting results were obtained for
n-hexane, which is nonpolar (polarity index = 0.0) and is
usually used for DDSQs precipitation. While DDSQ-t(OSiVis)
needed 7 mL of n-hexane and the solution was still cloudy,
DDSQ-d(SiCH,Cl); and DDSQ-t(SiCH,Cl); are nicely soluble in
it. For DDSQ derivatives, the expansion of these two or four
arms and the introduction of chloroaliphatic chains affect
their better solubility in non-polar solvents. This is a signifi-
cant advantage to be noted as it enables the selective separ-
ation of desired products from unreacted SQ substrate that is
often problematic due to their resemblance.

Conclusion

In conclusion, we reported the effective synthesis of G1 and
G1.5 dendritic systems with mono-Tg and di- and tetra-DDSQ
cores bearing vinyl- and chloromethyl-functionalities. The syn-
thetic protocol for their obtaining was based on the hydrolytic
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condensation followed by the hydrosilylation reaction. In both
the processes, their conditions were optimized to gain higher
selectivity and yields of desired compounds. In addition, the
formation of a new type of DDSQ functionalized only on one
side of the Si-O-Si skeleton was confirmed by XRD. To the
best of our knowledge, this is the first reported use of di- and
tetrafunctional DDSQs as the cores of dendrimers. The pres-
ence of reactive chloromethyl-Si-groups in the final products
enables further modification to get a higher generation of den-
dritic systems, ie. in nucleophilic substitution or to form
organic imidazolium salts.*®>*
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1. General Considerations

Tetrasilanol form of DDSQ (CssH44014Sig) (DDSQ-40H), trisilanol (C,3Hgs01,S17)(iBuTs-30H) and
trisilanol  (CyH3301,S17)(PhTg-30H)  were purchased from Hybrid Plastics. Acetonitrile,
dichloromethane (DCM), tetrahydrofuran (THF), methanol, toluene, chloroform, chloroform-d, diethyl
ether, n-hexane, isopropanol, Karstedt’s catalyst - 2% xylene solution,
bis(1,5-cyclooctadiene)diiridium(I) dichloride, palladium on activated charcoal, chlorosilanes
(tetrachlorosilane, dichloromethylsilane), chloromethyl(dimethyl)silane, 4 A molecular sieves,
triethylamine and silica gel 60 were obtained from Sigma-Aldrich. Trivinylchlorosilane was purchased
from Fluorochem. N, N-diizopropylethylamine was obtained from TCI. Magnesium sulfide was obtained
from Chempur. Ammonium chloride was purchased from WarChem. The following compounds were
prepared according to the literature procedures: iBuTs-OH!, PhTs-OH? and DDSQ-2SiOH'. All solvents
were dried by calcium hydride (CaH,) prior to use and stored under argon over 4A molecular sieves. All
liquid substrates were dried and degassed by bulb-to-bulb distillation. All reactions were carried out
under argon atmosphere using standard Schlenk-line and vacuum techniques.

2. Measurements

Nuclear Magnetic Resonance (NMR)
'H, B3C, and »Si Nuclear Magnetic Resonance (NMR) were performed on Brucker Ultra Shield 400

and 300 spectrometers using CDCI; as a solvent. Chemical shifts are reported in ppm with reference to
the residual solvents peaks for 'H and '3C and to TMS for Si NMR.

FT-IR spectroscopy

Fourier Transform-Infrared (FT-IR) spectra were recorded on a Nicolet iS5 (Thermo Scientific)
spectrophotometer equipped with a single reflection diamond ATR unit. In all cases, 16 scans at
a resolution of 2 cm! were collected, to record the spectra in a range of 4000-650cm-!.

X-ray crystallography

Diffraction data were collected by the w-scan technique, using mirror-monochromated CuK, radiation
(A=1.54178 A), at 130(1) on Rigaku SuperNova four-circle diffractometer with Atlas CCD detector. The
data were corrected for Lorentz-polarization as well as for absorption effects®. The structures were
solved with SHELXT* and refined with the full-matrix least-squares procedure on F? by SHELXL?. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in idealized positions
and refined as ‘riding model” with isotropic displacement parameters set at 1.2 (1.5 for CH;) times Ueq
of appropriate carrier atoms. In the structure of 1 weak restraint were applied for the geometry (DFIX)
and displacement parameters (RIGU) for two of the C=C groups.

Crystallographic data for the structural analysis has been deposited with the Cambridge Crystallographic
Data Centre, Nos. CCDC-2093718 (DDSQ-t(0SiVi;)), CCDC-2093719 (semi-DDSQ-d(OSiVi3)).
Copies of this information may be obtained free of charge from: The Director, CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK; e-mail: deposit@ccdc.cam.ac.uk, or www: www.ccdc.cam.ac.uk.

ESI-TOF MS

High resolution mass spectra (HRMS) were obtained using Impact HD mass spectrometer (Q-TOF type
instrument equipped with electrospray ion source; Bruker Daltonics, Germany). The sample solutions
(DCM/MeOH) were infused into the ESI source by a syringe pump (direct inlet) at the flow rate of 3
pL/min. The instrument was operated under the following optimized settings: end plate voltage 500 V;
capillary voltage 4.2 kV; nebulizer pressure 0.3 bar; dry gas (nitrogen) temperature 200°C; dry gas flow
rate 4 L/min. The spectrometer was previously calibrated with the standard tune mixture.

Elemental analyses (EA)
Elemental analyses (EA) were performed using a Vario EL III instrument (Elementar Analysensysteme
GmbH, Langenselbold, Germany).

S-2-
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Table S1. Crystal data, data collection and structure refinement.

Compound DDSQ-t(0SiVi;) semi-DDSQ-d(OSiVis)
Formula C72H76()14Si12 C60H58013Si10
Formula weight 1502.40 1267.96
Crystal system orthorhombic monoclinic
Space group Pna2, P2,/n
a(A) 24.28388(12) 14.33150(8)
b(A) 22.79629(11) 21.30979(12)
c(A) 14.35553(7) 21.06412(11)
B(°) 90 98.1972(5)
V(A3) 7946.97(7) 6367.28(6)
Z 4 4
D, (g cm) 1.256 1.323
F(000) 3152 2648
pw(mm-') 2.336 2.455
Reflections:

collected 35572 51662

unique (Riy) 14131 (0.0256) 13189 (0.0425)

with [>26(I) 13857 12380
R(F) [I>26(])] 0.0411 0.0390
wR(F?) [I>20(1)] 0.1146 0.1031
R(F) [all data] 0.0418 0.0421
wR(F?) [all data] 0.1156 0.1050
Goodness of fit 1.036 1.051
max/min Ap (e-A-3) 1.24/-0.54 0.87/-0.35
CCDC deposition number 2093718 2093719

Fig. S1. Perspective views of the compounds a) DDSQ-t(OSiVi;) and b) semi-DDSQ-d(OSiVi;).
Ellipsoids are drawn at the 33% probability level, hydrogen atoms are shown as spheres of arbitrary
radii.
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Fig. S2. Photos of DDSQ-t(OSiVi3) in: a) methanol; b) isopropanol; c) acetonitrile and d) photos of
semi-DDSQ-d(OSiVi;) in acetonitrile.

3. Synthetic procedures

3.1 General synthetic procedure for the vinyl-substituted silsesquioxanes obtained via
hydrolytic condensation reaction.

L
! —_ ! O-Si
_JfoH), crsiy BN THF . /< /}\\)n

+1-- -

V4
AN
X N \\ !
N 7
: : . L /s L
- = _ , ~, 4 . y \ o2
F - si e / /)- -
R7 /\ \ el
n=1 n=2 n=4

R=iBu; iBuTg-OSiVi;  DDSQ-d(OSiVi;)  DDSQ-t(OSiVi,)
Ph; PhT5-0SiVis

The synthetic procedure was described for iBuTg-OSiVi; as an example. The process was based on the
hydrolytic condensation carried out in an Ar atmosphere. The iBuTg-OH (0.102g, 0.12 mmol) was
placed in the round bottom flask and dissolved in THF (2.5 mL) followed by the addition of
triethylamine (0.042 mL, 0.31 mmol) and the mixture was cooled in an ice bath. The chlorotrivinylsilane
(0.03 mL, 0.18 mmol) was added dropwise to the solution. The reaction mixture became cloudy as
aresult of triethylamine hydrochloride formation. After one hour, the mixture was warmed to room
temperature and kept at stirring for 23 h. Then the post-reaction mixture was subjected to filtration to
remove the [HNEt;]Cl and the filtrate was evaporated under reduced pressure. The crude product was
dissolved in DCM and participated in cold methanol. After decantation, the remains of MeOH were
evaporated and iBuTg-OSiVi; was isolated as a white solid in 85% yield.

The purification protocols for the rest of vinyl-substituted SQs:

e PhT;-OSiVi; — it was analogous to the purification of iBuTg-OSiVis.
e DDSQ-d(OSiVi;) — it was slowly precipitated in methanol left for several days in the refrigerator.
o DDSQ-t(OSiVi;)— it was obtained after two-fold participation in cold methanol (see section 3.1.1.)
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3.1.1 Isolation of DDSQ-t(OSiVi;) and semi-DDSQ-d(OSiVi;) from the reaction mixture
- independent step-by-step procedure in MeCN and MeOH.

| Crude product |

Precipitation in cold
MeCN and decantation

Decant |
Precipitate: l Decant II
PhgPOSS
Crystals
semi-DDSQ-d(0SiViy) Decant Ill
Residual precipitate:
Crystals: i
c DDSQ-H{0SiVis) +

BPSGHosH1;) semi-DDSQ-d(DSiVis)

Fig. S3. Isolation of DDSQ-t(OSiVi3) and semi-DDSQ-d(OSiVi;) from the reaction mixture
following a step-by-step procedure in MeCN.

| Crude product |

1° Precipitation in cold
MeOH and decantation

Decant |

Precipitate:
DDSQ-t(0SiVi;) +

l Decant Il
semi-DDSQ-d(OSiViy)

Residual precipitate:
DDSQ-t(0SiVi;) +
semi-DDSQ-d(0SiVis) + PhgPOSS

Crystals:

2° Precipitation in cold DDSQ-(0SiVis)

MeOH and decantation

l l Decant la

Residual mixture of crystals:
DDSQ-t(0Sivis) +
semi-DDSQ-d(0SiVi,)

Precipitate:
DDSQ-(0SiVis)

Fig. S4. Isolation of DDSQ-t(0SiVi;) and semi-DDSQ-d(0SiVi;) from the reaction mixture following
a step-by-step procedure in MeOH.

3.1.2 Test for the synthesis of DDSQ-t(OSiVi;) with the use of 6 equiv. of
trivinylchlorosilane (CISi) per 1 mol of DDSQ-40H.

The test was performed according to the general procedure for the synthesis of vinyl-substituted
silsesquioxanes via hydrolitic condensation, described in section 3.1.

. A

= ~ J
OH ” oSt

cls=  EtN.THE  _Si_ =

HO - OH + //l'\ —_— (0] - O SI"\ + d - 0~s|—-\
HO.Z 1 /O ‘ /

r
DDSQ-40H DDSQ-t(0SiVi3) semi-DDSQ-d(OSiVi3)

(by-product)
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Fig. S5. Selected range of stacked 'H NMR spectra of crude product after synthesis of DDSQ-t(OSiVis)
with the use of: a) 4.2 equiv. of CISi; b) 6 equiv. of CISi per 1 mol of DDSQ-40H.

3.2 General synthetic procedure for the chloromethyl-substituted silsesquioxanes
obtained via hydrosilylation reaction.

Si—
£ Ao-sin o
—Si N i )
‘ /)\ + H-Sin [eat] Z_\—SI‘_\C' +
S n M Cl  Ar, toluene, T=90-95°C Si
I“H
4)
Cl n

Possible by-product o

v e s * N e [e+-Ir(cod)Cll
n=1 n=2 =4

R= iBu; iBuTg-(SICH,Cl); DDSQ-d(SiCH,Cl);  DDSQ-t(SiCH,Cl);
Ph; PhTg-(SiCH,Cl);

The synthetic protocol is presented for iBuTg-(SiCH,Cl); as an example. To a two-necked round-bottom
flask equipped with a condenser and magnetic stirrer, iBuTg-OSiVi; (0.20434 g, 0.02 mmol), toluene
(6 mL) and chloromethyl(dimethyl)silane (0.09 mL, 0.07 mmol) were placed in an argon atmosphere.
The reaction was heated to 40°C and [u-Ir(cod)Cl], (0.73 mg, 1.08%10-3 mmol) was added. The reaction
mixture was kept at 95°C for 24 h. After cooling it to room temperature, the reaction mixture was
transferred to a flask and evaporated under reduced pressure. The crude product was transferred onto a
chromatographic column (silica gel 60) using chloroform as eluent. Evaporation of eluent gave an
analytically pure sample of iBuTs-(SiCH,Cl); in 90% yield.
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Fig. S6. FT-IR stacked spectra of iBuTs-(SiCH,Cl); and iBuTs-OSiVi; after completion of
hydrosilylation reaction.

4. Solubility of obtained products

Table S2. The solubility of obtained systems in selected solvents.?

iBuTs- PhTs- DDSQ- DDSQ- iBuTs- PhTs- DDSQ- DDSQ-
OSiVi; OSiVi;  d(OSiViz) t(OSiViz) (SiCH,Cl; (SiCH,Cl; d(SiCH,Cl); t(SiCH,Cl);
DCM 15 uL 100 pL 34 uL 15 uL 20 uL 35uL 15 uL 20 uL
Et,0 20 uL insoluble* | 40 pL 50 uL 50 uL 90 uL 60 uL 70 uL
THF 35ulL 100 uL 40 uL 30 uL 30 uL 50 uL 30 uL 30 uL
Toluene | 30 uL 600 uL 50 uL 40 uL 30 uL 60 uL 40 uL 50 uL
MeOH | insoluble* | insoluble* | insoluble* | insoluble* | insoluble* | insoluble* | insoluble* insoluble*
MeCN insoluble* | insoluble* | insoluble* | insoluble* | insoluble* | insoluble* | 7 mL insoluble*
n-hexane | 60 pL insoluble* | insoluble* | insoluble* | insoluble* | insoluble* 1.2mL 7 mL

 The solubility was checked for 20 mg samples; *sample was insoluble in 7 mL of solvent.

S-7-



5. Table of isolated compounds
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6. Characterization data of the obtained products

iBuTs-OSiVij

o
i \O0-Si
IBU/'si/O\Si W l//\
o7 _0\iBu 7
Bu-SIgOSi” 0
/= \iBu\Q /
Q i -Si-,
\p'S' \0'//0" iBu
S|\O/Si
)
iBu iBu

White solid. Isolated Yield 85%.

THNMR (300 MHz, CDCl;, ppm): 6 =0.60 (dd, J.x=7.1, 1.6 Hz, 14H, CH,CH(CH;),), 0.94-0.96 (m,
42H, CH(CH;),), 1.79-1.91 (sext, 7TH, CH(CH};),), 5.88 (m, 3H, H,C=CH-), 6.10 (m, 6H, H,C=CH-).
13C NMR (101 MHz, CDCl;, ppm): 8 = 22.48-22.65 (CH,CH(CHjs),), 23.91-24.01 (CH(CHa),),
25.85 (CH(CHs;),), 134.83-135.02 (H,C=CH-).

YSi NMR (79.5 MHz, CDCl;, ppm): 6 = -25.08 (SiVi3), -66.96, -67.88 (Si-iBu), -109.72 (SiO).

IR (ATR, cm™): 3053.94 (H,C=CH-), 2953.17, 1925.81, 2906.75, 2868.96 (C-H), 1593.92
(H,C=CH-), 1464.73 (C-H), 1264.47 (Si-C), 1168.41, 1077.08, 1006.24 (Si-O-Si).

EA: Anal. calcd for C34H7,015Si, (%):C, 43.37, H, 7.71; found: C, 43.54; H, 7.74.

ESI-TOF MS: Calcd. for C34H7,Na™0,3Sio: m/z 963.2789 [M + Na*]. Found: 963.2795.
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Fig. S7. '"H NMR (300 MHz, CDCl;) spectrum of iBuTg-OSiVis.
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Fig. S8. 13C NMR (75.5 MHz, CDCl;) spectrum of iBuTg-OSiVis.
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Fig. S9. 2°Si NMR (79.5 MHz, CDCl;) spectrum of iBuTg-OSiVis.
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iBuTy-(SiCH,Cl);

I,

Pale yellow oil. Isolated Yield 90%.

'TH NMR (300 MHz, CDCl;, ppm): 6 = 0.08-0.11 (s, 18H, Si(CH;),), 0.54-0.62 (m, 26H,
SiCH,-CH,Si CHCH,(CHj;),), 0.95-0.98 (m, 42H, CH(CHj;),), 1.79-1.91 (sext, 7H, CH(CH,),), 2.79 (s,
6H, CH,-Cl).

13C NMR (101 MHz, CDCl;, ppm): & = -4.96 (Si(CHs),), 4.92-5.50 (CH,-CH,), 22.59-22.68
(CH,CH(CHs;),), 24.02 (CH(CHj;),), 25.86-25.90 (CH(CHs;),), 29.97 (CH,-Cl).

2Si NMR (79.5 MHz, CDCl;, ppm): & = 11.20 (SiCH,), 5.30 (Si(CH3),) -67.13, -67.81, -67.83, -67.87
(Si-iBu), -109.60 (SiO,).

IR (ATR, cm™): 2952.78, 2924.06, 2907.29, 2869.63 (C-H), 1464.66 (C-H), 1228.05 (Si-C), 1168.46,
1083.79 (Si-O-Si), 693.84 (C-Cl).

EA: Anal. calcd for C43HgoCl3;045S1;; (%):C, 40.74, H, 7.87; found: C, 40.90; H, 7.90.

ESI-TOF MS: Calcd. for C43HgoCI3sNa™045Si;,: m/z 1287.3275 [M + Na*]. Found: 1287.3283.
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Fig. S10. '"H NMR (300 MHz, CDCl;) spectrum of iBuTg-(SiCH,Cl);.
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Fig. S12. 2°Si NMR (79.5 MHz, CDCl;) spectrum of iBuTg-(SiCH,Cl);.
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PhTs-OSiVi;

(O-Si
PO '/K\
9 6. OuPh 7

Ph-5ig S~ 0
%
{00 g" e
Sies g—Si

4

Ph Ph

White solid. Isolated Yield 91%.

TH NMR (300 MHz, CDCl;, ppm): & = 5.83 (dd, Ji.y = 19.3, 4.8 Hz, 3H), 6.03 (m, 6H, H,C=CH-),
7.33-7.47 (m, 23H, Ph), 7.73-7.77 (m, 12H, Ph).

13C NMR (101 MHz, CDCl;, ppm): & = 127.91-128.01 (Ph), 130.13-130.24 (Ph), 130.93 (Ph),
134.33(Ph) 134.43 (H,C=CH-), 135.55 (H,C=CH-).

2Si NMR (79.5 MHz, CDCls, ppm): & = -23.86 (SiVis), -78.10, -78.33, -78.38 (Si-Ph), -109.03 (SiOy,).
IR (ATR, cm™): 3072.80, 3051.00, 3008.02 (C-H phenyl), 2971.34, 2947.29 (C-H),1593.68, 1430.27
(C=C phenyl), 1130.98, 1064.66, 1028.52, 1007.70 (Si-O-Si), 997.55 (C-H phenyl).

EA: Anal. calcd for C43H44013S15 (%):C, 53.30, H, 4.10; found: C, 53.51; H, 4.11.

ESI-TOF MS: Calcd. for C4sH44Na*tO3Sio: m/z 1103.0598 [M + Na*]. Found: 1103.0586.
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Fig. S13. '"H NMR (300 MHz, CDCl;) spectrum of PhTg-OSiVis.
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Fig. S14. 3C NMR (75.5 MHz, CDCl;) spectrum of PhTg-OSiVis.
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Fig. S15. 2Si NMR (79.5 MHz, CDCl;) spectrum of PhTg-OSiVis.
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Fig. S16. '"H—"3C HSQC (300 MHz, 75.5 MHz, CDCl;) spectrum of PhTg-OSiVis.
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PhTs-(SiCH,C);

éi:\m
Ph wO-Si
.'sa/°\os\i“ si
It P Ph
Ph»Sigo\Si/o Vo
IRy
Si-.n.Q-Si-,
\0" Of g "Ph
Si\O/s'
PH \
Ph

White solid. Isolated Yield 64%.

TH NMR (300 MHz, CDCl;, ppm): 6 = -0.04 (s, 18H, Si(CHs),), 0.47 (s, 12H, CH,-CH,), 2.62 (s, 6H,
CH,-Cl), 7.32-7.49 (m, 18H, Ph), 7.70-7.77 (m, 16H, Ph).

I3C NMR (101 MHz, CDCls, ppm): 6 =-5.12 (Si(CH3),), 4.85 (CH,-CH,), 5.16 (CH,-CH,), 29.92 (CH,-
Cl), 128.03-128.07 (Ph), 130.18-130.26 (Ph), 130.96-131.04 (Ph), 134.29-134.33 (Ph).

¥Si NMR (79.5 MHz, CDCls, ppm): 6 = 12.63 (SiCH,), 5.25 (Si(CH3),), -78.14, -78.25, -78.34
(Si-Ph), -108.96 (SiO,).

IR (ATR, cm™): 3073.18, 3050.82, 3029.09 (C-H phenyl), 2955.44, 2914.37 (C-H), 1594.10, 1430.29
(C=C phenyl), 1249.23 (Si-C), 1130.72, 1083.90, 1028.77 (Si-O-Si), 997.94 (C-H phenyl), 696.09
(C-C)).

EA: Anal. calcd for Cs;H;,C1505S1,, (%):C, 48.64, H, 5.08; found: C, 48.83; H, 5.10.

ESI-TOF MS: Calcd. for Cs;H;,CIsNa*045Si;,: m/z 1427.1084 [M + Na*]. Found: 1427.1069.
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Fig. S17. '"H NMR (300 MHz, CDCl;) spectrum of PhTg-(SiCH,Cl);.
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Fig. S18. 13C NMR (75.5 MHz, CDCl;) spectrum of PhTg-(SiCH,Cl);.

o Ty &
I N RRR S
= s NN 0
-
| r ' | |
I
T T T T T T T T T T
30 20 10 0 -10 -20 -30 -40 -50 -60 -79
ppm

Fig. S19. 2°Si NMR (79.5 MHz, CDCls) spectrum of PhTg-(SiCH,Cl);.
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DDSQ-d(0SiVis)
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White solid. Isolated Yield 84%.

TH NMR (300 MHz, CDCl;, ppm): 6 = 0.30 (s, 6H, SiCH3), 5.84 (m, 12H, H,C=CH-), 6.07 (dd,
Jun=19.9, 149 Hz, 6H), 7.14-7.25 (m, 13H, Ph), 7.28-7.46 (m, 20H, Ph), 7.57 (d, Jy.;=7.1 Hz, 8H).
13C NMR (101 MHz, CDCl;, ppm): 8 = -2.62 (SiCH;), 127.56-127.83 (Ph), 130.44-130.48 (Ph),
131.10-131-14 (Ph), 131.92 (Ph), 134.14-134.33 (Ph), 134.91 (H,C=CH-), 135.12 (H,C=CH-).

YSi NMR (79.5 MHz, CDCls, ppm): & = -25.67 (SiVis), -64.08, -64.12 (SiCH,) -79.30, -79.53, -79.71
(SiPh).

IR (ATR, cm™): 3138.49, 3072.30, 3051.10, 3007.40 (C-H phenyl), 2969.31, 2946.63 (C-H),1593.57,
1429.96 (C=C phenyl), 1269.77 (Si-C), 1190.78, 1106.61, 1050.41, 1006.54 (Si-O-Si), 998.08
(C-H phenyl).

EA: Anal. calcd for CgHgsO16Si;, (%):C, 53.11, H, 4.60; found: C, 53.32; H, 4.62.

ESI-TOF MS: Calcd. for Cs,HgsNa™O4Si,: m/z 1423.1318 [M + Na*]. Found: 1423.1318.
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Fig. S20. '"H NMR (300 MHz, CDCl;) spectrum of DDSQ-d(OSiVi;).
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Fig. S21. 3C NMR (75.5 MHz, CDCl;) spectrum of DDSQ-d(OSiVis).
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Fig. S22. 2°Si NMR (79.5 MHz, CDCls) spectrum of DDSQ-d(OSiVi,).
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DDSQ-d(SiCH,Cl);
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White solid. Isolated Yield 65%.

TH NMR (300 MHz, CDCl;, ppm): 8 = -0.09 (s, 36H, Si(CH3),), 0.31-0.32 (d, 6H, SiCH3), 0.44
(s, 24H, CH,-CH,), 2.57 (s, 12H, CH,-Cl), 7.17-7.25 (m, 14H, Ph), 7.27 (s, 2H, Ph), 7.33-7.42
(m, 16H, Ph), 7.51-7.54 (d, 8H, Ph).

13C NMR (101 MHz, CDCIs, ppm): 6 = -5.18 (Si(CHs),), -2.34- -2.31 (SiCH3), 4.91 (H,C-CH,), 5.34
(H,C-CH,), 29.92 (CH,-Cl), 127.89-127.97 (Ph), 130.60-131.63 (Ph), 130.92-131.02 (Ph), 131.85 (Ph),
134.03-134.17 (Ph).

¥Si NMR (79.5 MHz, CDCls, ppm): & = 10.22 (OSiCH,), 5.13 (Si(CH3),), -64.65 (SiCH3), -79.14,
-79.24, -79.47, -79.72 (SiPh).

IR (ATR, cm): 3072.73, 3051.47, 3027.76 (C-H phenyl), 2957.03, 2911.62 (C-H), 1594.21, 1430.14
(C=C phenyl), 1267.89 (Si-C), 1130.01, 1066.74, 1054.24 (Si-O-Si), 998.36 (C-H phenyl), 697.59
(C-Ql).

EA: Anal. calcd for CgoH;5Cls0 6515 (%):C, 46.78, H, 5.79; found: C, 46.96; H, 5.81.

ESI-TOF MS: Calcd. for CgoH;13Cl¢Na*O;Si5: m/z 2071.2290 [M + Na*]. Found: 2071.2335.
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Fig. S24. '"H NMR (300 MHz, CDCl;) spectrum of DDSQ-d(SiCH,Cl);.
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DDSQ-t(0SiVis)
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White solid. Isolated Yield 71%.

H NMR (300 MHz, CDCls, ppm): 8 = 5.65 (dd, Jy= 20.2, 4.1 Hz, 12H), 5.81 (dd, Jy= 14.9, 4.1
Hz, 12H), 6.03 (dd, Jy=20.1, 14.9 Hz, 12H), 7.03 (t, Jys= 7.6 Hz, 8H), 7.15-7.25 (s, 17H, Ph), 7.27-

7.44 (m, 15H, Ph).

13C NMR (101 MHz, CDCls, ppm): 8 = 127.32, 127.46 (Ph), 129.84, 130.16 (Ph), 131.56 (Ph), 133.02

(Ph), 134.36 (H,C=CH-), 134.64 (H,C=CH-), 135.08 (Ph).

298§ NMR (79.5 MHz, CDCls, ppm): 8 = -23.96 (SiViy), -75.20, -78.57 (Si-Ph).

IR (ATR, cm™): 3072.01, 3050.47, 3006.54 (C-H phenyl), 2968.79, 2946.21 (C-H), 1592.93, 1429.66

(C=C phenyl), 1129.07, 1096.78, 1045.57, 1005.30 (Si-O-Si), 959.37 (C-H phenyl).
EA: Anal. calcd for C7,H760,4Si1;; (%):C, 57.56, H, 5.10; found: C, 57.79; H, 5.12.
ESI-TOF MS: Calcd. for C;,H;6Na™04Si;,: m/z 1523.2358 [M + Na*]. Found: 1523.2365.
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Fig. S27. '"H NMR (300 MHz, CDCl;) spectrum of DDSQ-t(OSiVis).
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Fig. S28. 3C NMR (75.5 MHz, CDCl;) spectrum of DDSQ-t(OSiVi;).
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semi-DDSQ-d(OSiVi3)
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White solid. Isolated Yield 5%.

'H NMR (300 MHz, CDCl;, ppm): 6 = 5.92 (dd, Jy.; = 19.3, 4.9 Hz, 6H), 6.11 (m, 9H, H,C=CH-), 6.22
(m, 3H, H,C=CH-), 7.12-7.20 (m, 12H, Ph), 7.29-7.42 (s, 21H, Ph), 7.49 (d, Jy.z = 6.6 Hz, 4H), 7.55 (d,
Juy= 6.8 Hz, 4H).

13C NMR (101 MHz, CDCl;, ppm): & = 127.62, 127.84-127.91 (Ph), 130.28-130.44 (Ph), 130.80 (Ph),
132.93 (Ph), 134.25-134.29 (Ph), 134.84 (H,C=CH-), 135.53 (H,C=CH-).

2Si NMR (79.5 MHz, CDCl;, ppm): & = -23.86 (SiViy), -75.75, -76.27, -78.03 (Si-Ph).

IR (ATR, cm™): 3072.23, 3050.69, 3027.86, 3007.26 (C-H phenyl), 2970.08, 2947.04, 2924.28 (C-H),
1593.45, 1429.90 (C=C phenyl), 1271.10 (Si-C) 1128.43, 1051.43, 1029.00, 1007.15 (Si-O-Si), 998.17
(C-H phenyl).

EA: Anal. calcd for CgHs30,5S150 (%):C, 58.84, H, 4.61; found: C, 59.08; H, 4.63.

ESI-TOF MS: Calcd. for C4oHssNa*O45Si;o: m/z 1289.1462 [M + Na*]. Found: 1289.1462.
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Fig. S30. 'H NMR (300 MHz, CDCl;) spectrum of semi-DDSQ-d(OSiVis).
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Fig. S31. 3C NMR (75.5 MHz, CDCl;) spectrum of semi-DDSQ-d(OSiVis).
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Fig. S32. 2°Si NMR (79.5 MHz, CDCls) spectrum of semi-DDSQ-d(OSiVis).
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White solid. Isolated Yield 94%.

TH NMR (300 MHz, CDCl;, ppm): 8 = -0.20 (s, 72H, Si(CHj),), 0.15-0.36 (m, 48H, CH,-CH,), 2.42 (s,
24H, CH,-Cl), 7.10-7.21 (m, 16H, Ph), 7.28-7.49 (m, 25H, Ph).

I3C NMR (101 MHz, CDCls, ppm): 8 = -5.22 (Si(CH3),), 5.19 (CH,-CH,), 5.79 (CH,-CH,), 29.77 (CH,-
Cl), 127.77-128.19 (Ph), 130.30 (Ph), 131.48 (Ph), 133.26 (Ph), 134.53 (Ph).

¥Si NMR (79.5 MHz, CDCl;, ppm): 8 = 11.59 (OSiCH,), 4.77-4.78 (Si(CHs),), -74.84, -78.25
(Si-Ph).

IR (ATR, cm™): 3072.46, 3050.68 (C-H phenyl), 2955.87, 2915.51 (C-H), 1593.59, 1429.76, 1395.03
(C=C phenyl), 1248.68 (Si-C), 1128.01, 1100.12, 1042.2436 (Si-O-Si), 998.63 (C-H phenyl), 698.38
(C-CD).

EA: Anal. calcd for C;ogH 34Cl;,014S14 (%):C, 46.23, H, 6.61; found: C, 46.41; H, 6.64.

ESI-TOF MS: Calcd. for C;ogH;g4Cl1,Na*014Sip4: m/z 2819.4303 [M + Na*]. Found: 2819.4686.
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Fig. S33. 'H NMR (300 MHz, CDCl;) spectrum of DDSQ-t(SiCH,Cl);.
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Fig. S35. 2°Si NMR (79.5 MHz, CDCl;) spectrum of DDSQ-t(SiCH,Cl);.
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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
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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-

rsc.li/frontiers-inorganic tive one-pot route to increase the generation of these dendritic systems.
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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

Inorg. Chem. Front., 2023, 10, 4587-4596 | 4587
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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).>*"®
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.>®**** 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

4588 | Inorg. Chem. Front, 2023, 10, 4587-4596
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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, i.e.
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.

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
a 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

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 -CHj3 units in o isomer (G1-1iBuOSi-2H-«). 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, ie. 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 p-addition product, it was decided to
apply two compounds direct linked to the vinyl group to Tg
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.

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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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 Tsg.

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

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 (B 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 Cj-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
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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.®® It 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-
2H] : [C1,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 p-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.®*

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 a and p substi-
tution were obtained. All synthesized compounds can be modi-
fied in catalytic processes, such as hydrosilylation.
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1. General Considerations

The chemicals were purchased from the following sources: Sigma-Aldrich for toluene, tetrahydrofuran
(THF), n-hexane, acetonitrile, methanol, dichloromethane, chloroform, chloroform-d, sodium bis(2-
methoxyethoxy)aluminum hydride solution, dichloromethylsilane, dichloromethylvinylsilane, allyl
glycidyl ether, 1-octene, Karstedt’s catalyst — 2% xylene solution; TCI for chlorodimethylsilane; ABCR
for trichlorosilane and lithium aluminium hydride; UNISIL for octavinylspherosilicate; Fluka
Honeywell for celite. Following silsesquioxanes: iBuTs-OSiVi, iBuTg-OSiH, iBuTs-Vi, PhT-Vi,
DDSQ-2SiVi, DDSQ-40SiVi, were prepared according to the literature procedure.'* All solvents were
dried over CaH, prior to use and stored under argon over 4A molecular sieves. All liquid substrates were
also dried and degassed by bulb-to-bulb distillation. All syntheses were conducted under an argon
atmosphere using standard Schlenk-line and vacuum techniques.

2. Measurements

Nuclear Magnetic Resonance (NMR)

'H, 13C, DEPT-135 and ?°Si Nuclear Magnetic Resonance (NMR) were performed on Brucker Ultra
Shield 600, 400 and 300 spectrometers using CDClI; as a solvent. Chemical shifts are reported in ppm
with reference to the residual solvent (CHCIs) peaks for 'H and '3C and to TMS for 2°Si NMR.

FT-IR spectroscopy
Fourier Transform-Infrared (FT-IR) spectra were recorded on a Nicolet iS5 (Thermo Scientific)

spectrophotometer equipped with a diamond ATR unit. In all cases, 16 scans at a resolution of 2 cm’!
were collected, to record the spectra in a range of 4000-650 cm-!.

Real-time FT-IR spectroscopy

In-situ FT-IR measurements were performed on a Mettler Toledo ReactIR 15 equipped with a DS 6.3
mm AgX DiComp Fiber Probe with a diamond sensor, and a Hg-Cd telluride detector. For all the spectra
256 scans were recorded with the resolution of 1 cm™! in 1 min intervals.’

Gel permeation chromatography (GPC)

Gel permeation chromatography analyses were performed using a Waters Alliance 2695 system
equipped with a Waters 2412 RI detector and a set of three serially connected 7.8x300 mm columns
(Water Styragel HR1, HR2 and HR4). THF was used as a mobile phase in a flow rate of 0.60 mL/min;
the column oven temperature was 35°C and detector temperature 40°C. Molecular weight (M,,, M,,) and
polydispersity index (PDI) values were calculated based on calibration curve using polystyrene
standards (Shodex) in a range from 1.31 x 103 to 3.64 x 10° Da.

Elemental analyses (EA)
Elemental analyses (EA) were performed using a Vario EL III instrument (Elementar Analysensysteme
GmbH, Langenselbold, Germany).

X-ray crystallography

Diffraction data were collected by the w-scan technique, for G0-4D-4H at 120(1) K, on a Rigaku
SuparNova four-circle diffractometer with Atlas CCD detector, equipped with mirror-monochromatized
CuK, radiation source (A = 1.54178 A), and for G1-2D-4H at 100(1) K, on Rigaku XCalibur four-circle
diffractometer with Eos CCD detector, equipped with graphite-monochromatized MoK, radiation
source (A = 0.71073 A). The data were corrected for Lorentz-polarization as well as for absorption
effects.® The structures were solved with SHELXT’ and refined with the full-matrix least-squares
procedure on F? by SHELXL-2013.% All non-hydrogen atoms were refined anisotropically, hydrogen

S-2-



atoms were placed in idealized positions and refined as ‘riding model” with isotropic displacement
parameters set at 1.2 (1.5 for methyl groups) times U, of appropriate carrier atoms. In the structure G0-
4D-4H one of the -O-SiMe,-CH,-CH,-SIHMe, groups is disordered over two alternative positions, the
site occupation factors refined at 0.75(9)/0.25(9). Weak restraints have been applied to both positional
and thermal parameters. The relevant crystallographic data together with the details of structure
refinement are listed in Table S1.

Crystallographic data for the structural analysis has been deposited with the Cambridge Crystallographic
Data Centre, Nos. CCDC-2184824 (G0-4D-4H), CCDC-2184825 (G1-2D-4H). Copies of this
information may be obtained free of charge from: The Director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK; e-mail: deposit@ccdc.cam.ac.uk, or www.ccdc.cam.ac.uk.

Table S1. Crystal data, data collection and structure refinement

Compound G0-4D-4H G1-2D-4H
Formula C7,H,03014S16 Cs¢HesO145112
Formula weight 1647.02 1298.15
Crystal system triclinic orthorhombic
Space group P-1 Pbca
a(A) 14.3705(4) 10.1660(3)
b (A) 14.5795(4) 26.3663(7)
c(A) 24.7232(5) 24.1387(7)
a(°) 91.0701(18) 90
B(°) 94.006(2) 90
v(®) 119.020(3) 90
V(A3) 4510.3(2) 6470.1(3)
V4 2 4
Dy (g cm?) 1.213 1.333
F(000) 1752 2720
pu(mm-) 2.586 0.300
Reflections:

collected 40198 16025

unique (R;y) 16071 (0.0651) 6519 (0.0298)

with [>26(1) 14238 5289
R(F) [I>20(])] 0.0915 0.0949
wR(F?) [I>26(1)] 0.2053 0.2372
R(F) [all data] 0.0983 0.1125
wR(F?) [all data] 0.2088 0.2470
Goodness of fit 1.056 1.040
max/min Ap (e-A-3) 1.97/-1.00 1.03/-0.67
CCDC number 2184824 2184825
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3. Synthetic procedures
The verification of the location of the Si-H bond in the appropriate substrate

PATH A

(o N O.c.r
/ ! Sy ! Sy
sicC! = si_ . LiAH, ~ i
O-si,, 7 " cl "Lk U i o
)'_ U T (CI,MesSivi) iBuy Cl iBu, H
gy, e G1-1iBuOSi-2H-a
iBu;Tg-OSiH up to 20% of & —addition product
PATH B &c o.. o_. ;
Oy, HSIG 1 Sio~sil . LIAH ! Sivosil
! ' (Cl,MeSiH) ! L Cl 1 ‘ | H o
- (Clesit)_ (T i s H
a iBu, Py(dvds)s] | iBuy iBuy :
iBu; T5-OSiVi .. G1-tiBuOSI2Hp |

To a two-necked round-bottom flask equipped with a condenser and magnetic stirrer, iBu,Ts-OSiH
(METHOD A)/ iBu,Ts-0SiVi (METHOD B) (0.100 g, 0.12 mmol/ 0.102 g, 0.11 mmol), anhydrous
toluene (3 mL) and dichlorovinylmethylsilane (Cl,MeSiVi: 0.033 mL, 0.22 mmol) (METHOD A)/
dichloromethylsilane (Cl,MeSiH: 0.023 mL, 0.22 mmol) (METHOD B) were placed in an argon
atmosphere. The reaction was heated to 40°C and [Pty(dvds);] (0.13 uL, 1.12x10-° mmol / 0.12 uL,
1.11x10-> mmol) was added. The reaction mixture was kept at 95°C for 24 hours. After cooling it to
room temperature, the excess of silane and solvent was evaporated under a vacuum for 5 hours. After
that, the compound was dissolved in anhydrous THF (2 mL) and lithium aluminium hydride (0.010 g,
0.27 mmol /0.010 g, 0.26 mmol) was added to the reaction mixture. The reaction was carried out at room
temperature for 24 hours. Then, the solvent was evaporated under reduced pressure. N-hexane was added
to the crude product and the mixture was filtered by a syringe filter (0.2 um) and washed with n-hexane
(5 mL). The solvent was evaporated under a vacuum and isolated as a white solid.

Selectivity of G1-1iBuOSi-2H- : G1-1iBuOSi-2H-a products for PATH A was 80 : 20 and for
PATH B was 100 : 0.

General procedure for the one-pot synthesis of dendritic systems with mono-Tg and double-decker
silsesquioxane core through hydrosilylation followed by reduction reaction:

e LiAlH, as a reduction agent

The synthetic procedure was described for G0-1iBu-1H as an example. To a two-necked round-bottom
flask equipped with a condenser and magnetic stirrer, iBu,Tg-Vi (0.106 g, 0.13 mmol), anhydrous
toluene (3 mL) and chlorodimethylsilane (0.03 mL, 0.25 mmol) were placed in an argon atmosphere.
The reaction was heated to 40°C and [Pty(dvds);] (0.14 pL, 1.25x10~ mmol) was added. The reaction
mixture was kept at 95°C for 24 hours. After cooling it to room temperature, the excess of silane and
solvent was evaporated under a vacuum for 5 hours. After that, the compound was dissolved in
anhydrous THF (2 mL) and lithium aluminium hydride (0.006 g, 0.15 mmol) was added to the reaction
mixture. The reaction was carried out at room temperature for 24 hours. Then, the solvent was
evaporated under reduced pressure. N-hexane was added to the crude product and the mixture was
filtered by a syringe filter (0.2 pm) and washed with n-hexane (5 mL). The solvent was evaporated under
a vacuum and isolated as a white solid, in a total yield of 90%.
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o Red-Al®as a reduction agent

The procedure for the synthesis of G0-2D-2H is described as an example. To a two-neck round-bottom
flask equipped with a condenser and magnetic stirrer, DDSQ-2SiVi (0.200 g, 0.17 mmol) was placed in
argon atmosphere along with anhydrous toluene (6.0 mL), and 4 equivalent of silane-
chlorodimethylsilane (0.071 mL, 0.66 mmol) and 10 equiv. of [Pty(dvds);] (0.38 uL 3.32x10~ mmol).
The reaction mixture was kept at 95°C for 24 hours. After cooling it to room temperature, the excess of
silane and solvent was evaporated under a vacuum for 8 hours. After that anhydrous toluene (8.0 mL),
sodium bis(2-methoxyethoxy) aluminium hydride solution (0.65 g, 3.20 mmol) (Red-Al®) were added.
The reaction mixture was kept at room temperature for 20 hours.

Isolation:

e Method I: The post-reaction mixture was evaporated under reduced pressure. The crude product
was dissolved in DCM and precipitated in MeCN. After decantation, the remains of MeCN were
evaporated. The crude, white powder was washed with DCM several times (3 x 10 mL) and
the decant was evaporated under a vacuum and isolated as a white solid, in a total yield of 64%.

e Method II: The reaction mixture was added dropwise to the mixture of 10% acetic acid water
solution (10 mL) and toluene (5 mL). The white solid was precipitated. After the agitation was
turned off, the phases separated. The water layer was extracted by toluene (10 mL). The organic
layer was combined and toluene was evaporated under a vacuum. The white solid was isolated
in a total yield of 90%.

General procedure for the one-pot synthesis of G1 dendritic systems with octa-T; silsesquioxane
core through hydrosilylation followed by reduction reaction:

Procedure for the one-pot synthesis of G1-8T-24H:

The reaction was carried out in an oven-dried Schlenk-type reactor under an argon atmosphere.
Octavinyl spherosilicate (octaTs-OSiVi) (1.00 g, 0.82 mmol) was placed along with anhydrous toluene
(10.0 mL) and trichlorosilane (0.73 mL, 7.23 mmol) was added. To the prepared mixture of reagents
Karstedt’s complex was added (7.5 pL, 10-* mol Pt/ mol SiVi), the reaction vessel was closed and heated
at 95°C with stirring. The reaction was monitored with FT-IR and '"H NMR spectroscopy, by following
the band originating from SiVi units (FT-IR 1596 cm™'). After the complete conversion of vinyl units,
the reaction was cooled down, and then the toluene and an excess of chlorosilane were evaporated under
reduced pressure. The obtained oil was dissolved in 20 mL of anhydrous toluene, and then 4.1 mL of
Red-Al® sodium bis(2-methoxyethoxy) aluminium hydride solution was added dropwise and the
reaction was stirred for 18 hours at room temperature. The resulting mixture was added to 2-propanol
and stirred for 1 hour. After that, the solvents and volatile liquids were evaporated under reduced
pressure. The product was extracted from the resulting mixture with n-hexane and then filtered through
a cellite/silica gel column. Evaporation of n-hexane led to the formation of transparent oil in a total yield
of 85%. NMR analysis showed the formation of only the § isomer. Caution: before the addition of Red-
Al®, the excess of trichlorosilane must be removed from the vessel. The presence of HSiCl; during the
addition of Red-Al® leads to the formation of pyrophoric SiH,.

Procedure for the one-pot synthesis of G1-8T-16H:

The reaction was carried out in an oven-dried Schlenk-type reactor under an argon atmosphere.
Octavinyl spherosilicate (octaTg-OSiVi) (5.00 g, 4,1 mmol, 32.68 mmol of vinyl groups) was placed
along with anhydrous toluene (25 mL) and then 3.85 mL (36.98 mmol) dichloromethylsilne was added.
To the prepared mixture of reagents Karstedt’s complex was added (37.5 uL, 10-* mol Pt/ mol SiVi),
the reaction vessel was closed and heated at 95°C with stirring. The reaction was monitored with FT-IR
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and "H NMR spectroscopy, by following the band originating from SiVi units (FT-IR 1596 cm™). After
the complete conversion of vinyl units, the reaction was cooled down, and then the toluene and an excess
of chlorosilane were evaporated under reduced pressure. The resulting oil was dissolved in 25 mL of
anhydrous toluene and then 13.2 mL Red-Al® sodium bis(2-methoxyethoxy) aluminium hydride
solution was added dropwise. Then the reaction mixture was stirred overnight at room temperature.
After that, the mixture was added to 2-propanol and stirred for one hour. Then the solvents and the
volatiles were removed under reduced pressure. The product was extracted from the resulting mixture
with n-hexane and then filtered through a cellite/silica gel column. Evaporation of n-hexane led to the
formation of transparent oil in a total yield of 85%. NMR analysis showed the formation of only the f
isomer.

General procedure for the one-pot synthesis of G2 dendritic systems with octa-Tj silsesquioxane
core through hydrosilylation followed by reduction reaction:

To a mixture prepared from 2 g of G1-8T-16H (1.253 mmol, 20.06 mmol SiH) and 15 mL of anhydrous
toluene, dichloromethylvinylsilane was added (3.18 g/2.95 mL, 22.56 mmol). To a resulting mixture,
Karstedt’s catalyst was added (2x10* mol Pt/SiH) and the reaction vessel was closed and heated to
100°C. The reaction was monitored with infrared spectroscopy. After the complete conversion of H-Si
units mixture was cooled down and the solvent and chlorosilane excess were evaporated under reduced
pressure. The obtained oil was dissolved in 20 mL of anhydrous THF and then 0.76 g (20 mmol) of
LiAlH, was added and the reaction was stirred at room temperature overnight. The resulting mixture
was filtered through a cannula. The resulting solution was filtrated through cellite/silica gel column and
washed with THF, toluene and diethyl ether. Evaporation of the solvent gave 2.68 g (Yield 77%) of very
viscous transparent oil.

General procedure for the functionalization of G1-4D-8H through hydrosilylation:

The synthetic protocol is presented for G1-8D-8epoxy as an example. To a two-necked round-bottom
flask equipped with a condenser and magnetic stirrer, G1-4D-8H (0.108 g, 0.07 mmol), toluene (3 mL)
and allyl glycidyl ether (0.07 mL, 0.61 mmol) were placed in an argon atmosphere. The reaction was
heated to 40°C and [Pty(dvds);] (0.62 pL, 2.34x10- mmol) was added. The reaction mixture was kept
at 95°C for 24 hours. After cooling it to room temperature, the reaction mixture was transferred to a flask
and toluene and unreacted allyl glycidyl ether were evaporated under reduced pressure. The pure product
was obtained in a total yield of 85%.

General procedure for the functionalization of G1-16T-16H through hydrosilylation:

0.5g (0.313mmol, 5.01 mmol SiH) of G1-8T-16H, 5.64 mmol of alkene and 2.5 mL of toluene were
placed in a 10 mL Schlenk-glass reactor. The prepared mixture was heated to 95°C and Karstedt’s
complex was added (2x10* Pt/mol SiH). The reaction was monitored by FT-IR spectroscopy by
following the band assigned to SiH units at ca. 2124 cm!. After the disappearance of the H-Si band in
the FT-IR spectrum, the mixture was cooled down to room temperature and then filtered through a silica
gel/cellite column and washed with toluene. Evaporation of toluene gave viscous oils. Yields: 91% and
88% for 1-octene and allyl-glycidyl ether, respectively.
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4. Table of isolated compounds:

Structure

Compound
Abbreyv.

Isolation
Yield[%]

NMR
spectra

page:
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5. Characterization data of the obtained products ('H, 13C, 2°Si NMR spectra and IR
spectroscopy)

G1-1iBuOSi-2H-$

White solid. Isolated Yield 89%

TH NMR (300 MHz, CDCl;, ppm): 6 =0.11 (s, 6H, -CHj3), 0.12-0.15 (t, 3H, -CH3), 0.59-0.62 (m, 18H,
CH,CH(CHj;),, CH,-CH,), 0.96 (dd, J;3.4=6.6, 2.1 Hz, 42H, -CH3;), 1.80-1.91 (m, 7H, -CH(CH;),), 3.70-
3.74 (m, 2H, Si-H).

13C NMR (75.50 MHz, CDCl;, ppm): & = -8.56 (Si-CH;), -0.73 (Si-CH3); 2.36 (Si-CH,-), 11.79
(Si-CH,-), 22.59-22.68 (-CH,CH(CH3),), 24.01-24.04 (-CH(CHs;),), 25.87 (CH(CH;),).

YSi NMR (79.50 MHz, CDCl;, ppm): 6 = 11.44 (-Si-CHj); -29.08 (-Si-H), -67.07, -67.10, -67.87,
-67.90 (-Si-iBu), -109.64 (SiO,).

IR (ATR, cm): 2952.30, 2924.49, 2905.56, 2868.00 (C-H), 2127.19 (Si-H), 1464.32 (C-H), 1228.77
(Si-C), 1168.48, 1075.60 (Si-O-Si), 901.41 (Si-H).

EA: Anal. calcd for C53H7301351; (%):C, 41.12, H, 8.16; found: C, 41.28; H, 8.19.

GPC: M,, =1165; M, =955; D=1.22.
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Figure S1 '"H NMR (300 MHz, CDCl;) spectrum of G1-1iBuOSi-2H-f.
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Figure S2 3C NMR (75.50 MHz, CDCl;) spectrum of G1-1iBuOSi-2H-f.
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Figure S3 2°Si NMR (79.50 MHz, CDCl;) spectrum of G1-1iBuOSi-2H-p.
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GO0-1iBu-1H
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Sieaq—Si

e 4 O \

iBu iBu

White solid. Isolated Yield 90%

'H NMR (300 MHz, CDCl;, ppm): & = 0.06 (d, Juy=3.6 Hz, 6H, -CH;), 0.56-0.62 (m, 18H,
CH,CH(CHs), CH,-CH.,), 0.96 (d, J;1.;+=6.6 Hz, 42H, -CH;), 1.79-1.92 (m, 7H, -CH(CH,),), 3.81-3.85

(m, 1H, Si-H).

13C NMR (75.50 MHz, CDCLy, ppm): 8 = -4.75 (Si-CHs), 5.19 (Si-CH,-), 5.57 (Si-CH,-), 22.63-22.68

(-CH,CH(CHs),), 24.03 (-CH(CHs),), 25.58-26.10 (CH(CH),).

Gi NMR (79.50 MHz, CDCLy, ppm): & = -10.12 (-Si-H), -67.29 (-Si-CH,), -67.62, -67.86, -67.91

(-Si-iBu).

IR (ATR, cm): 2951.88, 2924.19, 2904.99, 2868.24 (C-H), 2111.44 (Si-H), 1463.89 (C-H), 1228.51

(Si-C), 1168.00, 1081.27, 1037.66 (Si-O-Si), 885.15 (Si-H).
EA: Anal. calcd for C;,H7401,S15 (%):C, 42.53, H, 8.25; found: C, 42.70; H, 8.28.

GPC: M,, = 1007; M, = 865; D = 1.16.
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Figure S4 '"H NMR (300 MHz, CDCl;) spectrum of G0-1iBu-1H.
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Figure S6 2°Si NMR (79.50 MHz, CDCl;) spectrum of GO-1iBu-1H.
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G1-1iBu-2H

White solid. Isolated Yield 89%

'H NMR (300 MHz, CDCL;, ppm): & = 0.13 (t, Juy = 4.1 Hz, 3H, -CH;), 0.59-0.64 (m, 18H,
CH,CH(CH;), CH,-CH,), 0.95 (d, J 1y = 6.6 Hz, 42H, -CHs), 1.86 (dt, 1.86 (dt, Jyi = 13.4, 6.7 Hz, 8H,
-CH(CH3),), 3.69-3.73 (m, 2H, Si-H).

13C NMR (75.50 MHz, CDCls, ppm): 8 = -8.60 (Si-CHj), 2.34 (Si-CH,-), 6.35 (Si-CH,-), 22.64-22.68
(-CH,CH(CHs),), 24.03-24.05 (-CH(CH}),), 25.84-25.86 (CH(CHs),).

Si NMR (79.50 MHz, CDCls, ppm): & = -29.46 (-Si-H), -67.53, -67.59 (-Si-CH,), -67.72, -67.77,
-67.84, -67.90 (-Si-iBu).

IR (ATR, cnr'): 2954.49, 2925.40, 2907.24, 2868.70 (C-H), 2127.43 (Si-H), 1464.85 (C-H), 1264.10

(Si-C), 1167.93, 1095.75, 1037.37 (Si-O-Si), 900.83 (Si-H).
EA: Anal. calcd for C5;H7,01,Si5 (%):C, 41.85, H, 8.16; found: C, 42.02; H, 8.19.

GPC: M, =971; M, =822; b=1.18.
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Figure S7 'H NMR (300 MHz, CDCls) spectrum of G1-1iBu-2H.
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Figure S9 2°Si NMR (79.50 MHz, CDCl;) spectrum of G1-1iBu-2H.
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G2-2iBu-4H

H,

Si-y
s H

iBu/' o /\/Si\/\s‘i\/
si— " Si H

J o mo d. + (a—products)

White solid. Isolated Yield 94% for a mixture of hydrosilylation besides products.

H NMR (300 MHz, CDCls, ppm): § = 0.05-0.08 (m, 3H, SiCH;), 0,14-0,16 (m, 3H, SiCH;), 0.59-0.62
(m, 18H, CH,CH(CHs),, SiCH,), 0.95 (d, Jy.,~6.6 Hz, 42H), 1.79-1.92 (m, 7H, CH(CH,),), 3.70-3.74
(m, 1H, Si-H), 3.77-3.80 (m, 1H, Si-H).

13C NMR (101 MHz, CDCls, ppm): & = -8.52, -8.41, -7.38, -6.86, -6.82, -1.53, -1.21, 1.19, 2.35, 3.20
(SiCH,, CH-CHs3), 3.63, 3.76, 3.90, 3.99, 5.31, 5.46, 5.57, 6.37, 6.54, 6.88 (Si-CH,-), 10.75, 11.13
(-CH-), 22.67-22.71 (CH,CH(CHs),), 24.04-24.07 (CH(CHs),), 25.87 (CH(CHs),).

»Si NMR (79.50 MHz, CDCls, ppm): & = -2.60, -3.31, -4.30 (-Si-CHs), -29.19, -29.27, -29.63, -29.66
(-Si-H), -67.42, -67.47, -67.60, -67.91 (-Si-iBu).

IR (ATR, cm'): 2953.05, 2925.10, 2906.08, 2868.54 (C-H), 2123.99 (Si-H) 1464.48 (C-H), 1228.06

(Si-C), 1167.92, 1088.24, 1036.91 (Si-O-Si), 905.95 (Si-H).
GPC: M,, = 1164; M, = 1072; D =1.09.
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Figure S10 'H NMR (300 MHz, CDCl;) spectrum of G2-2iBu-4H.
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Figure S12 2°Si NMR (79.50 MHz, CDCl;) spectrum of G2-2iBu-4H.
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GO0-1Ph-1H

White solid. Isolated Yield 53%

H NMR (300 MHz, CDCls, ppm): & = 0.03 (d, Ju; = 3.6 Hz, 6H, -CHs), 0.69-0.85 (m, 4H, Si-CH,-),
3.81-3.88 (m, 2H, -Si-H), 7.33-7.49 (m, 23H, -Ph), 7.73-7.78 (m, 15H, -Ph).
13C NMR (101 MHz, CDCls, ppm): 8 = -4.77 (Si-CHs), 5.07 (Si-CH,-), 5.62 (Si-CH,-) 128.00, 130.38-

130.43, 130.65, 130.88, 134.33-134.35 (-Ph).

»Si NMR (79.50 MHz, CDCl;, ppm): & = -9.96 (-Si-H), -64.91 (-Si-CH,-), -78.31, -78.65, -78.79

(-Si-Ph).

IR (ATR, cnr'): 3072.92, 3051.03, 3027.73 (C-H phenyl), 2957.13, 2918.07 (C-H), 2103.87 (Si-H),
1593.94, 1430.53 (C=C phenyl), 1191.12, 1132.34, 1082.74, 1027.83 (Si-O-Si), 996.63 (C-H phenyl),

883.73 (Si-H).

EA: Anal. calcd for C4sHy601,S19 (%):C, 52.94, H, 4.44; found: C, 53.15; H, 4.46.

GPC: M,, = 825; M,, = 666; D =1.24.
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Figure S14 '"H NMR (300 MHz, CDCls) spectrum of GO-1Ph-1H.
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Figure S16 'H NMR (79.50 MHz, CDCl;) spectrum of GO-1Ph-1H.
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G1-1Ph-2H

White solid. Isolated Yield 72%

H NMR (300 MHz, CDCls, ppm): & = 0.08 (t, Jiis = 4.1 Hz, 3H, -CHs), 0.80-0.90 (m, 4H, Si-CH,-),
3.69-3.73 (m, 2H, -Si-H), 7.34-7.50 (m, 22H, -Ph), 7.73-7.78 (m, 14H, -Ph).

13C NMR (75.50 MHz, CDCls, ppm): & = -8.68 (Si-CHs), 2.39 (Si-CHy-), 6.19 (Si-CH,-), 128.00-
128.02, 130.36-130.41, 130.59, 130.90, 134.32-134.34 (-Ph).

8i NMR (79.50 MHz, CDCls, ppm): 8 = -29.32 (-Si-H), -65.43 (-Si-CH,-), -78.33, -78.66 (-Si-Ph).
IR (ATR, cm): 3073.06, 3051.25, 3028.00 (C-H phenyl), 2921.19 (C-H), 2126.47 (Si-H), 1593.96,
1430.56 (C=C phenyl), 1191.09, 1132.78, 1085.13, 1028.00, (Si-O-Si), 996.83 (C-H phenyl), 897.46
(Si-H).

EA: Anal. calcd for C4sHyuO10Sis (%):C, 52.50, H, 4.31; found: C, 52.71; H, 4.33.

GPC: M,, = 785; M, = 643; D = 1.22.
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Figure S17 '"H NMR (300 MHz, CDCls) spectrum of G1-1Ph-2H.
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Figure S18 1*C NMR (101 MHz, CDCls) spectrum of G1-1Ph-2H.
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Figure S19 2Si NMR (79.50 MHz, CDCl;) spectrum of G1-1Ph-2H.
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White solid. Isolated Yield 91%

TH NMR (300 MHz, CDCl;, ppm): & =-0.09 (d, J4.y=6.6 Hz, 12H, -CH3), 0.28 (s, 6H, -CH3), 0.55-0.68
(m, 8H, Si-CH,-), 3.74 (dt, J.y=6.8, 3.4 Hz, 2H, -Si-H), 7.16-7.55 (m, 40H, -Ph).

13C NMR (101 MHz, CDCl;, ppm): 6 = -4.86 (Si-CH3), -1.42 (Si-CH3), 5.37 (Si-CH,-), 9.74 (Si-CH,-)
127.76, 127.90, 130.44, 131.24, 132.31, 134.09, 134.21 (-Ph).

YSi NMR (79.50 MHz, CDCls, ppm): & = -9.76 (-Si-H), -17.50 (-Si(CH3)-), -78.68, -79.65 (-Si-Ph).
IR (ATR, cm™): 3072.06, 3050.62 (C-H phenyl), 2955.52, 2915.23 (C-H), 2109.39 (Si-H), 1593.53,
1429.33 (C=C phenyl), 1247.32 (Si-C), 1081.98, 1028.47 (Si-O-Si), 997.37 (C-H phenyl), 884.62
(Si-H).

EA: Anal. calcd for CsgHgsO14S1;; (%):C, 52.53, H, 5.17; found: C, 52.74; H, 5.19.

GPC: M,, =1106; M, =954; D= 1.16.

NMTNONTNOOIN - ®© O NIDT O oNLmTmHoaNOnmo 3y
ML MMANNNNA S NN LYwwvwwowvwwowohinininnN 3 5
NNNNNNNNNNNKNNRN R R R cdoccdocccooccococo??
Y S e S
. s
B (dt) A(d)
3.74 -0.09
|
i il
T T T
= @ e s
8 & = I
N @ S o
T T T T T T T T T T T T T T T T 1
8.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1

ppm

Figure S20 'H NMR (300 MHz, CDCls) spectrum of G0-2D-2H.
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Figure S22 2°Si NMR (79.50 MHz, CDCl;) spectrum of G0-2D-2H.
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G1-2D-4H

Ph< ~Ph H

si—O0=si ;

Ph{ 0//0 .0 o\ /\/SI\H
Si 77 Sil si

o \"Ph S

Nsi Ph.g; Og;-O

o~ \ o’ I\O'/'SI‘ph

H-gi [ /.0
\ Si—-Si_
H Ph Ph

White solid. Isolated Yield 85%

TH NMR (300 MHz, CDCl;, ppm): 6 =-0.03 (t, Jy.4=4.0 Hz, 6H, -CH3), 0.30 (s, 6H, -CH3), 0.71 (s, 8H,
Si-CH,-), 3.63 (q, Ju.u= 3.6 Hz, 4H, -Si-H), 7.17-7.55 (m, 40H, -Ph).

13C NMR (101 MHz, CDCl;, ppm): & = -8.73 (Si-CHj;), -1.39 (Si-CHj3), 2.16 (Si-CH,-), 10.89
(Si-CH,-) 127.78, 127.93, 130.47, 131.18, 132.23, 134.07, 134.20 (-Ph).

Si NMR (79.50 MHz, CDCls, ppm): & = -17.97 (-Si(CH3)-), -29.03 (-Si-H), -78.64, -79.61 (-Si-Ph).
IR (ATR, cm™): 3071.80, 3050.96 (C-H phenyl), 2954.83, 2921.75, 2852.53 (C-H), 2126.30 (Si-H),
1593.50, 1429.26 (C=C phenyl), 1264.13 (Si-C), 1085.31, 1028.99 (Si-O-Si), 997.36 (C-H phenyl),
893.18 (Si-H).

EA: Anal. calcd for CssHg4014S1;; (%):C, 51.81, H, 4.97; found: C, 52.02; H, 4.99.

GPC: M,, =1033; M, =878; D=1.18.
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Figure S23 'H NMR (300 MHz, CDCl;) spectrum of G1-2D-4H.
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Figure S24 *C NMR (101 MHz, CDCl,) spectrum of G1-2D-4H.
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Figure S25 2°Si NMR (79.50 MHz, CDCl;) spectrum of G1-2D-4H.

S-30-

-100




G0-4D-4H

White solid. Isolated Yield 94%

TH NMR (300 MHz, CDCl;, ppm): 6 = -0.21 (d, Ju.x=3.6 Hz, 24H, -CH3), 0.00 (s, 24H, -CH3), 0.18-
0.23 (m, 8H, Si-CH,-), 0.33-0.39 (m, 8H, Si-CH,-), 3.57 (dt, Jy.x= 6.8, 3.4 Hz, 4H, -Si-H), 7.08-7.45
(m, 40H, -Ph).

13C NMR (101 MHz, CDCls;, ppm): 6 = -4.93 (Si-CH3), 0.40 (Si-CH3), 5.68 (Si-CH,-), 10.80
(Si-CH,-) 127.56, 127.60, 129.85, 130.22, 131.87, 133.71, 134.41, 134.47 (-Ph).

YSi NMR (79.50 MHz, CDCls, ppm): & = 11.45 (-Si-(CHs),), -10.14(-Si-H), -78.64, -79.61 (-Si-Ph).
IR (ATR, cm): 3072.24, 3050.84 (C-H phenyl), 2954.49, 2906.60 (C-H), 2104.74 (Si-H), 1593.67,
1429.56 (C=C phenyl), 1248.53 (Si-C), 1126.83, 1100.37, 1045.14 (Si-O-Si), 998.28 (C-H phenyl),
885.41 (Si-H).

EA: Anal. calcd for C7,H;03014S116 (%):C, 52.51, H, 6.61; found: C, 52.72; H, 6.64.

GPC: M,, = 1519; M, =1343; b=1.13.

ul
9}
a
o
LOANNTMNMONOVOT A0 MO Q0N VLWl ONI\I\LDVMMNﬂHOC\waN
LELOMMONANNNNA A O Qinininin MMOOOONNNNNAAO
NN — e —————
B/(dt)
.57
trace of water
|
|
‘A \ | ‘ L.
T =<
8 a8 Y
< Nw S
T T T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5 1.0

ppm

Figure S26 'H NMR (300 MHz, CDCls) spectrum of G0-4D-4H.
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Figure S28 2°Si NMR (79.50 MHz, CDCl;) spectrum of G0-4D-4H.
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G1-4D-8H
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White solid. Isolated Yield 91%

TH NMR (300 MHz, CDCls, ppm): 6 = -0.13 (t, Ju.z=4.1 Hz, 12H, -CH3), 0.03 (s, 24H, -CHj;), 0.30-
0.38 (m, 8H, Si-CH,-), 0.42-0.49 (m, 8H, Si-CH,-), 3.47 (h, Ju.x= 3.6 Hz, 4H, -Si-H), 7.11-7.47
(m, 40H, -Ph).

13C NMR (101 MHz, CDCls;, ppm): & = -8.82 (Si-CHj3), -0.36 (Si-CHj3), 2.38 (Si-CH,-), 12.00
(Si-CH,-) 127.61, 129.91, 130.27, 131.76, 133.59, 134.39, 134.46 (-Ph).

YSi NMR (79.50 MHz, CDCls, ppm): & = 11.18 (-Si-(CHs),), -29.37 (-Si-H), -76.07, -78.69 (-Si-Ph).
IR (ATR, cm): 3072.10, 3050.82 (C-H phenyl), 2957.14, 2915.36 (C-H), 2124.73 (Si-H), 1593.63,
1429.65 (C=C phenyl), 1251.08 (Si-C), 1128.24, 1104.83, 1052.57 (Si-O-Si), 998.39 (C-H phenyl),
900.99 (Si-H).

EA: Anal. calcd for CggH 000145116 (%):C, 51.34, H, 6.34; found: C, 51.55; H, 6.37.

GPC: M,, = 1387; M, =1232; b=1.13.
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Figure S29 'H NMR (300 MHz, CDCls) spectrum of G1-4D-8H.
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Figure S30 *C NMR (101 MHz, CDCl;) spectrum of G1-4D-8H.
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Figure S31 2Si NMR (79.50 MHz, CDCls) spectrum of G1-4D-8H.
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G1-8D-8epoxy

White waxy solid. Isolated Yield 85%

TH NMR (300 MHz, CDCl;, ppm): 6 = -0.34 (s, 12H, -CHj3), 0.01 (s, 24H, -CH3), 0.10-0.26 (m, 32H,
Si-CH,-), 1.36 (dt, Jy.y = 14.4, 7.1 Hz, 16H, -CH,-), 2.58 (dd, Ju.y = 4.9, 2.6 Hz, 8H, CH,-0), 2.77
(t, Ju.y = 4.5 Hz, 8H, CH,-0), 3.11 (dt, J,.,= 8.5, 4.9 Hz, 8H, CH-0), 3.27-3.36 (m, 24H, CH,-0), 3.64
(dd, Jy.y=11.4,3.0 Hz, 8H, CH,-0), 7.07-7.44 (m, 40H, -Ph).

13C NMR (101 MHz, CDCls, ppm): & = -6.12 (Si-CH3), -0.45 (Si-CHj3), 4.90 (Si-CH,-), 8.90 (Si-CH,-
), 10.30 (-Si-CH,-), 24.02 (-CH,-), 44.45 (CHO), 50.95 (CHO), 71.51 (OCH,), 74.61 (CH,0), 127.55,
127.59, 129.87, 130.27, 131.80, 133.61, 134.31, 134.37 (-Ph).

2Si NMR (79.50 MHz, CDCl;, ppm): 6 = 11.59 (-Si-(CH3),), 5.48 (-Si-CH3), -76.13, -78.68 (-Si-Ph).
IR (ATR, cm™): 3071.54, 3049.24, 3002.88 (C-H phenyl), 2950.25, 2923.28, 2868.39 (C-H), 1593.28,
1429.79 (C=C phenyl), 1249.94 (Si-C), 1127.10, 1096.83, 1042.86 (Si-O-Si), 997.90 (C-H phenyl).
EA: Anal. calcd for C;14H;50030S1;6 (%):C, 55.64, H, 7.25; found: C, 55.86; H, 7.28.

GPC: M,, =2096; M, = 1819; b= 1.15.
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Figure S32 'H NMR (300 MHz, CDCl;) spectrum of G1-8D-8epoxy.
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Figure S33 13C NMR (101 MHz, CDCls) spectrum of G1-8D-8epoxy.
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Figure S34 2°Si NMR (79.50 MHz, CDCl;) spectrum of G1-8D-8epoxy.
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G1-8T-16H
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Viscous oils. Isolated Yield 85%

H NMR (300 MHz, CDCls, ppm): & = 0.14 (s, 72H, -CHs), 0.58 (m, 32H, Si-CH,-), 3.73 (m, 16H,
_Si-H).

13C NMR (101 MHz, CDCL;, ppm): & = -8.55 (H,Si-CHy), -0.74 (Si-CHj), 2.25 (Si-CH,-), 11.63 (CH,-
Si).

§i NMR (79.50 MHz, CDCls, ppm): 8 = 12.75 (-Si-CHs), -29.14 (H,Si-CH,), -108.92 (-SiO,, cage).
IR (ATR, em™'): 2959.91, 2913.95 (C-H), 2124.87 (Si-H), 1251.80 (Si-C), 1137.51, 1072.97, 1053.98
(Si-O-Si), 944.71 (Si-H).

EA: Anal. caled for C16H 50030116 (%):C, 30.11, H, 7.58; found: C, 30.23; H, 7.61.

GPC: M,, = 1920; M, = 1817; D = 1.057.
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Figure S35 'H NMR (300 MHz, CDCl;) spectrum of G1-8T-16H.
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Figure S36 *C NMR (75.50 MHz, CDCl;) spectrum of G1-8T-16H.
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Figure S37 2°Si NMR (79.50 MHz, CDCls) spectrum of G1-8T-16H.
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G1-8T-24H
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Viscous oils. Isolated Yield 85%

TH NMR (300 MHz, CDCl;, ppm): 6 = 0.14 (s, 48H, -CHj3), 0.68 (m, 32H, Si-CH,-), 3.55 (t, Jy.z = 3.6
Hz, 24H, -Si-H).

I3C NMR (101 MHz, CDCls, ppm): 8 = -1.85 (H3Si-CH,), -0.69 (Si-CH3), 13.41 (Si-CH,-).

YSi NMR (79.50 MHz, CDCls, ppm): & = 12.52 (-Si-CH,), -53.75 (H5Si-CH,), -108.99 (-SiO,, cage).
IR (ATR, cm™): 2958.98, 2920.74, 2894.91 (C-H), 2143.97 (Si-H), 1253.39 (Si-C), 1139.52, 1072.63,
1055.82 (Si-O-Si), 922.13 (Si-H).

EA: Anal. calcd for C;1¢H30030Si;6 (%):C, 25.91, H, 7.07; found: C, 26.01; H, 7.07.
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Figure S38 'H NMR (300 MHz, CDCl;) spectrum of G1-8T-24H.
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Figure S39 3C NMR (101 MHz, CDCl;) spectrum of G1-8T-24H.
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Figure S40 2°Si NMR (79.50 MHz, CDCls) spectrum of G1-8T-24H.
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G2-16T-32H
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Viscous oils. Isolated Yield 77% for mixture of hydrosilylation besides products.

TH NMR (300 MHz, CDCl;, ppm): & = 0.13-0.06 (SiCH3), 1.26-0.43 (SiCH,CH,Si, SiCH(CHj3)Si), 3.74
(m, SiH,).

I3C NMR (101 MHz, CDCl;, ppm): & =-8.52,-8.42,-8.37,-7.37,-7.17,-7.10, -6.84, -6.81, -6.77, -6.66,
-6.33,-6.23,-6.15, -1.63, -1.26, -0.88, -0.82, -0.75, -0.29, 0.13, 0.18, 0.89, 3.24, 3.60, 3.68, 3.81, 3.88,
4.05,4.14,4.16,4.23,4.31,5.50, 5.59, 6.52, 6.57, 6.62, 6.85, 7.00, 9.51, 9.68, 9.89, 10.03, 10.54, 10.56,
10.59, 10.74, 10.81, 11.28.

Si NMR (79.50 MHz, CDCl;, ppm): & = 12.84 (SiCHjs),, 7.88 (Si-O-Si), -2.49, -3.26, -3.53, -3.67,
-3.88,-4.19,-4.39, -4.42, -4.83(SiCH,, SiCH(CHj;), SiCHj3), -29.24, -29.68(RSiH,), -108.84 (SiO, cage).
IR (ATR, cm™): 2957.31, 2907.82, 2882.15 (C-H), 2123.32 (Si-H), 1250.59 (Si-C), 1174.87, 1135.11,
1078.02, 1053.84 (Si-O-Si), 944.71 (Si-H).

GPC: M,, =2801; M, =2678; = 1.046.
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Figure S41 'H NMR (300 MHz, CDCl;) spectrum of G2-16T-32H.
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Figure S43 2°Si NMR (79.50 MHz, CDCl;) spectrum of G2-16T-32H.
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G1-16T-160ctyl
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Viscous oils. Isolated Yield 91% for mixture of hydrosilylation besides products (13% of the a-isomer
- based on methyl integration at the SiCH; group)

'"H NMR (300 MHz, CDCl;, ppm): & = -0.08 (s, -SiCHj;_f isomer), -0.05 (s, -SiCHj;_ a isomer), 0.13 (s,
Si(CHs),), 0.36-0.50 (m, Si-CH»-), 0.88 (t, -CH3), 1.27 (s, CHapsy)-

I3C NMR (101 MHz, CDCls, ppm): 6 =-3.71, 6.47 (o isomer), -5.47 (Si-CH3), -0.09 (Si-CH3), 5.01 (Si-
CH,-), 9.76 (Si-CH,-), 13.49, 14.28, 22.88, 24.09, 29.51, 32.15, 34.05 (CH.,).

Si NMR (79.50 MHz, CDCl;, ppm): & = 12.95 (-Si(CHs),), 4.75 (SiCHs;, S isomer), 4.15 (SiCHs, «
isomer), -108.72 (SiO, cage).

IR (ATR, cm): 2955.68, 2919.98, 2872.36, 2852.40 (C-H), 1250.69 (Si-C), 1134.43, 1077.66, 1051.30
(Si-O-Si).
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Figure S44 '"H NMR (300 MHz, CDCls) spectrum of G1-16T-160ctyl.

5-45-



Lb'S-~\
TLE-~
06°0- —

105\
r9~
€6 —
6b'€T ~
8THT
887~
60"t~
1562~
sTze —
S0'vE

€10ad 9T 4L —

LY'S-—
TLe-—

06°0- —

T0'S —
Ly'9 —

€6 —

6V°ET ~
8THYT

88'CC —
60'vC —

15°6C —
ST'2E —
S0'bE —

10

15
ppm

210

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
ppm

200

Figure S45 13C NMR (101 MHz, CDCls) spectrum of G1-16T-160ctyl.
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Figure S46 2°Si NMR (79.50 MHz, CDCl;) spectrum of G1-16T-160ctyl.
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G1-16T-16epoxy
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Viscous oils. Isolated Yield 88% for mixture of hydrosilylation besides products.

'H NMR (300 MHz, CDCls, ppm): & = -0.06 (s, -SiCHy), 0.10 (s, -Si(CHs),), 0.38-0.55 (m, SiCH,),
1.44-1.63 (m, Si-CHy-), 2.58 (m, CH,urane), 2.77 (M, CHuirane), 3.06-3.18 (m, CH,uane), 3.30-3.51 (m,

CH,-0), 3.68 (dd, Jy.z= 11.5, 3.0 Hz, O-CH.).

BC NMR (75.50 MHz, CDCl;, ppm): 6 =-5.73, -0.96, 4.77,9.09, 9.15, 9.55, 23.54, 24.14, 44.36, 50.87,

50.93, 71.53, 74.58.

»Si NMR (79.50 MHz, CDCLs, ppm): 8 = 13.06 (-Si(CH),), 5.87 (SiCH;CH,, 8 isomer), 4.77

(SiCH;CH, o isomer), -108.81 (SiO4 cage).

IR (ATR, cm™): 2996.17, 2953.34,2953.14, 2870.45 (C-H), 1251.01 (Si-C), 1134.17, 1074.61, 1049.68
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Figure S47 'H NMR (300 MHz, CDCl;) spectrum of G1-16T-16epoxy.
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Figure S48 1*C NMR (75.50 MHz, CDCls) spectrum of G1-16T-16epoxy.
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Figure S49 2°Si NMR (79.50 MHz, CDCl;) spectrum of G1-16T-16epoxy.
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6. Additional information and NMR spectra
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Figure S50 '*C NMR (75.50 MHz, CDCl;) spectrum of mixture of two products: G1-1iBuOSi-2H-
and G1-1iBuOSi-2H-a. Inset: DEPT-135 (101 MHz, CDCl;) spectrum.

Procedure for the one-pot synthesis of dendritic systems with octa-Tj silsesquioxane core through
hydrosilylation followed by reduction reaction with using octakis(dimethylsiloxy)silsesquioxane
and trichlorovinylsilane

The reaction was carried out in an oven-dried Schlenk-type reactor under argon atmosphere. To
a mixture prepared from 1g (0.982 mmol) of octakis(dimethylsiloxy)silsesquioxane and 10 mL of
anhydrous toluene, 1.15 mL (9.04 mmol) of trichlorovinylsilane was added at room temperature. To the
prepared mixture of reagents Karstedt’s complex was added (9 uL, 10-* mol Pt/ mol SiH), reaction vessel
was closed and heated at 95°C with stirring. The reaction was monitored with FT-IR spectroscopy, by
following the band originating from SiH units (2141 cm!). After the complete conversion of hydrosilyl
units, the reaction was cooled down, then the toluene and an excess of chlorosilane were evaporated
under reduced pressure. Obtained oil was dissolved in 20 mL of anhydrous toluene, and then 5.3 mL of
Red-Al® sodium bis(2-methoxyethoxy)aluminum hydride solution was added dropwise and the reaction
was stirred overnight at room temperature. The resulting mixture was added to 2-propanol and stirred
for 30 minutes. After that, the solvents and volatile liquids were evaporated under reduced pressure. The
product was extracted from the resulting mixture with #-hexane and then filtered through a cellite/silica
gel column. Evaporation of n-hexane led to the formation of transparent oil. Yield 84%. NMR analysis
revealed the existence of two isomers:  : o= 64 : 36 — on the basis on 'H NMR integrals.

'H NMR (300 MHz, CDCl;, ppm): 8 = 0.14, 0.17 (-SiCH3), 0.69 (m, B isomer SiCH,CH,Si and a
isomer SiCH(CH3)Si), 1.15 (d, Jy.z = 7.5 Hz, 1H, a isomer SiCH(CH3)Si), 3.55 (m, SiH;).
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13C NMR (101 MHz, CDCls, ppm): & = -1.85 (SiCH,CH,SiHj), -1.25 (SiCH(CH3)SiH3), -0.71 (SiCHs),

0.58 (SiCH;), 11.

05 (SiCH(CH,)Si), 13.42 (SiCH,).

29§i NMR (79.50 MHz, CDCls, ppm): 8 = 12.99-12.42 (OSiCH,, OSiCH(CH})), -53.74 (CH,CH,SiH;),
-54.64 (OSiCH(CH;)SiH;), -108.96-109.25 (SiO, cage).

IR (ATR, cm™):

2961.33, 2893.98 (C-H), 1256.70 (Si-C), 1144.13, 1077.20, 1057.72 1004.77 (Si-O-

Si).
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Figure S51 2°Si NMR (79.50 MHz, CDCl;) spectrum of mixture of chlorinated products (G1-8T-24Cl-
mix) obtained by the reaction of octakis(dimethylsiloxy)silsesquioxane with trichlorovinylsilane via
hydrosilylation reaction.
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7.26 CDCI3
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Figure S52 'H NMR (300 MHz, CDCl;) spectrum of mixture of hydrogen derivative products (G1-8T-
24H-mix) obtained by the reduction.
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Figure S53 3C NMR (101 MHz, CDCls) spectrum of mixture of hydrogen derivative products (G1-8T-
24H-mix) obtained by the reduction.
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Figure S54 'H NMR (79.50 MHz, CDCls) spectrum of mixture of hydrogen derivative (G1-8T-24H-

mix) products obtained by the reduction.
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Figure S55 'H NMR (300 MHz, CDCl;) spectrum of octavinyl spherosilicate. (GPC: M,, = 1359; M, =
1253; B =1.08)
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Figure S56 'H NMR (300 MHz, CDCl;) spectrum of G1-8T-16Cl.
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Figure S57 2°Si NMR (79.50 MHz, CDCl;) spectrum of G1-8T-16ClL.
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Figure S58 'H NMR (300 MHz, CDCl;) spectrum of G1-8T-24Cl.
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ABSTRACT: Dendrimers exhibiting reversible redox properties have
attracted extensive attention for their potential as electron transfer
mediators, catalysts, and molecular sensors. In this study, we introduce
intriguing G1 and G2 dendrimers featuring double-decker silsesquioxane
cores and silylferrocene moieties. Through a carefully orchestrated
sequence of condensation, reduction, and hydrosilylation reactions, these
compounds were synthesized and comprehensively characterized
spectroscopically and spectrometrically. Our investigation also encom-
passed the examination of their properties, including thermal stability,
solubility in common organic solvents, and electrochemical behavior. We
determined that these dendrimers possess the capability to form
monolayers on platinum electrodes, which we conclusively demonstrated
through the probing of cyclic voltammetry, electrochemical impedance
spectroscopy, and scanning electron microscopy imaging. Notably, this study marks the first-ever example of modifying double-
decker silsesquioxane cores with ferrocene groups while simultaneously representing one of the scarce instances of dendrimers

exhibiting an open double-decker silsesquioxane core.

B INTRODUCTION

Ferrocene, as a representative of a classic organometallic
compound, of a sandwich aromatic structure with iron as the
central atom, is characterized by undoubtedly impressive redox
properties and chemical and thermal stability. Ferrocene-based
compounds found many applications from fuel additives,
pharmaceuticals, catalysts, capacitors, and porous systems for
dyes/heavy ion removal to electrochemical sensors.'”’
However, ferrocene itself shows poor adhesion to surfaces.
Therefore, its modification using diverse systems from oligo-
and polysiloxanes and graphene oxide to dendrimers makes it
possible to enhance this and other properties.”*™""
Dendrimers are specific systems with defined, mainly
spherical, three-dimensional structures. Their construction
can be divided into the following fragments: a multifunctional
core possessing extended arms with terminal functional groups
that significantly affect the properties of dendrimers.'” The
arms of the dendritic systems can be built of diverse units such
as polyaminoester, carbosilanes, or polyamidoamines."*™"
They are characterized by high molecular weights that
correspond with a number of electroactive ferrocene terminal
groups exhibiting good solubility and adhesion to electrodes."®
There are scientific reports on the use of ferrocene dendrimers
as electrode modifiers for direct quantification of DEHP [di(2-
ethylhexyl)phtalate],” for monitoring of ATP>7,"" glucose,'®

© 2023 The Authors. Published by
American Chemical Society
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boric acid,"’ oxidation-triggered drug delivery,zo and anion
recognition,m or as a catalyst.?”22

Organosilicon compounds are often used in dendritic
systems, e.g., silanes, cyclosiloxanes, 1,3,5-trisilacyclohexane,
or more complex structures such as silsesquioxanes.”'>** =
They are known as polyhedral oligomeric silsesquioxanes
(SQs, POSS) and represent a class of hybrid organic—
inorganic compounds that have garnered significant attention
in the field of materials chemistry. These unique structures
consist of Si atoms at the vertices of a three-dimensional cage,
with O atoms bridging the silicon units.””*" Their molecular
formula can be described as [RSiO; ;],, where R represents the
organic substituents attached to the silicon atoms. This
versatile architecture allows for a wide range of structural
variations and functionalizations, leading to diverse properties
and applications. SQs exhibit exceptional thermal stability and
tunable properties, making them attractive for use in fields such
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Scheme 1. General Synthetic Route for Obtaining Ferrocene Dendrimers with Double-Decker Silsesquioxane Cores via
Sequences of Reactions (condensation, reduction, and hydrosilylation)

Figure 1. Selected range of stacked 'H NMR spectra of (a) GO-DDSQ-40SiH, (b) Fc,MeSiVi, and (c) G1-DDSQ-Fcg.

as catalysis, nanomaterials, coatings, and energy storage.
Furthermore, their ability to integrate organic and inorganic
components provides a platform for tailoring properties and
designing advanced materials with enhanced performance and
multifunctionality.””™>° There are some reports of the
conjunction of silsesquioxane with ferrocene in diverse
combinations, e.g, to form amphiphilic systems, grafted
copolymers with magnetic properties, or porous materials for

9,10,25,262840—48 ¢ 0

dye/heavy metal absorption features.
these systems exhibit interesting electrochemical properties,
influencing their application. On the contrary, the distinct
types of dendrimer cores should be also mentioned, but there
are significantly lower numbers of papers concerning
silsesquioxane-based dendrimers using ferrocene moieties as

. 25,2628
terminal fragments.
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Herein, we present studies on the synthesis of double-decker
silsesquioxane molecules exhibiting electrochemical properties,
i.e,, possessing silylferrocene moieties. The synthetic protocol
is based on a sequence of condensation, reduction, and
hydrosilylation reactions (Scheme 1). The obtained com-
pounds, varying in the amount of silylferrocene units attached
to the inorganic Si—O—Si core, were analyzed in terms of their
redox properties in solution as well as on Pt electrodes using
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) techniques.

B RESULTS AND DISCUSSION

Synthesis of Silylferrocene Dendrimers Anchored on
a Double-Decker Silsesquioxane Core. The synthesis of
DDSQ-based silylferrocene dendrimers was envisaged to
exploit the DDSQ_ precursors equipped with four reactive
arms terminated with either four (GO-DDSQ-40SiH)* or
eight Si—-H [G1-DDSQ-4Si(H),]”* functionalities to be
reacted with vinylsilyldiferrocene (Fc,MeSiVi).* This enabled
the highly efficient and selective formation of two silsesquiox-
ane Gl and G2 dendrimers bearing either four or eight
silylferrocene units attached to an open-cage DDSQ _core.

The first generation of the ferrocene dendrimer (G1-DDSQ-
Fcg) was synthesized with tetrafunctional DDSQ_ with four
reactive Si—H groups G0-DDSQ-40SiH and Fc,MeSiVi via
hydrosilylation using the following stoichiometry and reaction
conditions: [GO-DDSQ-40SiH]:[Fc,MeSiVi]:[Pt,(dvds);] =
1:4.6:6 X 107%, 95 °C, 24 h. Note that the reactivity of the Si—
vinyl moiety was influenced by the steric hindrance and
electronic effects of the ferrocene units. It was manifested by
the presence of a residual resonance line at 4.85 ppm,
signifying unreacted Si—H moieties. To achieve full conversion
of GO-DDSQ-40SiH, a 20% excess of Fc,MeSiVi per Si—H
group and a catalyst loading of 4 X 107> are necessary.

The Fourier transform infrared (FT-IR) spectrum of the
resulting mixture showed the disappearance of the Si—H bond
in the area ca. 9 = 2100 cm™' and ¥ = 900 cm ™" confirming the
complete conversion of GO-DDSQ-40SiH (see Figure S1). A
respective comparison of the 'H NMR spectra of GO-DDSQ-
40SiH, Fc,MeSiVi, and product G1-DDSQ-Fc; is depicted in
Figure 1. It confirms the disappearance of the resonance line
from Si—H (4.85 ppm) and Si—CH=CH, (5.84 ppm, Jyy =
20.3, 3.7 Hz; 6.10 ppm, Jyy = 14.6, 3.7 Hz; 6.47 ppm, Jygy =
20.3, 14.6 Hz) in product G1-DDSQ-Fcg (Figure 1lc).
Interestingly, changes were observed in the ferrocene fragment
range (3.80—4.40 ppm) in G1-DDSQ-Fcg. Surprisingly, a low-
field shift of the C—H peak in the cyclopentadienyl ring
connected to the Si atom was detected when compared to that
of substrate Fc,MeSiVi. It was not observed for similar
ferrocene-containing systems with cubic Tg-type silsesquiox-
ane-based carbosilane dendrons.”> A possible explanation for
this could be the difference in the chemical surroundings of the
silicon atoms (their order) attached to the SQ core. Also, the
steric hindrance of the silyl—ferrocenyl groups is decreased due
to the different DDSQ core. As a result, these aspects could
influence the shielding effect.

Second-generation ferrocene dendrimer G2-DDSQ-Fc,q
was synthesized in an analogous way. Silsesquioxane G1-
DDSQ-4Si(H), was obtained in a one-pot reaction, ie.,
hydrosilylation followed by reduction (Si—Cl to Si—H)
(Scheme 1).** The G2 dendrimer was synthesized with
DDSQ bearing eight Si—H reactive groups using a 1:9.6:8 X
10~° [G1-DDSQ-4Si(H),]:[Fc,MeSiVi]:[Pt,(dvds),] stoichi-
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ometry that enabled complete Si—H conversion. Respective
stacked FT-IR and 'H NMR spectra of reagents confirm the
obtained results (Figures S2 and S3).

The most intriguing aspect of the synthesis of ferrocene
dendrimers with a DDSQ_core was the discovery of a suitable
and efficient method for purifying the product from unreacted
Fc,MeSiVi. Observable differences in solubility between
product G1-DDSQ-Fcg and substrate Fc,MeSiVi were noted
in basic organic solvents. Substrate Fc,MeSiVi is soluble in
common organic solvents, e.g, DCM, THEF, toluene, or n-
hexane. However, double-decker silsesquioxane G1-DDSQ-
Fcg, characterized by an inorganic Si—O—Si core with exposed
phenyl rings, does not dissolve in n-hexane, MeOH, or MeCN
(Table S1). This fact enables us to elaborate an efficient
isolation methodology using column chromatography. First,
the reaction mixture was dissolved in a minimum volume of
DCM and applied to a dry SiO, column, and the solvent was
allowed to evaporate overnight. The next day, the use of a
THEF/n-hexane eluent in a 1:80 ratio facilitated the efficient
removal of Fc,MeSiVi, while product G1-DDSQ-Fcg
remained on the top of the chromatography column. The
eluent was then changed to 3:2 DCM/n-hexane, and the
product was easily eluted. Because both compounds are
colorful, their separation was clearly visible, which is depicted
in Figure 2. The product yields for G1-DDSQ-Fcg and G2-
DDSQ-Fc,, were quite high (74% and 60%, respectively). The
structures of both products were confirmed by spectroscopic
analyses as well as MALDI-TOF MS, which demonstrated the
molecular ions at m/z 3062.3 and 5112.6, respectively (details
in Figures S4-S11).

Figure 2. Schematic representation of the DDSQ-based ferrocene
dendrimer purification procedure.
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Dendrimers G1-DDSQ-Fcg and G2-DDSQ-Fc,4 exhibited a
high thermal stability. For G1-DDSQ-Fcg, only one degrada-
tion step was observed, starting at 326 °C, characterized by a
T5* of 431 °C and a T3 of 455 °C. The major mass loss was
detected in the 380—580 °C temperature range. However, for
G2-DDSQ-Fc,g, the mass loss began at 290 °C and T3" = 421
°C and T} = 442 °C with the major mass loss in the range of
420—600 °C (Figure 3 and Table S2). This observation

Figure 3. Thermogravimetric analysis of G1-DDSQ-Fcg (blue) and
G2-DDSQ-Fc,¢4 (orange) performed in nitrogen.

follows the literature for two analogous ferrocenyl carbosilane
dendrimers but with an octasubstituted Tg-type SQ core.” It
could be a higher-organic content derivative in the case of G2-
DDSQ-Fc,4 versus G1-DDSQ-Fcg. Moreover, at 700 °C the
amount of residue was larger for G1-DDSQ-Fcg (61%) than
for G2-DDSQ-Fc,s (54%) due to the smaller amount of
organic, aliphatic groups terminated with a ferrocene group.
Interestingly, upon comparison of G1-Fc,q,”° which possesses
an octasubstituted Tg-type core, and G2-DDSQ-Fc4, which
features a double-decker T,-type core, both having the same
number of Fc groups but different SQ_cores, G2-DDSQ-Fc4
exhibited superior thermal stability. This observation might be
attributed to the higher content of silicon atoms (due to the
higher generation of the dendrimer) and the presence of
phenyl groups at the DDSQ_core, collectively contributing to
the increased thermal stability of this system.”>*

Electrochemical Study in Solution. Dendrimers con-
taining redox-active moieties have been the subject of extensive
research due to their intriguing properties and various
applications, such as electron transfer mediators, catalysts
and biocatalysts, molecular sensors, and electronic devices.”’
Among them, ferrocene derivatives stand out for their notable
characteristics, and their special ability to prepare modified
electrodes, due to the change in their solubility associated with
the ferrocene oxidation.'”

To study the electrochemical properties, the new dendrimers
were tested by using CV in DCM solution at a low
concentration of ferrocene centers (~10"* M). The choice
of DCM as the solvent was made on the basis of our extensive
experience with other ferrocenyl dendrimers.”®'"'*** These
systems exhibit high solubility in DCM, and the wide
electroactivity range of this solvent makes it highly suitable
for investigating electrochemical systems involving interacting
ferrocene groups. The cyclic voltammograms of both
compounds (Figure 4) showed two well-separated and
reversible oxidation peaks of equal intensity at E} = 0.42 V

Figure 4. Cyclic voltammograms of dendrimers G1-DDSQ-Fcg and
G2-DDSQ-Fc,4 in CH,Cl, with a 0.1 M n-Bu,NPF, solution (scan
rate of 20 mV s71).

and ES = 0.62 V for G1-DDSQ-Fcg and E{ = 042 V and ES =
0.55 V for G2-DDSQ-Fc,s (vs the saturated calomel
electrode). Both compounds show, upon reversal of the scan
after the second oxidation process, a narrow reduction wave
indicating the presence of a stripping peak. As expected, the
oxidized form of DDSQ_ferrocene derivatives precipitates on
the surface of the electrode, and during the reverse scan, the
film partially redissolves as they are reduced. This observation
is also in good accord with the literature. The two-wave redox
response and the change in solubility that accompanied the
change in oxidation state were published for similar systems,
e.g., oligo- and poly(ferrocenylsilanes) or polysiloxanes, block
copolymer, and carbosilane dendrimers contain diferrocenylsi-
lane units.'"*>*”**5>%> Ag a consequence of this change in
solubility, during continuous scanning, the peak currents
increase, especially for dendrimer G2-DDSQ-Fc,, indicating
the formation of a film on the electrode (Figures S12 and S13).
It is worth noting that the behavior of G1-DDSQ-Fcg and G2-
DDSQ-Fc,g is different from that of a simple carbosilane-based
dendrimer or a dendrimer with an octa-TSQ_core with 8 or 16
ferrocene groups, respectively.' ">’

The plots of peak current versus the squared scan rate (v
were linear in all cases (see Figures S14 and S15), which are
indicative of diffusion-controlled redox processes. The
diffusion coeflicients, Dy, for both systems were calculated by
means of the Randles—Sevick equation (eq 1)

1/2)

i, = 269 X 10°n*AD,*Cy'"? (1)

were Dy = 1.44 X 10~ cm® s and D, = 4.41 X 107 cm? s
for G1-DDSQ-Fcg and G2-DDSQ-Fc,q, respectively. This
difference can explain the lesser growth of the G1-DDSQ-Fc,
current in successive cycles shown in Figures S12 and S13.
On the contrary, the two-wave redox response confirms the
existence of interactions between two ferrocenyl centers
connected by the bridging silicon atom. The first oxidation
occurs in nonadjacent sites, which prevents the oxidation of
the remaining ferrocene centers adjacent to the already
oxidized ones. To determine the degree of interaction between
the two iron sites, the redox potential difference (AE5_, = E3 —
E9) was calculated and equals 200 mV for G1-DDSQ-Fcg and
130 mV for G2-DDSQ-Fc,4. Moreover, the partially oxidized
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Figure 5. Steady-state voltammetric response of electrodes modified with both dendrimers (A) in CH,Cl, with a 0.1 M n-Bu,NPF; solution and
(B) in phosphate buffer (pH 7.0) and a 0.1 M NaClO, solution (scan rate of 20 mV s™*).

silsesquioxanes can be classified as class II mixed-valence
species according to the Robin—Day classification, and
comproportionation constant K. equals 2405 mV for GI-
DDSQ-Fcg and 158 mV for G2-DDSQ-Fc 4, corresponding to
the equilibrium®*~>°

FeD_gm n FID_p ) gD _g 0

Electrochemical Studies of Modified Electrodes. As
cited above, an interesting aspect of dendrimers functionalized
with ferrocene is the possibility of depositing them on several
electrode surfaces to obtain electroactive films. Because both
dendrimers have the same core-type structure and their
electroactivity is solely attributed to the presence of ferrocene
groups, it is anticipated that any variations in the electro-
chemical properties of both modified electrodes will depend
primarily on the ferrocene:dendrimer ratio (active centers per
film volume) and the characteristics of the films formed. These
factors may collectively influence the electron transfer through
the film, that is, potentially leading to differences in the
electrochemical kinetics of the modified electrodes. The
amount of electrodeposited material depends on the amount
of electricity consumed in the electrolytic deposition (Fara-
day’s law), and this in turn can be controlled by the applied
potential, the application time, and the concentration of the
electroactive substance in the bulk solution. On the contrary,
the structure of the obtained film can be different depending
on the mode of application of the potential. When the diffusion
of the dendrimer is fast enough, the potentiodynamic method
(potential sweeps) allows more permeable films to be
obtained, because it facilitates the formation of the polymer
at nucleation sites in an orderly manner. This procedure allows
precise control of the film thickness based on the number of
scans. However, if the diffusion coefficient is too slow and/or
the proportion of ferrocene groups is low in relation to the size
of the molecule, it can be necessary to use a potentiostatic
(constant potential) method with a sufficient overpotential to
counteract a low level of diffusion. In this case, the films
obtained are usually more compact, and the control of their
thickness, based on the time, should be more difficult. For this
reason, we tried to prepare electrodes by both procedures.
Initially, to modify the first electrode with G1-DDSQ-Fcg, the
potentiodynamic method was employed. However, the film

thickness obtained was too small (I" = 1.98 X 10™'? mol of Fc/
cm?). Consequently, controlled-potential electrolysis was
investigated, and an applied potential of 1.0 V for 5 min was
chosen as the most appropriate condition. In the case of G2-
DDSQ-Fc,¢, both methods can be used, through repeat cycling
(20 cycles between 0.0 and 1.0 V), and controlled-potential
electrolysis at 1.0 V for 5 min was the best condition. Figure 5
shows the cyclic voltammograms of the electrodes modified
with both dendrimers by the described procedures.

As one can see, in a non-aqueous solution, the cyclic
voltammograms of all of the obtained modified electrodes also
presented the two successive well-defined reversible oxida-
tion—reduction systems, which confirm the existence of
interactions between the two iron centers. In addition, one
can see that the sharp peak, indicating partial redissolution due
to the reduction of ferrocenium, no longer appears. This
reveals the electrochemical stability of the films. Effectively, as
has already been observed with other ferrocenyl dendrimers
sharing similar structures and/or compositions,””'"'*** the
films of these systems remain stable even in DCM. They attain
their steady-state cyclic voltammograms from the first cycle,
and this stability is maintained in successive cycles without any
mass loss. The formal potential values, EJ and E3, calculated as
the average of anodic and cathodic peak potentials, for all
modified electrodes at a slow scan rate (10 mV s™'), are listed
in Table 1. Note that the G2-DDSQ-Fc4 films show more
defined ferrocenyl peaks due to the higher proportion of
ferrocene groups in the molecule.

In aqueous solution, the obtained voltammograms with the
same modified electrodes showed only one reversible system,
which demonstrates the overlapping interaction between the
ferrocenyl units (Figure SB). The presence of polar solvent
molecules, which can be situated between the ferrocene
groups, counteracts the electrochemical interactions, inhibiting
the connection of two redox couples. Consequently, only one
system appears. A similar observation was reported for
poly(dialkylsilylenefferocenylene), siloxane homopolymers,
block copolymer films, or other ferrocene den-
drimers.”*'*>%%% The obtained formal potentials are also
listed in Table 1.

As the electrodes used in panels A and B of Figure S are the
same, it is clear that the electroactivity of the films improves
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Table 1. Electrochemical Data of Modified Electrodes

G1-DDSQ-Fcg G2-DDSQ-Fc,4
potentiostatic potentiodynamic potentiostatic
non- non- non-
aqueous aqueous aqueous aqueous aqueous aqueous
Ep (V) 0.48 0.36 0.45 0.35 0.51 0.36
Ey (V) 0.42 0.33 0.37 0.34 0.39 0.34
AE, 65 30 80 10 120 20
(mV)
E (V) 0.45 0.34 0.41 0.35 0.45 0.35
E (V) - 0.51 - 0.49 - 0.49
Ep W) - 0.50 - 0.48 - 0.47
AE,, - 10 - 10 - 20
(mV)
E (V) - 0.50 - 0.49 - 0.48
a 0.47 0.51 0.51 0.52 0.54 0.51
n 0.98 1.06 0.93 1.10 1.07 123
k, (s71) 1.02 - 2.03 - 0.09 -

remarkably in aqueous media. For this reason, the cyclic
voltammograms in an aqueous medium will be used to
calculate the coatings of the films. The film thicknesses
obtained were around 3 X 107!° mol of Fc/cm? for dendrimer
G1-DDSQ-Fcg (potentiostatic method) and 8 X 107 and 7 X
107 mol of Fc/cm? for dendrimer G2-DDSQ-Fc,4 (potentio-
dynamic and potentiostatic methods, respectively).

On the contrary, it is also possible to observe in Figure 5B
the difference between the films of G2-DDSQ-Fc,4 obtained
by the different procedures. This observation suggests that the
thicker film obtained by the potentiostatic method facilitates
counterion movement and electron transfer without a
concomitant resistance increment. That is, we can predict
that the transfer of electrons is very fast, despite the thickness
of the film. Finally, we confirm the difficulty of deposition of
dendrimer G1-DDSQ-Fc¢g, due to the lower Fc:molecule ratio,
despite using a potentiostatic method.

To study the kinetics of electron transfer through the films
and characterize the redox systems in both media and in
relation with preparation methods, the number of electrons
exchanged and the electronic transfer coeflicients, ¢, indicative
of symmetry of the electrochemical systems, were estimated
from the peak width at midheight, W, ,. At very low scan rates
(10 mV s7"), the cathodic and anodic peaks should approach
the reversible peaks, symmetrical with respect to the potential
axis. The midheight, denoted as W ,, becomes independent of
a and approaches 90.6/n mV. At high scan rates (500 mV s™"),
the cathodic peak midheight must be equal to 62.5/na,
whereas the anodic peak midheight must be equal to 62.5/n(1
— @).”7 All systems show the exchange of one electron,
corresponding to the ferrocene/ferrocenium redox system, and
a coefficients close to 0.5, corresponding to symmetric and
reversible systems. The average obtained values are listed in
Table 1.

Usually, the kinetics of modified electrodes with mono- or
multilayers strongly adsorbed on an electrode surface can be
studied by means of the model developed by Laviron.””*® The
model is based on the variation of the cyclic voltammograms
with the scan rate (v), and let us estimate if the electroactive
groups are surface confined. If this occurs, the peak currents
must show a linear relationship with v in some scan rate
intervals.”” In addition, the linearity at high rates proves the
exhaustive oxidation—reduction through the film.”” On the

contrary, the study of the variation of the peak potentials with v
provides significant information about the kinetics of the
modified electrodes. The variation (or not) of the peak
potentials versus v allows us to evaluate the existence of kinetic
limitations and, where appropriate, to estimate homogeneous
standard rate constant k, for the electron transfer redox system.

Figure 6 shows the cyclic voltammograms obtained in
aqueous and non-aqueous media with all of the modified
electrodes. The figures show very different behaviors in each
medium. As one can see, all electrodes in a non-aqueous
solution (Figure 6A—C) show cathodic and anodic peak
separations (AE,) that are practically constant as the scan rate
increases, and the AE, values are only marginally greater than
zero (Table 1). This fact indicates the absence of kinetic
limitations.”*> In addition, a linear relationship between the
peak currents and the scan rate was observed (insets in the
graphs of Figure 6), indicating the surface-confined nature of
the ferrocenyl groups and the nonexistence of charge
percolation. In other words, the films show behavior like that
of a monolayer film.**

In aqueous media (Figure 6D—F), the peak potentials shift
with an increase in scan rate. The study of this variation allows
us to estimate k.. For this study, Laviron distinguishes two
cases as a function of the magnitude of AEP."7 For the systems,
and v values, for which AE, > 200/n mV, k; is calculated by eq
2:

RT
logk, = alog(l — a) + (1 — a) loga — log —
nFv

23RT ()

where R is the gas constant, F is the Faraday constant, and T is
the absolute temperature. For systems, and v values, for which
AEP < 200/n mV, Laviron provides a table with values of AEP
as a function of parameter m ™', where m is equal to RTk,/Fnv.
The polynomial fit (R* = 0.9992) of these data is calculated
from eq 3:
m= 2% _ 0.0003AE,” + 0.0047AE, + 0491
RTk, ? ’ (3)

In our case, the G1-DDSQ-Fcg potentiostatic and the G2-
DDSQ-Fcy6 potentiodynamic films show AE, values of <200
mV in the 10—300 mV s~ interval, while the G2-DDSQ-Fc,¢
potentiostatic film AE, was >200 for scan rates of >50 mV s
The obtained homogeneous rate constants are listed in Table
1. From these results, we can deduce that, in aqueous media,
the G2-DDSQ-Fc,¢-modified electrode created by potentiody-
namic method showed the best behavior.

With regard to the dependence of the peak current on the
scan rate, Laviron demonstrated that, with multilayer films, the
anodic and cathodic peak currents show a linear tendency for
only large or small v. However, there is a middle range where i,
becomes proportional to 1%, taking x values between 0.6, a
value predicted by Laviron for multilayer films with fast
electron transfer, and the unit (nonexistence of charge
percolation in monolayer, or assimilated, films). As shown in
the insets of Figure 6D—F, the studied systems present a good
linear relation between the anodic or cathodic peak (not
shown) currents on v*¢ over the whole sweep rate interval for
the G2-DDSQ-Fc ;4 electrodes prepared by both methods, and
on 1*® for the G1-DDSQ-Fcg-modified electrodes. Con-
sequently, in agreement with Laviron’s model, we can assert
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Figure 6. Dependence of the peak current on the scan rate of (A) G1-DDSQ-Fcg potentiostatic, (B) G2-DDSQ-Fc, potentiodynamic, and (C)
G2-DDSQ-Fc ¢ potentiostatic, modified Pt electrodes in CH,Cl, with 0.1 M n-Bu,NPF,. Insets show the linear dependence of the peak currents
on the scan rate. (D) G1-DDSQ-Fcg potentiostatic, (E) G2-DDSQ-Fc,4 potentiodynamic, and (F) G2-DDSQ-Fc,4 potentiostatic, modified Pt
electrodes in phosphate buffer (pH 7.0) and 0.1 M NaClO,. Insets show the linear dependence of the peak current on v*. Scan rates of 10, 20, 50,
100, 200, 300, 500, and 1000 mV s~".
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that the modified electrodes have a multilayer structure with
fast electron transfer.

Electrochemical Impedance Spectroscopy (EIS). An-
other useful electrochemical method for measuring the
interfacial properties present on the electrode surface is
electrochemical impedance spectroscopy (EIS). This techni-
que allows us to model the electrode—electrolyte interface
using an equivalent circuit composed of the charge transfer
resistance, which controls the electron transfer kinetics, Ry,
the Warburg impedance, which represents the diffusion of ions
from the bulk electrolyte to the electrode interface, W, the
interfacial capacitance of the double layer, Cq, and the
electrolyte resistance, R.”

The Nyquist plots show the imaginary versus the real part of
the impedance, which is used widely to estimate Rcr and Cy;.
The plot consists of a semicircular part, whose diameter
represents Rcr, and a linear part at low frequencies,
characteristic of diffusion-controlled systems. Nonetheless,
for rough surfaces, Cy cannot describe the electronic properties
of the interface correctly, because the system deviates from the
ideal capacitive behavior. In these cases, one must introduce a
constant phase element, CPE, that reflects the nonhomoge-
neity of the layer and is defined as CPE = A™'(jw) ™", where n is
the interface deviation from the Randles model, taking values
between 0.5 and 1, and A is a coeflicient that becomes equal to
Cy when n = 1.

From the Nyquist plots, we confirm the previous
conclusions about the modified electrodes with both
dendrimers by both procedures. The best film, in relation to
electron transfer kinetics, was the potentiodynamic G2-DDSQ-
Fc,¢-modified electrode, with a smaller R.r, while the same
material prepared by the potentiostatic method showed the
highest value (Figure 7). Table 2 collects all of the EIS results

Figure 7. Nyquist plot of modified electrodes in 0.1 M KCI with a 10
mM K;[Fe(CN)¢]/K,[Fe(CN)¢] solution. Lines are the fits and
simulations to obtain the Randles-type equivalent circuits. The inset
shows a model of an equivalent circuit obtained from fit and
simulation of the EIS data.

for the three types of electrodes, in comparison with those
corresponding to a Pt bare electrode.” The equivalent circuits
for each electrode are shown in Figure S16.

From the EIS data, we can calculate other important
parameters such as the exchange currents (i) and electron

transfer heterogeneous constants (k°). The first parameter is
calculated from eq 4:

R, = RT/nFi, (4)

where R is the gas constant, T is the absolute temperature, F is
Faraday’s constant, and k° is then obtained from eq S:

iy = nFAK’C ()

where C stands for the concentration of the electroactive
species in moles per cubic centimeter and A the electrode area
in square centimeters.”*

The obtained values (Table 2) again demonstrate that the
best conductive and kinetic properties are obtained with the
G2-DDSQ-Fc,¢ dendrimer electrodeposited by the potentio-
dynamic method.

Scanning Electron Microscopy (SEM) Analysis. The
morphology of Pt electrodes modified with G1-DDSQ-Fcg and
G2-DDSQ-Fc ¢ was studied using scanning electron micros-
copy (SEM) (Figure 8 and Figure S15). The electrodes were
prepared by controlled-potential electrolysis (E = 1.0 V for S
min) and repeat cycling (20 potential cycles between 0.0 and
1.0 V). Both methods, cyclic voltammetry and electrochemical
impedance spectroscopy, demonstrated the formation of
multilayer films on the electrodes. The SEM images show
how the films completely cover the surface of the platinum
with an appreciable thickness compatible with a multilayer
coating. Figure 8 and Figure S17a,b display the part of the Pt
wire of which the right side was unimmersed in the ferrocene
dendrimer solution and the left side of which the film was
formed.

The brightness of the pixels in a BSE image is closely related
to the atomic mass of the nuclei of which the area is composed.
This makes it possible to clearly distinguish between areas of
pure platinum (bright) and areas of platinum covered by an
organic layer. The layer covering the electrode is not smooth
and uniform and shows an irregular granular surface with pores
with cross-sectional sizes ranging from a few micrometers to 20
HUm (Figure 9).

Bl CONCLUSIONS

In conclusion, this study successfully demonstrated the
synthesis of novel metallodendrimers with double-decker
silsesquioxane cores. The G1 and G2 silylferrocene derivatives
were synthesized through a series of condensation, reduction,
and hydrosilylation reactions. Spectroscopic ('H, "*C, and *Si
NMR and FT-IR) and spectrometric (MALDI-TOF MS)
techniques confirmed the structures of the synthesized
compounds, while their thermal stability and solubility in
common organic solvents were also verified. Electrochemical
characterization using cyclic voltammetry revealed two distinct,
well-separated reversible redox processes in the non-aqueous
solution, indicating the electrochemical activity of the metal
sites within the dendrimers (G1-DDSQ-Fcgz and G2-DDSQ-
Fcye)-

Moreover, the modification of platinum electrodes was
successfully achieved by employing either controlled-potential
electrolysis or repeated cycling within a specific potential
range. CV, EIS, and SEM imaging confirmed the formation of
electroactive films of the utilized dendrimers on the platinum
electrodes. It is worth noting that this study represents the first
report on modifying a double-decker silsesquioxane with
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Table 2. EIS Results for the Three Types of Modified Electrodes

electrode R, (Q) CPE (uF)
bare Pt/ 32 429
potentiostatic G1-DDSQ-Fcg 214 11.00
potentiodynamic G2-DDSQ-Fc,4 194 9.48
potentiostatic G2-DDSQ-Fc,¢ 643 5.40

n iy (uA) k° (em s7%) 7
0.829 791 1.17 X 1072 -
0.834 132 234 x 107¢ 0.0095
0.843 144 2.53 x 1076 0.0025
0.862 42.4 7.29 X 1077 0.0056

Figure 8. Scanning electron microscopy images of Pt wires modified
by G1-DDSQ-Fcg using a controlled potential method at an E of 1.0
V for S min: (a and c) BSE (back-scattered electrons) images and (b
and d) SE (secondary electron) detector.

Figure 9. Magnification of scanning electron microscopy BSE
detection images of a Pt wire modified by G1-DDSQ-Fcg.

ferrocene groups and a dendrimer having such core and
terminal groups.

In summary, this research significantly contributes to the
understanding of the synthesis, characterization, and electro-
chemical properties of dendrimers with double-decker
silsesquioxane cores, opening up avenues for their potential
applications in various fields.
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Notes

Caution! Extreme care should be taken in both the handling of
the cryogen liquid nitrogen and its use in the Schlenk line trap
to avoid the condensation of oxygen from air. Caution! tert-
Butyllithium is extremely pyrophoric. Chlorodimethylsilane is
extremely flammable as a liquid and vapor. In contact with
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water, they release flammable gases. These compounds must
be handled using proper needle and syringe techniques with a
vacuum Schlenk line. Contact with skin and the respiratory
system should be strictly avoided. All manipulations with these
compounds were performed following the reported safety
procedures.®’
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1. General Considerations

Tetrasilanol form of DDSQ (C4H44014Sig) (DDSQ-40H), was purchased from Hybrid Plastics.
Acetonitrile, dichloromethane (DCM), tetrahydrofuran (THF), methanol, toluene, chloroform-d, n-
hexane, Karstedt’s catalyst — 2% xylene solution, chlorosilanes (dichloromethylsilane,
dichloromethylvinylsilane, chlorodimethylvinylsilane), 4 A molecular sieves, triethylamine, acetic acid,
Red-Al® and silica gel 60 were obtained from Sigma-Aldrich. Chlorodimethylsilanesilane was
purchased from TCI. Ferrocene and fert-buthyllithium was obtained from Thermo Scientific. The
following compounds were prepared according to the literature procedures: Fc,MeSiVi, DDSQ-40SiH,
DDSQ-40SiVi, DDSQ-4Si(H),'3. All solvents were dried by calcium hydride (CaH,) prior to use and
stored under argon over 4A molecular sieves. All liquid substrates were dried and degassed by bulb-to-
bulb distillation. All reactions were carried out under argon atmosphere using standard Schlenk-line and
vacuum techniques.

2. Measurements

Nuclear Magnetic Resonance (NMR)

'H, 13C, and #Si Nuclear Magnetic Resonance (NMR) were performed on Brucker Ultra Shield 400 and
300 spectrometers using CDCl; as a solvent. Chemical shifts are reported in ppm with reference to the
residual solvents peaks for 'H and '3C and to TMS for Si NMR.

FT-IR spectroscopy

Fourier Transform-Infrared (FT-IR) spectra were recorded on a Nicolet iS5 (Thermo Scientific)
spectrophotometer equipped with a single reflection diamond ATR unit. In all cases, 16 scans at
a resolution of 2 cm! were collected, to record the spectra in a range of 4000-650cm-!.

MALDI-TOF MS

Matrix assisted laser desorption ionization time of flight (MALDI-TOF) mass spectrometry was
performed using a Ultraflex TOF/TOF (Bruker Daltonics, Germany) in reflection mode. The thin-layer
preparation method was applied. The matrix (2,5-dihydroxybenzoic acid - DHB) was dissolved at
a concentration of 20 mg/mL in mixture of 0.1% TFA in de-ionized water (70 % v/v) and acetonitrile
(30% v/v). The matrix solution was spotted onto the target and dried in air. In the next step sample
solution (2 mg/mL in DCM) was deposited onto the matrix spot and dried in air.

Elemental analyses (EA)
Elemental analyses (EA) were performed using a Vario EL III instrument (Elementar Analysensysteme
GmbH, Langenselbold, Germany).

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images of Pt -electrodes were taken using an FEI Quanta 250 FEG
microscope. Images were taken in high vacuum mode, and accelerating voltage (5 kV). BackScattered
Electrons (BSE) and Seconadary Electrons (SE) images have been taken.

Cyclic voltammetry (CV)

All the electrochemical measurements were performed using an Ecochemie BV Autolab PGSTAT 12,
in dichloromethane (spectrograde) with and tetra-n-butylammonium hexafluorophosphate ([#-
BuyN][PF¢]), 0.1 M as supporting electrolyte, both purchased from Sigma-Aldrich. The experiments
were carried out in a conventional three-electrode cell at 20-21 °C with a platinum-disk working
electrode (A = 0.070 cm?), a Pt wire as auxiliary electrode and a saturated Calomel (SCE) as reference
electrode. Solutions for cyclic voltammetry were typically 10 mM and the solutions were previously
deoxygenated by purging with nitrogen.
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The measurements in aqueous medium were in phosphate buffer (pH = 7.0)/ NaClO,4 0.1 M. supporting
electrolyte.

The surface coverages (G) were estimated from the electroactive ferrocenyl sites in the films from the
integrated charge, O, of the cyclic voltammetric waves.

Preparation of modified electrodes

The Pt disk electrodes were firstly polished using 0.1 um of alumina powder and rinsed in ultrapure
water in an ultrasonic bath. Each polished electrode was pre-conditioned by cycling in 0.5 M H,SO,
until a stationary cyclic voltammogram was obtained. Finally, the electrodes were rinsed successively
with water and acetone and allowed to dry at room temperature. The films were deposited on the Pt
electrodes (vs. SCE) from an electrolyte bath containing approximately 104 M Fc in 0.1 M tetra-n-
butylammonium hexafluorophosphate (TBAH)/dichloromethane.

Electrode of G1-DDSQ-Fcg was prepared by the controlled- potential electrolysis at 1 V for 5 min (G1-
DDSQ-Fcg-potentiostatic).
Electrodes of G2-DDSQ-Fc¢,4 were prepared as follows:
e the first one by repeated cycling (20 cycle) between 0.0 to 1.0 V (G2-DDSQ-Fc4-
potentiodynamic).
e the second one was busked via controlled-potential electrolysis at 1.0 V for 5 min (G2-DDSQ-
Fe6-potentiostatic).

The modified electrodes were rinsed with dichloromethane and allowed to dry at room temperature. The
surface coverage of electroactive ferrocenyl sites in the film (/) was determined from the integrated
charge of the cyclic voltammetric waves.

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy measurements were carried out at 0.2 V vs. Ag/AgCl electrode
over the frequency range of 0.1 to 10,000 Hz with 10 mV AC perturbation in 10 mM
K;Fe(CN)s/K4Fe(CN)g (1:1) containing 0.1 M KCI.

Scanning electron microscopy

Scanning Electron Microscopy (SEM) images were taken using an FEI Quanta 250 FEG microscope
equipped with an EDAX EDS or vCD detector. Images were taken in high vacuum mode, and
accelerating voltage (5 kV). Thin films of samples were fabricated on Pt wires using cyclic voltammetry
technique: controlled-potential electrolysis at E= 1.0 V for 5 min for G1-DDSQ-Fc¢g and repeated
cycling (20 cycle) between 0.0 to 1.0 V for G2-DDSQ-Fc .

Thermogravimetric Analysis (TGA)

The analyses were performed using a TGA/DSC 1 Mettler-Toledo thermal gravimetric apparatus. The
analyses were performed in an nitrogen atmosphere (flow of 60 mL/min), from ambient temperature to
700 °C at the heating rate of 10 °C/min. The temperature of initial degradation (T>” and T'°%) was taken
as the onset temperature at which 5 wt% and 10 wt% of mass loss occurs, respectively.
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3. Synthetic procedures

General synthetic procedure for the ferrocene-substituted silsesquioxanes obtained via
hydrosilylation - exemplary reaction for the synthesis of G1-DDSQ-Fcg

o

) % -
H. N Ssi Si | o°\
Si [Pty(dvds)s] Fe~ NN
o T ege v XK T Fe Ao o
o s SLH = Fe Fe 5 ~ o s sl\/\ Fe
/ \ AN 7 A Si” L s

~

H,Si L\Fe‘:) Si/\\/l
G0-DDSQ-40SiH Fc,MeSiVi Ef} Fe
Fe
&ls
G1-DDSQ-Fcg

The synthetic protocol is presented for G1-DDSQ-Fcg as an example. To a two-necked round-bottom
flask equipped with a condenser and magnetic stirrer, G0-DDSQ-40SiH (0.102 g, 0.08 mmol), toluene
(3 mL) and Fe,MeSiVi (0.166 g, 0.38 mmol) were placed in an argon atmosphere. The reaction was
heated to 40 °C and [Pty(dvds);] (3.58 uL, 0.31%10-* mmol) was added. The reaction mixture was kept
at 95 °C for 24 h. After cooling it to room temperature, the reaction mixture was transferred to a flask
and evaporated under reduced pressure. The crude product was dissolved in DCM and transferred onto
a dry chromatographic column (silica gel 60) and DCM was allowed to evaporate overnight. Next,
the unreacted Fe,MeSiVi was washed out with n-hexane:THF (80:1) as a eluent. After that, the G1-
DDSQ-Fc¢g was eluted with n-hexane:DCM (2:3). Evaporation of eluent gave an analytically pure
sample of G1-DDSQ-Fcg in 74% yield.
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4. Additional spectra
G1-DDSQ-Feg 5i-0-Si

ATR [a.u]

GO0-DDSQ-40SiH

v [em]
Figure S1 FT-IR stacked spectra of G0-DDSQ-40SiH (blue) and G1-DDSQ-Fc¢g (orange) for
isolated compounds.

G2-DDSQ-Fc,,

=C-H C-H C-H si-C
‘ (SiCH,)
c=C | |

ATR [a.u]

G1-DDSQ-4Si(H),

v [cm1]
Figure S2 FT-IR stacked spectra of G1-DDSQ-4Si(H), (blue) and G2-DDSQ-Fc¢,¢ (orange) for
isolated compounds.
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Figure S3 A selected range of stacked '"H NMR spectra of a) G1-DDSQ-4Si(H),, b) Fc,MeSiVi, c)

G2-DDSQ-Feys.
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5. Table of isolated compounds

Struct Compound Isolation p
ructure ) age
Abbrev. yield [%]
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~ o
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6. Characterization data of the obtained products ('H, 3C, 2*Si NMR spectra and IR

spectroscopy)
G1-DDSQ-Fcg
B
=3 V3
@ Fe
F\e N
£2 \ Si
FL‘?/ Ph\,Sl’O\,Slfh/Si/\// KZ)
@—Fe—u Sii~\ P 99.. 0 97 Fe.s
v Si__ _Sizvsil ¢
07> 0 "\ Ph y
Ph.y. o N
3 ,Sl\o., i Si
Bre SO~ -Si//o g W L
&\Si/\/\ PR O “Ph /<\7
SAN A
A Fe
Fe \=
<& =

Orange solid. Isolated Yield 74%.

TH NMR (400 MHz, CDCl;, ppm): 6 = 0.08 (m, 24H, -SiCHjs), 0.19 (s, 12H, -SiCHj;), 0.46-0.90
(m, 16H, -CH,-), 3.90 (s, 10H, -Fc), 3.97 (s, 46H, -Fc¢), 4.26 (s, 16H, -Fc), 7.11-7.13 (m, 8H, Ph), 7.21
(t, Jyp.y="7.4 Hz, 8H, Ph), 7.32 (d, Ji.z= 7.0 Hz, 8H, Ph), 7.36-7.38 (m, 8H, Ph), 7.48 (d, J;.y= 7.0 Hz,
8H, Ph).

13C NMR (101 MHz, CDCl;, ppm): 6 = -3.16 (Si-CHj), -0.23 (Si-CH3), 7.67 (Si-CH,), 10.65 (Si-CH,),
68.46 (-Fc), 70.63-70.78 (-Fc), 73.68 (-F¢), 127.71-127.74 (Ph), 129.90 (Ph), 130.26 (Ph), 131.84 (Ph),
133.68 (Ph), 134.37-134.48 (Ph).

YSi NMR (79.5 MHz, CDCl;, ppm): 6 = 11.62 (-Si-O), -4.76 (-Si-Fc¢), -75.99, -78.61 (-Si-Ph).

IR (ATR, cm™): 3093.54, 3072.39 (C-H), 3048.84 (C-H phenyl), 2955.29, 2911.64 (C-H), 1593.08,
1429.39 (C=C phenyl), 1264.43, 1248.94 (Si-C), 1160.79, 1127.13, 1104.00, 1045.33, 1032.74
(Si-0-Si), 998.17 (C-H phenyl).

EA: Anal. calcd for C34H7,045S1, (%):C, 58.03; H, 5.40; found: C, 58.26; H, 5.42.

MALDI-TOF MS: Calcd. for Ci45H,¢6Fe5014S1,6>": m/z 3062.3370 [M + 2H]**. Found: 3062.3106.

5}
a
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o~
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trace of silicon

N Y

bk PSS PR
RN s 583 2 33
4335s § $33 g oF
.0 7|5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.!

ppm

Figure S4 '"H NMR (400 MHz, CDCl;) spectrum of G1-DDSQ-Fcs.
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Figure S7 MALDI-TOF-MS spectrum of G1-DDSQ-Fc;.
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Orange solid. Isolated Yield 60%.

TH NMR (400 MHz, CDCl;, ppm): 6 =-0.30 (s, 12H, -SiCH3), 0.07 (s, 24H, -SiCHj3), 0.16-0.18 (m, 8H,
-CH,-), 0.24-0.28 (m, 8H, -CH,-), 0,39 (s, 24h, -SiCHj;), 0.45 (s, 8H, -CH,-), 0.64-0.68 (m, 16H, -CH,-
), 0.84-0.90 (m, 8H, -CH,-), 4.06 (d, J.y= 24.2 Hz, 112H, -Fc), 4.34 (s, 32H, -Fc), 7.08 (s, 8H, Ph),
7.21 (s, 8H, Ph), 7.29 (s, 8H, Ph), 7.37 (s, 8H, Ph), 7.46 (s, 8H, Ph).

13C NMR (101 MHz, CDCl;, ppm): 6 = -6.79 (Si-CHjs), -3.07 (Si-CHj), -0.21 (Si-CHj), 4.16 (Si-CH,),
5.05 (Si-CH,), 8.46 (Si-CH,), 10.26 (Si-CH,), 68.28-68.60 (-Fc), 70.82-70.97 (-Fc¢), 73.76 (-F¢), 127.62
(Ph), 129.86, 130.21 (Ph), 131.85 (Ph), 133.67 (Ph), 134.33-134.44 (Ph).

Si NMR (79.5 MHz, CDCl;, ppm): 6 = 11.54 (-Si-0), 8.04 (-Si-CH.,), 1.47 (-Si-Fc), -4.68 (-Si-Fc),
-76.04, -78.67 (-Si-Ph).

IR (ATR, cm™): 3093.17, 3072.71 (C-H), 3048.61 (C-H phenyl), 2953.01, 2906.28 (C-H), 1593.05,
1429.41 (C=C phenyl), 1264.45, 1247.79 (Si-C), 1160.60, 1127.65, 1104.36, 1047.14, 1032.70 (Si-O-
Si), 998.62 (C-H phenyl).

EA: Anal. calcd for C,5,H39,014S1,4 (%): C- 59.20, H- 5.76; found: C- 59.44; H- 5.78.

MALDI-TOF MS: Calcd. for Cys,HygsFe15014Si,4*: m/z 5112.6481 [M + 4H]*". Found: 5112.5801.
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Figure S8 'H NMR (400 MHz, CDCl;) spectrum of G2-DDSQ-Fc¢ .
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Figure S9 *C NMR (101 MHz, CDCl;) spectrum of G2-DDSQ-Fcy.

Figure S10 2Si NMR (79.5 MHz, CDCl;) spectrum of G2-DDSQ-Fc .
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Figure S11 MALDI-TOF-MS spectrum of G2-DDSQ-Fcy.
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7. Solubility of obtained products

Table S1 The solubility of obtained systems in selected solvents.?

G1-DDSQ-Fcg G2-DDSQ-Fcy

DCM 20 uL. 30 uL

Et,O 40 L 60 uL

THF 50 pL 55 L

Toluene 55 uL 55uL

MeOH insoluble*(solid) insoluble* (oil)
MeCN insoluble* insoluble*
n-hexane insoluble* (yellowish) | insoluble*

) The solubility was checked for 20 mg samples; *sample was insoluble in 7 mL of solvent.

8. TGA analysis

Table S2 Thermal properties of obtained compounds measured in nitrogen.

Prod. Mass Loss Temperature [°C]
L. Residue at 700 °C [%]
Abbreviation T, %% T, 10%
G1-DDSQ-Fcs 431 455 61
G2-DDSQ-Fe6 421 442 54
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9. Cyclic Voltammetry studies

e FElectrochemical studies in solution

r r r r r
0.0 0.2 0.4 0.6 0.8 1.0
Potential (V vs. SCE)

Figure S12 Successive cyclic voltammograms of dendrimer G1-DDSQ-Fcgin CH,Cl, solution with n-
BuyNPF¢ 0.1 M solution (scan rate: 100 mV s!).
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Figure S13 Successive cyclic voltammograms of dendrimers G2-DDSQ-Fc¢;6 in CH,Cl, with n-
BuyNPF¢ 0.1 M solution (scan rate: 100 mV s!).
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The comproportionation constants (K.) calculations:

G1-DDSOQ-Fcg:

Epal + Epcl 0.44 + 0.38

0 —
EY= 5 = 5 =041V S1)
ES Epa2 + Epc2 0.63 4 0.58 061V
- 2 2 B (S2)
AEY; 1= 0.61—041=0.20V (S3)
X [B]™ + ™ (EY — EDninaF AE? 200mV 2405
= epap RT Nl PE] [ 25,69 ] - (S4)
GZ-DDSQ—FCm:
£ Epa1 + Epc1 0.46 + 0.39 042V
e 2 - 2 - (S5)
EO EpaZ + Ech 0.59 + 0.51 0.55
a7 2 - 2 =055V (S6)
AES; 1= 055—042=0.13V (S7)
[B]™ * [(E‘z’ - E‘{)nlnzp] [ AE® ] [130mV] 1576 — 158
c= =exp = exp = exp = ,6 =
[CI™[A]™ RT 25,69 25,69 (S8)
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Figure S16 Equivalent circuits obtained from fit and simulation of the A) potentiostatic G1-DDSQ-
Feg, B) potentiodynamic G2-DDSQ-Fc,¢, and C) potentiostatic G2-DDSQ-F¢,s modified electrodes
EIS data.

10. SEM images

500 ym — — 500 pm

L — — 500 ym
Figure S17 Scanning Electron Microscopy images of Pt wires modified by G2-DDSQ-Fe¢¢ with using

repeated cycling method (20 cycle) between 0.0 to 1.0 V: a) and ¢) BSE (BackScattered Electrons)
images; b) and d) SE (Secondary Electrons) detector.
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ABSTRACT: Silsesquioxane dendrimers offer versatile structural potential, prompting our
innovative synthesis of G1 and G2 polyol dendritic systems with diverse silsesquioxane
cores, ranging from mono-Ty to difunctional and tetrafunctional double-decker
silsesquioxanes. Through a strategic combination of hydrosilylation and O-silylation
reactions, we have formed an extensive compound library. A major focus was directed
toward investigating the reaction conditions of G1.5 dendrimers, as well as evaluating the
stability and reactivity of the novel —O—Me,Si—H group. Notably, we unveiled solubility
trends of these synthesized dendritic systems in basic organic solvents, offering vital
information for potential applications. Our work advances dendrimer research by
unraveling intricate synthesis, reactivity, and properties. We contribute to the broader
understanding of these organic—inorganic complex interactions and envisage diverse
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applications in multiple domains.

B INTRODUCTION

Hybrid compounds, due to their organic—inorganic nature and
intriguing physicochemical properties, have garnered signifi-
cant interest among scientists. Such systems concern
silsesquioxanes (SQs)—organosilicon compounds that are
characterized by a rigid inorganic core with organic
substituents attached to each silicon atom. SQs are a family
of structures, which could be divided into random resins or
defined architectures, i.e. ladder, open- and closed-cage
silsesquioxanes and double-decker silsesquioxanes
(DDSQ).'~® The multiplicity of structures and the presence
of various reactive groups, e.g., Si—OH, Si—H, Si-HC=CH,,
enable their modification by stoichiometric (condensation,
nucleophilic substitution) and catalytic reactions (hydro-
silylation, metathesis, Heck or Sonogashira coupling, O-
silylation).” As a result, diverse silsesquioxane-based function-
alized systems are obtained that may exhibit interesting
physicochemical properties that affect their possible applica-
tion, resulting in the use of, i.e., materials chemistry, OLEDs,
catalysis, or medicine.”'" Within the great variety of
functional groups, the SQs possessing hydroxyl-terminated
aliphatic substituents may be of special concern.''™" There
are numerous scientific reports on the use of diol derivatives of
SQs as comonomers of polyesters or polyurethanes'*~** and
also in the chemistry of biomedical materials.”’ In addition,
they have been reported in materials to remove dyes from
wastewater or Ag(I) ions from aqueous solutions.”””’

Within the domain of organosilicon chemistry, one may
encounter dendritic architectures characterized as precisely
structured three-dimensional macromolecular systems. They
possess a multifunctional core with widened dendrons ending

© 2023 American Chemical Society
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with functional/surface groups, creating respective layers called
generation. There are two main methods of their synthesis, i.e.,
divergent (building up the monomer on the existing core) and
convergent (extension of the dendron, which is connected to
the core in the final stage) as well as the less known: double
stage convergent method, branched monomer approach,
double exponential, orthogonal coupling, Lego, and click
chemistry.”®*’ Naturally, organosilicon-based dendrimers are
one of the types among macromolecular systems based on
polyamidoamines, poly(propyleneimine), liquid crystalline, or
peptides. The multiplicity of dendrimer structures enables the
formation of compounds exhibiting interesting properties (e.g.,
antioxidant, antibacterial, and sorption) that determine their
wide application.””*" Dendritic systems with hydroxyl groups
have been used as gene and drug delivery agents, MRI contrast
agents, catalysts, nanoparticles, and in sorption materials.”*~*’
Within this variety of structures, the silsesquioxanes were also
reported to be used as cores of dendrimers/dendrons,
especially for the octafunctional Tg-type silsesquioxane.*!
However, there is a limited number of reports on their
hydroxyl-terminated dendritic derivatives."*~*® Also, it should
be emphasized that information about the appliance of DDSQ
as the core of dendrimers is still scarce. This structure results in
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Scheme 1. Synthetic Path to Obtain Polyol Dendritic Systems with Different Silsesquioxane Cores Via Sequences of Reaction
(Hydrosilylation, O-Silylation)

Figure 1. FT-IR stacked spectra of iBu,T4-OSiH (blue), G1—1iBu-a-20H (orange), G1.5—1iBu-a-2SiH (green), and G2—1iBu-a-2a-4OH
(yellow) for isolated compounds. Rectangle frame is corresponding to bending (rocking) vibrations (p) —OH, —CH,—, and CH; groups.

the formation of dumbbell-shaped systems rather than B RESULT AND DISCUSSION

spherical ones.””*" Synthesis of the First Generation of Polyol Den-

This paper presents the synthesis of G1, G1.5, and G2 diol drimers with Silsesquioxane Cores. The results of the
dendritic systems with different silsesquioxane cores: mono- research conducted can be divided into a few stages.
type Tg SQs, di- and tetrafunctional double-decker silsesquiox- 1. The first was the synthesis of Gl generation with
ane. The research methodology is based on a sequence of hydroxyl groups with different types of silsesquioxane
hydrosilylation, O-silylation, and rehydrosilylation reactions cores and the development of an eflicient purification
(Scheme 1). Within the course of studies, various purification methodology.
methods were verified, in particular, for the Gl and G2 2. Elaboration of the appropriate reaction conditions to
systems. Moreover, the methodology of hydrogen substitution obtain the G1.5 generation with Si—H groups.
in hydroxyl groups was elaborated to obtain a new reactive — 3. The last step was the synthesis of polyol dendrimers of
O—Me,Si—H unit. the G2 generation.
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Inorg. Chem. 2023, 62, 21343-21352


https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03427?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03427?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03427?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03427?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03427?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03427?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c03427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Figure 2. 'H NMR stacked spectra of (a) reaction mixture of G1—2D-a-4OH, (b) aqueous layer, and (c) organic layer during the purification. (*)

Reference resonance line from CDCl,.

In the beginning, the G1 dendritic systems with hydroxyl
groups were synthesized using a different type of silsesquioxane
cores, i.e., monosubstituted Tg-type SQs and di- and
tetrasubstituted DDSQs. The protocol for this was based on
the hydrosilylation of various hydroxy-olefins, i.e., 7-octene-
1,2-diol (olefin a), 2-(allyloxymethyl)-2-ethyl-1,3-propanediol
(olefin b) and 3-allyloxy-1,2-propanediol (olefin ¢) with Si—H
possessing  silsesquioxanes, ie., mono-Tj (iBu7T8-OSiH,49
Ph,Tg-OSiH) and di-DDSQ and tetra-DDSQ (DDSQ-2SiH
and DDSQ-40SiH)."'>*° The three olefins exhibit variations in
architecture: differences in length (olefin a—C8, b—C6, c—
C6), the presence of an asymmetric carbon atom (olefin a and
c), and the presence of an additional oxygen atom in the
aliphatic chain (olefin b and c). A model reaction to efficiently
gain G1—1iBu-a-20H was chosen to develop the hydro-
silylation reaction conditions. The reaction was carried out
with 10% excess of 7-octene-1,2-diol (olefin a) per one reactive
Si—H group in SQ, using Karstedt’s catalyst ([Pt, (dvds);]) (1
X 107*) for 24 h at 95 °C. It is important to emphasize that an
excessive amount of olefin can indeed accelerate the reaction
rate, but it can also lead to considerable challenges in product
purification and a reduction in the overall yield of the isolated
pure product. The presence of the Si—H bond in the
silsesquioxanes facilitates monitoring of the reaction course
by FT-IR. A clear disappearance of a band at ca. D = 900 cm™
corresponding to the stretching vibrations of the Si—H bond is
observed (stacked spectra of iBu,Ts-OSiH (blue) and G1-iBu-
a-20H (orange) in Figure 1). The pure product was obtained
in 92% yield, which was confirmed by 'H, *C, and *Si NMR
techniques. In the *Si NMR spectrum, one may note an
upfield shift of resonance line corresponding to M-type silicon
from the iBu,T4-OSiH and G1—1iBu-a-20H from —2.98 to
11.33 ppm (see Figure S16).

As aforementioned, the proper isolation procedure to gain
pure product was crucial. We applied a standard method for
purifying SQs-based compounds from Karstedt’s residue, i.e., a
chromatographic column with silica gel and CHCI; as
eluent.""*” However, due to the affinity of hydroxyl groups

to the silica, this method was not efficient for SQs-based polyol
derivatives.

The use of Et;N-modified silica (15% by weight) did not
prove helpful.®’ We attempted the reported isolation
procedure with toluene instead of CHCl;, but it did not
efficiently yield the desired product.” Optimal conditions
involved employing Celite as the stationary phase and
chloroform as the mobile phase. The removal of excess olefin
from the product, a step with limited literature coverage, was
then undertaken.'”'** Due to variations in hydroxyl moiety
content and silsesquioxane core diversity among the studied
SQs-based dendrimer derivatives, a tailored purification
method was necessary. It was performed using G1-2D-a-
40H as an exemplar. The conventional cold MeOH
precipitation method proved ineffective initially. Using
MeOH/DCM (2:1) and water resulted in the separation of
the olefin in the water phase and the pure product in the DCM
layer, proving to be optimal—described as Method I. Figure
2’s '"H NMR spectra comparison confirmed olefin elimination
in Gl1-2D-a-4OH (Figure 2b,c). Derivatives with higher
hydroxyl content (G1—4D-a-80H, G1—4D-b-80H, and G1—
4D-c-80H) required concentrations of the aqueous/MeOH
layer and the addition of DCM for two-layer separation.
Method I, resembling extraction, proved effective but occa-
sionally required repetition for purification (e.g, G1—2D-b-
40H-two times, or three when the control "H NMR spectrum
revealed the presence of the olefin). This method, similar to
extraction, was verified for iBu-Tg-type dendritic systems,
where the water layer concentration was crucial for enhanced
product recovery.

We applied the purification protocol (Method I) to Ph, Ty
type dendrimers, but its efficiency fell short, likely due to the
high density of olefin functionalities (0.941 to 1.068 g/mL).
This could lead to olefin deposition on the precipitated pure
product. Exploring an alternative, we tried precipitating the
crude product in acetonitrile (MeCN), which has a lower
polarity index (6.2) than MeOH (6.6) and is commonly used
for silsesquioxane purification.”® This is described as Method
I1. It was applied to Ph,Tg-type derivatives (G1—1Ph-a-20H,

https://doi.org/10.1021/acs.inorgchem.3c03427
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G1-1Ph-b-20H, and G1—1Ph-c-20H) to gain pure products
but with low to moderate yields of 12, 24, and 36%,
respectively. Due to Method II's limited efficiency for phenyl
derivatives, we combined it with Method I, forming Method
III. Initially, Ph,Tg-type derivatives underwent two purifica-
tions using Method I, followed by precipitation in MeCN
(Method II). This sequential purification significantly
improved efficiency, achieving up to a 47% yield (Table 1).
The incorporation of MeOH, a more polar solvent, facilitated
olefin removal during the initial stages and enhanced
subsequent precipitation in MeCN.

Table 1. Dependence of Isolation Methods on the Yields of
the Respective SQ-Based Dendrimers

isolation protocol

Method 11 [%]

product abbreviation ~Method I [%] Method 11T [%]

G1-1iBu-a-20H 92 82

G1-1iBu-b-20H 84 81 -
G1-1iBu-c-20H 96 65 -4
G1-1Ph-a-20H 12 43
G1-1Ph-b-20H 24 47
G1-1Ph-c-20H 36 10

“Not verified.

In exploring new purification methods, we tested Method II
for the remaining G1 generation Tg-type derivatives. While
effective, it showed lower efliciency for dendritic systems with
iBu, Ty SQ cores, possibly due to the solubility differences
between iBu and Ph substituents. In contrast, dendritic systems
with DDSQ_cores (both closed and open forms) exhibited
good solubility in MeCN, likely owing to increased aliphatic
groups enhancing affinity for organic solvents. An increasingly
prevalent trend is the tailored approach to distinct stages in the

synthetic route of novel compounds, especially intricate SQs-
based dendritic systems.*”**

Synthesis of the G1.5 Generation of Silyl Dendrimers
with Silsesquioxane Cores. The next step of the research
was to modify the G1 dendritic systems to obtain
silsesquioxanes possessing a reactive group susceptible to
further modification, ie, —O—Me,Si—H. Typically, the
hydroxyl undergoes deprotonation followed by substitution.
To develop efficient conditions for the formation of Si—H-
modified products, a model reaction converting G1—1iBu-a-
20H to G1.5—1iBu-a-2SiH was chosen. At the initial stage,
various deprotonating agents, i.e., n-BuLi, NaH, and KH were
tested. In the subsequent stage, chlorodimethylsilane
(CIMe,SiH) was employed to introduce the new —O-—
Me,Si—H group. In the 'H NMR spectrum, no changes
were observed after the synthetic procedure involving n-BuLi
(1.0S equiv per one reactive group) or NaH (4 equiv per one
reactive group). Conversely, the '"H NMR spectrum following
the reaction with KH (4 equiv. per one reactive group)
exhibited a new resonance line at 0.21 ppm corresponding to
the new —SiCHj, and another at 4.73 ppm corresponding to
the —O—Si—H. However, the integration of these signals was
notably lower than expected.

There are some scientific reports on the use of potassium
bis(trimethylsilyl)amide (KHMDS) or 1,1,1,3,3,3-hexamethyl-
disilazane (HMDS) as hydroxyl group blocking agents.”* > In
our case, the 1,1,3,3,-tetramethyldisilazane (TMDS) was used
to modify the —OH groups with the elimination of ammonia.*®
An applied procedure involved the addition of 1 mL of TMDS
and a few drops of toluene (ca. 15 yL) to the flask with G1—
1iBu-a-20H, to carry out the reaction for 24 h at 100 °C. After
this time, the FT-IR performed for the postreaction mixture
revealed the disappearance of a band at ¥ = 3371 cm™
corresponding to the —OH bond and the appearance of a
new band at ¥ = 2118 and 904 cm ™" deriving from the created

Figure 3. 8i NMR spectrum revealing the presence of two diastereoisomers of G1.5—1iBu-a-2SiH.
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Figure 4. A selected range of stacked 'H NMR spectra of (a) G1—1iBu-b-20H, (b) G1.5—1iBu-b-2SiH. (*) Reference resonance line from

CDCL,

Si—H unit (Figure 1 green). The **Si NMR spectrum revealed
the presence of three new resonance lines at 6.22, 6.06, and
4.43 ppm that correspond to silicon atoms of the following
groups: —CH—O—-Me,Si—-H and —CH,—0—-Me,Si—-H. It
should be underlined that the resonance line at 6.22 and
6.06 ppm refer to the silicon atoms at —C*H—O—Me,Si—H
corresponding to the formation of a mixture of diaster-
eoisomers (Figure 3).

To facilitate spectroscopic analysis, a product devoid of a
chiral carbon (G1—1iBu-b-20H) atom was chosen as a model
to establish the reaction conditions for the introduction of the
—0O—Me,Si—H group. A literature protocol employing
bismuth(III) trifluoromethanesulfonate (Bi(OTf);) as a
catalyst for the modification of the hydroxyl group was verified
in terms of its efficiency in the above-mentioned proce-
dure.’>”” The reaction was maintained for 24 h using the
literature procedure, ie., 2 equiv of 1,1,3,3-tetramethyldisila-
zane (TMDS) and 1% mol of Bi(OTf), per one reactive —OH
that was originally used for low molecular weight organosilicon
compound.”” The results obtained indicate that complete
substitution was not achieved in the case of G1—1iBu-b-20H
which suggested increasing the amount of TMDS and
Bi(OTf);. The reagents’ stoichiometry and reaction time
were optimized in terms of the conditions to enable the
efficient formation of G1.5—1iBu-b-2SiH. The following
conditions were elaborated to gain respective product: [G1—
1iBu-b-20H]/[TMDS]/[Bi(OTf);] = 1:8:0.04; 24 h at room
temperature. Figure 4 shows the comparison of 'H (Figure
4a,b) and *C NMR (see Figure S7a,b) stacked spectra of G1—
1iBu-b-20H and G1.5—1iBu-b-2SiH. Figure 4b presents the
'"H NMR spectrum of G1.5—1iBu-b-2SiH, revealing new
resonance lines at 0.18 ppm (indicated by the green circle) and

4.57—4.60 ppm (highlighted by the yellow ring) corresponding
to the —SiCH; and —O—Si—H groups, respectively.

Additionally, resonance lines attributed to the protons of —
CH,—O— (denoted by the purple square), —O—CH,—
(marked with the red square), and —CH,— adjacent to the
—OH group (represented by the blue square) are observed at
an upfield shift in the spectrum of G1.5—1iBu-b-2SiH when
compared to G1—1iBu-b-20H (peak at 3.43 ppm was shifted
to 3.18 ppm along with its multiplicity change, ie., from a
doublet to singlet, respectively).

Analogous changes were observed for *C and **Si NMR.
The *C NMR (see Figure S7a,b; "H—"*C HSQC Figure S30)
presents an upfield shift of the resonance lines for carbon
atoms in the modified compound. Notably, significant changes
are observed in the resonance lines of the carbon within the —
O—CH,— group (red square), which shifted from 75.39 to
70.11 ppm, as well as for —CH,—CHj (yellow square), moving
from 23.51 to 21.96 ppm. The *’Si NMR spectra display the
presence of a novel signal at 5.46 ppm, attributed to the newly
formed —O—Si—H group. This signal appears downfield-
shifted in comparison to carbosilanes harboring a C—Si—H
moiety (5 = —10 ppm), likely due to the proximity of the
oxygen atom.*®

The developed reaction conditions were adapted to obtain
dumbbell-like dendritic systems with a DDSQ core. The
following stoichiometry was used to obtain G1.5—2D-b-4SiH
and G1.5—4D-b-8SiH, i.e, [G1—2D-b-40OH]/[TMDS]/[Bi-
(OTf)5] = 1:16:0.08, [G1—4D-b-8OH]/[TMDS]/[Bi(OTf),]
= 1:32:0.16, respectively. The purification method for crude
products after O-silylation involves filtering the reaction
mixture through a syringe filter. Subsequently, the solvent is
evaporated, and the viscous solid is washed multiple times with
acetonitrile to remove the incompletely reacted substrate
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Figure 5. A selected range of stacked 'H NMR spectra of (a) G1—4D-b-8OH, (b) G1.5—4D-b-8SiH, (c) G1.5—4D-b-8SiH (S days), and (d)
G1.5—4D-b-8SiH (60 days). (*) Reference resonance line from CDCl,.

Figure 6. A selected range of stacked *’Si NMR spectra of (a) G1—4D-b-80H, (b) G1.5—4D-b-8SiH, (c) G1.5—4D-b-8SiH (S days), and (d)
G1.5—4D-b-8SiH (60 days).
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(TMDS). However, the G1.5—2D-b-4SiH system exhibits
good solubility in MeCN, n-hexane, THF, CHCl;, and DCM.
This solubility can be attributed to the presence of long
aliphatic chains on the closed DDSQ inorganic core. Notably,
the NMR spectra, particularly the *C and *’Si NMR, reveal
additional signals stemming from impurities that cannot be
eliminated at this stage (see Figures S67 and S68). An
intriguing observation was performed during studies on the
open-core derivative of DDSQ, i.e., G1.5—4D-b-8SiH. Given
the higher abundance of aliphatic groups compared to G1.5—
2D-b-4SiH, the properties of G1.5—4D-b-8SiH are antici-
pated to bear a closer resemblance to those of organic aliphatic
compounds rather than those of inorganic or aromatic systems.
While isolating G1.5—4D-b-8SiH, its insolubility in MeCN
facilitated the purification. Also in this case, comparable shifts
in the resonance lines were observed at the 'H and '*C NMR
spectra, similar to those observed for G1.5—1iBu-b-2SiH (see
Figures S8 and S9).

During our investigation, we observed the disappearance of
the Si—H bond over time in G1.5 generation dendrimers. To
analyze the stability of the G1.5—4D-b-8SiH sample over time,
we examined it just after its synthesis after 5, and 60 days.
Stacked '"H NMR spectra reveal resonance lines within the
range of 4.55—4.57 ppm, corresponding to the Si—H bond in
the fully substituted product (Figure S). After S days, these
peaks persisted, but additional resonance lines at 4.69—4.72
ppm suggested the presence of an incompletely substituted
product, ie., with the free —OH group. Notably, changes
within the range of 0.01—0.18 ppm, attributed to newly
appearing methyl groups, were observed. Additionally, new
signals between 2.90 and 3.64 ppm indicated the possible
presence of the reproduced substrate G1—4D-b-8OH. For
further insight, Si NMR spectra were acquired and collected
in Figure 6. The *Si NMR spectrum recorded after 5 days
(Figure 6c) exhibited a new resonance line at 6.86 ppm,
suggesting the presence of an incompletely substituted system.
After 60 days, the resonance lines corresponding to —O—
Me,Si—H disappeared, replaced by a new resonance line at
—21.93 ppm, possibly indicating D-type silicon.”® Both the 'H
and *Si NMR spectra suggest that the new silyl-ether group
(C—0O-Si—H moiety) in G1.5 dendrimers is susceptible to
instability, particularly toward moisture from the air.

The instability of the silyl ether bond (C—O—I-Si—) is a
concern due to its tendency to break, leading to the restoration
of the hydroxyl substrate and simultaneous polysiloxane
formation.”® This was also observed in G1.5—1iBu-b-2SiH
after 6 and 12 months, aligning with the results for sample
G1.5—4D-b-8SiH (see Figures S10 and S11). Interestingly,
this phenomenon was noted more in the case of silyl hydrides
such as G1.5—4D-b-8SiH, rather than its further modified
polyol derivative G2—4D-b-8b-160H. The electronic impact
of the aliphatic group adjacent to —OH may contribute to this
instability, which could potentially be mitigated by eliminating
the aliphatic group and introducing a phenyl ring at the —OH
position, thereby enhancing the stability of the C—O-Si
bond.*”

The effective conditions optimized for G1.5—1iBu-b-2SiH
were successfully applied to G1.5—1iBu-a-2SiH and G1.5—
1iBu-c-2SiH synthesis, resulting in pure, fully substituted
compounds. Notably, this success was achieved irrespective of
the presence of an asymmetric carbon atom in both substrates,
namely, G1—1iBu-a-20H and G1-1iBu-c-20H. This was

visualized in the comparison of respective "H NMR stacked
spectra (see Figure S12).

Synthesis of the Second Generation of Polyol
Dendrimers with Silsesquioxane Cores. The crucial
issue in dendrimer chemistry is increasing its generation, i.e.,
the number of functional groups and expansion of the
molecule. For this, the next and final step of the presented
research was to verify the possibility of obtaining the G2
generation SQs dendrimers. The synthetic protocol to gain
G2—1iBu-a-2a-40H was chosen as an example. Since G1.5—
1iBu-a-2SiH is sensitive to moisture, the verified posthy-
drosilylation reaction was performed immediately after its
characterization. The reaction was carried out in the presence
of Karstedt’s catalyst for 24 h at 95 °C with the following
stoichiometry: [G1.5—1iBu-a-2SiH]/[olefin a]/[Pt, (dvds);]
= 1:2.2:2 X 107%. Method I, elaborated for G1 systems, was
verified to be the best purification protocol, resulting in the
efficient isolation of pure product. The 'H and *’Si NMR
spectra of G2—1iBu-a-2a-4OH reveal their resemblance to the
corresponding G1—1iBu-a-20H, which could be misleading.
However, the *C NMR was helpful in the indication of shifted
resonance lines attributed to the methyl group (highlighted by
the green circle) from —1.44, —1.41, —0.68, and —0.53 ppm to
—0.96, 0.35, and 1.20 ppm (see Figure S13b,c). In addition,
the FT-IR stacked spectra presented in Figure 1 exhibited a
distinct absorption band at = 3368 cm™!, which can be
attributed to the presence of hydroxyl (—OH) bonds (Figure 1
yellow). However, the most significant disparities between the
FT-IR spectra of G1—1iBu-a-20H and G2—1iBu-a-2a-4OH
dendrimers are observed in the fingerprint region within the
range D = 700—900 cm™' (Figure 1, highlighted in a black
rectangle). These differences manifest as shifts in bands
associated with in-plane bending (rocking) vibrations (p) —
OH, —CH,—, CH; groups, confirming the formation of the
new and air-stable G2—1iBu-a-2a-4OH dendritic system.’’
Similar spectral changes were also noted for G2—2D-b-4b-
80H when compared to G1—2D-b-40OH (see Figure SS). The
purification stage presents a significant challenge due to the
complex nature of these systems. As the generation and
aliphatic chain count of the used olefins increase, the affinity of
the desired product for the olefin substrate also increases. This
phenomenon is reflected in the obtained compound yields for
instance, the G2—1iBu-a-2a-4OH compound has the highest
yield at 38%, whereas the lowest yield is observed for G2—4D-
b-8b-160H.

Solubility of the Obtained SQs Dendrimers. During
our search for suitable purification methods for polyol
dendritic systems, we observed unusual behavior among the
individual compounds. Therefore, we decided to investigate
the solubility of selected systems in basic organic solvents, such
as DCM, Et,O, THF, toluene, MeOH, MeCN, and n-hexane.
We examined two examples of each type of silsesquioxane
core: iBu,Tg di-DDSQ, and tetra-DDSQ. These examples
differed in their diol substituents, with one having an additional
oxygen atom in the aliphatic chain (b) and the other lacking it
(a). Additionally, G2—4D-b-8b-160H characterized by the
largest number of hydroxyl groups with extra oxygen atoms in
the attached arms was investigated.

Solubility was evaluated using 20 mg samples, to which
appropriate solvents were added dropwise until a transparent
solution was achieved. If a sample did not dissolve in 7 mL of a
particular solvent, it was considered insoluble (Table $1).*” All
verified compounds exhibit good solubility (15—102 yL) in
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DCM, Et,0, THF, and toluene (polarity indexes ranging from
2.3 to 4.2). Differences could be observed for polar solvents,
e.g, MeOH and MeCN (polarity index 6.6 and 6.2,
respectively) and for nonpolar n-hexane (polarity index 0.0)
Compounds with the iBu,T; core, i.e,, G1—1iBu-a-20H, G1—
1iBu-b-20H are soluble in n-hexane (28—40 uL) due to the
inert substituents at the SQ_core and are insoluble in MeOH
and MeCN despite the introduction of hydrophilic groups. An
interesting behavior of DDSQ_core systems emerged in polar
solvents. These systems exhibited solubility in both MeCN and
MeOH, which increased with a greater number of hydroxyl
groups and additional oxygen atoms in aliphatic chains
(ranging from 275 to 3850 uL). Among these, G2—4D-b-
8b-160H demonstrated the highest solubility in these solvents
(60—137 uL). These observations highlight the significant
impact that organic substituents on the inorganic core have on
the resulting physicochemical properties.

B CONCLUSIONS

To summarize, we present an efficient synthetic pathway to
obtain the polyol derivatives of dendrimers with various types
of silsesquioxane cores. Our efforts resulted in the synthesis of
eight G1, five G1.5, and four G2 novel SQs dendrimers,
alongside four well-established compounds. Throughout the
study, we verified the optimal purification methodologies
tailored to each dendrimer type. For iBu,Tyg derivatives,
Method I proved to be the most effective, whereas Ph,Ty
derivatives benefited from Method III. In the case of
dendrimers with DDSQ_ cores, Method I demonstrated
superiority—an illustrative demonstration of the individualized
approach required for these extensive SQ core systems.'”**
Another focal point was the optimization of the G1.5
dendrimer synthesis. The ideal reaction conditions were
identified using TMDS and Bi(OTf); as catalysts. Never-
theless, the newly formed —O—Me,Si—H bond’s susceptibility
to moisture-driven instability in air was uncovered. Such
derivatives necessitate immediate utilization in subsequent
modifications such as hydrosilylation to obtain G2 polyol
dendrimers, as presented herein. The G2 systems exhibited
stability against air and moisture, demonstrated by their lack of
decomposition during purification using Method I (involving
water) to remove olefin. Furthermore, we assessed and
compared the solubilities of selective products. These findings
enhance our understanding of polyol SQs dendritic systems,
paving the way for their synthetic route and potential
applications.
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1. General Considerations

The chemicals were purchased from the following sources: Hybrid Plastics for Tetrasilanol form of
DDSQ (C48H44014Si8) (DDSQ-4OH), trisilanol (C28H560125i7) (iBUT8-3OH) and trisilanol
(C42H38012Si7) (PhTs-30H); Sigma-Aldrich for toluene, tetrahydrofuran (THF), n-hexane, acetonitrile,
methanol, dichloromethane, chloroform, chloroform-d, tetrachlorosilane, dichloromethylsilane,
7-octene-1,2-diol, 2-(allyloxymethyl)-2-ethyl-1,3-propanediol, Karstedt’s catalyst — 2% Xxylene
solution, bismuth(lll) trifluoromethanesulfonate, triethylamine, silica gel 60; TCI for
chlorodimethylsilane; JKChemicals for 3-allyloxy-1,2-propanediol; Alfa Aesar for 1,1,3,3-
tetramethyldisilazane; Fluka Honeywell for celite; Chempur for magnesium sulfate anhydrous;
WarChem for ammonium chloride. Following silsesquioxanes: iBu;Ts-OSiH, DDSQ-2SiH, DDSQ-
40SiH, were prepared according to the literature procedure.t2 All solvents were dried over CaH, prior
to use and stored under argon over 4A molecular sieves. All syntheses were conducted under an argon
atmosphere using standard Schlenk-line and vacuum techniques.

2. Measurements

Nuclear Magnetic Resonance (NMR)

H, ¥C, and ?°Si Nuclear Magnetic Resonance (NMR) were performed on Brucker Ultra Shield, 600,
400 and 300 spectrometers using CDCls as a solvent. Chemical shifts are reported in ppm with reference
to the residual solvent’s peaks for *H and *C and to TMS for 2°Si NMR.

FT-IR spectroscopy

Fourier Transform-Infrared (FT-IR) spectra were recorded on a Nicolet iS5 (Thermo Scientific)
spectrophotometer equipped with a single reflection diamond ATR unit. In all cases, 16 scans at
a resolution of 2 cm™* were collected, to record the spectra in a range of 4000-650cm™.

ESI-TOF MS

High-resolution mass spectra (HRMS) were obtained using Impact HD mass spectrometer (Q-TOF type
instrument equipped with electrospray ion source; Bruker Daltonics, Germany). The sample solutions
(DCM/MeOH) were infused into the ESI source by a syringe pump (direct inlet) at the flow rate of 3
pL/min. The instrument was operated under the following optimized settings: end plate voltage 500 V;
capillary voltage 4.2 kV; nebulizer pressure 0.3 bar; dry gas (nitrogen) temperature 200°C; dry gas flow
rate 4 L/min. The spectrometer was previously calibrated with the standard tune mixture.

Elemental analyses (EA)

Elemental analyses (EA) were performed using a Vario EL 111 instrument (Elementar Analysensysteme
GmbH, Langenselbold, Germany).
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3. Synthetic procedures

3.1 General synthetic procedure for G1 polyol dendritic systems with silsesquioxanes
cores obtained via hydrosilylation reaction.

s, P(vds)] <
2t )
(c1)

|
O-/SI :_ / /\/é O'SI\\ = a)\//‘/\/\y\//
/ = ’ 4 *~ > N
- - \R Si , /N O‘Si\/ o g
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c P
G1-1iBu-a-20H  G1-1Ph-a-20H G1-2D-a-40H G1-4D-a-80H SO
G1-1iBu-b-20H  G1-1Ph-b-20H G1-2D-b-40H G1-4D-b-80H ) )
G1-1iBu-c-20H  G1-1Ph-c-20H G1-2D-c-40H G1-4D-c-80H == = Si-O-Si

The synthetic protocol is presented for G1-1iBu-a-20H as an example. To a two-necked round-bottom
flask equipped with a condenser and magnetic stirrer, iBu;Ts-OSiH (0.512 g, 0.57 mmol), toluene
(15 mL) and 7-octene-1,2-diol (0.10 mL, 0.63 mmol) were placed in an argon atmosphere. The reaction
was heated to 40°C and [Pty(dvds)s] (0.65 uL, 5.74x10° mmol) was added. The reaction mixture was
kept at 95°C for 24 h. After cooling it to room temperature, the reaction mixture was transferred to a
flask and evaporated under reduced pressure. The crude product was transferred onto a chromatographic
column (celite) using chloroform as eluent. The solvent was evaporated under the rotavapor.
Purification procedure to remove the olefin:

e METHOD I: The crude product was dissolved in DCM (5 mL) and added dropwise to cold
methanol (11 mL). Then, the water (4 mL) was added to obtain two layers. The aqueous layer
was carefully decanted into a separate flask, followed by the evaporation of DCM from the
organic layer to yield pure product. During the concentration of the aqueous layer, a precipitate
appeared. The precipitates were combined and dried under a reduced pressure. In selected
examples (e.g. G1-2D-b-40H), the entire procedure needs repetition but affords pure product.
An analytically pure sample of G1-1iBu-a-20H was obtained in a 92% vyield.

e METHOD II: The crude product was dissolved in DCM and precipitated in cold MeCN.
The solvent was decanted and the precipitate was dried under a reduced pressure and isolated
as a white solid in a 82% yield.

e METHOD lII: the crude product was purified using METHOD | twice. Next, the product was
precipitated in MeCN (METHOD II).

3.2 General synthetic procedure for G1.5 dendritic systems with silsesquioxanes cores
obtained via O-silylation.
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The synthetic protocol is presented for G1.5-1iBu-b-2SiH as an example. To a two-necked round-
bottom flask equipped with a condenser and magnetic stirrer, G1-1iBu-b-20H (0.101 g, 0.10 mmol),
bismuth(I11) trifluoromethane sulfonate (Bi(OTf)s) (2.45 mg, 3.80 umol) and THF (3 mL) were placed
in an argon atmosphere. Then, 1,1,3,3-tetramethyldisilazane (0.136 mL, 0.76 mmol) was added
dropwise. During the reaction, gas (ammonia) bubbles appeared in the bubbler. The reaction mixture
was kept at room temperature for 24 h. After that time, the reaction mixture was filtered by a syringe
filter and the solution was transferred to a Schlenk vessel. The solvent was evaporated under a reduced
pressure. The crude product was washed with MeCN twice. The solution was decanted and the product
was dried under the vacuum and isolated as a white solid in a 82% yield.

3.3 General synthetic procedure for G2 polyol dendritic systems with silsesquioxanes
cores obtained via hydrosilylation reaction.

s|_,H | /\/ ~
1
_0/ S [Ptz dVdS 3]
5 v o
- \Sij
""H
n n

g

|\ - <7 o/
- SR R
A N7 \ \ ; ' SiL
L - A X
“r v ZE 0-si7, b) 7L0¢E\\/
n=1 n=2 \??i’o n =4 |
]
R=iBu €) L0 A
G2-1iBu-a-2a-40H  G2-2D-b-4b-80H G2-4D-b-8b-160H
G2-1iBu-b-2b-40H — = Si-0-Si

The synthetic protocol is presented for G2-1liBu-a-2a-40OH as an example and the synthetic and
isolation (METHOD 1) protocol was used as described in paragraph 3.1. The following amounts of
reagents were used: G1.5-1iBu-a-2SiH (0.084 g, 0.07 mmol), toluene (3 mL) and 7-octene-1,2-diol
(0.025 mL, 0.16 mmol), [Pty (dvds)s] (0.16 pL, 5.74x10® mol). An analytically pure sample of
G2-1iBu-a-2a-40OH was obtained in a 38% vyield.
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4. Additional NMR and FT-IR spectra
Ph;Ts-OSiH

White solid. Isolated Yield 60%
The synthetic procedure was according to the literature synthetic path of iBu;Ts-OSiH.?

IH NMR (300 MHz, CDCls, ppm): 8 = 0.21 (d, Ju.n =2.8Hz, 6H, -Si(CHa)2), 4.77-4.78 (m, 1H, -SiH),
7.33-7.47 (m, 28H, Ph), 7.73-7.79 (m, 15H, Ph).

13C NMR (101 MHz, CDCls, ppm): & = 0.32 (-Si(CHs)), 128.00-128.06 (Ph), 130.21-130.28 (Ph),
130.93-130.97 (Ph), 134.34-134.36 (Ph).

295i NMR (79.5 MHz, CDCls, ppm): 8 = -1.42 (-Si-H), -78.09, -78.31, -78.35 (-Si-Ph), -108.34 (SiOs).
IR (ATR, cm): 3073.26, 3050.68, 3028.80 (C-H phenyl), 2960.04 (C-H), 2137.74 (Si-H), 1594.20,
1430.46 (C=C phenyl), 1255.52 (Si-C), 1191.19, 1131.02, 1080.00, 1027.44, 996.94 (Si-O-Si), 897.62
(Si-H).

ESI-TOF-MS: Calcd. For CagHgsNa*O1sSie: m/z 1053.0441 [M + Na*]. Found: 1053.0433.

26 CDCI.
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Figure S1 *H NMR (300 MHz, CDClIs) spectrum of Ph;Ts-OSiH.
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Figure S3 °Si NMR (79.50 MHz, CDCls) spectrum of Ph/Tg-OSiH.
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Figure S4 ESI-TOF-MS spectrum of Ph;Ts-OSiH.
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Figure S5 FT-IR stacked spectra of DDSQ-2SiH (blue), G1-2D-b-40H (orange), G1.5-2D-b-4SiH
(green) and G2-2D-b-4b-80H (yellow) for isolated compounds. Rectangle frame is corresponding to
bending (rocking) vibrations (p) -OH, -CH»-, CH3 groups.
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Figure S6 FT-IR stacked spectra of DDSQ-40SiH (blue), G1-4D-b-80H (orange), G1.5-4D-b-8SiH
(green) and G2-4D-b-2b-160H (yellow) for isolated compounds. Rectangle frame is corresponding to
bending (rocking) vibrations (p) -OH, -CH»-, CH3 groups.
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Figure S8 A selected range of stacked *H NMR spectra of a) G1-4D-b-80H, b) G1.5-4D-b-8SiH. *)

Reference resonance line from CDCls.
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5. Solubility of obtained products

Table S1 The solubility of obtained systems in selected solvents.?)

G1l-liBu-a- G1-1iBu-b- G1-2D-a- G1-2D-b- G1-4D-a- G1-4D-b- G2-4D-b-

20H 20H 40H 40H 8OH 8OH 8b-160H
DCM 25 uL 15 uL 28 uL 25 uL 30 uL 30 uL 27 uL
Et.0 28 uL 56 uL 18 uL 70 pL 18 uL 102 pL 42 uL
THF 18 uL 15 uL 34 uL 22 uL 28 uL 21 pL 27 uL
Toluene 30 uL 20 uL 27 uL 25 uL 24 uL 19 uL 25 uL
MeOH insoluble* insoluble* 1700 uL 1600 pL insoluble* 275 uL 60 uL
MeCN insoluble* insoluble* 3850 uL 2160 uL insoluble* 664 uL 137 uL

n-hexane 40 uL 28 uL insoluble* insoluble* insoluble* insoluble* insoluble*

3 The solubility was checked for 20 mg samples; *sample was insoluble in 7 mL of solvent.
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6. Table of isolated compounds

Structure

Compound
Abbrev.

Isolation
yield [%0]

Page

G1-1iBu-a-20H

92

S-17-

G1.5-1iBu-a-2SiH

79

S-20-

G2-1liBu-a-2a-
40H

39

S-23-

G1-1iBu-b-20H

81

S-26-

G1.5-1iBu-b-2SiH

82

S-29-

G2-1iBu-b-2b-
40H

28

S-31-
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G1-1iBu-c-20H

96

S-34-

G1.5-1iBu-c-2SiH

72

S-36-

G1-1Ph-a-20H

43

S-38-

G1-1Ph-b-20H

47

S-41-

G1-1Ph-c-20H

36

S-44-

G1-2D-a-40H

92

S-47-

G1-2D-b-40H

85

S-50-

G1.5-2D-b-4SiH

85

S-53-
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7. Characterization data of the obtained products
G1-1iBu-a-20H
/
iBulf-Si/O\Si_M\\o’Si\\/\/\/\V\

o _O\iBu
Bu-$ig0~Si" 0

| = \iBu\o /
0 §i.gQ-Si.
\/0'5' Of g iBu

. Pi\o/S'
iBu iBu

White solid. Isolated Yield 92%

'H NMR (300 MHz, CDCls, ppm): & = 0.09 (s, 6H, -Si(CHs)2), 0.53 (s, 2H, -SiCH), 0.58-0.62 (m,
14H, -CHa- (iBu)), 0.94-0.97 (m, 42H, -CHjs (iBu)), 1.32-1.44 (m, 10H, -CH>-), 1.78-1.91 (m, 8H, -CH-
(iBu), 1H, -OH), 2.01-2.02 (d, 1H, -OH), 3.39-3.47 (m, 1H, -CH,-OH), 3.62-3.67 (m, 1H, -CH.-OH),
3.69-3.74 (m, 1H, -CH-OH).

13C NMR (101 MHz, CDCls, ppm): 8 = -0.16 (-Si(CHs).), 17.98 (-SiCH>), 22.55-22.63 (-CH.-, (iBu)),
23.12 (-CHy-), 23.98-23.99 (-CH-, (iBu)), 25.72-25.85 (-CHjs, (iBu)), 29.58 (-CH>-), 33.42 (-CH-),
33.55 (-CH3-), 67.00 (-CH.-OH), 72.46 (-CH-OH) .

2Si NMR (79.5 MHz, CDCls, ppm): & = 11.33 (-Si(CHs).), -67.09, -67.88, (-Si(CH>), (iBu)), -109.68
(Si0a).

IR (ATR, cm?): 3371.97 (-OH), 2953.65, 2925.57, 2868.72 (C-H), 1464.70 (C-H), 1264.21, 1228.38
(Si-C), 1168.32, 1084.43 (Si-O-Si).

ESI-TOF-MS: Calcd. For C3sHssNa*015Sis: m/z 1057.3782 [M + Na']. Found: 1057.3789.
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Figure S14 'H NMR (300 MHz, CDCls) spectrum of G1-1iBu-a-20H.
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Figure S16 2Si NMR (79.50 MHz, CDCl3) spectrum of G1-1iBu-a-20H.
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Figure S18 ESI-TOF-MS spectrum of G1-1iBu-a-20H.
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G1.5-1iBu-a-2SiH

o S'/ S‘"H
i \0-Si * _Si
IBucSi/O\Si‘M\ \\/\/\/Y\O ~
o _O\siBu O .
iBu>Si/‘o\Si/0 s'\H
; \
| \|Bu\0 /
Q _Si-.,P-Si
. of s
\,0 sli”o iBu
Fl\o/ \
iBu iBu

White solid. Isolated Yield 79%

IH NMR (300 MHz, CDCls, ppm): & = 0.08 (d, Ju+ = 6.6 Hz, 6H, -Si(CHa)2), 0.21 (d, Jus = 2.8 Hz,
12H, -Si(CHs)2H), 0.54-0.62 (M, 14H, -CH,- (iBu); 2H, -SiCH,), 0.94-0.97 (dd, J. = 6.6, 1.9 Hz, 42H,
-CHs (iBu)), 1.26-1.30 (m, 10H, -CH,-), 1.81-1.91 (m, 7H, -CH- (iBu)), 3.51-3.55 (m, 2H, -CH-O-),
3.66-3.70 (m, 1H, -CH-0-), 4.61-4.64 (m, 1H, -SiH), 4.66-4.73 (m, 1H, -SiH).

13C NMR (101 MHz, CDCls, ppm): 8 = -1.44 — -1.41 (-Si(CHs)zH), -0.53, -0.68 (-Si(CHs);H), -0.16
(-Si(CHs),), 18.01 (-SiCHy), 22.57-22.66 (-CHo-, (iBu)), 23.16 (-CH,-), 23.98-24.02 (-CH-, (iBu)),
25.70 (-CH,-), 25.86 (-CHs, (iBu)), 29.59 (-CH.-), 33.63-33.81 (-CH.-), 68.54 (-CH,-O-), 74.97
(-CH-0-).

295i NMR (79.5 MHz, CDCls, ppm): & = 11.38 (-Si(CHs)z), 6.24 (-CH-O-Si-H), 4.45 (-CH,-O-Si-H),
-67.10, -67.89, -67.91 (-Si(CHy), (iBu)), -109.69 (SiOs).

IR (ATR, cm): 2952.63, 2923.92, 2906.98, 2867.85 (C-H), 2118.19 (Si-H), 1464.17 (C-H), 1252.64
(Si-C), 1168.36, 1078.72, 1037.86 (Si-O-Si), 904.39 (Si-H).
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Figure S19 'H NMR (300 MHz, CDClIs) spectrum of G1.5-1iBu-a-2SiH.
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Figure S21 2Si NMR (79.50 MHz, CDCls) spectrum of G1.5-1iBu-a-2SiH.
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Figure S22 2Si NMR (79.50 MHz, CDClI3) spectrum showed diasteroisomers of G1.5-1iBu-a-2SiH.
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G2-1iBu-a-2a-40H

Waxy solid. Isolated Yield 39%

!H NMR (300 MHz, CDCls, ppm): 8 = 0.07-0.14 (m, -Si(CHs)z), 0.53-0.62 (m, -SiCHa, -CH,- (iBu)),
0.95 (dd, Jun = 6.6, 1.8 Hz, 42H, -CHs (iBu)), 1.25-1.43 (m, -CH,-), 1.81-1.91 (m, -CH- (iBu)), 3.43
(dd, Ju.n = 10.8, 7.6 Hz, -CH2-O-, -CH-0-), 3.63-3.67 (m, -CH2-OH), 3.69-3.76 (m, -CH-OH).

13C NMR (101 MHz, CDCls, ppm): 8 = -0.96 ((-Si(CH3)2), -0.17 (-Si(CHs)z), 0.35 (-Si(CHs)z), 1.20
(-Si(CHs),), 18.00-18.04 (-SiCH,), 22.57-22.66 (-CH,-, (iBu)), 23.13 (-CH,-), 23.97-24.01 (-CH-,
(iBu)), 25.73-25.84 (-CHj, (iBu)), 29.60, 29.85 (-CH,-), 33.38-33.43 (-CH,-), 33.54 (-CH,-), 66.98,
66.99 (-CH,-O-, -CH,-OH), 72.41, 72.46 (-CH-O-, -CH-OH).

295i NMR (79.5 MHz, CDCls, ppm): & = 11.33-11.38 (-Si(CHs)z), -67.10, -67.88 (-Si(CHz), (iBu)),
-109.68 (SiOx).

IR (ATR, cm): 3368.03 (-OH), 2952.08, 2923.65, 2867.01 (C-H), 1463.98 (C-H), 1257.70 (Si-C),
1168.35, 1080.66, 1038.32 (Si-O-Si).

ESI-TOF-MS: Calcd. for C58H12901gSi11'1 m/z 1437.6595 [|V| - H]i. Found: 1437.6591.
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Figure S23 'H NMR (300 MHz, CDClI3) spectrum of G2-1iBu-a-2a-40H.
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Figure S24 3C NMR (101 MHz, CDCls) spectrum of G2-1iBu-a-2a-40H.
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Figure S25 Si NMR (79.50 MHz, CDCls) spectrum of G2-1iBu-a-2a-40H.
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G1-1iBu-b-20H

/
iBu, ./o\s..»‘\OSi\\/VOV&
o y

/ _0siBu
iBu—sfgo\Si/o
\ Bu\ /

[

White solid. Isolated Yield 81%

'H NMR (300 MHz, CDCls, ppm): § =0.11 (s, 6H, -Si(CHs3).), 0.58-0.62 (m, 16H, -SiCH,, -CH.- (iBu)),
0.85 (t, Ju-n= 7.6 Hz, 3H, -CHj3), 0.94-0.97 (m, 42H, -CHjs (iBu)), 1.29-1.36 (m, 2H, -CH>-CHj3), 1.56-
1.66 (m, 2H, -CH»-), 1.78-1.93 (m, 7H, -CH- (iBu)), 3.38 (t, Ju-1= 6.8 Hz, 2H, -CH»-0-), 3.59 (s, 2H,
-0-CHz-C-), 3.60 (d, Ju-+= 11.1 Hz, 2H, -CH»-OH), 3.73 (d, Ju.v= 11.1 Hz, 2H, -CH2-OH).

3C NMR (151 MHz, CDClg, ppm): & =-0.22 (-Si(CHs)2), 7.73 (CH3-CH,), 13.90 (-SiCHy), 22.54-22.64
(-CH2-, (iBu)), 23.24 (-CH,-CH>-), 23.46-23.48 (-CH,-CHj3), 23.98-24.01 (-CH-, (iBu)), 25.84 (CHzs-,
(iBu)), 42.89 (-C-), 66.25, 66.27 (-CH,-OH), 74.71 (-CH»-O-), 75.38 (-O-CH2-C-).

2Si NMR (79.5 MHz, CDCls, ppm): & = 11.34 (-Si(CHa).), -67.06, -67.86 (-Si(CH>), (iBu)), -109.63
(SiOy).

IR (ATR, cm): 3386.05 (-OH), 2952.85, 2927.40, 2906.11, 2868.50 (C-H), 1464.34 (C-H), 1228.54
(Si-C), 1168.36, 1081.06 (Si-O-Si).

ESI-TOF-MS: Calcd. for C3gHg7O16Sis: m/z 1063.3923 [M - H] . Found: 1063.3933.

The compound is reported to be used in literature but its analytical data are unknown.®
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Figure S27 'H NMR (300 MHz, CDCls3) spectrum of G1-1iBu-b-20H.
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Figure S29 2Si NMR (79.50 MHz, CDClI3) spectrum of G1-1iBu-b-20H.
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Figure S30 *H—*C HSQC (300 MHz, 75.5 MHz, CDCls) spectrum of G1-1iBu-b-20H.
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Figure S31 ESI-TOF-MS spectrum of G1-1iBu-b-20H.
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G1.5-1iBu-b-2SiH

/
i \O0-Si (o] (o
IBU/'S-/O\Si'"M l\\/\/ \/E/ Si\/
0,/I | 'H

| OiBu
iBu-sigO=Si~ 0
|~ \iBu\o /
Q _Si-.gP-Si,,.
\sfo osli”0 B
iy I\o/ \
iBu iBu

White solid. Isolated Yield 82%

IH NMR (300 MHz, CDCls, ppm): 3= 0.11 (s, 6H, -Si(CHs)2), 0.18 (d, Ju.1i= 2.8 Hz, 12H, -Si(CHs)2H),
0.53-0.57 (M, 2H, -SiCHy), 0.59-0.62 (m, 14H, -CH,- (iBu)), 0.83 (t, Ju.n= 7.6 Hz, 3H, CH3-CHy-), 0.95
(dd, Jnv= 6.6 Hz, 42H, CHa- (iBu)), 1.30-1.36 (M, 2H, -CH,-CHs), 1.59-1.61 (m, 2H, -CH,-), 1.82-1.90
(m, 7H, -CH- (iBu)), 3.18 (s, 2H, -O-CHo-C-), 3.31 (t, Jur= 6.9 Hz, 2H, -CH,-O-), 3.45 (s, 4H,
-CH,O-SiH), 4.57-4.60 (m, 2H, -SiH).

13C NMR (101 MHz, CDCls, ppm): & = -1.46 (-Si(CHa)2H), -0.22 (-Si(CH3)2), 7.69 (CHs-CHy), 13.94
(-SiCH,), 21.96 (-CH,-CH3), 22.53-22.64 (-CHa-, (iBu)), 23.27 (-CHy-), 23.98-24.01 (-CH-, (iBu)),
25.85 (CHs-, (iBu)), 44.33 (-C-), 63.84 (-CH,-0-SiH), 70.11 (-O-CH,-C), 74.29 (-CH,-0-).

295j NMR (79.5 MHz, CDCls, ppm): & = 11.60 (-Si(CHs)z), 5.46 (-CHo-O-Si-H), -67.07, -67.88
(-Si(CHy), (iBu)), -109.67 (SiO.).

IR (ATR, cml): 2953.84, 2930.18, 2906.47, 2869.12 (C-H), 2113.89 (Si-H), 1464.81 (C-H), 1252.19
(Si-C), 1168.36, 1079.53 (Si-O-Si), 904.86 (Si-H).
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Figure S32 'H NMR (300 MHz, CDCls) spectrum of G1-1iBu-b-2SiH.

S-29-



W'T-—
°o-—

69°L—

P6'ET —

96'TC
mm.NN/
mm.NNW.
¥9'CC
LTET \
86'€C
«o.VN\

§8°'S¢

€€V —

¥8'€9 —

1oL —

6L
€PP2 ¥8°9L N
€12ad mﬁ.hh\/r
EPP2 9T°LL
EPP2 8+°LL s/

ppm

Figure S33 C NMR (101 MHz, CDCls) spectrum of G1-1iBu-b-2SiH.
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Figure S34 2Si NMR (79.50 MHz, CDCls) spectrum of G1-1iBu-b-2SiH.
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G2-1iBu-b-2b-40H
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Waxy solid. Isolated Yield 28%

'H NMR (300 MHz, CDCls, ppm): 8 = 0.06 (s, -Si(CH3)2), 0.10-0.11 (s, -Si(CHs)2), 0.19 (s, -Si(CHa)2),
0.52-0.62 (M, -SiCHa, -CHo- (iBu)), 0.84 (t, Junu= 7.7 Hz, -CHa), 0.96 (dd, Ju.x= 6.6, 2.2 Hz, -CHs
(iBu)), 1.31-1.37 (M, -CH2-CHs), 1.54-1.64 (m, -CH-), 1.81-1.91 (m, -CH- (iBu)), 3.36-3.40 (t,
-CH2-0-), 3.43 (s, -O-CH,-C-), 3.58-3.62 (d, -CH,-OH), 3.71-3.74 (d, -CH,-OH).

13C NMR (101 MHz, CDCls, ppm): & = -0.22 (-Si(CHs)2), 0.29 (-Si(CHs)z), 0.45 (-Si(CHs)2), 7.73
(CH3-CH3), 13.90 (-SiCHy), 22.54-22.64 (-CHy-, (iBu)), 23.24 (-CHz-), 23.46 (-CH,-CHs), 23.97-24.00
(-CH-, (iBU)), 25.84 (CHs-, (iBU)), 42.90 (-C-), 66.26 (-CH,-OH), 74.70 (-CH,-0-), 75.37 (-O-CH,-C).
295j NMR (79.5 MHz, CDCls, ppm): & = 11.32 (-Si(CHa).), -67.06, -67.86, -67.89 (-Si(CH,), (iBu)),
-109.64 (SiOx).

IR (ATR, cm): 3400.69 (-OH), 2953.10, 2926.04, 2907.37, 2868.50 (C-H), 1464.16 (C-H), 1257.02
(Si-C), 1168.20, 1084.83 (Si-O-Si).

ESI-TOF-MS: Calcd. for CeiH13402:Sinn?: m/z 1526.6840 [M - 2H]~. Found: 1526.7263.
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Figure S35 *H NMR (300 MHz, CDClIs) spectrum of G1-1iBu-b-2b-40H.
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Figure S37 2Si NMR (79.50 MHz, CDCls3) spectrum of G1-1iBu-b-2b-40H.
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G1-1iBu-c-20H
By, ~\\\O—Si/\vvoy*y

5i—O—si’

White solid. Isolated Yield 96%.

'H NMR (300 MHz, CDCls, ppm): 6 = 0.12 (s, 6H, -Si(CHs),), 0.53-0.56 (m, 2H, -SiCH;), 0.59-0.62
(m, 14H, -CH>- (iBu)), 0.94-0.97 (m, 42H, -CHs (iBu)), 1.66-1.68 (m, 2H, -CH»-), 1.81-1.91 (m, 7H,
-CH- (iBu)), 2.12-2.16 (m, 1H, -OH), 2.58-2.59 (d, 1H, -OH), 3.41-3.46 (m, 2H, -CH,-O-), 3.50-3.57
(m, 2H, -O-CH,-CH), 3.63-3.76 (m, 2H, -CH,-OH), 3.82-3.90 (m, 1H, -CH-OH).

13C NMR (101 MHz, CDCls, ppm): § = -0.23 (-Si(CHs).), 13.88 (-SiCH), 22.55-22.64 (-CH.-, (iBu)),
23.29 (-CH-), 24.01 (-CH-, (iBu)), 25.84 (-CHjs, (iBu)), 64.41 (-CH,-OH), 70.59 (CH-OH), 72.58
(-CH,-0-), 74.52 (-O-CH>-CH) .

2Si NMR (79.5 MHz, CDCls, ppm): & = 11.32 (-Si(CHs),), -67.07, -67.86, (-Si(CH.), (iBu)), -109.64
(SiOy).

IR (ATR, cm?): 3402.21 (-OH), 2953.77, 2926.59, 2906.96, 2869.04 (C-H), 1464.84 (C-H), 1264.29,
1228.42 (Si-C), 1168.38, 1084.64 (Si-O-Si).

Analytical data are consistent with the literature* though the assignments of resonance lines in *C NMR
are different than the reported one.
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Figure S39 'H NMR (300 MHz, CDCls) spectrum of G1-1iBu-c-20H.
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Figure S41 2Si NMR (79.50 MHz, CDCls3) spectrum of G1-1iBu-c-20H.
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G1.5-1iBu-c-2SiH
\
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0/ ~N
/
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White solid. Isolated Yield 72%

H NMR (300 MHz, CDCls, ppm): 8 = 0.10-0.11 (m, 6H, -Si(CHs)z), 0.18 (s, 6H, -Si(CHz)zH),
0.21-0.23 (s, 6H, -Si(CHz3).H), 0.54-0.62 (m, 2H, -SiCH.; 14H, -CH-, (iBu)), 0.94-0.97 (m, 42H, -CHs,
(iBu)), 1.56-1.66 (M, 2H, -CHz-), 1.79-1.93 (m, 7H, -CH-, (iBu)), 3.37-3.41 (M, 2H,-CH,-0-), 3.41-3.51
(M, 1H, -CH-O-Si-), 3.57-3.70 (M, 2H, -O-CH,-), 3.85-3.97 (M, 2H, -CH,-O-Si), 4.62-4.64 (m, 1H,
SiH), 4.68-4.73 (M, 1H, -SiH).

3C NMR (101 MHz, CDCls, ppm): & = -1.36- -1.40 (-Si(CHs);H), -0.61- -0.64 (-Si(CHs).H), -0.23
(-Si(CHa)2), 0.87 (-Si(CHs):H), 13.99 (-SiCH;), 22.57-22.67 (-CHz-, iBU), 23.35-23.37 (-CHy-), 24.00-
24.03 (-CH-, iBu), 25.86 (CHs-, iBu), 66.01 (-CH.-O-SiH), 72.17 (-CH-O-SiH), 73.93 (-CH2-O), 74.38
(-O-CHy).

25i NMR (79.5 MHz, CDCls, ppm): & = 11.46-11.48 (-Si(CHs)s), 6.66 (-CH-O-Si-H), 5.19
(-CH,-O-Si-H), -67.08, -67.88, -67.90 (-Si(CH), (iBu)), -109.68 (SiOs).

IR (ATR, cm™): 2953.59, 2926.54, 2905.93, 2869.02 (C-H), 2123.14 (Si-H), 1464.88 (C-H), 1255.55
(Si-C), 1168.33, 1081.16 (Si-O-Si), 905.76 (Si-H).
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Figure S42 'H NMR (300 MHz, CDCls) spectrum of G1.5-1iBu-c-2SiH.
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Figure S43 °C NMR (101 MHz, CDCls) spectrum of G1.5-1iBu-c-2SiH.
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Figure S44 2Si NMR (79.5 MHz, CDClIs) spectrum of G1.5-1iBu-c-2SiH.
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G1-1Ph-a-20H

[ - ph \o s/
O\,O'SI:OXI;E)' ibn
Si\O/Si
4
Ph Ph

White solid. Isolated Yield 43%

'H NMR (300 MHz, CDCls, ppm): & = 0.08 (s, 6H, -Si(CHs)z), 0.51-0.56 (s, 2H, -SiCH5), 1.18-1.32 (m,
10H, -CHa-), 1.86 (s, 2H, -OH), 3.36 (dd, Ju.n = 11.2, 8.1 Hz, 1H, -CH,-OH), 3.56 (d, Juw= 2.6 Hz 1H,
-CH,-OH), 3.61 (d, Jn.+1 = 6.6 Hz, 1H, -CH-OH), 7.32-7.49 (m, 20H, Ph), 7.72-7.78 (m, 15H, Ph).

13C NMR (101 MHz, CDCls, ppm): 8 = -0.14 (-Si(CHa)2), 17.86 (-SiCHy), 23.04 (-CH,-), 25.54
(-CHy-), 29.40 (-CHz-), 33.30 (-CH.-), 66.95 (-CH»-OH), 72.38 (-CH-OH), 127.96-128.05 (Ph),
130.30-130.33 (Ph), 130.92 (Ph), 134.32-134.34 (Ph).

295 NMR (79.5 MHz, CDCls, ppm): & = 13.07 (-Si(CHa),), -78.18, -78.32, -78.38 (-Si-Ph),
-108.99 (SiOx).

IR (ATR, cm): 3383.60 (-OH), 3072.75, 3050.67, 3028.28 (C-H phenyl), 2923.33, 2853.99 (C-H),
1594.02, 1430.45 (C=C phenyl), 1254.00 (Si-C), 1132.41, 1090.17, 1028.64 (Si-O-Si).

ESI-TOF-MS: Calcd. for Cs,Hs7015Sis m/z 1173.1626 [M — H] . Found: 1173.1631.
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Figure S45 *H NMR (300 MHz, CDClI3) spectrum of G1-1Ph-a-20H.
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Figure S46 *C NMR (101 MHz, CDCls) spectrum of G1-1Ph-a-20H.

66'80T- —

8€°8L-
Nm.wh.W.
81°8L-

LOET —

-110 -120 -130

-100

Figure S47 2Si NMR (79.5 MHz, CDCls) spectrum of G1-1Ph-a-20H.
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Figure S48 ESI-TOF-MS spectrum of G1-1Ph-a-20H.
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G1-1Ph-b-20H

White solid. Isolated Yield 47%

'H NMR (300 MHz, CDCls, ppm): & = 0.10 (s, 6H, -Si(CHs)2), 0.49-0.55 (m, 2H, -SiCH), 0.79 (t,
Junw= 7.6 Hz, 3H, -CHs3), 1.26 (q, Ju.n= 7.5 Hz, 2H, -CH,-CHs), 1.49-1.55 (m, 2H, -CH>-), 2.13 (s, 2H,
-OH), 3.19 (t, Ju.v= 6.7 Hz, 2H, -CH>-0O-), 3.30 (s, 2H, -O-CH>-C-), 3.54 (d, Ju-v= 11.1 Hz, 2H,
-CHz-OH), 3.65 (d, Ju-v= 11.1 Hz, 2H, -CH>-OH), 7.32-7.48 (m, 27H, Ph), 7.71-7.79 (m, 15H, Ph).
3C NMR (101 MHz, CDCls, ppm): & = -0.20 (-Si(CHs)2), 7.70 (CHs-CH,-), 13.83 (-SiCH,), 23.11
(-CH-), 23.40 (-CH.-CHa), 42.81 (-C-), 66.24 (-CH.-OH), 74.33 (-CH2-O-), 75.16 (-O-CH>-C-),
127.99-128.02 (Ph), 130.25-130.28 (Ph), 130.92-130.96 (Ph), 134.31-134.34 (Ph).

#Si NMR (79.5 MHz, CDCls, ppm): & = 13.14 (-Si(CHs),), -78.15, -78.30, -78.38 (-Si-Ph),
-108.93 (SiOs).

IR (ATR, cm™): 3465.99 (-OH), 3074.12, 3051.93 (C-H phenyl), 2963.61, 2930.51, 2880.94 (C-H),
1593.91, 1430.44 (C=C phenyl), 1264.22 (Si-C), 1132.54, 1094.26, 1028.73 (Si-O-Si), 997.72 (C-H
phenyl).

ESI-TOF-MS: Calcd. for Cs3HsgO16Sis: m/z 1203.1732 [M - H] . Found: 1203.1729.

ja)

Q

o

O
OOUTHVIANDO T N© NMINNO oWV ML HaONBNNOARILMN— DO
NANRNRNYTYYMmmmAN QuininmN A ST NN NN 0NN YA
NNNNNNRNKNNNNN MM mmmmm e N R R I I I odlccococooco

G/ AV

3.65

3.54] 3.19 1.26 0.79

T TR T o ™o 1
S ] 0 oo o o °
" ~ no N o ® @ o =3
4 N NN A NN I S
T T T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 1.0
(ppm)

Figure S49 'H NMR (300 MHz, CDClIs) spectrum of G1-1Ph-b-20H.
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Figure S50 °C NMR (101 MHz, CDCls) spectrum of G1-1Ph-b-20H.
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Figure S51 2Si NMR (79.50 MHz, CDCl3) spectrum of G1-1Ph-b-20H.
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Figure S52 ESI-TOF-MS- spectrum of G1-1Ph-b-20H.
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G1-1Ph-c-20H

White solid. Isolated Yield 36%.

IH NMR (300 MHz, CDCls, ppm): & = 0.11 (s, 6H, -Si(CHs),), 0.51-0.56 (m, 2H, -SiCHy), 1.51-1.61
(M, 2H, -CHp-), 2.46 (s, 2H, -OH), 3.25 (t, Jun = 7.5 Hz, 2H, -CH»-O-), 3.36-3.39 (m, 2H,
-O-CH,-CH-), 3.60 (dt, Jr.n= 11.4, 4.6 Hz, 2H, -CHo-OH), 3.76 (dt, Jrn= 9.5, 4.8 Hz, 2H, -CH-OH),
7.33-7.51 (m, 22H, Ph), 7.73-7.79 (m, 15H, Ph).

18C NMR (101 MHz, CDCls, ppm): 8 = -0.21 (-Si(CHs)2), 13.78 (-SiCH2), 23.15 (-CHy-), 64.33
(-CH2-OH), 70.50 (-CH-OH), 72.36 (-CH,-O-), 74.16 (-O-CH,-CH-), 127.99-128.04 (Ph), 130.22-
130.27 (Ph), 130.92-130.97 (Ph), 134.31-134.34 (Ph).

295j NMR (79.5 MHz, CDCls, ppm): & = 13.13 (-Si(CHs),), -78.13, -78.26, -78.35 (-Si-Ph), -108.91
(SiO).

IR (ATR, cm): 3455.09 (-OH), 3074.40, 3053.03 (C-H phenyl), 2985.33, 2955.79, 2876.66 (C-H),
1593.91, 1430.53 (C=C phenyl), 1264.07 (Si-C), 1133.21, 1106.38, 1029.13 (Si-O-Si).

ESI-TOF-MS: Calcd. for CsoHssO1Sis™: m/z 1161.1262 [M — H] . Found: 1161.1269.
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Figure S53 *H NMR (300 MHz, CDClI3) spectrum of G1-1Ph-c-20H.
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Figure S54 °C NMR (101 MHz, CDCls) spectrum of G1-1Ph-c-20H.

T
80

T T T
130 120 110 100

T
140

16'80T- —

SE'8L-
wN.wh.W.

€1°8L-

ETET —

-120 -130

-110

(ppm)

Figure S55 2Si NMR (79.50 MHz, CDClI3) spectrum of G1-1Ph-c-20H.
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Figure S56 ESI-TOF-MS spectrum of G1-1Ph-c-20H.
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G1-2D-a-40H

White solid. Isolated Yield 92%

'H NMR (300 MHz, CDCls, ppm): & = 0.28 (s, 6H, -SiCH3), 0.70-0.75 (t, 4H, -SiCH,), 1.10-1.16 (m,
8H, -CH,-), 1.22-1.26 (m, 8H, -CH>-), 1.37-1.41 (m, 4H, -CH>-), 1.81 (m, 2H, -OH), 1.86 (m, 2H, -OH),
3.28-3.34 (m, 2H, -CH.-OH), 3.51 (m, 2H, -CH2-OH), 3.54 (m, 2H, -CH-OH), 7.17-7.25 (m, 13H, Ph),
7.28-7.44 (m, 20H, Ph), 7.52-7.54 (d, 8H, Ph).

13C NMR (101 MHz, CDCls, ppm): & = -0.69 (-SiCHs), 16.83 (-SiCH>), 22.78 (-CH,-), 25.48 (-CH.-),
29.33 (-CH»-), 32.94 (-CH3-), 33.29 (-CHy-), 66.89 (-CH»-OH), 72.32 (-CH-OH), 127.76-127.91,
130.45, 131.28, 132.27, 134.06-143.20 (Ph).

2Si NMR (79.5 MHz, CDCls, ppm): 8 = -17.21 (-SiCHjs), -78.80, -78.83, -79.61, -79.70, -79.83
(-Si-Ph).

IR (ATR, cm): 3363.31 (-OH), 3071.87, 3050.00, 3026.73, 3006.71 (C-H phenyl), 2924.90, 2854.89
(C-H), 1593.56, 1429.65 (C=C phenyl), 1261.11 (Si-C), 1075.11, 1027.58 (Si-O-Si), 997.42 (C-H
phenyl).

ESI-TOF-MS: Calcd. for CegHgoNa*O15Si1o: m/z 1463.2930 [M + Na*]. Found: 1463.2943.
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Figure S57 *H NMR (300 MHz, CDClIs) spectrum of G1-2D-a-40H.
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Figure S59 2Si NMR (79.50 MHz, CDCls) spectrum of G1-2D-a-40OH.
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Figure S60 Selected range of *H—C HSQC (300 MHz, 75.5 MHz, CDCls) spectrum of
G1-2D-a-40H.
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Figure S61 ESI-TOF-MS spectrum of G1-2D-a-40H.
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G1-2D-b-40H
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White solid. Isolated Yield 85%

'H NMR (300 MHz, CDCls, ppm): 8 = 0.31 (s, 6H, -SiCH3), 0.68-0.76 (m, 7H, -SiCH,, CH3-CH>-),
1.15-1.20 (m, 4H, -CH2-CHs), 1.59-1.68 (m, 4H, -CH>-), 1.97 (s, 4H, -OH), 3.20 (s, 4H, -O-CH>-C),
3.26 (t, Ju-v= 6.7 Hz, 4H, -CH»-0-), 3.47 (d, Ju-+=11.1 Hz, 4H, -CH2-OH), 3.59 (d, Ju.n=11.1 Hz, 4H,
-CH-OH), 7.18-7.23 (m, 10H, Ph), 7.28-7.44 (m, 21H, Ph), 7.52 (d, Ju.n= 6.7 Hz, 8H, Ph).

3C NMR (101 MHz, CDCls, ppm): & = -0.78 (-SiCHs), 7.63 (CHs-CH,), 12.80 (-SiCH,), 22.84
(-CH-), 23.24 (-CH:-CHa), 42.74 (-C-), 66.09 (-CH.-OH), 73.94 (-CH2-O-), 74.84 (-O-CH>-C-),
127.82-127.96 (Ph), 130.56 (Ph), 131.01-131.14 (Ph), 131.98 (Ph), 133.99-134.13 (Ph).

#Si NMR (79.5 MHz, CDCls, ppm): 8 = -17.45 (-SiCHs), -78.58, -79.41, -79.53, -79.66 (-Si-Ph).

IR (ATR, cm™): 3418.36 (-OH), 3072.03, 3050.08, 3026.58 (C-H phenyl), 2962.23, 2932.05, 2878.93
(C-H), 1593.56, 1429.82 (C=C phenyl), 1262.00 (Si-C), 1190.21, 1087.95, 1028.42 (Si-O-Si), 997.63
(C-H phenyl).

ESI-TOF-MS: Calcd. for CegHsaNa*O20Si1o: m/z 1523.3141 [M + Na*]. Found: 1523.3138.
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Figure S62 'H NMR (300 MHz, CDClIs) spectrum of G1-2D-b-40H.
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Figure S63 °C NMR (101 MHz, CDCls) spectrum of G1-2D-b-40H.
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Figure S64 2Si NMR (79.50 MHz, CDCls) spectrum of G1-2D-b-40H.
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Figure S65 ESI-TOF-MS spectrum of G1-2D-b-40H.
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G1.5-2D-b-4SiH
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Waxy solid. Isolated Yield 85% for a mixture products and TMDS by-products.

IH NMR (300 MHz, CDCls, ppm): & = 0.13-0.24 (m, 24H, -Si(CHs)2H), 0.36 (s, 6H, -SiCH3), 0.79-0.84
(m, 10H, -SiCH,, -CHo-CHs), 1.29-1.37 (4H, -CH,-CHs), 1.64-1.74 (m, 4H, -CH,-), 3.12 (s, 4H,
-0-CH,-C), 3.29 (t, Jun = 6.6 Hz, 4H, -CH,-O-), 3.45 (s, 8H, -CH,-O-Si-), 4.58-4.63 (m, 4H, -SiH),
7.21-7.23 (m, 8H, Ph), 7.29-7.31 (m, 8H, Ph), 7.36-7.49 (m, 16H, Ph), 7.58-7.60 (m, 8H, Ph).

13C NMR (101 MHz, CDCls, ppm): & = -1.48 (-Si(CHs),H), -0.79 (-SiCHs), 7.66-7.71 (CHs-CH), 13.08
(-SiCH.), 21.95 (-CH2-CHas), 23.02 (-CHp-), 44.09-44.30 (-C-), 63.80 (-CH,-O-Si-), 69.99
(-O-CH,-C-), 73.71 (-CH»-0-), 127.80-127.93, 130.47, 131.21-131.24, 132.23, 134.09-134.19 (Ph).
295j NMR (79.5 MHz, CDCls, ppm): & = 5.38 (-SiH), -17.11 (-SiCHs), -78.61, -79.50, -79.54, -79.58

(-Si-Ph).

IR (ATR, cm): 3073.36, 3052.22 (C-H phenyl), 2959.65, 2903.69, 2878.11 (C-H), 2117.88 (Si-H),
1594.27, 1430.16 (C=C phenyl), 1255.08 (Si-C), 1129.47, 1078.11, 1028.67 (Si-O-Si), 998.44 (C-H

phenyl), 903.29 (Si-H).
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Figure S66 'H NMR (300 MHz, CDCls3) spectrum of G1.5-2D-b-4SiH.
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Figure S67 *C NMR (101 MHz, CDCIls) spectrum of G1.5-2D-b-4SiH. *) Residue of partially
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Figure S68 2°Si NMR (79.50 MHz, CDCls) spectrum of G1.5-2D-b-4SiH. *) Residue of partially

decomposed product.
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G2-2D-b-4b-80H

Ifoji
jlo \ Pheg:_0—c:~Ph SiS
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Waxy solid. Isolated Yield 18%

'H NMR (300 MHz, CDCls, ppm): & = 0.10 (s, -Si(CHs)2), 0.33 (s, -SiCH3), 0.72-0.77 (m, -SiCH_,
CH3-CH2-), 0.83-0.88 (-SiCH2, CH3-CH>-), 1.21-1.28 (m, -CH2-CH3), 1.61-1.68 (m, -CH>-), 1.79 (s,
-OH), 3.22 (s, -O-CH»>-C-), 3.28 (t, Ju-n= 6.7 Hz, -CH,-O-), 3.44-3.50 (m, -CH>-OH), 3.58-3.61 (m,
-CH»-OH), 3.70-3.74 (m, -CH»-O-Si-), 7.18-7.24 (m, Ph), 7.29 (s, Ph), 7.34-7.46 (m, Ph), 7.53-7.55 (m,
Ph).

3C NMR (101 MHz, CDCls, ppm): § =-1.19 —-1.11 (-Si(CHs)2), -0.81 (-SiCHs), 1.18-1.29 (-Si(CHs)z),
7.62-7.68 (CHs3-CH2), 12.81 (-SiCH), 14.28 (-SiCHz), 22.84 (-CH:-CH:-), 23.19 (-CH:-CHy),
26.24-26.31 (-CH-), 30.27 (-CH2-0O-Si-), 32.92 (-CH»-O-Si-), 42.73-42.93 (-C-), 59.63 (-C-), 66.08-
66.18 (-CH>-OH), 73.89-73.92 (-CH.-0O-), 74.64-74.69 (-O-CH,-C-), 127.78-127.82 (Ph), 127.94 (Ph),
130.49-130.54 (Ph), 131.01-131.13 (Ph), 131.98 (Ph), 133.98 (Ph), 134.10-134.13 (Ph).

2Si NMR (79.5 MHz, CDCls, ppm): & = 7.59 (-Si(CHs),), -17.45 (-SiCH3), -78.59, -79.42, -79.54,
-79.66 (-Si-Ph).

IR (ATR, cm): 3409.95 (-OH), 3072.26, 3050.31, 3026.81 (C-H phenyl), 2958.82, 2928.57, 2854.19
(C-H), 1593.75, 1429.85 (C=C phenyl), 1258.81 (Si-C), 1080.37, 1026.23 (Si-O-Si), 997.72 (C-H
phenyl).

ESI-TOF-MS: Calcd. for C112H176032Siws*: m/z 2424.8936 [M - 4H]*~. Found: 2424.8078.
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Figure S69 'H NMR (300 MHz, CDCls) spectrum of G2-2D-b-4b-80H. *) Olefin residues.
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Figure S70 *C NMR (101 MHz, CDCI3) spectrum of G2-2D-b-4b-80H. *) Residue of partially

decomposed product.
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Figure S71 °Si NMR (79.50 MHz, CDCl3) spectrum of G2-2D-b-4b-80H. *) Residue of partially

decomposed product.

S-56-



Intens. -MS, 0.0-0.3min #2-18|
[%]

24108135

0.25
2407 8489
2441.7242
2402.9078
0.20
24179239
24446991
24138892 2424.8078 2432.8058

0.16

2420 2440

Figure S72 ESI-TOF-MS spectrum of G2-2D-b-4b-80H.
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G1-2D-c-40H

White solid. Isolated Yield 86%.

'H NMR (300 MHz, CDCls, ppm): & = 0.31 (s, 6H, -SiCH3), 0.69-0.75 (t, 4H, -SiCH,), 1.62-1.73 (m,
4H, -CHy-), 1.95 (s, 2H, -OH), 2.36 (s, 2H, -OH), 3.21-3.28 (m, 4H, -CH,-0-), 3.30-3.35 (m, 4H,
-0O-CH2-CH), 3.42-3.56 (m, 4H, -CH»-OH), 3.64-3.68 (m, 2H, -CH-OH), 7.18-7.23 (m, 11H, Ph),
7.28-7.44 (m, 21H, Ph), 7.51-7.53 (m, 8H, Ph).

¥C NMR (101 MHz, CDCls, ppm): & = -0.74 (-SiCHs), 12.82 (-SiCH,), 22.90 (-CH-), 64.18
(-CH2-OH), 70.45 (CH-OH), 72.18 (-CH,-O-), 73.77 (-O-CH»-CH-), 127.83-127.97 (Ph), 130.58 (Ph),
131.01-131.13 (Ph), 131.99 (Ph), 134.00-134.30 (Ph).

2Si NMR (79.5 MHz, CDCls, ppm): 6 = -17.52 (-SiCHs), -78.64, -79.46, -79.58, -79.71(-Si-Ph).

IR (ATR, cm™): 3406.11 (-OH), 3071.94, 3049.98, 3026.60 (C-H phenyl), 2930.18, 2869.85 (C-H),
1593.47, 1429.77 (C=C phenyl), 1261.99 (Si-C), 1081.43, 1028.23 (Si-O-Si), 997.55 (C-H phenyl).
Analytical data are consistent with the literature® though the assignments of resonance lines in *C NMR
are different than the reported one (based on the results of *H—*C HSQC).
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Figure S73 'H NMR (300 MHz, CDCls) spectrum of G1-2D-c-40OH.
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Figure S74 3C NMR (101 MHz, CDCls) spectrum of G1-2D-c-40OH.
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Figure S75 2°Si NMR (79.50 MHz, CDCls) spectrum of G1-2D-c-40H.
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G1-2D-c-40H.
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G1-4D-a-80H

M s"O\Srph \/\/\/\(\

O/Sl’o SI\

White solid. Isolated Yield 71%

'H NMR (300 MHz, CDCls, ppm): = -0.02 (s, 24H, -Si(CHs),), 0.43-0.48 (m, 8H, -SiCH,), 0.98-1.12
(m, 24H, -CH-), 1.18-1.34 (m, 16H, -CH-), 3.35-3.42 (m, 4H, -CH,-OH), 3.59-3.42 (m, 4H,
-CH»-OH), 3,59-3.61 (m, 4H, -CH-OH), 7.07-7.12 (m, 8H, Ph), 7.19-7.23 (m, 8H, Ph), 7.29-7.40 (m,
14H, Ph), 7.43-7.45 (m, 8H, Ph).

¥C NMR (101 MHz, CDCl;, ppm): & = 0.28 (-Si(CHs).), 18.38 (-SiCHy), 23.19 (-CH.-), 25.68
(-CH-), 29.38 (-CH2-), 30.30 (-CH>-), 33.51 (-CH-), 66.93 (-CH»-OH), 72.48 (-CH-OH), 127.53,
129.84, 131.90, 133.71, 134.37-134.52 (Ph).

2Si NMR (79.5 MHz, CDCls, ppm): § = 10.93 (-Si(CHs)2), -76.17, -78.85 (-Si-Ph).

IR (ATR, cm™): 3358.88 (-OH), 3072.02, 3049.93, 3027.72, 3005.74 (C-H phenyl), 2923.05, 2853.70
(C-H), 1593.67, 1429.72 (C=C phenyl), 1251.11 (Si-C), 1128.15, 1103.17, 1058.88 (Si-O-Si), 998.46
(C-H phenyl).

ESI-TOF-MS: Calcd. for CggHi32Na*022Siiz: m/z 1899.6334 [M + Na*]. Found: 1899.6369.
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Figure S77 *H NMR (300 MHz, CDClIs3) spectrum of G1-4D-a-80H.
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Figure S78 °C NMR (101 MHz, CDCls) spectrum of G1-4D-a-80H.
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Figure S79 Si NMR (79.50 MHz, CDCls) spectrum of G1-4D-a-80H.
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Figure S80 ESI-TOF-MS spectrum of G1-4D-a-80H.
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G1-4D-b-80OH
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White solid. Isolated Yield 81%

'H NMR (300 MHz, CDCls, ppm): & = 0.02 (s, 24H, -Si(CHs)2), 0.36-0.42 (m, 8H, -SiCH>), 0.79 (t,
Jun= 7.6 Hz, 12H, CH3-CHy-), 1.20-1.32 (m, 16H, -CH;-, -CH>-CH3), 2.79-2.80 (m, 8H, -OH), 2.92 (t,
Ju-H= 6.9 Hz, 8H, -CH2-0O-), 3.19 (s, 8H, -O-CH,-C-), 3.47-3.53 (m, 8H, -CH2-OH), 3.59-3.64 (m, 8H,
-CH,-OH), 7.13 (t, Ju-w= 7.5 Hz, 8H, Ph), 7.22-7.25 (m, 9H, Ph), 7.27-7.28 (m, 6H, Ph), 7.34-7.44 (m,
18H, Ph).

13C NMR (101 MHz, CDCls, ppm): & = 0.20-0.24 (-Si(CHa)2), 7.63 (CH3-CHy>), 14.02 (-SiCHy), 23.07
(-CH2-CHy), 23.22 (-CH>-CHs), 42.72 (-C-), 65.82 (-CH>-OH), 74.46 (-CH»-O-), 74.89 (-O-CH.-C-),
127.06, 127.64, 128.22-12863, 130.06, 130.42, 131.60, 133.31, 134.10-135.25 (Ph).

2Si NMR (79.5 MHz, CDCls, ppm): 8 = 11.22 (-SiCHs), -75.89, -78.72 (-Si-Ph).

IR (ATR, cm™): 3406.54 (-OH), 3072.34, 3050.33, 3028.86 (C-H phenyl), 2959.66, 2929.87, 2878.64
(C-H), 1593.43, 1429.56 (C=C phenyl), 1251.53 (Si-C), 1127.07, 1093.38, 1042.07 (Si-O-Si), 997.71
(C-H phenyl).

ESI-TOF-MS: Calcd. for Co2H140Na™O26Si12: m/z 2019.6756 [M + Na*]. Found: 2019.6781.
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Figure S81 'H NMR (300 MHz, CDCls) spectrum of G1-4D-b-80H.
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Figure S82 °C NMR (300 MHz, CDCls) spectrum of G1-4D-b-80OH.
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Figure S83 2Si NMR (79.50 MHz, CDCl3) spectrum of G1-4D-b-80H.
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Figure S84 Selected range of 'H—C HSQC (300 MHz, 75.5 MHz, CDCls) spectrum of
G1-4D-b-80H.
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Figure S85 ESI-TOF-MS spectrum of G1-4D-b-80H.
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G1.5-4D-b-8SiH
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Waxy solid. Isolated Yield 76%

'H NMR (300 MHz, CDCls, ppm): 6 = 0.02 (s, 24H, -Si(CHj3),), 0.15 (d, Ju-n=7.5 Hz, 48H, Si(CHs3).H),
0.38-0.42 (m, 8H, -SiCHz), 0.77 (t, Ju.n = 7.5 Hz, 12H, CH3-CH>-), 1.23-1.29 (m, 16H, -CH>-,
-CH»>-CHj3), 2.91 (t, Ju.+ =7.0 Hz, 8H, -CH»-0-), 3.00 (s, 8H, -O-CH-C-), 3.38 (s, 16H, -CH,-O-Si-),
4.55-4.57 (m, 8H, -SiH), 7.11 (t, Juw = 7.7 Hz, 8H, Ph), 7.22 (t, Jus = 7.5 Hz, 8H, Ph), 7.28 (d,
Jun= 6.7 Hz, 8H, Ph), 7.32-7.38 (m, 8H, Ph), 4.42 (d, Ju-» = 6.7 Hz, 8H, Ph).

13C NMR (101 MHz, CDCls, ppm): & = -1.47 (-Si(CHj3)2H), 0.23 (-Si(CHs)2), 7.67 (CH3-CHy), 14.11
(-SiCHy), 21.94 (-CH>-CHj3), 23.19 (-CH>-), 44.20 (-C-), 63.83 (-CH»-0O-Si-), 69.94 (-O-CH,-C-), 74.13
(-CH2-0-), 127.59-127.61, 129.93, 130.32, 131.76, 133.52, 134.33-134.45 (Ph).

2Si NMR (79.5 MHz, CDCls, ppm): 6 = 11.35 (-Si(CHs)2), 5.37 (-Si-H), -76.04, -78.78 (-Si-Ph).

IR (ATR, cm): 3072.63, 3050.98, 3005.68 (C-H phenyl), 2959.12, 2932.34, 2869.80 (C-H), 2111.83
(Si-H), 1593.84, 1429.75 (C=C phenyl), 1250.96 (Si-C), 1128.42, 1050.42, 1042.07 (Si-O-Si), 998.45
(C-H phenyl), 900.95 (Si-H).
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Figure S86 'H NMR (300 MHz, CDCls) spectrum of G1.5-4D-b-8SiH.
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Figure S87 °C NMR (101 MHz, CDCls) spectrum of G1.5-4D-b-8SiH.
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Figure S88 2°Si NMR (79.50 MHz, CDCls) spectrum of G1.5
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G2-4D-b-8b-160H

Waxy solid. Isolated Yield 20%

IH NMR (300 MHz, CDCls, ppm): 8 = 0.01 (s, -Si(CHa)2), 0.05-0.08 (m, -Si(CHs)2), 0.36-0.41 (m,
-SiCH,), 0.46-0.54 (m, -SiCH,), 0.77-0.80 (m, CH3-CH-), 0.81-0.86 (m, CHs-CHy-), 1.20-1.33 (m,
-CHa-, -CH,-CHs), 1.54-1.64 (m, -CHa-, -CH,-CHs), 2.73 (s, 16H, -OH), 2.92 (t, Jun = 6.9 Hz,
-CH2-0-), 3.18 (s, -O-CH,-C-), 3.36-3.38 (M, -CH,-0-), 3.43 (s, -O-CH,-C), 3.47-3.53 (m, -CH,-OH),
3.58-3.61 (M, -CH-OH), 3.69-3.73 (M, -CH,-OH), 7.12 (t, Jun = 7.5 Hz, Ph), 7.21-7.25 (m, Ph),

7.27-7.28 (m, Ph), 7.32-7.38 (m, Ph), 7.40-7.43 (Ph).

13C NMR (101 MHz, CDCls, ppm): 8 = 0.24-0.27 (-Si(CHs),), 0.43, 1.32, 1.43 (-Si(CHs)2), 7.65-7.68
(CHs-CHy), 14.05, 14.30-14.32, 14.42 (-SiCHy), 23.10 (-CH2-), 23.29-23.35, 23.46-23.54 (-CH2-CHs),
42,74, 42.88 (-C-), 65.91-66.15 (-CH-OH), 74.49, 74.65-74.71 (-CH,-O-), 74.96, 75.17-75.24
(-O-CH,-C-), 127.65-127.67, 130.07, 130.43, 131.63, 133.33, 134.26, 134.41 (Ph).

295i NMR (79.5 MHz, CDCls, ppm): 8 = 11.22 (-Si(CHs)2), 7.46-7.76 (-O-Si(CHa)2), -75.90, -78.73

(-Si-Ph).

IR (ATR, cm®): 3402.77 (-OH), 3072.44, 3050.92 (C-H phenyl), 2957.91, 2928.99, 2878.08 (C-H),
1593.61, 1429.73 (C=C phenyl), 1253.14 (Si-C), 1128.11, 1093.09, 1041.50 (Si-O-Si), 998.17 (C-H

phenyl).
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Figure S89 'H NMR (300 MHz, CDCls) spectrum of G2-4D-b-8b-160H.
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Figure S90 °C NMR (101 MHz, CDCls) spectrum of G2-4D-b-8b-160H.
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Figure S91 °Si NMR (79.50 MHz, CDCls) spectrum of G2-4D-b-8b-160H.
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G1-4D-c-80H

White solid. Isolated Yield 81%

'H NMR (300 MHz, CDCls, ppm): 8 = 0.01 (s, 24H, -Si(CHs)), 0.38-0.44 (m, 8H, -SiCH>), 1.29-1.37
(m, 8H, -CH»-), 2.97-3.02 (m, 8H, -CH,-O-), 3.25-3.27 (m, 8H, -O-CH>-C-), 3.47-3.54 (m, 4H,
-CH-OH), 3.60-3.63 (m, 4H, -CH»-OH), 3.70-3.74 (m, 4H, -CH-OH), 7.12 (t, Ju.n = 7.5 Hz, 8H, Ph),
7.21-7.25 (m, 10H, Ph), 7.27 (m, 4H, Ph), 7.33-7.44 (m, 17H, Ph).

3C NMR (101 MHz, CDCls, ppm): & = 0.20 (-Si(CHs),), 13.99 (-SiCH,), 23.10 (-CH-), 64.13
(-CH,-OH), 70.67 (-CH-OH), 72.13 (-O-CH,-CH-), 74.23 (-CH,-0O-),127.64, 130.05, 130.41, 131.60,
133.32, 134.24-134.39 (Ph).

2Si NMR (79.5 MHz, CDCls, ppm): & = 11.21 (-Si(CHs)2), -75.88, -78.75 (-Si-Ph).

IR (ATR, cm): 3406.54 (-OH), 3072.34, 3050.33, 3028.86 (C-H phenyl), 2959.66, 2929.87, 2878.64
(C-H), 1593.43, 1429.56 (C=C phenyl), 1251.53 (Si-C), 1127.07, 1093.38, 1042.07 (Si-O-Si), 997.71
(C-H phenyl).

Analytical data are consistent with the literature® though the assignments of resonance lines in *C NMR
are different than the reported one (based on the results of *H—C HSQC).
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Figure S92 'H NMR (300 MHz, CDClIs) spectrum of G1-4D-c-80OH.
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Figure S93 3C NMR (101 MHz, CDCls) spectrum of G1-4D-c-80H.
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Figure S94 2Si NMR (79.50 MHz, CDCls) spectrum of G1-4D-c-80H.
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Figure S95 Selected range of *H—*C HSQC (300 MHz, 75.5 MHz, CDCls) spectrum of G1-4D-c-
80H.
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