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Abstract

Silicone polymers (PDMS) are widely used for a large range of applications
from automotive to cosmetic industries owing to their unique properties, such as
electrical resistance, biocompatibility, and gas permeability. Conventionally, linear
silicone polymers are produced by acid or base-catalyzed equilibration, leading to
broad molecular weight dispersities, and high concentrations of a controversial
monomer that requires removal. Therefore, in the first part of the research, we
developed a new hydrolytic route to linear silicone polymers that is both simple and
inexpensive. The small hydrosilane tetramethyldisiloxane (HSi(CH3).OSi(CH3).H)
was polymerized to hydride-terminated PDMS (HSi-PDMS-SiH) using only water
as a reagent, a process that has industrial potential. The product can further be
converted into silicone block copolymers, elastomers, foams and resins.

We broadened the studies to consider the incorporation of different functional
groups (vinyl and alkoxy groups) into silicones, including developing methods to
control their precise locations in polymers and to synthesize dendritic
hyperbranched silicone polymers in a controllable manner.

The ability of silanes to behave as functional reducing agents was examined. A
series of model compound studies, including reduction with benzyl disulfide and
tetrasulfide, were conducted to illustrate the mechanism of S-S bond cleavage using
a catalytic amount of B(CesF5)s. The effect of sterics on the rates of hydrolysis of
the product S-Si compounds allowed consideration of the use of this strategy to
protect for thiol groups. In addition, the relative reactivities of hydrosilane with

different functional groups including mercaptan (SH), disulfide (SS) and ethoxy
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(SiOEt) were also mapped out as follows: S-H>S-S>SiOEt. These investigations
allowed us to exploit hydrosiloxanes for the reduction of the sulfur crosslinks in
used rubber tires; current reuse methodologies either utilize harsh conditions or

occur in low yields.
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Chapter 1: Introduction

1.1. Polysiloxanes: From a historical perspective

The origin of organosilicon compounds can be traced back to 1863. Friedel and
Crafts discovered the first compound containing C-Si bonds (Figure 1.1). A few
years beyond this, the first observation of Si-O-C bonds, synthesized by Ebelmen,
was reported.!? Ladenburg continued this work and recognized, upon the exposure
of aqueous HI to (C:Hs)2Si(OC:Hs),, a syrup-like, “silicon diethyloxide”, was
formed (Figure 1.2). Although the same product, now generally acknowledged as
polysiloxane, was actually first obtained by Friedel and Crafts through the oxidation
process of the tetraethylsilane product evolved from Figure 1.1, Ladenburg
provided a more practical method for synthesis.**

27Zn(C2Hs)2 + SiCly— (C2Hs)4Si + 2ZnCl
Figure 1.1. The synthesis of organosilicon compound using diethyl zinc.
n (C2Hs)2Si(OC2Hs)2 + 2nHI = [(C2H5)2S10]n+ 2n CoHsI + nH2O
Figure 1.2. The synthesis of polysiloxane using HI.

Standing on the shoulders of giants, F.S. Kipping laid the foundations for the
industrialization of polysiloxanes by creating alkylchlorosilanes using Grignard
reagents (Figure 1.3).>% The nomenclature “silicone” was coined by him to
describe the oligosiloxanes (R2Si0), resulting from the controlled hydrolysis of a
variety of chlorosilanes.’

2CHsMgCl + SiCly —» (C2Hs)2SiClz + 2MgCl,

Figure 1.3. Synthesis of organosiloxanes using Grignard reagents.
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The majority of silicone research was initially carried out in industry
laboratories, primarily General Electric (GE) and Dow Corning.® The first practical
silicone product, electrically insulating “resinous polymers”, was developed by J.F.
Hyde in Dow Corning using phenyl-containing siloxanes heated with aqueous
HCL*!® Later on, inspired by Hyde, E.G. Rochow at GE and R. Miiller
independently discovered a so-called “direct synthesis” method for the precursors
to polysiloxanes — chloromethylsilanes — at the industrial scale by reacting
hydrocarbon halides with powdered elemental silicon/copper mixtures at elevated
temperatures (Figure 1.4).%!1:12

The direct synthesis technology was developed during WWII and, due to the
outstanding properties of organosilicones, it was widely used in military-related
applications ranging from damping fluids to lubricating oils for aircrafts.!*!4 The
development of the silicone chemistry was largely hampered until the end of the
war because of national security. However, only few decades later, the global

silicone market size had grown dramatically because of the ever-increasing

demands for different types of silicone products.!?
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Reduction of silica: Preparation of silicon
SiO, + 2¢c — > Si + CO;

Miiller-Rochow reaction: Direct synthesis of methylchlorosilanes

Cl
si Cu |
I+ xCHjCI —_— Si

300°C s

()

Preparation of polydimethylsiloxane: Hydolysis and polycondensation
OH
?I +H,0 |
—_— .

i Si
/S|'\C| -HCl -1 on

‘ 0
| |\
< Si—O) + Hoésr\o>sl’l\o/H
| m n

Cyclic silicone: m=3 to 6 Linear silicone: n=4 to<100

Figure 1.4. Preparation of linear silicone polymers using hydrolysis and
condensation reactions of chlorosilanes.!?

1.2.  Silicones: From structures to properties

Polysiloxanes (silicones) describe a class of polymers composed of repeating
siloxane bonds (-R2SiO-, where R= alkyl, aryl and other functional groups) on the
backbone as presented in Figure 1.5; most silicones are based on Me:SiO
monomers. The unique physiochemical properties of siloxane bonds account for
the unusual properties of silicones when compared to their carbon-based
counterparts.'®!8 For a better understanding of the tremendous differences between

silicones versus organic polymers, it is important to differentiate the characters of

(-Si-O-) and (-C-O-) bonds.
7
~és|i—0>n—
i’
Figure 1.5. Chemical structure of the siloxane bond in silicones.
Two features profoundly affect the properties of siloxanes: electronegativity

and covalent radius. The large discrepancy of electronegativity, defined as the

tendency of an element to attract or hold on to electrons toward itself, between Si
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(1.9) and O (3.5) atoms, in contrast to C (2.5), results in the highly ionic character
(51%) of the -Si-O- bond.!”2! The large electronegativity differences are not
limited to oxygen; Si-X (X=Cl, N or even H) also facilitate the nucleophilic
substitution reactions at silicon, making it vulnerable towards acid and base-
catalyzed reactions.???3

In comparison with carbon, silicon has a covalent radius of 1.17 A which is 0.4
A larger, while oxygen has a diameter of 0.66 A. Therefore, theoretically, the bond
lengths of -C-O- and -Si-O- are expected to be 1.43 and 1.83 A, respectively.
However, from the experimental studies, surprisingly, the value of -Si-O- bond
length is 1.62 A, much shorter than expected, while -C-O- bond corresponds to the
theoretical value (1.43 A).'>1924 The fundamental origin of the shortening of -Si-
O- bond is still under debate; one on hand it is attributed to its ionic character, on
the other hand, to the hyperconjugation of -Si-O- that leads to a partial double
bond.!>2
Either hyperconjugation or ionic character could be the origin of the observed
large bond angle of -Si-O- with the value of 140°, much wider than -C-O-
(109.5°).2>27 The large angle leads to very low rotational barriers on silicone
polymer chains that leads to the outstanding mobility of silicones.?>?® The torsional
backbone flexibility further shields the -Si-O- bond with Me groups that provide a
water repellency feature to silicones.?® Also, due to the free volume of siloxane
chains, silicones exhibit ubiquitous gas permeability, which has been extensively
investigated in contact lens and membrane technologies.??-32

The other feature that greatly affects the behaviors of silicone polymers

compared to organic polymers is the high value of bond dissociation energy, which
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are recorded as 460 and 345 kJ mol™! for -Si-O- and -C-O-, respectively.!®* The
high bond dissociation energy of -Si-O- contributes to the pronounced thermal
stability of silicones that has permitted their application in the aerospace industry
as thermal insulators.?*

The unique chemical structure of siloxane bonds is associated with other
properties that outcompete many natural or synthetic carbon-based polymers. These
properties include low T, (-120 °C, glass transition), low surface tension (21-24
mN m!), UV resistance, optical transparency (240-1100 nm), low flammability and
also biocompatibility.?*>° The combinations of these exceptional properties of
silicones has elicited extensive interest from both academia and industry in their
use in areas ranging from microfluidic sensors, coatings, sealants, antifoaming
agents to implantable materials and personal care products. That is, silicones are
involved in most aspects of our daily life.>*** In consideration of the importance of
silicones, the question arises: How can we make them in a more controlled fashion?
1.3. Silicones: Traditional chemistry for preparation

The range of traditional synthetic approaches for silicones is rather limited
regardless of the desired forms, e.g., linear fluids or crosslinked materials. We will
detail the chemistry for making both types of materials in the following section.
1.3.1. Synthesis of polydimethylsiloxanes fluids
1.3.1.1. Polysiloxanes synthesis: Ring-chain equilibration using acid / base as

catalyst

Conventionally, the preparation of valuable high molecular weight

polydimethylsiloxanes involves the scission and reformation of siloxane bonds
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using linear low molecular weight hexamethyldisiloxane (MM) (end groups) and
octamethylcyclotetrasiloxane (D4) (the backbone) catalyzed by acid or base
(Figure 1.6).2 The process is completely reversible regardless of the catalyst used
and the molecular weights of the obtained polymers are manipulated by the amounts
of D4 and the end-capping M units present (General Electric silicone nomenclature:
M = MesSi, D = Me2Si022, T = MeSiO32 and Q = Si0O412).33434 Moreover, simply
replacing one or more of the methyl groups on silicon atom in MM or D4 with

versatile functional groups including SiH, vinyl, etc., leads to functional terminal

or pendent polysiloxanes.?*4
| N oM. _o | | | | | | |
A o PN e \O\\-S-i//ois(/ B L /?i\o/?i\o/ﬁi\o{?'\o xs|"\o/s|"\o/sll\
| | S||| I l acid or base
MM Dy + 15% cyclooligosiloxanes at equilibrium
H H
S|i S|i o\\\Si/O'j\Si//O catalyst S‘ S| S| S|
~ L0 - —— N [N i i
B /l o/|\ +n\sli|/ \|S|| /‘ fo) | fo) | o}|\
H H 4m 4n
MM D4 FG
FG\
mo\_ _0N._-O N
\\SI o) Si—/ |

+ \SU S Pt catalyst | |
Sii Isl' si_ Jsi_ | lsi_|si
| ST To o
D, 4m

4n
Figure 1.6. (A). Preparation of linear silicone polymers using ring-chain
equilibration; (B). Preparation of functionalized linear silicone polymers using
ring-chain equilibration.?*

One of the consequences associated with the equilibration process is the
difficulty to control and maintaining the molecular weight (MW) of silicones. As
shown in Figure 1.7, under acidic conditions it is hard to build the molecular weight
while under basic conditions the molecular weight increases dramatically at the

beginning of the reaction but, once a certain MW is reached, rapidly decreases to

form the same equilibrium MW polymer as the acid reactions.?® Also problematic,
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the dispersity (Pu) of the polymer products is high and the product typically

contains, at equilibrium, around 15% cyclooligosiloxanes.*®

Viscosity (cp)
=i - -~

0 10 20 30 40
Time (h)

Figure 1.7. Plot of viscosity against time for the polymerization of linear silicone
fluids using acid- or base- catalyzed Ds + MM.?3

1.3.1.2. Polysiloxanes synthesis: Anionic/cationic ring-opening polymerization

Another widely used method for preparing polysiloxanes is anionic
polymerization using hexamethylcyclotrisiloxane (D3), which provides
polysiloxanes with narrow dispersity.*>° Due to the larger ring strain of D3 (50-63
kJ mol™!), compared with essentially zero ring strain for D4, anionic ring-opening
polymerization is efficient, typically with butyl lithium as initiator Figure 1.8.%*
Cyclotrisiloxanes bearing functionality (e.g., vinyl ~CH=CH,, D3V = (OSiMeVi)3)
may be utilized in order to yield functionalized polysiloxanes with defined
branching.>! Moreover, the introduction of different lithium initiators (for instance,
trimethylsilylmethyl lithium and RoNLi) allows one to tune the functionality of the

end-groups.’>>?

Although the obtained polysiloxanes exhibit narrow molecular
weight distributions, undesired side reactions including termination, chain transfer,

and backbiting can take place if the starting materials are not rigorously dried and

purified.’*



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

|
0-g-0 / N/ \/
\sf’oilsf/ Ll \/\/\Si\ /\Si\ /\SI\ o
I '
D3
1/3 1 D
NONA Y Me,SiCl YooNA Y

Si{ Sy _Si___SiMe; <\~ _Si{ _Si) _si_©0®
\/\/ éo/ };10/ \o/ 3 éo/ );10/ o Li

Figure 1.8. Preparation of linear silicone polymers using anionic ring-opening
polymerization.

It should be noted that polysiloxanes bearing functional groups that are sensitive
towards nucleophiles, such as SiH, can be compromised during anionic
polymerization (either kinetic or equilibration), and accompanied by the formation
of undesired crosslinks and/or rapid dehydrogenation.>® Cationic polymerization is
regarded as an alternative synthetic route for these functional groups, for example,
methylhydrosiloxanes that serve as common starting materials for commercial,
functionalized silicones (for example, amines and epoxides, that are made by
hydrosilylation of SiH polymers).>7->
1.3.2. Syntheses of crosslinked silicone materials

While silicone oils have many uses, silicone polymers are often desired in solid
formats, including as elastomers and resins. To achieve these, versatile cross-
linking chemistries were developed that can be roughly classified in three
categories: high temperature vulcanization (HTV), room temperature vulcanization
(RTV) and hydrosilylation, typically using platinum catalysts.
1.3.2.1. High temperature vulcanization (HTV)

The stoichiometric reaction of benzoyl peroxide with polydimethylsiloxane
under high temperature was discovered to form crosslinked silicones as early as the

1940s (Figure 1.9).%° Under high temperature, benzoyl peroxide undergoes thermal
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decomposition to form peroxide radicals that further abstract hydrogen atoms from
the methyl silicones to give SiCH»e radicals. Subsequently, bimolecular coupling
reactions occur between two SiCH;e radicals to build up the carbon-carbon bridge
(SiCH»-CH:Si), leading to crosslink sites.®! However, since all methyl groups can
potentially be crosslink sites under these vigorous reaction conditions, both network
structure and total crosslink density are difficult to control. Better control over the
location of crosslinks and less vigorous reaction conditions are required when some
of the methyl groups along the silicone backbone are replaced by vinyl groups,
preferentially 0.03-2wt%, to provide crosslinked silicones with tunable
crosslinking density and therefore mechanical properties (for example,
elongation).529 Yet, drawbacks of the method are remain: 1) the acidic byproducts
generated from the peroxide initiators can facilitate the degradation of silicones;®*
and 2) the formed crosslinked silicone network is a random structure with plenty of

dangling chains present.%

©)ko/0\g/© _eat : “O' (R')
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Figure 1.9. Mechanism of high temperature vulcanization using benzoyl peroxide
with polydimethylsiloxanes.
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1.3.2.2. Room temperature vulcanization (RTV)

Room temperature vulcanization (RTV), also referred as condensation or
moisture cure, usually involves reactions between hydroxyl end-blocked
polydimethylsiloxanes and small tri- or tetrafunctionalsilanes as crosslinkers,
catalyzed by tin- or titanium-derived catalysts, for instance, octoate and di-n-
butyltin dilaurate (DBTL) as illustrated in Figure 1.10.% Tin-catalyzed RTV has
been widely applied to adhesives and sealant manufacturing because of its
economic viability and user friendliness, however, the repugnant odor from of the
tin, including byproducts, together with the toxicity of organotin catalyst limits its
use in food and biomaterial industries.*>¢” Titanium catalysts avoid some of these
issues, but they suffer from incompatibility with the silane-based adhesive
promoters (aminosilanes) and, by comparison with their relatively unsatisfactory

catalytic activity.

N
Si
HO )
\S% AN /\n\
SN AN
Si/0, N
/7 sit0 075K
VN OFt o9
o/Si\o{Si\o}Si\OH , s-OEt _DBTL _ NS
HO™ | O] 9] | Et0” “OEt Hz0 \C|>>\n\ / —&7
\Si R
O™\ Si~
\s'i o
HO™ '\

Figure 1.10. Typical RTV using hydroxy-terminated PDMS and tetracthoxysilane
with DBTL as catalyst.

1.3.2.3. Hydrosilylation
Hydrosilylation has become the ‘go to’ method for silicone elastomer synthesis.

It involves the addition reaction of hydrosilanes to unsaturated multiple bonds

10
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(usually C=C double bond) to give a silicon carbon bond (Si-C), as illustrated in

Figure 1.11.

Pt

i
_Si_ —t . AR
| catalyst R3Si

S
RRHJ'R’/\

R= siloxy, halogen, alkoxide, alkyl, aryl, etc.

R’= siloxy, alkyl, aryl, ect.

Figure 1.11. Hydrosilylation between hydrosilane and C=C double bonds using a
platinum catalyst.

The utility of first widely used platinum catalyst in the silicone industry,
Speier’s catalyst, was demonstrated in the late 1950s and became renowned for its
effectiveness as a homogenous platinum-based catalyst.®® It is comprised of
chloroplatinic acid hexahydrate in isopropanol (Figure 1.12A), however, even with
acceptable catalytic activity, it suffers from a long induction period.”® Thus, in 1973,
the platinum complex (platinum divinyltetramethyl-disiloxane complex, Figure
1.12 (B)) with high solubility in silicones together with pronounced catalytic
activity and selectivity towards the addition reaction, was developed for silicone
cure; it is referred to as “Karstedt’s” catalyst.”!”> The above-mentioned catalysts
are extensively used for the preparation of silicone elastomers, resins,
silsesquioxane cage and silicones bearing different functionalities.”>””> The
drawback of the platinum-catalyzed hydrosilylation process is the residual platinum
complex is trapped in silicone elastomers after curing, leading to the yellowing of
the silicone materials which limits their usage in LED applications.”®’” The

platinum catalyst is also expensive.

11
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H,PtClg *6 HO o pt— || || —pt ~0

A B

Figure 1.12. Platinum-based catalyst for hydrosilylation; A: Speier’s catalyst; B:
Karstedt’s catalyst.”®7!

1.4. Research frontiers for organosilicon — Develop methods to permit

structural control and introduction of functional groups

The susceptibility of siloxane bonds to acids and bases, allowing equilibration
to form small cyclic molecules from silicone polymers (the reverse of
polymerization, Figure 1.6) can be problematic. The presence of any such catalysts
can  restart  equilibration, leading to side reactions including
metathesis/redistribution of the siloxane bonds compromising the integrity of the
evolving silicone materials. In an effort to seize more control over silicone
structures, and to avoid degradation, attention has turned to other methods for
silicone synthesis. An important new strategy to create silicones is the Piers-
Rubinsztajn reaction. The key features of the Piers-Rubinsztajn reaction involve the
combination of a weak SiH bond (330-380 kJ mol!) together with a powerful metal-
free, Lewis acidic catalyst B(CeFs)3.”® These compounds, in combination with a
selection of readily reduced functional groups, permit the introduction of
organofunctionalities into silicones. Of particular relevance, even though B(C¢Fs)3
is a strong Lewis acid catalyst, it is relatively ineffective at catalyzing silicone

equilibration.
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1.4.1. Hydrosilane (SiH)- A synthetic handle

Due to the relatively large difference of the electronegativity between Si (1.9)
versus H (2.2), hydrosilanes are polarized and therefore, reactive towards
nucleophilic substitutions at silicon atom that subsequently lead to hydride
transfer,’® unlike hydrocarbons that more typically undergo proton transfer.
Exploiting the nature of the Si-H bond, hydrosilanes have been well-utilized as
reducing agents for many different organic functional groups and, in comparison
with the commonly used reductants such as lithium aluminum hydride, can be more
selective reducing agents and also ones that operate under milder conditions.”®-%
Additionally, the activation of SiH bonds by transition-metal catalysts including Ru,
Pd, and Ni expands the role of silicon hydrides in the modern synthetic
chemistry.3!#2 Silanes are also susceptible to radical reactions. In terms of the bond
energy difference, Si-H exhibits a lower bond energy than C-H (414 kJ mol!),
which favors the abstraction of hydrogen atom from silicon in the presence of
carbon-centered radicals. This provides another strategy for materials preparation,
organic synthesis and silicon chemistry.®? In summary, compounds containing SiH
groups are important precursors from a synthetic point of view, as they are activated
by base, transition metals and radicals.
1.4.2. B(C¢Fs)3- A strong Lewis acid catalyst

Tris(pentafluorophenyl)borane (B(CsFs)3) is a metal-free, hydrophobic and
thermally stable (up to 270 °C) compound that is renowned for its effectiveness as
a co-initiator for industrial olefin polymerization; it was first synthesized by Massey
et al. in 1966.34-% Traditional Lewis acid catalysts, for instance BF3 and AICls,

readily undergo decomposition upon contact with water leading to protic acid by-
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products that are harmful to the integrity of silicone materials. By contrast, B(CsFs)3
is relatively water stable.”®8” However, B(CsFs)s3 is highly hygroscopic and forms
a variety of adducts with water in a stepwise manner up to B(CsFs); « 3H>O as
shown in Figure 1.13 (1—3).%8 Interestingly, adduct 2 is viewed as a very strong

Bronsted acid with a pK, of 8.4 in acetonitrile, similar to the acidity of HCL.”8

I|3(Cst)3 ||3(<;6F5)3
H,0 ||3(CeF5)3 H,0 H/O\H H.0 PION
B(CeFo)s o / Ao
H™ H H— -0 o—
g H-Q oo
H H H
1 2 3

Figure 1.13. Adducts formation using titration of B(CsFs)3 with water.3®
1.4.3. The Piers-Rubinsztajn reaction
B(CsFs)s has been combined with hydrosilanes in many contexts. Piers initially
demonstrated that reactions involving the combination of hydrosilane and B(C¢F)3
can be classified into two major categories: hydrosilylations; and condensation
reactions.® The hydrosilylation refers to the reduction of multiple bonds (C=Y,

Y=C, O and S etc.) by hydrosilane in the presence of B(CsF5); as shown in Figure

1.14 90-92
R1 R1 R1 R1
R R SiR
o RsSiH
F{)J\W 45mol% B(CeFs)s R~ “R' + RySIOSIRs
s Ph

Ph)J\Ph /ks/SiRS

Ph
Figure 1.14. Hydrosilylation reactions using hydrosilane and B(CsFs)3
Piers also examined the catalytic mechanism of hydrosilylation under these

93

conditions.” Typical Lewis acid/base chemistry would suggest nucleophilic

addition to the C=0 is facilitated by complexation of the carbonyl complex 4
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(Figure 1.15). However, a series of experiments established that the increase of
carbonyl concentration leads to the decrease of hydrosilylation rate suggesting that
the evolving adduct 4 inhibits the hydrosilylation reaction. Based on the
observations, the mechanism is proposed to involve the activation of Si-H bond by
B(CsFs); to give boron-hydrosilane complex (Figure 1.15, 5), followed by
nucleophilic attack at silicon by C=Y (Y=O in Figure 1.15) leading to adducts 6
and 7 (Figure 1.15). Hydride-transfer then occurs from silicon to boron atom to
afford zwitterionic oxonium ion 8 (Figure 1.15) that eventually undergoes
displacement of hydride from borohydride to yield silyl ether via inversion (favored)

or retention.”*?3

1
Ref R2T
.- §i K
R\’&O R\|//O_B(CGF5)3 RS ('3+\H_§(CGF5)3 R o H
o~
X X X R

X
4 6 Retention

A X |
oR'  B(CeFs)s R R™ o’ R/g + H—B(CoFs)3 R$o
R — ’-S|.6+ — > R? Sl R — ? - H 5
Si \Si ZSi— . iRt
AR 37 S H— 3 Si—R! \SicR
RS "H R (';1 B(CeFs)3 R '\ R2 ‘Rg S
B(CeFs)s Inversion
5 7 8

Figure 1.15. Proposed catalytic mechanism of hydrosilylation for C=0 using
B(C¢Fs)3*

In addition to hydrosilylation, a plethora of studies have focused on
condensation reactions of hydrosilanes with various functional groups (Figure 1.16)
including heteroatom-containing S-H and C-S bonds. These provide a way to

introduce more functionalities into silicone.”8:90-8
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1
R'-OH R'-OSiR; + H,
R'-SH RaSH RI-SSiRy + H,
0.03-5 mol% B(CgFs)s 0
re,si” O R R%Si” SiRg * R'-H
SR!
)\ A" R? + RIS—SiR,
Ar R2

Figure 1.16. Condensation reactions using hydrosilane and B(C¢Fs)3

An important condensation reaction catalyzed by B(CsFs)s occurs between
alkoxysilanes and hydrosilanes, namely, the Piers-Rubinsztajn (PR) reaction. The
PR mechanism is similarly thought to involve the complexion of hydrosilane with
B(CsFs)s. Such a complex facilitates the nucleophilic attack on silicon by an oxygen
atom in the alkoxysilane to form oxonium ions that further undergo hydride-transfer
to complete the catalytic cycle with concomitant formation of siloxane bond and
production of an alkane gas and release of free B(C¢Fs)3.”®

The PR reaction proceeds under mild conditions — room temperature — with low
levels of B(CeFs)s catalyst. Surprisingly, hygroscopic B(CeFs)3 catalyst remains
active for PR not only in organic solvents such as hexanes and toluene, but also in
aqueous emulsions.”” Thus, PR reaction provides new opportunities to control the
structure of silicones, including the introduction of more functionalities.
1.4.4. Other nucleophiles and relative reactivities

Our group has previously examined the relative reactivities of various
functional groups under PR conditions. For example, in lignin in the presence of
hydrosilane and B(CsF5)3 the reactivity order of functional groups follows: phenol >
primary alcohol > methoxy > silyl ether.! In addition, Kazuhiro and co-workers
initially described a simple and versatile synthesis of sequence-controlled

oligosiloxanes using a series of reagents bearing two functional groups including
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carbonyl and alkoxy with hydrosilane and B(C¢F5s)3 in a one-pot manner providing
new platform for the preparation of controlled functionalized silicones. !

Most of the reactions using hydrosilane and B(CsFs); mentioned above are
carried under inert blankets (for example, under nitrogen) to prevent the
interference of water. Surprisingly, we found that with the introduction of water,
the unexpected formation of high molecular weight linear polysiloxanes in the
presence of hydrosilanes and B(C¢Fs)3 catalyst was observed, and that demands a
thorough probe to unearth the underlying mechanism of how water is involved. As
discussed above, water can participate in reactions, as B(C¢F5s)3 scavengers through
a series of complexations (Figure 1.13). If these complexation processes are
favored, the free B(CsF5); will be deactivated upon exposure to water, immediately
terminating the reaction. However, as is discussed in Chapter 2 and Chapter 3, we
observed instant and vigorous bubble formation from hydrosilanes and B(C¢Fs)3
catalyst when exposed to water, implying that the water serves as the nucleophile
instead of the quenching agent in this reaction. Thus, for Chapter 2 and Chapter 3
of this thesis, we will focus on elucidating the mechanism of this reaction together
with exploring its synthetic applications.

1.4.5. The metathesis of hydrosilanes with itself

It must be noted that there can be issues associated with hydrosilanes in the
presence of B(CgFs)3. The hydrosilane, and HSi-containing silicones, can undergo
metathesis in the presence of B(CsFs)3. Chojnowski and Rubinsztajn first described
the mechanism of B(CgFs)3-catalyzed hydrosilane metathesis using small silicone
moieties such as tetramethyldisiloxane (M"M™) under Schlenk line conditions. The

dismutation of hydrosilane takes place when treated with B(CesFs)3 (Figure 1.17,
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9—10) to afford a series of linear oligomers, in addition of cyclics (D3 and D4) and

the distinct product H,SiMe,.!%?

|
| i si
L N Lol H ot} ot
. . i i i - l\ - l\ - l\ m
_Si_ _SiM 191 H/S"\O/s"\a/s"\H W OooTH ——— m=0,1,2,...
H™| ~O7 | XH--B(CeFs)s 5'; -B(CFs)s | +
i
| "
9 104 ). + H,S‘I\H S|| o 03g;-0%—0
H—B(CgFs)3 \S‘i/’o |S|// + \SI/O\Isli/
D3 D4

Figure 1.17. Mechanism of metathesis using hydrosilane and B(CsF5)3

Even though the cleavage of siloxane bonds does not often occur in the presence
of free B(C¢Fs)3 catalyst, Chojnowski and Rubinsztajn further reported that various
hydrosilanes with B(C¢Fs); could initiate ring-opening metathesis with the strained
cyclic monomer D3. The generated oxonium-borohydride ion pair (Figure 1.18, 11)
was proposed to decompose in two ways: ring-opening reaction of D3 (Figure 1.18,
a) followed by hydride transfer back to the starting material MHM" (Figure 1.18,
b). They also mapped out the relative reactivity of different hydrosilanes as
followed: PhMeSiH, > MHM! > PhMe,SiH > MHMH 103

a__H—B(CeFs)s

| | Vo e
—qi-0 B(CgFs) 0-Si | a i ; .
S LSig USig e, “0o_| _H % . _si] __sil__sSi.
Ss-O7s” &+ HOTH ——— | s +0-S" si H 107 [0 | H * BCeFs)s
| b Mool | 3
(o] SI\
Ds /

1
Figure 1.18. Mechanism of ring-opening metathesis of MM and D4
Nishiura and co-workers investigated the cross-metathesis of Si-C and Si-H
catalyzed by B(CeFs)3 with electron-rich aryl groups, for example, Me>NCsHa, at

100 °C (Figure 1.19).1%4
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R
| ¥ B(CeF L |
FG Si\H Sli 4>( i FG SII\R2 * Si
RS
FG= Functional group R= Me, phenyl

Figure 1.19. Cross-metathesis of Si-C and Si-H bond.!*

1.4.6. Preparation of structured silicone copolymers via PR reaction

The PR reaction has been shown to be a rapid, efficient and powerful route to
controlled silicone products with functionalities under mild conditions. In 2014,
Skov and co-workers were able to first synthesize a variety of functionalized
silicone copolymers (for example, vinyl- and chloro-) with spatial control of the
functional groups using the PR reaction, a new facile and tunable strategy for the
preparation of functionalized silicone copolymers (Figure 1.20).!% In addition, Xu
and co-workers discovered structured silicone copolymer containing novel Si-O-
Si-N bonds could be accessed using the PR reaction, providing an alternative

method to siloxazanes (Figure 1.21).1%

cl ol ol ©l cl cl cl
|
L B(CHFs) L "y 2n R | | \
' s oFs)s si_ |si( _si) _si_ Jsi{ _si\ _si N P N
~q-Sica o+ /S'< /S'> >So o <O/ 90/ ~0 {O/ }0/ ~o~ _Si___Si_ S|< ,S\> _Si__JSi /S|> _Si___Si_
07107 * HOT/H  Heptane AR AR AR AN Re X or S R0 ro(flo o T of o T Jo o [ R

m

Figure 1.20. Chloride pendent and telechelic vinyl/allyl siloxane copolymers via
a PR reaction.!®

Ph  Ph ‘

PhH Ph | |

o "N [0 /3',4 /s',g _BCF L & g <Si\ Sio_»
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R4 R4 rt, 30 min n

Figure 1.21. Polymerization of methoxydisilazane and oligosiloxane via PR
reaction.!%
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1.4.7. Preparation of branched silicones via PR reaction and then platinum-

catalyzed hydrosilylation

Our group established a facile route to precise, defect-free dendrons with
molecular weights up to 5,000 g mol! using an iterative approach involving the PR
reaction and platinum-catalyzed hydrosilylation.!” We further advanced this
methodology to allow the preparation of highly branched silicones with tunable
molecular weight and branching frequency. However, full conversion of the SiH
groups was unattainable due, we infer, to the steric hinderance originating from
random branched clusters; only a maximum of ~60% of SiH conversion was

obtained from an HSi-homo polymer.!%

If we altered the pendant functional group
units in a spatially controlled manner, can we resolve this challenge? Examining

this question is the objective of Chapter 4 in this thesis.

1.5. Research frontiers for organosilicon- Exploration into sulfur

1.5.1. Thiol-functionalized silicones

Compared to vinyl or SiH functional silicone polymers, there is far less work
done with other organofunctional polymers. Organosulfur compounds have a long
and storied history, but not in silicones. The availability of thiol functional groups
into silicone materials has encouraged researchers to exploit new applications of
sulfur chemistry. One of the most widely used reactions by organic chemists in
sulfur chemistry is the thiol-ene reaction, which refers to the radical reaction
between S-H with unsaturated C=C bond initiated by photo- or thermally-

generated radicals as demonstrated in Figure 1.22.!'% The thiol-ene reaction
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exhibits high efficiency, less sensitivity towards oxygen and tolerance for a wide

range of functional groups under mild condition.'!°

hv or A

Initiation Iy 21

RSH + I — RS’ + HI

Propagation RS- + DR IE‘S\/‘\F{'

RS gt ASH — RS + RS~

Termination R’ SR
RS. A RS _~p — f
~ R + \/\R RS R

Figure 1.22. The mechanism for photo- or thermally- initiated thiol-ene
reaction.!?”

Given the versatilities of thiol-ene reaction, Bowman and co-workers extended
this reaction into silicone polymers by using thiol- and vinyl-containing
polysiloxanes for the synthesis of dental materials, taking advantage of the
biocompatibility, elasticity, reliability and hydrophobicity natures of silicones.!!!
We further tested the potential of thiol-ene reaction in the application of 3D printing
and showed that it was straightforward to tune the tunable mechanical properties of
the elastomers by adjusting either thiol and vinyl concentrations in the linear
silicone starting materials.!!? However, little is known about sulfur based silicones,
with the exception of sulfonate-modified silicones that are sold as surfactants
(Siltech Corp.).

1.5.2. Organosilicon in organic synthesis

Silyl ethers are widely used as protecting groups in organic synthesis

particularly for alcohols (shown in Figure 1.23) due to their stability to many

reaction conditions, the ease with which Si-O bonds can be formed, and the
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selective manner in which they can be selectively cleaved to release the parent

alcohol. 13
CISiMe . TBAF
LioiVies |
ROH NEt, ROSiMe3 THE ROH

Figure 1.23. Silyl ether as protection group for alcohol with TBAF as
deprotecting group.!!3

Clive and co-workers extended the scope of organosilicon protecting groups for
thiols under mild conditions, as demonstrated in Figure 1.24. These SiS compounds
successfully survive exposure to hydride reducing agents (for example, NaBH4 and

LiAlH4) H,, Pd/C and piperidine.!!*

CICH,0SiMe,Bu-t TBAF
S . RSCH,OSiMe,Bu-t — —— RSH
base THF

Figure 1.24. [[(tert-Butyl)dimethylsilyl]Joxy]-methyl for thiol protection.!!*

The above-mentioned routes to the protection of functional groups are
impractical for silicone materials, since bases are often required in the protection
process. These bases can also potentially threaten the integrity of siloxane bonds.
Therefore, considering the importance and versatility of the thiol-containing
silicones as we discussed, a mild, efficient, and reliable strategy needed to be
developed to protect thiol without the loss of silicone structural integrity. This

serves as one of the objectives in Chapter 5.

1.5.3. Organosilicon in vulcanized rubber synthesis

As noted above, hydrosilanes are potent reducing agents in the presence of
B(CeF5)s. Surprisingly, my colleague Dr. Sijia Zheng and I discovered that the
disulfide bond can be easily reduced by hydrosilanes in the presence of B(C¢Fs)3
catalyst to give S-Si and S-H compounds; if sufficient hydrosilanes are present, S-

H groups will also further react with SiH to eventually form S-Si compounds as the
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only sulfur-containing product.”” We implemented this new chemistry to recycle
used automobile rubber tires under mild conditions with good yield, and then

oxidized the recovered polymeric oil to reform new elastomers (Figure 1.25).!15

i s | ol
S/ /S|I\O/ |I\H Si SI/ S| S|
I |
\S 9 + l | S/ | \o/ | ~
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14

Figure 1.25. The full cycle of rubber to recovered polymeric oil and again rubber;
(a) Reductive silylation; (b) Cleavage of SiS bonds; (c) Oxidative coupling
produces elastomers crosslinked by disulfides; (d) Radicals form elastomers from

alkene-containing oils. Steps e and f can optionally use recovered inorganic
constituents as reinforcing agents in the elastomers.!!>

Rubber tires are produced via vulcanization with elemental sulfur of alkene-
containing hydrocarbon polymers to give strong S-S bonds as crosslinks.!'® The
process greatly improves the mechanical properties of natural rubbers including
greater tensile strength and lower hysteresis;!!” yet further improvements in
modulus arise from the use of reinforcing fillers such as carbon black.!'® Greener
tires arise additionally from the use of silica an alternative or complementary filler
that improves tear strength, resistance towards aging, and abrasion while delivering
lower rolling resistance.!!*!2? Silica on its own is not a very effective reinforcing
filler. Therefore, the hydrophilic silanol groups on the silica particles are modified,

typically with  sulfur-containing coupling agents such as  bis[3-
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(triethoxysilyl)propyl] tetrasulfide (TESPT) and bis[3-(triethoxysilyl)propyl]
disulfide (TESPD) (Figure 1.26). These dual-functional silanes use ethoxysilyl

groups to modify the silica surface through condensation reactions, and

oligosulfides to facilitate interaction with sulfur moieties.!?!:122
OFt OEt
B0 T s.__S si E0. 0 s i
1
A \Sli/\/\s/ ~g” WéEPEt B \Sli/\/\s/ \/\/6E9Et
OEt OFt

Figure 1.26. Structure of bis[3-(triethoxysilyl)propyl] tetrasulfide (A); Structure
of bis[3-(triethoxysilyl)propyl] disulfide (B).

The commercial coupling agents shown in Figure 1.26 bear two functional
groups, disulfides and ethoxy groups, both of which undergo reactions with
hydrosilanes catalyzed by B(CsFs)3. Considering the exploration of PR reactions
into the precise synthesis of silicones containing hetero-atoms, the relative
reactivities of different nucleophilic functional groups in the exposure of
hydrosilanes needed to be mapped out.”® Such a study is the focus of Chapter 5.
1.6. Thesis objectives

The overall objective of this research is focused on the exploitation of the scope
of hydrosilane and B(C¢F5)s catalyst to introduce novel routes to a series of silicone

materials and rationalize the mechanism for those reactions.

1.6.1. New route to silicone materials using hydrosilane and water in the
presence of B(C¢Fs); catalyst
As mentioned above, polysiloxanes are greatly desired because of their
interesting and unusual properties. However, there are still many limits to their
controlled synthesis. Traditional routes are compromised by: 1) products with high

concentrations of residual monomer are found in linear silicone polymers produced
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by acid or base-catalyzed equilibration; 2) residual acids or bases as catalysts may
deteriorate the integrity of silicone structure; 3) anionic polymerization using
lithium initiators suffers from side reactions such as backbiting if the materials are
not scrupulously dried.**% There are analogous drawbacks in synthesis of
crosslinked silicone materials, including: 1) any generated acidic byproducts
facilitating the degradation of silicones; 2) the random structure of the obtained
silicone elastomers has plentiful dangling chains; 3) possible toxicity of cure
catalysts; 4) moderate catalytic activity; and, 5) in the case of platinum cure, a
yellowing effect.64957677 Thus, there remains a need for alternative routes to
silicone materials. This first focus of this thesis is about our attempts to address
some of these needs.

In Chapter 2, we present a facile, novel, efficient and promising alternative for
the preparation of high molecular weight linear polysiloxanes with using relatively
inexpensive tetramethyldisiloxane (M"M") and water in the presence of B(CeFs)s.
This process overcomes the difficulties of building up the molecular weight we
encountered using base-catalyzed equilibrium. Moreover, in consideration of the
large quantities of undesired D4 formed via acid catalyzed equilibrium, we
performed careful studies to examine ways to mitigate the efficiency of cyclic
monomer production (D3, D4 and Ds) as followed using 2°Si NMR. Surprisingly,
with the assistance of solvent, equally expensive ring-strained D3 was preferentially
formed when compared to D4 (<3%) together with the formation of desirable high
molecular weight PDMS.!?* In addition, the exposure of moisture does not
contaminate the starting materials which, as mentioned, is problematic in anionic

polymerization. Instead, water is used as a reagent for chain extension here.
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In Chapter 3, we further extended this new, efficient chemistry using
hydrosilanes and water with catalytic amounts of water to the preparation of a broad
range of appropriately functional (telechelic SiOH, SiH) silicones including
dimethyl- or methylphenylsilicones to give silicone block (co)polymers with
different functionalities and the ability to tune molecular weight (~2000 - 183,000
g mol!). Mismatched stoichiometries leading to low MW materials were readily
overcome simply by adding additional HSi polymer (or more rarely, more water).
Water could be provided as bulk water, in toluene, or from humidity in the air.
Model  compound  studies of  pentamethyldisiloxane =~ (MMY)  or
bistrimethylsiloxymethylsilane (MD"M) were conducted to prove that water is a
reagent in the process, rather than an undesired contaminant that can quench the
B(CeFs); catalyst, as has been observed in some related reactions. Alternating block
copolymers could be analogously produced using the same catalyst by combining
HO-terminated silicones with HSi-terminated silicones in the absence of water.
Silicone materials including elastomers, foams and resins could also be prepared
using this process. The PR reaction provides a mild and flexible route to simple or
alternating block silicone polymers using readily available commercial starting
materials without the formation of acidic by-products that potentially destroy the
integrity of silicone structure; no yellowing effect was observed.

1.6.2. Spatially controlled silicones

The second focus of this thesis is to develop a suite of linear silicones with vinyl

functional groups spatially distributed along the backbones to serve as starting

materials for hyperbranched polysiloxane synthesis. Here, we have resolved the
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steric problem often encountered by hyperbranched polymers as a result of random
distribution of the pendant functional units which prevents further dendritic
modification.

In Chapter 4, we prepared a wide range of structurally controlled vinyl-pendant
linear silicones with different chain spacing using the PR reaction that successfully
achieved full conversion of the pendant vinyl functional groups with the
introduction of triethoxysilyl branching. Based on the obtained spatially controlled
branched polymers, it was possible to increase the branching degree.

1.6.3. Silylation and desilylation of sulfur compounds

The third focus of this thesis is to incorporate sulfur chemistry into silicones.
We discovered that hydrosilanes combined with B(CsF5)3 can be used to reduce the
disulfide bonds that are the crosslinking sites for rubber tires in automobile industry.
We started by implementing this reaction in recycling used rubber tires as a primary
application and surprisingly, observed tunable stability of the resulting S-Si
(conventionally, S-TMS bond is regarded as incredibly unstable group to hydrolysis)
with various silicone substrates. This provides a new route to protect thiols without
the use of base catalysts that could be expected to cleave siloxane bonds. Moreover,
it was possible to map out the relative reactivities of different functional groups to
permit the precise synthesis of silicones containing sulfur atom.

In Chapter 5, we report a new method to cleave disulfide bonds using
hydrosilane with B(CsFs)3 catalyst that enlarge the scope of using hydrosilane as
reducing agent.!'> A series of model compound studies, including with benzyl

disulfide and tetrasulfide, were conducted to illustrate the mechanism of disulfide
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bond cleavage leading to silyl thioethers in up to 90% yield with <1 mol% B(CsFs)3
catalyst. When exposed to catalytic amount of B(CeFs)s (0.8 mol%), relative
reactivities of hydrosilane with different functional groups including thiols (SH),
disulfides (SS) and ethoxysilanes (SiOEt) were also mapped out. The relative
reactivity of commercially available disulfide coupling agents with
bis(trimethylsiloxy)methylsilane (MD"M) was shown to be S-H>S-S>SiOEt. We
further advanced this methodology into thiol protection and examined a series of
organic thiols and disulfide compounds as well as different hydrosilane compounds.
With various silyl thioethers prepared, we then investigated several methods for
deprotection including alcohol, H>O and TBAF. Unexpectedly, the usage TBAF
leads to the formation of disulfide compound, and the stability of silyl thioethers
under those deprotecting conditions is determined by the substituent adjacent to
sulfur together with the bulkiness of the silane source. This mild process constitutes
a facile route to reutilize the organic polymers found in automobile and other sulfur-
crosslinked rubbers and also to generate silicone precursors that contain the
synthetically useful SH group.!!>!24 Although not a chapter in the thesis, expansion
of this technology to the decrosslinking of rubber tires was published in Green

Chemistry (DOI: 10.1039/C9GC03545A).
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Chapter 2: When Attempting Chain Extension, Even
Without Solvent, It Is Not Possible to Avoid Chojnowski
Metathesis Giving D3*

2.1.  Abstract

A simple, mild and efficient method to prepare HSi- or HOSi-telechelic, high
molecular weight polydimethylsiloxane polymers (to 41,600 g mol™!) using the one-
shot hydrolysis of MM is reported; titration of the water allowed for higher
molecular weights (to 153,900 g mol'). The ‘living’ character of the chain
extension processes was demonstrated by adding a small portion of M*M! and
B(CeFs)3 (BCF) to a first formed polymer, which led to an ~2 fold, second growth
in molecular weight. The heterogeneous reaction reached completion in less than
30 minutes, much less in some cases, regardless of whether it was performed neat
or 50wt% in dry toluene; homogeneous reactions in toluene were much slower. The
process does not involve traditional redistribution, as judged by the with low
quantities (<3%) of D4 produced. However, it is not possible to avoid Chojnowski
metathesis from MYDDM! giving D3, which occurs competitively with chain

extension.
2.2, Introduction

Polydimethylsiloxane (PDMS) oil is the parent commercial silicone polymers

from which almost all other silicones are derived. PDMS possesses unique

& Chapter reproduced from M. Liao, Y. Chen, and M.A. Brook, Molecules, 2021, 26 (1), 231. with
permission from MPDI Ltd, copyright 2021.
Mengchen Liao performed all the experiments and Chen provided guidance for experimental design.
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properties including, low Tg, good thermal-stability, high optical transparency,
excellent dielectric properties and excellent biocompatibility, etc. Conventionally,
two methods dominate the commercial preparation of high molecular weight PDMS
oil, dehydration of silanol-terminated oligomers,! and, acid- and particularly base-
catalyzed equilibration of cyclic monomers? (Figure 2.1A,B). However, each of
these approaches suffers from inherent shortcomings. The former process, as with
all condensation processes, slows down with increasing conversion, which makes
challenging the synthesis of high molecular weight polymers; both processes
typically lead to polymers with high dispersities Pu. In the latter case, with base-
catalyzed equilibration that has an equilibrium constant near 1, the desired polymer
is accompanied by the formation of large quantities of cyclic monomers, e.g., <15%
for Ds (D = ~Me>SiO~)** (Figure 2.1B). Cyclooligosiloxanes, particularly D,
have attracted different levels of concerns by regulatory agencies because of their
purported environmental behaviors>®; D4 concentrations are regulated in Canada
and the UK"®. Hence, there is an increasing consensus that the value of silicone
polymers would be increased if they contained lower cyclooligosiloxane
concentrations. Note that the removal of cyclic monomers from silicone oils
becomes more difficult as the MW and viscosities of both cyclics and oils increase.

The competing commercial process for synthesis of high MW silicones oils is
ring opening polymerization®, typically initiated by anions'®!'? (Figure 2.1C).
Polymers with high MW can result, but the process is challenged by the need to be
scrupulously dry to avoid premature termination; higher MW PDMS polymers with
narrow dispersity Pm are more easily achieved when the more expensive, ring

strained monomer D3 is utilized as a starting material instead of Da.
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Figure 2.1. Traditional routes to silicone polymers: A: silanol condensation; B:
Redistribution; C: Ring-opening polymerization.

Hydrosilane monomers, particularly HMeSiCl> and HMe»SiCl are produced in
the Direct Process!'? in concentrations that typically exceed commercial needs. As
a consequence, oligomers HMe:SiOSiMeoH) (MHMM)  and  polymers
Me;sSi(OSiMeH),0SiMes (PHMS) based on these monomers are readily available.
The compounds are potent reducing agents and, as Larson has noted, both
efficacious and inexpensive!*!°, In organic synthesis, benefit is made of the ease
with which silicone products, after reduction, are readily separated from the desired
organic product(s).

Tris(pentafluorophenyl)borane B(C¢Fs); (BCF), a metal-free, water-tolerant'®
and thermally stable (up to 270 °C) compound'’, is renowned for its effectiveness
as a co-initiator for industrial olefin polymerization'8. In his extensive and elegant
studies of reduction of carbonyl groups Piers showed that it was also a potent
catalyst for hydrosilane reductions!”. We used M*M! in the presence of BCF to
reduce the sulfur crosslinks in automobile rubber tire, permitting reuse of the
organic constituents!”, When using HSiEt; in the presence of BCF, Piers et al.
originally reported that overreduction of carbonyl groups led first to silyl ethers and

then to alkanes plus disiloxanes.
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Rubinsztajn and Cella recognized the Piers reduction was a new route to
silicones that was first patented, and then published in the open literature®.
Chojnowski et al. have made several seminal contributions to our understanding of
the mechanism of this process?!:?2. It is worth noting that growing optically active
siloxanes from silanols, rather than alkoxysilanes, using B(C¢Fs)3 was pioneered by
Kawakami?®. In retrospect, perhaps we should have named the reaction the Piers-
Chojnowski-Rubinsztajn- Kawakami (PCRK) reaction, rather than the PR
reaction?* and will do so for this paper.

The PCRK reaction is a particularly convenient route to synthesize silicone
polymers. One simply chooses the number of alkoxysilane, or silanol substituents,
or water, required for the synthesis of a given linear or branched monomer, and
adds the appropriate mono-, di- or oligofunctional HSi-containing molecules in the
presence of BCF%. It is thus possible to create linear polymers, including block-
copolymers, simply by combining telechelic HSi + HOSIi silicones or HSi silicones
+ water?-2!, We have previously exploited this method to reliably introduce
branches along linear silicone backbones? including, in the limit, highly branched

dendron-like structures®, including MDTQ resins (D = Me2SiO22)*! (Figure 2.2).
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Figure 2.2. A: Polymerization of telechelic HSi-silicones and water to give block
copolymers; B: Formation of highly branched silicones using the PCRK reaction.

Tetramethyldisiloxane (M"M!) is an inexpensive, atom-efficient hydrosilane
that has been selected as a silane source for a number of reactions!#3233, Attempts
to produce high molecular weight PDMS oil from M"M! and H>O in aqueous
media, a traditional PCRK reaction (mole ratio, [OH]/[SiH]=56) was made by the
group of Ganachaud who reported formation of an elastomer; it was concluded that
the reaction was not readily controllable’*. Chojnowski et al. showed under
anhydrous Schlenk line conditions that the oligomerization of MM (Figure 2.3H-
J) in the presence of BCF catalyst led to HSi-terminated oligomers and D3 —

Chojnowski metathesis??; however, with large quantities of D3 that were produced
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MHUDDMY; secondary copolymerization of D3 and MYM! with activation with
B(CeFs)3 could be used to lead to higher molecular weight polymers*.

Neither the Ganachaud nor Chojnowski outcomes with MM matched our
experience of HSi-terminated silicones in the presence of water and B(CeF5s)s,
which led smoothly to high molecular weight PDMS oils?¢ (Figure 2.2). We
hypothesized that differences arose because of the quantity of available water and
BCF and, perhaps, other experimental conditions. Herein, we report a simple and
mild process for the formation of HOSi- or HSi-terminated high molecular weight
PDMS oil by the hydrolysis of MIM! in a kinetic process that generates relatively
low quantities of D4 (<3%). However, dilution with good solvents for silicone
enhances the fraction of D3 produced alongside the polymer.

2.3.  Experimental
2.3.1. Materials

Tetramethyldisiloxane (MYM") was purchased from Gelest and dried over
molecular sieves (obtained from Sigma Aldrich, Molecular sieves, 4 A beads, 8-12
mesh) before use. Ultrapure water (18 MQ-cm) was obtained from Easy pure RF
(Barnstead). The B(CeF5s)3 catalyst was provided by Alfa Aesar. Toluene (Caledon)
was dried over an activated alumina column (2.3 ppm water present). ‘Wet” DCM
(72.5 ppm water present) and ‘wet’ toluene (466.6 ppm water present) were
purchased from Caledon.

2.3.2. Methods
'H and ?°Si NMR spectra were recorded on a Bruker Advance 600 MHz nuclear

magnetic resonance spectrometer using deuterated solvent chloroform-d.
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Chromium(III) acetylacetonate (3-1073 mol L!) was added as relaxation reagent for
some of these measurements.

Gel permeation chromatography was carried out using a Viscotek GPC Max
(VE 2001 GPC Solvent/Sample Module) was used. The system was equipped with
a Viscotek VE 3580 RI Detector, a Viscotek 270 Dual Detector, and a PolyAnalytik
SupeRes PAS-101 (8 mm A~ 30 cm) column with a single pore, styrene-
divinylbenzene gel, 6 pm particle size. It was additionally calibrated using a single
narrow polydispersity polystyrene standard (93 kDa) from Polymer Laboratories.
Toluene was used as the eluent at a flow rate of 1.0 mL min~!. FTIR data was
collected on a Nicolet 6700 FTIR using Thermo Electron’s OMNIC software. GC-
MS analyses were performed using an Agilent 6890N gas chromatograph (Santa
Clara, CA, USA) equipped with a DB-17ht column (30 m x 0.25 mm i.d. x 0.15
um film, J & W Scientific), and coupled to an Agilent 5973 MSD single quadruple
mass spectrometer. One microliter of sample was injected using Agilent 7683
autosampler using an injector temperature was 250 °C and a carrier gas (helium)
flow of 0.8 mL/min. The transfer line was set to 280 °C and the MS source
temperature was 230 °C. The column temperature started at 40 °C, raised to
70 °C at 5 °C/min, raised to 95 °C at 10 °C/min, raised to 300 °C at 40 °C/min, and
then held at 300 °C for 8 min for a total run time of 21.73 min. Full scan mass
spectra between m/z 50 and 800 were acquired, with the MS detector turned off
between 2.0-2.8 min for solvent. Please note that the sample is dissolved in propyl
formate. Water concentrations were determined using Karl Fischer titrations
(Mettler Toledo DL39 Coulometer) with a one-component system containing a

Hydranal Composite solution.
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2.3.2.1. Experimental procedures for Table 2.1

One shot addition, entries 1-3: B(CeFs)3 stock solution in dry toluene

To a pre-dred 25.0 mL vial added B(CeF5)3 (0.052 g, 0.01 mmol) catalyst
together with dry toluene (1.0156 mL, 0.881 g) to prepare a B(CeF5s)3 stock solution

in dry toluene (0.01M).

entry 1 ([BCF]/[SiH]=0.02 mol%; [OH]/[SiH]=1; one-shot):

To a pre-dried 100.0 ml round-bottomed flask was added tetramethyldisiloxane
(MHEMH) (134 g mol™!, 3.13 g, 0.02 mol) and distilled water (18 g mol!, 0.402 mL,
0.02 mol) and then capped with a septum with a needle with a bubbler open to
atmosphere to balance the pressure. The mixture was stirred for 5-10 minutes prior
to the addition of B(CsF5)3 stock solution in dry toluene (0.01 M, 0.094 mL, 0.0094
mmol). The B(C¢Fs)3 stock solution was added by Eppendorf Pipette into the flask
through opening the septa. Once the B(CesFs); stock solution was added,
immediately, vigorous bubbling inside of the round bottle flask was observed. The
mixture was stirred at room temperature for 3h and the reaction was quenched by
alumina for 5h and the residual water droplet was removed by adding sodium

sulfate.

entry 2 ([BCF]/[SiH]=0.02 mol%; [OH]/[SiH]=3.2; one-shot):

To a pre-dried 100.0 ml round-bottomed flask was added tetramethyldisiloxane
(MEMH) (134 g mol™!, 5.01 g, 0.037 mol) and distilled water (18 g mol!, 2.144 mL,

0.119 mol) and then capped with a septum with a needle with a bubbler open to
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atmosphere to balance the pressure. The mixture was stirred for 5-10 minutes prior
to the addition of B(CsF5)3 stock solution in dry toluene (0.01 M, 0.149 mL, 0.0149
mmol). The B(C¢Fs)3 stock solution was added by Eppendorf Pipette into the flask
through opening the septa. Once the B(CesFs); stock solution was added,
immediately, vigorous bubbling inside of the round bottle flask was observed. The
mixture was stirred at room temperature for 3h and the reaction was quenched by
alumina for 5h and the residual water droplet was removed by adding sodium

sulfate.

entry 3 ([BCF]/[SiH]=0.1 mol%; [OH]/[SiH]=1; one-shot):

To a pre-dried 100.0 ml round-bottomed flask was added tetramethyldisiloxane
(MEMH) (134 g mol™!, 1.00 g, 0.0074 mol) and distilled water (18 g mol!, 0.134
mL, 0.0074 mol) and then capped with a septum with a needle with a bubbler open
to atmosphere to balance the pressure. The mixture was stirred for 5-10 minutes
prior to the addition of B(C¢Fs)s3 stock solution in dry toluene (0.01 M, 0.150 mL,
0.015 mmol). The B(C¢Fs)3 stock solution was added by Eppendorf Pipette into the
flask through opening the septa. Once the B(CsFs)3 stock solution was added,
immediately, vigorous bubbling inside of the round bottle flask was observed. The
mixture was stirred at room temperature for 3h and the reaction was quenched by
alumina for 5h and the residual water droplet was removed by adding sodium
sulfate. The mixture was stirred at room temperature for 3 h and the reaction was
quenched by alumina. The product was collected by filtration through Celite under

reduced pressure.
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Portion by portion addition, entries 4,5

entry 4 (overall [BCF]/[SiH]=0.008 mol%; [OH]/[SiH]=1; portion by portion

adding of B(C¢Fs); catalyst, neat):

To a pre-dried 100.0 ml round-bottomed flask was added tetramethyldisiloxane
(MHEMH) (134 g mol!, 5.01 g, 0.037 mol) and the distilled water (18 g mol™!, 0.67
mL, 0.037 mol) and then capped with a septum with a needle with a bubbler open
to atmosphere to balance the pressure. The mixture was stirred for 5-10 minutes
prior to the addition of B(C¢Fs)3 stock solution in dry toluene (0.001 M, 0.149 mL,
0.00149 mmol, [BCF]/[SiH]=0.002 mol%, first portion of catalyst). The B(C¢Fs)3
stock solution was added by Eppendorf Pipette into the flask through opening the
septa. Bubbles immediately formed once the catalyst was added. After no bubble
formation was observed (throughout the reaction, water droplet always existed
indicating sufficient amount of water), once again, B(C¢F5)3 stock solution in dry
toluene (0.001 M, 0.149 mL, 0.00149 mmol, [BCF]/[SiH]=0.002 mol%, second
portion of catalyst) was added and vigorous bubbling occurred again. The
procedure of adding B(CesFs); stock solution in dry toluene (0.001 M, 0.149 mL,
0.00149 mmol, [BCF]/[SiH]=0.002 mol%) repeated until no bubbles were observed
even after the addition of a fresh portion of catalyst was added, overall, four
portions of catalyst were added (0.008 mol%). The mixture was stirred at room
temperature for 22h and the reaction was quenched by alumina for 5h and the

residual water droplet was removed by adding sodium sulfate.
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entry 5 (overall [BCF]/[SiH]=0.006 mol%; [OH]/[SiH]=0.73; portion by

portion, 1.3 g mL!, mass of MYM! versus volume of DCM)

To a pre-dried 100.0 ml round-bottomed flask was added tetramethyldisiloxane
(MHMH) (134 g mol!, 4.12 g, 0.031 mol) and ‘wet’ DCM (3 mL, 72.5 ppm water,
0.016 mmol of water present) and then capped with a septum with a needle with a
bubbler open to atmosphere to balance the pressure. The mixture was stirred for 5-
10 minutes prior to the addition of B(CsFs)s stock solution in dry toluene (0.001 M,
0.119 mL, 0.0012 mmol, [BCF]/[SiH]=0.002 mol%, first portion of catalyst) follow
by a quick addition of the distilled water (18 g mol!, 0.074 mL, 0.0041 mol,
[OH]/[SiH]=0.13, first portion). The B(C¢Fs)s stock solution and water were added
by Eppendorf Pipette into the flask through opening the septa and the vigorous
bubble formation was observe immediately after the addition of water. Here is how
we decide to whether add catalyst or water: First add the distilled water (18 g mol
1,0.055 mL, 0.0031 mol, [OH]/[SiH]=0.1, second portion); 1) if bubble formation
was observed, indicates the cease of bubbles was originated from insufficient
amount of water. 2) if no bubble formation was observed after the addition of the
water indicating the catalyst was insufficient, then B(CsF5); stock solution in dry
toluene (0.001 M, 0.119 mL, 0.0012 mmol, [BCF]/[SiH]=0.002 mol%) was added.
The above-mentioned procedure repeated until no bubbles formed regardless of the
addition of catalyst or water, overall, [BCF]/[SiH]=0.006 mol%; [OH]/[SiH]=0.73.
The mixture was stirred at room temperature for 5.6h and the reaction was quenched
by alumina for 5h and the residual water droplet was removed by adding sodium

sulfate.
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Capturing the volatiles, entries 7,8

To a pre-dried 100.0 ml round-bottomed flask was added tetramethyldisiloxane
(MEMH) (134 g mol!, 10.38 g, 77.5 mmol) with distilled water (18 g mol™!, 1.34
mL, 74.4 mmol). To the mixture was added B(CeF5)3 stock solution in dry toluene
(0.1 M, 0.298 ml, 0.0298 mmol). The cold trap condenser was submerged in dry
ice/acetone with the addition of acetone and was directly connected to the round-
bottomed flask through 6 mm O.D. Pyrex tubing. The mixture in the round bottle
flask was stirred at room temperature for 3h and the reaction was quenched by
alumina and the residual water droplet was removed by adding sodium sulfate with
5h quenching time. Before the work up procedures, the mixtures in the round bottle
flask were weighted and characterized by 'H, 2Si NMR (SR) followed by filtration

through Celite under reduced pressure.

2.3.2.2. Experimental procedure for Table 2.2
In neat water, or in water/toluene mixtures (entries 1-9)

To a series of pre-dried 25.0 ml vials was added M"M" (134 g mol'!, 1.04 g,
7.8 mmol) with distilled water (18 g mol!, 0.134 mL, 7.4 mmol). To the mixtures
were added B(C¢Fs)s stock solution in dry toluene (0.1 M, 0.03 ml, 0.003 mmol,
respectively) and stirred at room temperature. At time points from 2-180 min
alumina was added to quench the reaction at different time intervals together with
~0.5g of sodium sulfate to remove the residual water. Before the work up
procedures, the products were characterized by 'H, 2°Si NMR (SR) followed by
filtration through Celite under reduced pressure. The same process was repeated for

the experiments that also included toluene: MHMH! (134 g mol!, 1.04 g, 7.8 mmol)
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with distilled water (18 g mol™!, 0.134 mL, 7.4 mmol), dry toluene (0.677 mL, 0.585
g) and B(C¢Fs)s stock solution in dry toluene (0.1 M, 0.03 ml, 0.003 mmol),
respectively, the mixture was then stirred at room temperature.

Chain extension (entry 10, Table 2.2)

To a 10.0 ml round-bottomed flask was added tetramethyldisiloxane (MHM™M)
(134 g mol”!, 0.015 mL, 0.011 g, 0.085 mmol) with pre-prepared PDMS oil
terminated with silanol (21,300 g mol, 0.90 g, 0.042 mmol, entry 4, Table 2.1).
To be noted here, the pre-prepared silanol PDMS was performed kugelrohr
distillation at 100°C under vacuum (635 mmHg) for 60 min before running the GPC
to remove the residual water and volatile small molecules. The mixture was added
B(CeFs);3 stock solution in dry toluene (0.01 M, 0.0086 mL, 0.086 umol) and stirred
at room temperature. After 3 h, alumina was added to the mixture to quench the
reaction. The product was collected by filtration through Celite under reduced

pressure.

2.4. Results

The reaction between MHM! and water leads first to disiloxanol 1 and then to
the tetrasiloxane formation 2 (Figure 2.3A,B); both reactions are rapid and lead to
the concomitant formation of hydrogen at the water droplet interface (Note: caution
must be taken, as this can lead to a pressure spike of this flammable gas); repetition
of these processes lead to PDMS polymer initially terminated with SiH and then
SiOH groups Figure 2.3C-E). The processes were followed using 'H NMR
(particularly the relationship between integrated peak areas of Si-H (~ 4.7 ppm vs

Si-CH3 ~0.1-0.2 ppm?®37)) and #Si NMR spectra, as well as gel permeation

49



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

chromatography (GPC) and Fourier-transform infrared spectroscopy (FTIR,
Supplementary Material, SM).

The objective of the research was to identify simple, efficient processes that
would lead to linear PDMS, optionally terminated with SiH groups. Preliminary
experiments examined the impact of reaction parameters, including catalyst
concentration, solvent and, in particular, the effect of homogeneity between water
and silicone phases during the course of hydrolysis. In addition, the impact of ‘one
shot’ addition of reagents was compared to a titration in which water and/or
additional BCF were added when reaction ceased.

Simply mixing MHM!, B(C¢Fs); stock solution in dry toluene, with bulk water
led to linear silicones (entries 1-3, Table 2.1). Unsurprisingly, reactions were faster
with more catalyst, but satisfactory rates were already achieved with only 0.02mol%
of this not inexpensive catalyst (< 30 min, see below). Adding water in excess to
the stoichiometric requirement did not lead to an improved outcome — cyclics were
formed as a by-product (see below, SM). Dilution with solvent, initially
dichloromethane (containing 72.5 ppm water), demonstrated that much higher
molecular weight polymers were accessible, with even lower levels of catalyst;
however, D4 was also a by-product of these reactions (SM). Thus, if high molecular
weight is most desired, using small amounts of organic solvents is beneficial
(entries 5,6, Table 2.1; if suppression of cyclics is key, use slightly more BCF
(entry 1, Table 2.1). Note that the use of a completely homogeneous reaction was
disadvantageous for practical or kinetic reasons. For example, the reaction of 1g of
MM would require 14.3 mL of ‘wet’ toluene (saturated with sufficient water to

complete SiH hydrolysis), so scale up would not be practicable. When we did
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attempt the reaction at small scale under these conditions, it proceeded to only a

small extent over 5 hours and then remained unchanged even after 24 hours (see

SM).

Table 2.1. High molecular weight PDMS preparation using hydrolysis
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‘ | H,O

HT] 07 "H B(CFs)s

optional - dry toluene, wet DCM, addition in portions

| \
ot oft e Tron

[BCF)/
HpH c
Entry*  [SiH] [oRY Addi- WrDeN Cyclics %¢ PONIS (g Mulg 5, Mass
[SiH]? tion (g mL") 0)d mol7) mol7) bal
mol%
1 0.1 1 (0] - 2 98 43,700 129,200 2.97 70.1
2 0.02 1 (0] - 26 74 52,700 105,400 2.00 71.3
3 0.02 3.2 (0] - 5.9 94 41,600 101,500 244 70.6
4 0.008 1 P - 5.9 92 20,700 32,500 1.57 793
5 0.006 0.73 P 1.3 12.9 87 111,400 221,500 1.99 956
6 0.004 0.75 P 1 57 94 152,500 314,000 206 829
MHMH/PhCH;¢
(g mL")
7 0.02 1 - 18.9 81.2 20,500 37,400 182 73.8
8 0.02 1 (0] 1.53 47.9 52.1 40,000 63,100 1.568 89.1¢

2 Stoichiometric addition of bulk water except for entries 5,6. Reactions were
quenched between 2.5 and 22 hours (SM). Most reactions were complete within 30
min (see below), conditions under which the catalyst remains highly effective'®. ®
O = one-shot reaction; P = reagents were added portion by portion, each time bubble
evolution ceased.  DCM contained 72.5 ppm water. Toluene was dry. ¢ Fraction of
D units in D3 + D4 + Ds or PDMS based on integration in 2°Si NMR. ¢ Mass % of
non-volatiles. T Cold trap (volatiles) contained 23.9% (total mass balance 97.7%),

which consisted of MM 50%, Me»SiH> 42%. € Cold trap contained 10.5% (total

mass balance 99.6%), which consisted of MHM 66%, Me>SiH, 26%.
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Figure 2.3. Proposed reactions for cyclooligosiloxane and polymer formation
from MHMH,

2.4.1. High molecular weight PDMS preparation using hydrolysis

The preparation of telechelic PDMS polymers from MYMY, terminated

with either SiOH or SiH groups, was straightforward by adding water in a one
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shot process in the presence of 0.02% B(CeFs);. The two-phase reaction
water/silicone was surprisingly rapid; reaction times of less than 30 minutes
led to polymers and concomitant formation of Hz. The hydrolysis/condensation
reactions in 50wt% toluene were yet more rapid, as judged by the rate of build
of polymer molecular weight (entries 1-9, Table 2.2). We have not determined
if the hydrolytic processes in toluene/water involve only homogeneous, or a
mixture of homogeneous/heterogeneous steps. The efficiency of chain
extension will decrease as the living polymer increases in size, particularly
above the entanglement limit of about 29000 g mol! (Note: in the literature,
reported entanglement limits ranges from about 15000-35000 g mol™!. Here we
use data from the seminal study of Mrozek et al.3®). This was clearly observed
here, as the final M, were 31-45k g mol! (entry 9, Table 2.2); complete
consumption of SiH groups at higher conversion terminates polymerization by
forming HOSi-terminated polymers. Re-initiation of such ‘dead’ polymers is
straightforward, however; addition of small quantities of M*MH caps the SIOH
groups leading to dimerization or higher homologues of the existing polymer
(entry 10, Table 2.2, Figure 2.3F). That is, a beneficial consequence of this
process is that, if HSi-terminated polymers are desired, one need only add
excess MHMH to cap (Silicone-Me>SiOH — Silicone-(MeSiO)Me»SiH) and,
if desired, grow the polymers before quenching the catalyst. This observation
demonstrates that the process is living (entry 10, Table 2.2)%°. Note that, in
some cases, these chain extensions are facilitated by removing using
distillation the small quantities of low molecular weight materials present,

including residual water.
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Table 2.2. Molecular weight versus reaction time using hydrolysis of MHMH,

| |
_Si___Si. | | |
| [ H,0, one shot l. | | H” 0" |"H Si___|Si Si
L .. S (- A
HT 0" H HOIO{IolOH ) ad U U E P

B(CeFs)s z B(CeFs)s
Entries 1-9 + Hp Entry 10 +H
neat H.O/toluene®
Entry Time(min) | M, MW Pu MWP M, MW B MWb

1 0 - - - 134 - - - 134
2 2 - - - 240 - - - 250
3 4 - - - 300 - - - 310
4 6 - - - 520¢ - - - 330
5 8 - - - 310 - - - 440
6 10 - - - 330 - - - 1030
7 30 21,600 54,000 2.50 - 39,000 69,700 1.79 -
8 60 21,800 63,000 2.90 -a 45,300 97,100 214 -
9 180 31,200 82,900 2.66 -a 45,500 79,900 1.76 -

Chain  Extension?
10 21,300 33,200 1.56 - 41,900 137,000 3.27

2 Reactions performed with 50 wt% MM dry toluene + liquid water. ® Calculated
based on SiH peak area versus SiCH; (integrated to 100) region in the '"H NMR. ¢
The observation at 6 min. is considered an outlier. ¢ Starting polymer entry 4, Table

2.1 contained no cyclics, and none formed by 2°Si NMR; mass balance 99.9%.

2.4.2. Managing Cyclics

Our objective was to develop simple, practicable polymer syntheses that
avoided the need for inert gas blankets; a septum with a bubbler was used to
control pressure. One of the challenges presented by MMM is its high
volatility, which was problematic with or without solvents. The evolution of
cyclics was followed by a combination of gravimetric analysis for volatile
products (trapped in a cold trap, that permitted cogenerated H» to escape) and,

for the polymerization mixture, 2°Si NMR, which is particularly sensitive to
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subtle differences in the chemical environment of D units; it is straightforward
to distinguish D3 (-8.3 ppm), D4 (-19.1 ppm) and Ds (-21.5 ppm) from D units
in linear polymers (-21.6 ppm)*°. MEM! was the main constituent captured in
a cold finger, with small amounts of MYDM!, Me,SiH> and Ds (entries 7,8,

Table 2.1).

The hydrolysis/condensation of MYM! in dilute, homogenous toluene
solution was very slow. However, two phase reactions — water/silicone or
water/silicone+toluene — were very rapid reactions and complete in < 30
minutes. Reactions can occur at the interface, or within the organic fluid. In the
case of the water/silicone mixture, the polymer yield was near 80%, with
competing growth in D3 and small amounts of Ds; D4 was only inefficiently
formed (Figure 2.4A). By contrast, even with the small dilution provided in
the 50% water/silicone+toluene system, much less polymer was formed at the

expense of D3 and Ds production, again with little D4 (Figure 2.4B).
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Figure 2.4. A: Conversion to polymer without solvent. B: Conversion to polymer

in 50wt% toluene. Rate of reaction (loss of HSi) during hydrolysis of MM was

monitored using '"H NMR and silicone constituents using Si NMR. Integrations
assumed identical sensitivity for all D units and are normalized to 100%.

Cyclic monomers are important starting materials for silicone synthesis. As
noted above, the ring strain in D3 makes it an attractive starting material for
ring opening polymerizations. On the other hand, there is an interest for a
variety of reasons in making cyclic free silicones, particularly from an

inexpensive starting material like MPM! that polymerizes so rapidly. We had
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hoped to be able to fine tune the polymerization to create high molecular

polymers in the absence of cyclics.

After dimerization, MM — MYDDM! 2, the tetramer can undergo
hydrolysis to give 3 then further chain extension, or cyclization to give D4
(Figure 2.3D vs G). The generation of D4 during polymerization under
equilibrating conditions is favored both enthalpically and entropically,
possessing virtually zero ring strain, and the SiO bond strength in cyclics is
similar to those in linear chains and larger number of molecules than in linear
polymers!. In neither of the cases examined was D4 a significant product
(Figure 2.4, Table 2.1). Thus, under these conditions of chain extension of 3
outcompetes cyclization (D or K vs G). Adding small amounts of toluene led

from an increase in D4 product only from 1% to 3%.

More problematic, with respect to cyclics, was the formation of D3 and, to
a lesser extent, Ds. The most concentrated (neat) solution produced 13% Ds,
but in the diluted sample 33% of the product mixture was D3, in addition to
linear polymer (entries 7,8, Table 2.1). These data show that, even in the
presence of water, the Chojnowski metathesis to give D3 and Me,SiH; from 2
is highly competitive with hydrolysis (Figure 2.3H). The presence of Ds in
such high quantities is consistent with chain extension from 3 to 4 and then a
different Chojnowski metathesis leading to Ds and Me,SiH; (e.g., Figure
2.3K,L)%. Tt is believed that the formation of MHDM!, found in the cold trap,
can be ascribed to reactions with Me>SiH> with disiloxanes in the presence of

B(C6F5)3 (Figure 2.3M).

57



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

Previous experience with polymer chain extension of HSi- telechelic
polymers with water did not lead to the formation of cyclics. Under these
conditions with low catalyst concentrations (0.02%)(BCF/H>.O and
B(CeFs)3:OH>*) redistribution reactions are similarly not efficient. While the
reactions here were complete in 30 minutes, there was no change in the cyclics
profile between 30-180 minutes (SM); redistribution would favor the formation
of D4 which, of the cyclics characterized, was formed in the lowest
concentration. Under equilibration in the absence of solvents, the normal
concentration of Dy is ~15%®. Similarly, redistribution cannot explain the

higher concentrations of D3 and Ds.

The formation of cyclics vs linears is therefore a consequence of the
kinetics of intra- vs intermolecular reactions within a silicone/organic solvent,
or at the water interface. When done in 50wt% toluene, more cyclics,
particularly D3, were produced than when the only solvent for the silicone was
MH"MH and silicone products themselves, i.e., than when the system was more
concentrated (Figure 2.4B vs A). This shows the power of Chojnowski
metathesis. The conversion of 2 — D3 (and 4 — Ds) effectively competes with
hydrolysis of 2 — 5§ when the reaction is slightly diluted, and is an important
reaction even when done neat. The formation and then disappearance in the
29Si NMR of a maximum of 1.4% of Me:SiH> was observed based on D-units
(for full details of all intermediates from Figure 2.4, see SM). M'DMH,
observed in the cold trap, could arise from reaction of Me,SiH; with 3 and there

may be additional homologation reactions that consume this reactive material.
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We cannot distinguish between polymerization involving
hydrolysis/condensation (Figure 2.3B-E) vs the reaction between D3 and
hydrosiloxanes, as shown by Chojnowski et al. (Figure 2.31,))%. However, the
rapid rate and high molecular weight support the hydrolytic/condensation

process as dominant.

In part, the objectives of the work were met. It was possible to obtain rapid
polymerization of MMM with water to get medium molecular weight linear
silicones terminated, if desired, with SiH groups. High concentrations
facilitated the rates of polymerization. The process is living and any premature
suppression of polymerization by complete hydrolysis to SIOH groups can be
overcome by the addition of small amounts of MMM, preferably after
removing any residual water, a process that allows much longer polymers to
form. However, unlike the hydrolytic process with starting materials that have
a higher MW (e.g., DP > 6), polymerization competed with undesired cyclic
formation. Distinctions between these are previous studies are mostly related
to concentrations. The important precedent work of Ganachaud showed that
with very high water and higher catalyst concentrations, complex equilibration
reactions occur under less controlled conditions**. On the other hand, with
exceptionally low concentrations of water and catalysts, Chojnowski et al.
showed metathesis of 2 dominates the process; one can elect to capture and
then use D3 for polymerization?!*2. This work demonstrates the power of
Chojnowski metathesis. Even without a solvent efficient formation of Dj is

observed, up to 33%, made worse even by small amounts of solvent.
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2.5. Conclusions

The simple, efficient and mild process of hydrolyzing MHM! leads to high
molecular weight PDMS (maximum 153,900 g mol™!) a controllable and ‘living’
manner. The reactions can be completed in as short a time as 30 minutes, in two
phase reactions using either bulk water with neat MHM! or MPM! in dry toluene
(50wt%). Under either set of conditions, however, low Ds (1-3%) content as
produced and higher values of Ds (2-10%) and particularly D3 (13-33%). These
outcomes are attributed to the particular efficiency of Chojnowski metathesis in

organic solvents, even with high water content.

2.6.  Acknowledgments
We gratefully acknowledge the financial support of the Natural Sciences and

Engineering Research Council of Canada.

60



2.7.

10.

11.

12.

13.

14.

Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

References

Chojnowski, J.; Cypryk, M. Synthesis of Linear Polysiloxanes. In Silicon-
Containing Polymers: The Science and Technology of Their Synthesis,
Jones, R.G., Ando, W., Chojnowski, J., Eds. Springer: 2000; pp. 1-42.
Kantor, S.W.; Grubb, W.T.; Osthoff, R.C. The Mechanism of the Acid- and
Base-catalyzed Equilibration of Siloxanes. J. Am. Chem. Soc. 1954, 76,
5190-5197.

Chojnowski, J. Polymerization. In Siloxane Polymers, Clarson, S.J.,
Semlyen, J.A., Eds. Prentice Hall: Englewood Cliffs, NJ, 1993; pp. 1-71.
Wright, P.V.; Semlyen, J.A. Equilibrium ring concentrations and the
statistical conformations of polymer chains: Part 3. Substituent effects in
polysiloxane systems. Polymer 1970, 11, 462-471.

Franzen, A.; Greene, T.; Van Landingham, C.; Gentry, R. Toxicology of
octamethylcyclotetrasiloxane (D4). Toxic. Lett. 2017, 279, 2-22.

Wang, D.-G.; Steer, H.; Tait, T.; Williams, Z.; Pacepavicius, G.; Young, T.;
Ng, T.; Smyth, S.A.; Kinsman, L.; Alaece, M. Concentrations of cyclic
volatile methylsiloxanes in biosolid amended soil, influent, effluent,
receiving water, and sediment of wastewater treatment plants in Canada.
Chemosphere 2013, 93, 766-773.

European Chemical Agency. Restriction proposal for siloxanes (D4, D5,
D6) in personal care products. ECHA 2020, echa.europa.eu/-/echa-s-
committees-conclude-on-five-restrictions.

Environment Canada Regulation on Dj.
www.canada.ca/en/environment-climate-change/services/management-
toxic-substances/list-canadian-environmental-protection-act/slioxane-
d4.html,

Peters, M.A.; Belu, A.M.; Linton, R.W.; Dupray, L.; Meyer, T.J;
DeSimone, J.M. Termination of Living Anionic Polymerizations Using
Chlorosilane Derivatives: A General Synthetic Methodology for the
Synthesis of End-Functionalized Polymers. J. Am. Chem. Soc. 1995, 117,
3380-3388.

Frye, C.L.; Salinger, R.M.; Fearon, F.W.G.; Klosowski, J.M.; DeYoung, T.
Reactions of organolithium reagents with siloxane substrates. J. Org. Chem.
1970, 35, 1308-1314.

Maschke, U.; Wagner, T.; Coqueret, X. Synthesis of high-molecular-weight
poly(dimethylsiloxane) of uniform size by anionic polymerization, 1.
Initiation by a monofunctional lithium siloxanolate. Makromol. Chem.
1992, 193, 2453-2466.

Fuchise, K.; Igarashi, M.; Sato, K.; Shimada, S. Organocatalytic
controlled/living ring-opening polymerization of cyclotrisiloxanes initiated
by water with strong organic base catalysts. Chem. Sci. 2018, 9, 2879-2891.
Brook, M. A. Silicon in Organic, Organometallic, and Polymer Chemistry;
Wiley: New York, 2000.

Pesti, J.; Larson, G.L. Tetramethyldisiloxane: A Practical Organosilane
Reducing Agent. Org. Proc. Res. Devel. 2016, 20, 1164-1181.

61



15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

Larson, G.L. Silicon-Based Reducing Agents. Gelest 2004.

Schneider, A.F.; Chen, Y., Brook, M.A. Trace water affects
tris(pentafluorophenyl)borane catalytic activity in the Piers—Rubinsztajn
reaction. Dalton Trans. 2019, 48, 13599-13606.

Piers, W.E. The Chemistry of Perfluoroaryl Boranes. In Adv. Organomet.
Chem., Academic Press: 2004; Vol. 52, pp. 1-76.

Jacobsen, H.; Berke, H.; Doring, S.; Kehr, G.; Erker, G.; Frohlich, R.;
Meyer, O. Lewis acid properties of tris(pentafluorophenyl)borane. Structure
and bonding in L-B(CesFs)3 complexes. Organometallics 1999, 18, 1724-
1735.

Zheng, S.; Liao, M.; Chen, Y.; Brook, M.A. Dissolving used rubber tires.
Green Chem. 2020, 22, 94-102, doi:10.1039/C9GC03545A.

Rubinsztajn, S.; Cella, J.LA. A New Polycondensation Process for the
Preparation of Polysiloxane Copolymers. Macromolecules 2005, 38, 1061-
1063.

Chojnowski, J.; Rubinsztajn, S.; Cella, J.A.; Fortuniak, W.; Cypryk, M.;
Kurjata, J.; Kazmierski, K. Mechanism of the B(C6F5)3-Catalyzed
Reaction of Silyl Hydrides with Alkoxysilanes. Kinetic and Spectroscopic
Studies. Organometallics 2005, 24, 6077-6084.

Chojnowski, J.; Fortuniak, W.; Kurjata, J.; Rubinsztajn, S.; Cella, J.A.
Oligomerization =~ of  Hydrosiloxanes in  the  Presence  of
Tris(pentafluorophenyl)borane. Macromolecules 2006, 39, 3802-3807.
Zhou, D.; Kawakami, Y. Tris(pentafluorophenyl)borane as a Superior
Catalyst in the Synthesis of Optically Active SiO-Containing Polymers.
Macromolecules 2005, 38, 6902-6908.

Brook, M.A.; Grande, J.B.; Ganachaud, F. New Synthetic Strategies for
Structured Silicones Using B(CesFs)s3. In Silicon Polymers, Muzafarov,
AM., Ed. Springer Berlin Heidelberg: Berlin, Heidelberg, 2011;
10.1007/12_2009 47pp. 161-183.

Brook, M.A. New Control Over Silicone Synthesis using SiH Chemistry:
The Piers—Rubinsztajn Reaction. Chem. Eur. J. 2018, 24, 8458-8469.

Liao, M.; Schneider, A.F.; Laengert, S.E.; Gale, C.B.; Chen, Y.; Brook,
M.A. Living synthesis of silicone polymers controlled by humidity. Eur.
Polym. J. 2018, 107, 287-293.

Schneider, A.F.; Brook, M.A. High-Throughput Synthesis and
Characterization of Aryl Silicones Using the Piers-Rubinsztajn Reaction.
Chem. Eur. J. 2019, 0.

Schneider, A.F.; Lu, E.K.; Lu, G.; Brook, M.A. Facile synthesis of phenyl-
rich functional siloxanes from simple silanes. J. Polym. Sci. 2020, n/a.
Morgan, J.; Chen, T.; Hayes, R.; Dickie, T.; Urlich, T.; Brook, M.A. Facile
synthesis of dendron-branched silicone polymers. Polym. Chem. 2017, &,
2743-2746.

Thompson, D.B.; Brook, M.A. Rapid Assembly of Complex 3D Siloxane
Architectures. J. Am. Chem. Soc. 2008, 130, 32-33.

Zheng, S.; Liang, S.; Chen, Y.; Brook, M.A. Hyperbranched Silicone
MDTQ Tack Promoters. Molecules 2019, 24.

62



32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

Kupareva, A.; Méki-Arvela, P.; Grénman, H.; Erdnen, K.; Murzin, D.Y.
Base-Catalyzed Transformations of Tetramethyldisiloxane. Ind. Eng.
Chem. Res. 2013, 52, 10080-10088.

Addis, D.; Das, S.; Junge, K.; Beller, M. Selective Reduction of Carboxylic
Acid Derivatives by Catalytic Hydrosilylation. Angew. Chem. Int. Ed. 2011,
50, 6004-6011.

Longuet, C.; Joly-Duhamel, C.; Ganachaud, F. Copolycondensation of
regular functional silane and siloxane in aqueous emulsion using B(C¢Fs)3
as a catalyst. Macromol. Chem. Phys. 2007, 208, 1883-1892.

Chojnowski, J.; Rubinsztajn, S.; Fortuniak, W.; Kurjata, J. Oligomer and
Polymer Formation in Hexamethylcyclotrisiloxane (D3) — Hydrosilane
Systems Under Catalysis by tris(pentafluorophenyl)borane. J. Inorg.
Organomet. Polym. Mat. 2007, 17, 173-187.

Babonneau, F.; Gualandris, V.; Maquet, J.; Massiot, D.; Janicke, M.T.;
Chmelka, B.F. Newly Applied Two-Dimensional Solid-State NMR
Correlation Techniques for the Characterization of Organically Modified
Silicates. J. Sol-Gel Sci. Technol. 2000, 19, 113-117.

Taylor, R.B.; Parhboo, B.; Fillmore, D.M. Fillmore, D. M. Nuclear
Magnetic Resonance Spectroscopy, In , Smith, A. L., Ed., Wiley, 1991,
Chap. 12, . In Analysis of Silicones, Smith, A.L., Ed. Wiley: 1991; pp. 347-
420.

Mrozek, R.A.; Cole, P.J.; Otim, K.J.; Shull, K.R.; Lenhart, J.L. Influence of
solvent size on the mechanical properties and rheology of
polydimethylsiloxane-based polymeric gels. Polymer 2011, 52, 3422-3430.
Williams, E.A. NMR Spectroscopy of Organosilicon Compounds. In 7he
Chemistry of Organic Silicon Compounds, Patai, S., Rappoport, Z., Eds.
John Wiley & Sons: Chichester, UK, 1989; Vol. 1, p. 511.

We thank a referee for this suggestion.

Rabanzo-Castillo, K.M.; Kumar, V.B.; S6hnel, T.; Leitao, E.M. Catalytic
Synthesis of Oligosiloxanes Mediated by an Air Stable Catalyst,
(C6F5)3sB(OHz). Frontiers in Chemistry 2020, 8.

63



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

2.8. Appendix 1- Supporting Information

2.8.1. Calculation of polymer molecular weight (M,) using "H NMR

Here, we use the 4 min (50% wt. dry toluene) sample as an example (peak
integration SiH: SiCH3=7.65:100) for calculating MW using 'H NMR.
We assume all the SiH functional groups are at the termini (Figure S2.1), then the
SiH peak can be integrated into 2 (one SiH at each end) and if the number of silicon

in SiCHj; assigned to x (6 hydrogens attached to 1 silicon), we can write the equation

as follow.
2 3 6x
7.65 100
x=4.357

The mass of the end group is 59 (Si(CHs),H: 28+15%2+1=59 g mol!), two end
group plus one oxygen (not containing in the repeating unit) should be as follows.
MW of two SiH end group and one oxygen atom=59*2+16=134 g mol!
Apart from 2 Si at the end, there are 2 Si left in the repeating unit (MW of the
repeating unit Si(CH3)20: 28+15%2+16=74 g mol!) thus, we can calculate the
molecular weight as follow.
MW=(x-2)*74+134=308=310 g mol!
I
H’?fo/?to/?\H
d=0,1,2,...

Figure S2.1. The proposed structure for low molecular weight silicones
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2.8.2. ‘Wet’ toluene as the only water source (JOH]/[SiH]=1,

[B(C6Fs)3]/[SiH]=0.02 mol%)

To a pre-dried 1.0 L three neck round-bottomed flask was added
tetramethyldisiloxane (MHMM) (134 g mol!, 0.23 g, 0.0017 mol) and ‘wet’ toluene
(71.62 mL, 466.58 ppm water, 0.0016 mmol of water present) and then capped with
a septum with a needle with a bubbler open to atmosphere to balance the pressure.
The mixture was stirred for 5-10 minutes prior to the addition of B(CsFs)s3 stock
solution in dry toluene (0.001 M, 0.06 mL, 0.0006 mmol). The B(C¢Fs)3 stock
solution was added by Eppendorf pipette into the flask through opening the septa.
No obvious bubble formation was observed once catalyst was added. The mixture
was stirred at room temperature for 24h and the aliquot was taken after Sh reaction
time to run 'H NMR. Finally, the reaction was quenched by alumina for 5h and the
residual water droplet was removed by adding sodium sulfate.

5 h reaction time:

'"H NMR (600 MHz, chloroform-d): 8 4.71-4.75 (SiH, m, 8.35H), 3.76-3.80
(Si(CH3)2H>, sep, J =4.1 Hz, 2.22H), 1.42 (H-0, s, 1.42H), 0.09-0.22 (Si-CH3, m,
100H) ppm.

24 h reaction time:

'"H NMR (600 MHz, chloroform-d): 8 4.70-4.74 (SiH, m, 8.35H), 3.76-3.79
(Si(CH3)2H:, sep, J =4.1 Hz, 3.68H), 1.46 (H-0, s, 2.12H), 0.08-0.21 (Si-CH3, m,

100H) ppm.
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2.8.3. Characterization of high molecular weight PDMS preparation using

hydrolysis (Table 2.1, Entry 1-6)

Entry 1: 'H NMR (600 MHz, chloroform-d): § 1.54 (H>0, s, 4.95H), 0.07-0.17 (Si-
CH;3, m, 100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace
Cr(acac)s): 6 -8.27 (D3, s, 2.02Si), -21.50-(-) 22.49 (D, m, 100Si) ppm. (GPC,
Toluene) My=43,700, My=129,200 g mol!, Dm: 2.97. (Yield: 70.1%).

Entry 2: 'H NMR (600 MHz, chloroform-d): & 1.55 (H-O, s, 12.18H), 0.07-0.17
(Si-CH3, m, 100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace
Cr(acac)s): & -8.26 (D3, s, 35.50Si), -21.93-(-) 22.16 (D, m, 100Si) ppm. (GPC,
Toluene) My=52,700, My=105,400 g mol!, Dm: 2.00. (Yield: 71.3%).

Entry 3: '"H NMR (600 MHz, chloroform-d): 8 1.54 (H>0, s, 5.84H), 0.06-0.17 (Si-
CH;z, m, 100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace
Cr(acac)s): 6 -8.27 (D3, s, 5.05S1), -19.06 (D4, s, 1.29Si), -21.50-(-) 22.49 (D, m,
100Si) ppm. (GPC, Toluene) My=41,600, My=101,500 g mol!, Pu: 2.44. (Yield:
70.6%).

Entry 4: "H NMR (600 MHz, chloroform-d): 8 1.54 (H>0, s, 1.62H), 0.07-0.17 (Si-
CH3, m, 100H) ppm.

2Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)s3): & -8.29 (D3, s,
3.69Si), -10.36 (s, 1.55Si), -19.06 (Dsa, s, 2.74Si), -21.50-(-) 22.50 (D, m, 100Si)
ppm. (GPC, Toluene, before kugelrohr) My=20,700, My=32,500 g mol!, Dy: 1.57,
(GPC, Toluene, after kugelrohr) M,=20,700, M=32,500 g mol™!, Dm: 1.57. (Yield:

79.3%).
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Entry 5: 'H NMR (600 MHz, chloroform-d): & 1.54 (H-O, s, 12.13H), 0.07-0.17
(Si-CH3, m, 100H) ppm. 2°Si NMR (600 MHz, chloroform-d, 119 MHz, trace
Cr(acac)s): 8 -8.26 (D3, s, 11.90Si), -19.06 (Da, s, 2.87S1), -21.50-(-) 22.49 (D, m,
100Si) ppm. (GPC, Toluene) My=111,400, My=221,500 g mol'!, Pum: 1.99. (Yield:
95.6%).

Entry 6: '"H NMR (600 MHz, chloroform-d): 8 1.54 (H>0, s, 2.82H), 0.07-0.17 (Si-
CH;z, m, 100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace
Cr(acac)s): 6 -8.26 (D3, s, 3.078Si), -19.06 (Da, s, 3.068Si), -21.49-(-) 22.48 (D, m,
100Si) ppm. (GPC, Toluene) My=152,500, My=314,000 g mol'!, Pu: 2.06. (Yield:
82.9%).

Table S2.1. Summary of D3, D4 and Ds formation in Entries 1-6 (Table 2.1).

D3 (%) DMOH D4 (%) Ds (%) D (%)?
Entry gfgfp 104 215
-8.3 ppm ppm -19.1 ppm ppm -22ppm
1 SiOH 8.45 0 2.54 9.46 79.55
2 SiOH 12.93 0 0 10.78 76.29
3 SiOH 4.21 0 1.82 8.21 85.76
4 SiOH 3.74 0.88 227 3.82 89.29
5 SiOH 8.95 0 2.04 8.38 80.63
6 SiOH 3.88 0 3.38 54 87.34

2 All peaks appeared at D unit are normalized to 100.

2.8.4. Characterization for hydrolysis reactions capturing volatiles using a

cold trap condition (Table S2.1, Entry 7,8)
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Table S2.2 The yield of different compounds formed from hydrolysis of MHM!
under cold trap condition

Actual
Conditions  Starting Ds D4 Ds Polymeric MYDM" MHYDMC" Me:SiH:
material (%) (%) (%) (%) (%) (%) (%)
mass (g)?
Neat 10.3236  13.32 0.76 2.32 67.96 1.11 0.59 11.31
50 wt% dry
toluene 10.8532 33.01 2.81 10.23 49.89 0.43 0.25 2.95

2 Calculation deduct the mass of the unreacted MHM! collected in the cold trap
condenser. ° The ratio of each component was identified by 2°Si NMR.

2.8.5. Neat (Table 2.1, Entry 7)

To a pre-dried 100.0 mL round-bottomed flask was added
tetramethyldisiloxane (M"MY) (134 g mol”!, 10.38 g, 77.5 mmol) with distilled
water (18 g mol!, 1.34 mL, 74.4 mmol). To the mixture was added B(C¢Fs)3 stock
solution in dry toluene (0.1 M, 0.298 ml, 0.0298 mmol). The cold trap condenser
was submerged in dry ice/acetone with the addition of acetone and was directly
connected to the round-bottomed flask through 6 mm O.D. Pyrex tubing. The
mixture in the round bottle flask was stirred at room temperature for 3h and the
reaction was quenched by alumina and the residual water droplet was removed by
adding sodium sulfate with 5h quenching time. Before the work up procedures, the
mixtures in the round bottle flask were weighted and characterized by 'H, 2°Si NMR

(SR) followed by filtration through Celite under reduced pressure.

Cold trap: '"H NMR (600 MHz, chloroform-d): & 4.67-4.70 (SiH, sep, J =2.8 Hz,
13.99H), 3.74-3.77 (Si(CH3)2H>, sep, J=4.1 Hz, 1.89H), 1.52 (H>0, s, 0.41H), 0.07-
0.20 (Si-CH3, m, 100H) ppm. 2°Si NMR (600 MHz, chloroform-d, 119 MHz, trace

Cr(acac)s3): & -4.49 (MHMH, s, 21.91S1), -6.67 (MPDMY, s, 1.818Si), -8.35 (D3, s,
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1.00Si), -17.79 (MEDMOH, s, 0.96Si), -37.82 (Me>SiHa, s, 18.38Si) ppm. Total

Mass in trap: 2.798 g, 23.9%mass.

Polymeric material: 'H NMR (600 MHz, chloroform-d): & 4.63 (SiH, s, 0.04H),

1.54 (H>0, s, 1.90H), 0.06-0.17 (Si-CHs, m, 100H) ppm. 2°Si NMR (600 MHz,

chloroform-d, 119 MHz, trace Cr(acac)3): o -8.28 (D3, s, 18.70S1), -19.07 (Ds, s,

1.128i), -21.50 (Ds, S, 3.418i), -21.95- (-)22.17 (D, m, 100Si) ppm. (GPC, Toluene)

M,=20,500, My=37,400 g mol™!, Dm:1.82. Total Mass in reaction vessel: 8.646 g,

73.8%mass (total recovery, 97.7%).

Table S2.3 GC-MS data for volatile products collected in cold trap using

hydrolysis of tetramethyldisiloxane in neat

Compound  Structures Elution time MW (g GC-MS relative  Yield
(min) mol') ratio (%) (%)?

MHMH RN 16 134.32 93.8
23.9

MHDM" NN 2.9 208.48 6.2

2 Yield was measured as mass balance before and after the reaction in the cold

trap.
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Figure S2.2. 2°Si NMR spectra of the cold-trap reaction using MHM! and water in
the presence of B(CsFs); catalyst (neat).

2.8.6. 50% wt. toluene (Table 2.1, Entry 8)

To a pre-dried 100.0 ml round-bottomed flask was added tetramethyldisiloxane
(MEMH) (134 g mol!, 10.32 g, 77.0 mmol) with distilled water (18 g mol!, 1.34
mL, 74.4 mmol) and dry toluene (6.73 mL, 5.83 g, mmumu(g)/Violuene (ML)=1.53,
myavatmu20=11.66 g). To the mixture was added B(CesF5); stock solution in dry
toluene (0.1 M, 0.298 ml, 0.0298 mmol). The cold trap condenser was submerged
in dry ice/acetone with the addition of acetone and was directly connected to the
round-bottomed flask through 6 mm O.D. Pyrex tubing. The mixture in the round
bottle flask was stirred at room temperature for 3h and the reaction was quenched
by alumina and the residual water droplet was removed by adding sodium sulfate

with 5h quenching time. Before the work up procedures, the mixtures in the round
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bottle flask were weighted and characterized by 'H, 2°Si NMR (SR) followed by
filtration through Celite under reduced pressure.

Cold trap: '"H NMR (600 MHz, chloroform-d): & 4.68-4.71 (SiH, sep, J =2.8 Hz,
10.44H), 3.74-3.77 (Si(CHs)2H>, sep, J=4.1 Hz, 8.42H), 1.53 (H20, s, 0.32H), 0.07-
0.20 (Si-CH3, m, 100H) ppm. 2°Si NMR (600 MHz, chloroform-d, 119 MHz, trace
Cr(acac)s3): & -4.49 (MMM, s, 42.30Si), -6.66 (M'DMY, s, 2.44Si), -8.33 (Ds, s,
1.00Si), -17.77 (MEDM®H, s, 1.40Si), -37.82 (Me2SiHy, s, 16.67Si) ppm. Total
Mass in trap: 1.224 g, 10.5%mass.

Polymeric material: 'H NMR (600 MHz, chloroform-d): & 4.70 (SiH, s, 0.01H),
1.50 (H20, s, 0.42H), 0.08-0.18 (Si-CH3, m, 100H) ppm. *Si NMR (600 MHz,
chloroform-d, 119 MHz, trace Cr(acac)s3): 6 -8.26 (D3, s, 65.81Si), -19.02 (Da4, s,
5.63Si), -21.44 (Ds, s, 20.50), -22.11- (-) 22.43 (D, m, 100Si) ppm. (GPC, Toluene)
M,=40,000, M=63,100 g mol"!, Dm: 1.58. Total Mass in reaction vessel: 10.393 g,
89.1%mass (total recovery, 99.6%).

Table S2.4. GC-MS data for volatile products collected in cold trap using
hydrolysis of tetramethyldisiloxane in 50% wt. dry toluene

Elution time GC-MS relative ratio

1 H 0/.\a
Compound  Structures (min) MW (g mol™) (%) Yield (%)
MHMH o, 1.6 134.32 85.6
Lo
MFDMH e s, 2.9 208.48 11 105
>Si’o‘s<
Ds 0.0 4.7 222.46 3.4

2 Yield was measured as mass balance before and after the reaction in the cold
trap.
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Figure S2.3. 2°Si NMR spectra of the cold-trap reaction using MHMH! and water in
the presence of B(CeFs)s catalyst (50 wt% dry toluene).
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2.8.7. Monitoring hydrolysis/condensation processes neat (Table 2.2, Entries
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Figure S2.4. A: Plot of reaction constituents based on Si NMR (neat). While
small differences will exist in the sensitivity of the M vs D units (even in the
presence of Cr(acac)s) the presented data represents the Si monomer concentration
normalized to 100% B: IR spectra at the same time points.

0 min: '"H NMR (600 MHz, chloroform-d): § 4.67-4.68 (SiH, sep, J = 2.8 Hz,
14.76H), 1.54 (H>0, s, 0.26H), 0.19 (Si-CHs, d, J=2.8 Hz, 100H) ppm. 2Si NMR
(600 MHz, chloroform-d, 119 MHz, trace Cr(acac)s): & -4.45 (M"M", s, 98.04Si),
-6.63 (MMDMY, s, 1.96Si) ppm.

2 min: "H NMR (600 MHz, chloroform-d): & 4.67-4.71 (SiH, m, 9.59H), 3.74-3.77
(Si(CH3)2Ha, sep, J =3.9 Hz, 0.09H), 1.53 (H10, s, 0.55H), 0.07-0.20 (Si-CHs, m,
100H) ppm. ?Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)3): & -
4.49 (MMM s, 26.80 Si), -6.66-(-)6.88 (MPDMH, m, 35.36Si), -8.33 (Ds, s, 5.13Si),
-17.76 (MEDMPOH, s, 13.77Si), -19.72-(-) 19.83 (MPDDMH, 9.74), -21.69-(-)21.78
(D, m, 7.73S1), -37.85 (Me2SiH>, s, 1.46S1) ppm.

4 min: '"H NMR (600 MHz, chloroform-d): 6 4.67-4.71 (SiH, m, 7.87H), 3.74-3.77
(Si(CH3)2Ha, sep, J =4.1 Hz, 0.12H), 1.53 (H10, s, 0.46H), 0.07-0.20 (Si-CHs, m,

100H) ppm. ?Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)3): & -

74



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

4.49 (MHMM s, 18.80 Si), -6.67-(-)6.90 (MPDM", m, 35.89Si), -8.33 (Ds, s, 7.88Si),
-17.76 (MPDMOH, s, 10.85Si), -19.83-(-) 19.87 (MIEDDMH, 12.40), -21.70-(-)21.91
(D, m, 14.018S1), -37.84 (Me»SiH», s, 0.18Si1) ppm.

6 min: "H NMR (600 MHz, chloroform-d): & 4.67-4.71 (SiH, m, 4.58H), 3.74-3.77
(Si(CHs)aH, sep, J =4.2 Hz, 0.02H), 1.54 (H>0, s, 0.44H), 0.07-0.20 (Si-CHs, m,
100H) ppm. ?Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)3): & -
4.48 (MHMM s, 8.18 Si), -6.66-(-)6.90 (MPDMH, m, 20.58Si), -8.32 (Ds, s, 12.68Si),
-17.75 (MPDMOY, s, 3.17Si), -19.10 (Ds, s, 0.39Si), -19.72-(-) 19.88 (MIDDMH,
13.51), -21.53 (Ds, s, 3.49Si), -21.69-(-)22.52 (D, m, 38Si) ppm.

8 min: : '"HNMR (600 MHz, chloroform-d): § 4.67-4.71 (SiH, m, 7.51H), 3.73-3.77
(Si(CHs)aH, sep, J =4.1 Hz, 0.28H), 1.53 (H>0, s, 0.41H), 0.07-0.20 (Si-CHs, m,
100H) ppm. ?Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)s): & -
4.49 (MMM, s, 8.40 Si), -6.66-(-)6.90 (MPDMH, m, 41.508i), -8.32 (D3, s, 8.03Si),
-17.75 (MHDMOH, s, 14.118i), -19.10 (Ds, s, 0.75Si), -19.72-(-) 19.86 (MIDDMH,
12.45), -21.53 (Ds, s, 1.00Si), -21.69-(-)22.20 (D, m, 13.13Si), -37.84 (Me»SiHa, s,
0.63Si) ppm.

10 min:"HNMR (600 MHz, chloroform-d):  4.67-4.71 (SiH, m, 7.12H), 3.73-3.77
(Si(CHs)aH, sep, J =4.1 Hz, 0.19H), 1.53 (H>0, s, 0.38H), 0.07-0.20 (Si-CHs, m,
100H) ppm. ?Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)3): & -
4.49 (MPMH, s, 8.35 Si), -6.66-(-)6.90 (MHDMH, m, 37.22Si), -8.33 (D3, s, 9.40Si),
~17.75 (MPDMOH, s, 12.47Si), -19.10 (Ds, s, 2.25Si), -19.72-(-) 19.86 (MPDDMH,
13.33), -21.53 (Ds, s, 1.58Si), -21.78-(-)21.82 (D, m, 14.15Si), -37.84 (Me»SiHa, s,

1.25Si1) ppm.
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30 min: '"H NMR (600 MHz, chloroform-d): § 4.69-4.71 (SiH, m, 0.06H), 1.56
(H>0, s, 7.49H), 0.06-0.17 (Si-CH3, m, 100H) ppm. *Si NMR (600 MHz,
chloroform-d, 119 MHz, trace Cr(acac)s): 6 -8.27 (D3, s, 14.52Si), -10.38 (M°HD,
0.448Si), -19.07 (Ds, s, 1.20Si), -21.50 (Ds, s, 5.848Si), -21.94-(-)22.49 (D, m,
78.00Si) ppm. (GPC, Toluene) My=21,600, My=54,000 g mol"!, Py: 2.50.
60 min: "H NMR (600 MHz, chloroform-d): 6 4.62 (SiH, s, 0.03H), 1.56 (H>0, s,
4.39H), 0.07-0.17 (Si-CH3, m, 100H) ppm. Si NMR (600 MHz, chloroform-d,
119 MHz, trace Cr(acac)s): 6 -8.28 (D3, s, 12.04S1), -19.07 (Da4, s, 1.77Si), -21.50
(Ds, s, 8.898S1), -21.95-(-)22.49 (D, m, 77.30Si) ppm. (GPC, Toluene) M;x=21,800,
My=63,000 g mol!, Pu: 2.90.
180 min: "HNMR (600 MHz, chloroform-d): § 1.53 (H-0, s, 0.57H), 0.07-0.17 (Si-
CH;z, m, 100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace
Cr(acac)s): 0 -8.28 (Ds, s, 10.07Si), -19.07 (D4, s, 1.64S1), -21.51 (Ds, s, 8.60S1), -
21.95-(-)22.50 (D, m, 79.69Si) ppm. (GPC, Toluene) My=31,200, My=82,900 g
mol!, Du: 2.66.
2.8.8. Characterizations for monitoring hydrolysis process under 50% wt.
dry toluene (Table 2.2, Entry 1-9)
0 min: '"H NMR (600 MHz, chloroform-d): § 4.67-4.68 (SiH, sep, J = 2.8 Hz,
14.76H), 1.54 (H20, s, 0.26H), 0.19 (Si-CHj3, d, J =2.8 Hz, 100H) ppm. *’Si NMR
(600 MHz, chloroform-d, 119 MHz, trace Cr(acac)s): & -4.45 (MHM™, s, 98.04Si),
-6.63 (MMDMY, s, 1.96Si) ppm.
2 min: "H NMR (600 MHz, chloroform-d): & 4.68-4.72 (SiH, m, 9.43H), 3.75-3.77

(Si(CH3)2H, sep, J =4.1 Hz, 0.10H), 1.52 (H-0, s, 1.25H), 0.07-0.20 (Si-CH3, m,
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100H) ppm. ?Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)s): & -
4.41 (MPMH, s, 24.18 Si), -6.58-(-)6.80 (MEDMH, m, 36.67Si), -8.28 (Ds, s, 8.09Si),
-17.70 (MEDMOH, s, 14.34Si), -19.66-(-) 19.76 (MEDDMH, 9.40), -21.63-(-)21.72
(D, m, 6.00S1), -37.85 (Me2SiH>, s, 1.32Si) ppm.

4 min: "HNMR (600 MHz, chloroform-d): & 4.68-4.72 (SiH, m, 7.65H), 3.74-3.78
(Si(CHs)aH, sep, J =4.1 Hz, 0.33H), 1.52 (H>0, s, 2.60H), 0.07-0.21 (Si-CHs, m,
100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)s): & -
438 (MPMY, s, 10.58 Si), -6.55-(-)6.77 (MPDM", m, 38.57Si), -8.23 (D, s,
14.40Si), -17.65 (MEDMOH, s, 12.86Si), -19.00 (Ds, s, 0.72Si), -19.61-(-) 19.72
(MEDDMY, 11.89), -21.58-(-)21.67 (D, m, 9.90Si), -37.73 (MeaSiHa, s, 1.08Si)
ppm.

6 min: '"H NMR (600 MHz, chloroform-d): § 4.68-4.72 (SiH, m, 7.18H), 3.74-3.77
(Si(CHs)aH, sep, J =4.1 Hz, 0.50H), 1.52 (H>0, s, 1.39H), 0.06-0.21 (Si-CHs, m,
100H) ppm. 2Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)3): & -
4.42 (MPMH, s, 7.09 Si), -6.59-(-)6.83 (MEDMH, m, 39.28Si), -8.28 (Ds, s, 14.30Si),
-17.70 (MEDMPOH, s, 13.11Si), -19.04 (Ds, s, 1.23Si), -19.66-(-) 19.80 (MEDDMY,
12.37), -21.46 (Ds, s, 1.11Si), -21.63-(-)22.13 (D, m, 10.70Si), -37.77 (Me»SiHa, s,
0.81Si) ppm.

8 min: '"H NMR (600 MHz, chloroform-d): § 4.68-4.72 (SiH, m, 5.38H), 3.74-3.78
(Si(CHs)aH, sep, J =4.1 Hz, 0.30H), 1.52 (H>0, s, 1.06H), 0.07-0.21 (Si-CHs, m,
100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)3): & -
4.42 (MPMH, s, 3.92 Si), -6.59-(-)6.82 (MEDMH, m, 30.69Si), -8.28 (Ds, s, 21.04Si),
-17.70 (MEDMOY, s, 7.85Si), -19.04 (Ds, s, 1.66Si), -19.66-(-) 19.81 (MEDDMY,

13.59), -21.47 (Ds, s, 1.91Si), -21.63-(-)22.14 (D, m, 19.34Si) ppm.
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10 min: '"H NMR (600 MHz, chloroform-d): & 4.68-4.73 (SiH, m, 2.36H), 3.75-
3.78 (Si(CHs)2Ha, sep, J =4.2 Hz, 0.03H), 1.52 (H>0, s, 0.98H), 0.07-0.20 (Si-CH,
m, 100H) ppm. 2°Si NMR (600 MHz, chloroform-d, 119 MHz, trace Cr(acac)s): &
4,42 (MPMH, s, 0.71 Si), -6.59-(-)6.84 (MHUDM", m, 14.99Si), -8.29 (Ds, s, 30.65S),
“17.71 (MEDMOH, s, 2.118i), -19.05 (D, s, 2.88Si), -19.83 (MEDDMH, 9.46), -
21.48 (Ds, s, 6.29Si), -21.64-(-)22.47 (D, m, 32.91Si) ppm.

30 min: '"H NMR (600 MHz, chloroform-d): § 1.53 (H>0, s, 1.89H), 0.07-0.19 (Si-
CH;z, m, 100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace
Cr(acac)s): & -8.28 (Ds, s, 29.04Si), -19.05 (Ds, s, 3.27Si), -21.47 (Ds, s, 13.24Si),
221.92-(-)22.46 (D, m, 54.45Si) ppm. (GPC, Toluene) My=39,000, My=69,700 g
mol-!, Dm:1.79.

60 min: "H NMR (600 MHz, chloroform-d): § 1.52 (H>O, s, 1.42H), 0.07-0.19 (Si-
CH;z, m, 100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace
Cr(acac)s): & -8.27 (Ds, s, 29.72Si), -19.04 (Ds, s, 3.58Si), -21.47 (Ds, s, 13.45S),
221.91-(-)22.46 (D, m, 53.25Si) ppm. (GPC, Toluene) My=45,300, My=97,100 g
mol!, Pu:2.14.

180 min: '"H NMR (600 MHz, chloroform-d): § 1.52 (H-0, s, 1.09H), 0.08-0.18
(Si-CH3, m, 100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace
Cr(acac)s): & -8.28 (Ds, s, 28.44Si), -19.06 (Ds, s, 2.30Si), -21.48 (Ds, s, 13.99Si),
:21.93-(-)22.47 (D, m, 55.27Si) ppm. (GPC, Toluene) My=45,500, My=79,900 g

mol!, Pum:1.76.
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Figure S2.5. A: Plot of reaction constituents based on 2Si NMR (with toluene).
While small differences will exist in the sensitivity of the M vs D units (even in
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the presence of Cr(acac)3) the presented data represents the Si monomer
concentration normalized to 100% B: IR spectra at the same time points.

2.8.9. Characterizations for ‘Living’ reaction using hydrolysis of MYM!
(Table 2.2, Entry 10)

Entry 10: "H NMR (600 MHz, chloroform-d): § 1.53 (H-0, s, 8.61H), 0.07-0.17

(Si-CH3, m, 100H) ppm. ?°Si NMR (600 MHz, chloroform-d, 119 MHz, trace

Cr(acac)s): 6 -21.95 (D, m, 100Si) ppm. (GPC, Toluene) M,=41,900, M,=137,000

g mol !, Dv: 3.27.
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Chapter 3: Living Synthesis of Silicone Polymers
Controlled by Humidity*

3.1. Abstract

The preparation of hydrophobic silicone (co)polymers generally requires acid-
or base-catalyzed equilibration reactions that, in addition to polymer formation,
generate undesired low molecular weight cyclic species. We report that living
polymerization of hydrosiloxanes, controlled by the presence of water (bulk
water/humidity/wet solvent) and 0.01-0.5mol% B(CeF5)s, arises from facile SiH
hydrolysis to the silanol and, subsequently, a more rapid reaction with remaining
SiH groups leading to chain extension without significant accompanying cyclic
monomer formation. The interaction between hydrophilic silicone and hydrophilic
water plays a role in reaction rates. In the case of accidental introduction of excess
water, polymerization of the ‘dead’ SiOH terminated polymers can be re-initiated
using small quantities of telechelic HSi oligomers. This mild (room temperature
and pressure in an open flask) method may be used to synthesize, in high yield, low
molecular weight branched polymers, chain extended SiH telechelic silicones to
give linear polymers, alternating silicone block copolymers with dispersities <2 and

molecular weights ranging from ~2k - 250k g mol-!, and resins or foams.

& Chapter reproduced from M. Liao, A. Schneider, S. Laengert, C. Gale, Y. Chen and M.A. Brook,
European Polymer Journal, 2018, 107, 287-293 with permission from Elsevier Sciences Ltd,
copyright 2018.

Mengchen Liao performed all small molecule hydrolysis reactions, hydrolysis of DMS-H31, and
was the lead author of the manuscript. Schneider performed hydrolysis reactions on DMS-HO03 using
different water sources and assisted with write-up of the manuscript. Laengert was responsible for
all copolymerization reactions and Gale synthesized all foams.
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3.2. Introduction

Silicones constitute a class of high value polymers that impact the efficacy of
many technologies in industrial societies. They are used, particularly
polydimethylsiloxanes (PDMS), in the form of fluids, oils, elastomers and resins
due to their unusual properties, which include high thermal and electrical stability,
optical transparency, low surface energy, high flexibility and low biological
activity.!

The normal preparation of high molecular weight silicones involves acid or
base-catalyzed equilibration of cyclic monomers such as D4 ((Me2SiO)4) (D =
Me;SiO) and the desired end groups to grow linear polymers.? The process
generally leads to silicones with high dispersities and a significant fraction (>10%)
of cyclic monomers that must be stripped from the polymer product, a process that
is increasingly difficult with increasing molecular weight. Additionally, it can be
challenging to remove the catalysts.

Higher value silicones bear functional groups that can be used for crosslinking
and/or organo-functionalization; vinyl and SiH groups are the most commonly used
groups for these purposes. It has traditionally been difficult to control the location
of functional groups that are pendant along a silicone chain.* However, it is
straightforward to obtain silicones with SiH or SiVinyl groups at the termini of a
telechelic silicone, and such materials are commercially available in a wide variety
of molecular weights.*

Linear silicones of low dispersity may be prepared using kinetically controlled,

ring-opening polymerization, normally of ring-strained D3 ((Me2SiO)3). One may
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elect to have end groups in the product that are identical or different, for example,
to prepare monofunctional polymers.> However, this process is disadvantageous
because: access to cyclic trisiloxanes is limited aside from Dj3; conversions cannot
be high (or dispersity increases); low temperatures, scrupulously dry reactions and
organic solvents are required. Thus, as with traditional polymerization routes, large
quantities of cyclic monomers must be separated from the product.

Block copolymers, including alternating block copolymers, exhibit interesting
properties due, in particular, to the way in which they self-assemble.®” For example,
epoxy/silicone copolymers undergo nanostructuring while forming thermosets and
alternating block copolymers of silicones and polycarbonate exhibit excellent
toughness while remaining highly transparent.®> ABA triblock silicone copolymers
can be prepared by initiating anionic polymerization with difunctional initiators;
silicone-silicone alternating block copolymers (e.g., (AnCnBaBBB1CrAm) where A,
B and C are Ph;Si0, Me>SiO, and PhMeSiO, respectively) were synthesized by the
sequential addition of ring-strained cyclic trisiloxane monomers under anionic

10-14 However, these ring-opening polymerization (ROP) processes are

conditions.
frequently problematic, for the reasons noted above.

The Piers-Rubinsztajn reaction (PR) involves the condensation of hydrosilanes,
including hydrosiloxanes (HSi compounds), with alkoxysilanes to give new
siloxanes and an alkane.!>!¢ The choice of precursors allows the preparation under
mild conditions of silicone oils, including with precise comonomer sequence,
dendrimers, elastomers, foams, and resins.!”?> Analogous processes operate

between HSi compounds and borates, phenols and alkoxybenzene derivatives,

including lignin and silanols (Figure 3.1A).%-*® The catalyst most commonly used
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for these processes is B(C¢Fs)s, including a photoactivated version; Oestreich et al.

have reviewed catalysts that can be used for these processes.?**°

Exquisite control over linear and network structures can arise by exploiting
differences in relative reactivity of oxygen nucleophiles with this process. For
example, Laengert et al. demonstrated that the order of reactivity of the 3 functional
groups in the crosslinker eugenol (ArOH > ArOMe > Ar-CH>CH=CH2>) could be
used to create block copolymers or precise networks just by varying the order of

addition of different SiH-telechelic silicones (Figure 3.1B).
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Figure 3.1. A: Selected Piers-Rubinsztajn type reactions; B: Sequential use of
such reactions to assemble precise silicone networks.

We now report that excellent synthetic control over silicone homopolymer and
block copolymer architecture arises simply from the controlled addition of water to
hydrosiloxanes. The process is living, in that it depends on the availability of water.

Resin, foam and elastomer syntheses are also described.
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3.3. Experimental

'H and #’Si NMR spectra were recorded on a Bruker Advance 600 MHz nuclear
magnetic resonance spectrometer using deuterated solvent chloroform-d. Polymer
molecular weights were established by gel permeation chromatography (GPC)
using a Waters Alliance GPC System 2695 calibrated with a polystyrene calibration
kit S-M-10 (Lot 85) from Polymer Laboratories.

GC-MS analyses were performed using an Agilent 6890N gas chromatograph
(Santa Clara, CA, USA), equipped with a DB-17ht column (30 m % 0.25 mm i.d. x
0.15 pm film, J & W Scientific) and a retention gap (deactivated fused silica, 5 m
x 0.53 mm i.d.), and coupled to an Agilent 5973 MSD single quadruple mass
spectrometer. One microliter of sample was injected using Agilent 7683
autosampler with a 10:1 split and slit flow of 7.0 ml/min. The injector temperature
was 250 °C and carrier gas (helium) flow was 0.7 ml/min. The transfer line was
280 °C and the MS source temperature was 230 °C. The column temperature started
at 50 °C and raised to 300 °C at 8 °C /min, and then held at 300 °C for 10 min for a
total run time of 41.25 min. Full scan mass spectra between m/z 50 and 800 were
acquired after five min solvent delay.

FTIR data was collected on a Nicolet 6700 FTIR using Thermo Electron’s
OMNIC software. Shore OO measurements were taken using a Rex Durometer,

Type OO, Model 1600 from Rex Gauge Co.
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3.3.1. Monofunctional Hydrosiloxane Dimerization
3.3.1.1 Hydrolysis reaction with pentamethyldisiloxane MM" + H,O0

(IOH]/[SiH]=4; [BCF)/[SiH]=0.1 mol%)

Pentamethyldisiloxane (11.9 g, 0.08 mol) and H>O droplets (2.88 ml, 0.16 mol)
were placed in a 1L three-neck round-bottomed flask that was connected to a
condenser under nitrogen protection and to which was added B(C¢Fs)3 (0.1M, 0.72
ml, 0.072 mmol) diluted in toluene at room temperature. After 3 h the reaction was
quenched by a small quantity of alumina, the product was collected by filtration
through Celite under reduced pressure. The mass balance of the reaction is 86%
10.76 g due to volatility of some of the ingredients (Table 3.1).

Pentamethyldisiloxane: '"H NMR (600 MHz, chloroform-d): & 4.67 (sept, J =
2.8 Hz, 1H), 0.17 (d, J = 2.8 Hz, 6H), 0.09 (s, 9H) ppm. ?Si NMR (600 MHz,
chloroform-d, 119 MHz, trace Cr(acac)3): 6 9.71 (s, 1Si), -6.76 (s, 1Si) ppm. GC-
MS: CsHi60Si, calculated: 148, found: [M-15]=133.1 (100).

Hydrolysis products of pentamethyldisiloxane: 'H NMR (600 MHz,
chloroform-d): & 1.54 (s, 0.2H), 0.09 (s, 6H), 0.05 (s, 4H) ppm. 2°Si NMR (600
MHz, chloroform-d, 119 MHz, trace Cr(acac)3): 6 9.24 (s, 1 Si),-21.49 (s, 1Si) ppm.
GC-MS: C10H3003814, calculated: 310, found: [M-15]=295.1 (40), 207.1(100), 73.1
(30). C12H3604Sis, calculated: 384, found: [M-15]= 369.2 (40), 281.1 (100), 147.1
(55), 73.2 (25). C14H4205S16, calculated: 458, found: [M-15]=443.2 (20), 355.1 (40),
281.1(60),221.1(100),207.1 (45), 147.1 (70),91.1 (50), 73.1 (60). C16H4806Si7,

calculated: 532, found: [M-15]=517.2 (5), 341.0 (20), 207.1 (80), 91.2 (100).
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3.3.1.2 Hydrolysis products of Bis(trimethylsiloxy)methylsilane - MDYM +
H:0 (JOH]/[SiH]=4; [BCF]/[SiH]=0.1 mol%)
Bis(trimethylsiloxy)methylsilane (17.8 g, 0.08 mol) and H>O droplets (2.88 ml,

0.16 mol) were placed in a 1L three-neck round-bottomed flask which was

connected to a condenser under nitrogen protection and to which was added

B(CeFs)3 (0.1M, 0.72 ml, 0.072 mmol) diluted in toluene at room temperature. After

3 h the reaction was quenched by alumina. The yield of the reaction is 95% (17.44

g, Table 3.1).

Bis(trimethylsiloxy)methylsilane: 'H NMR (600 MHz, chloroform-d): 8 4.63 (d,
J=1.5 Hz, 1H), 1.54 (s, 0.3H), 0.12 (s, 18H), 0.10 (d, J = 1.6 Hz, 3H) ppm. »Si
NMR (600 MHz, chloroform-d, 119MHz, trace Cr(acac)sz): 6 9.36 (s, 2Si), -36.40
(s, 1Si) ppm. GC-MS: C7H20,Si3, calculated: 222, found: [M-15]=207.2 (100),
73.1 (50)

Hydrolysis products of Bis(trimethylsiloxy)methylsilane: "H NMR (600 MHz,
chloroform-d): & 1.55 (s, 0.1H), 0.10 (s, 36H), 0.02 (s, 6H) ppm.?’Si NMR (600
MHz, chloroform-d, 119MHz, trace Cr(acac)3): 6 7.59 (s, 4Si), -54.51 (s, 0.17Si), -
65.93 (s, 2Si) ppm. GC-MS: compound insufficient sensitivity to characterize the
peak to characterize the peak, [M-15]=355.0 (5), 207.1 (100), 106.1 (100), 77.1
(80), 51.1 (30). C14H4205Sis, calculated: 458, found: [M-15]=443.2 (50), 355.1 (50),

281.1 (55), 221.1 (100), 147.1 (70), 73.1 (75).
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3.3.1.3 Hydrolysis reaction using a mixture of pentamethyldisiloxane (MM")
and bis(trimethylsiloxy)methylsilane (MDYM)-MM" + MDYM + H,O
(IOH]/[SiH]=4; [BCF]/[SiH]=0.1 mol%)

Pentamethyldisiloxane (1.50 g, 0.01 mol), bis(trimethylsiloxy)methylsilane
(2.24 g, 0.01 mol) and H>O droplets (0.72 ml, 0.04 mol) were placed in a 50 ml
plastic test tube that was connected to a condenser under nitrogen protection and to
which was added B(CeFs)3 (0.1M, 0.18ml, 0.018 mmol) diluted in toluene at room
temperature. After 3h the reaction was quenched by alumina, the product was
collected by filtration through Celite under reduced pressure.

Hydrolysis products using pentamethyldisiloxane with
bis(trimethylsiloxy)methylsilane: 'H NMR (600 MHz, Chloroform-d): & 2.04 (s,
0.03H), 0.13 (s, 1H), 0.10 (d, J= 5.0 Hz, 15H), 0.05 (s, 3H), 0.03 (s, 2H) ppm. *Si
NMR (600 MHz, Chloroform-d, 119MHz, trace Cr(acac)s): 6 8.66 (s, 1Si), 7.58 (s,
2081), 7.23 (s, 10Si), -21.50 (s, 9Si), -21.68 (s,1S1), -54.50 (s, 2Si), -65.37 (s, 2Si),
-65.93 (s, 11Si) ppm. GC-MS: C10H30038S14, calculated: 310, found: [M-15]=295.1
(50), 207.1(100), 73.1 (50). C12H3604Sis, calculated: 384, found: [M-15]=369.1
(30), 281.1 (100), 207.0 (90), 147.1 (40), 91.1 (25). C14H420s5S1s, calculated: 458,
found: [M-15]=443.2 (60), 355.1 (60), 281.1 (70), 221.1 (100),147.1 (70), 73.1 (75).
3.3.1.4 Hydrolysis reaction using tris(trimethylsiloxy)silane - MzT" + H,O

(IOH]/[SiH]=4; [BCF]/[SiH]=0.1 mol%)

Tris(trimethylsiloxy)silane (23.7 g, 0.08 mol) and H>O droplets (2.88 ml, 0.16
mol) were placed in a 1L three-neck round-bottomed flask that was connected to a

condenser under nitrogen protection and to which was added B(C¢F5)3 (0.1M, 0.72
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ml, 0.072 mmol) diluted in toluene at room temperature. After 3 h the reaction was
quenched by alumina, the product was collected by filtration through Celite under
reduced pressure. The characterizations are shown as below:

Tris(trimethylsiloxy)silane: "H NMR (600 MHz, chloroform-d): § 4.23 (s, 1H),
1.51 (s, 0.20H), 0.12 (s, 27H) ppm. Si NMR (600 MHz, chloroform-d, 119 MHz,
trace Cr(acac)s): 0 9.41 (s, 3Si), -82.74 (s, 1Si) ppm. no reaction products were
observed.

Table 3.1 GC-MS results for low cyclic-containing silicone oils by hydrolysis of
monofunctional hydrosiloxanes.

MMM +H,0 ([OH)/[SiH]=4)

Structure? Nomenclature Relative ratio (%)  Product ratio by 2°Si
GC NMR (% + 5%)

A n=2 MD,M 93

An=3 MDsM 5

An=4 MDsM 1

An=5 MDsM 1

MDHM +H,0 ([OH]/[SiH]=4)

Unknown low boiling - 3

compound ®

Cc M2TTM; 97

MM + MD"M + H,O ([OH)/[SiH]=4)

A n=2 MD,M 30 40

B M>TDM 9 14

Cc M2TTM; 61 46

| Jo_1]o| | ol ol ol | ol ol ol
\Sll \SI \S\/ \sl/ \Si/ \Sli/ \SI/ \s./ \s./ ~a: \s./

|
n | a0 N0 Ol -~
~

AMD,M B M,TDM C M,TTM,

b Approximately a pentasiloxane, based on retention time.

3.3.2. Chain extension of telechelic H-terminated silicones

3.3.2.1 General procedure for chain extension using hydrolysis - water
droplets (Table 3.2, 1-4, 7-9, Table S3.4, Entries 1-12)
To a mixture of hydride-terminated H-PDMS-H (M, 500 g mol™! 2.03 g, 4.06

mmol) and distilled water (230 pl, 13 mmol) in a 100.0 ml round-bottomed flask
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that was connected to a condenser under a nitrogen blanket, was added
tris(pentafluorophenyl)borane diluted in toluene (0.1M, 0.016 ml, 1.6 umol). The
mixture was stirred at room temperature. After 3 h, alumina (~0.5 g) was added to
the mixture to quench the reaction. The product was collected by filtration through
Celite under reduced pressure. My 46,000 My, 86,200, Dv 1.88, Table 3.2, entry 4.
Note: '"H NMR and ?Si NMR are diagnostic for loss of SiH groups but are
otherwise not helpful. Representative NMR data is provided; the other samples
differ only in the relative magnitude of the SiMe; peak.

Entry 4, Table 3.2

"H NMR (600 MHz, Chloroform-d): § 1.54 (s, 20H), 0.17 (m, 6H), 0.14 (s, 1H),
0.07 (m, 258H), -0.03 (s, 1H) ppm. 2°Si NMR (600 MHz, chloroform -d, 119MHz,
trace Cr(acac)3): 6 -21.94 (s, 1Si) ppm.

3.3.2.2 General procedure for chain extension using hydrolysis by moisture in

an open flask (Table 3.2, 5, Table S3.4, Entries 13)

To a 10.0 ml round-bottomed flask was added hydride-terminated H-PDMS-H
(500 g mol!, 2.05 g, 4.1 mmol) with B(C¢Fs); diluted in toluene (0.1M, 0.040 ml,
4 umol) ([BCF]/[SiH]=0.05 mol%, humidity: 15%). The mixture was stirred at
room temperature open to atmosphere, and after 10 hours alumina (~0.5 g) was
added to the mixture to quench the reaction. The product was collected by filtration

through Celite under reduced pressure.
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3.3.2.3 General procedure for chain extension using hydrolysis by moisture in
an open flask augmented with wet toluene (Table 3.2, Table S3.4, Entries
14-16)
To a 100.0 ml round-bottomed flask was added hydride-terminated H-PDMS-
H (500 g mol!, 1.53 g, 3.1 mmol) diluted in 15.0 ml toluene. The mixture was
added tris(pentafluorophenyl)borane diluted in toluene (0.04 M, 0.020 ml,
0.77 umol) ([BCF]/[SiH]=0.05 mol%, [OH]/[SiH]=0.08) and stirred at room
temperature in an open vessel. After 24 h, alumina (~0.5 g) was added to the mixture
to quench the reaction. The product was collected by filtration through Celite under
reduced pressure.
3.3.2.4 Copolymerization of HMe:Si(OSiMe:).SiMe:H +
HOMe;Si(OSiMe;),SiMe;OH (Table 3.2, entry 10, Table S3.4, Entry 17)
To a mixture of hydride-terminated H-PDMS-H (M, 27,600 g mol! 1.23 g,
0.045 mmol) and hydroxyl-terminated HO-PDMS-OH (M, 21,600 g mol™! 1.05 g,
0.049 mmol) in a 100.0 ml round-bottomed flask that was connected to a condenser
under a nitrogen blanket, was added tris(pentafluorophenyl)borane diluted in
toluene (0.01M, 0.013 ml, 0.13 pmol). The mixture was stirred at room temperature.
After 24 h, alumina (~0.5 g) was added to the mixture to quench the reaction. The

product was collected by filtration through Celite under reduced pressure.
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3.3.2.5 Copolymerization of HMe:Si(OSiMePh);SiMe:H +
HOMe;Si(OSiMe;),SiMe;OH (Table 3.2, entry 11, Table S3.4, Entries 18-
23)

To an oven-dried 100.0 ml round-bottomed flask under nitrogen atmosphere
was added dry toluene (5 ml). SiOH-terminated polysiloxane (MW: 1200 g mol,
1.500 g, 1.25 mmol) was added, followed by addition of SiH-terminated
polysiloxane (MW: 400, 0.500, 1.25 mmol). To this stirring mixture was added
tris(pentafluorophenyl)borane (10" of a 25.6 mg ml"! solution in toluene, 0.02 mol%
relative to SiH) followed by the lowering of the flask into an oil bath preheated to
50 °C. Bubbling commenced quickly, tapering off over 10 min. Note: if catalyst
concentrations higher than 0.02 mol% are used, it is advisable to add one of the
reagents (SiH or SiOH) dropwise to safely control the rate of gas evolution. As
reaction viscosity increased over the first 2 h, and additional 5-10 ml of dry toluene
was added to allow stirring to continue. After 24 h, 0.500 g of neutral alumina was
added to quench the catalyst. The reaction mixture was stirred for a further 2 h,
filtered through Celite under reduced pressure, and concentrated to afford the

product, a colorless oil.
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Table 3.2. Polymerization of HSi-Telechelic Silicones Using Water or HOSi-
Telechelic Silicones

Entry n? [OH)/[SiH] [BCFY[SIHP  t(h) Hy0O° My Mw D Copolymer

1 0 3 200 3 L 50,100 76,300 1.52

2 5 3 200 3 L 27,800 52,600 1.89

3 370 3 200 3 L 33400 50,900 1.53

4 5 3 200 24 L 46,000 86,200 1.88

5 5 NA 500 24 o 20,000 30,000 1.50

6 5 0.08 500 24 S 183,000 349,000 1.91

7 0 1 80 20 L 20,700 32,500 1.57

8 0 3 200 3 L 50,100 76,300 1.52

9 0 0.6 400 22 L 77,200 140,800 1.83

10 370 1 500 24 NA 251,000 471,500 1.88 HOSiIMe20O(SiMez0)s71H
11 MePh? 1 200 24 NA 15,500 24,000 1.55 HOSiIMe0O(SiMe20)16H

 n in HSiMe2O(SiMe20)aSiMezH. ® in ppm: [BCF]/[SiH] x 10°. ¢ L = bulk
liquid water (closed system), O open system 56% relative humidity, 230 ppm water
in toluene and the flask was open to the atmosphere. ¢
HSiMe>O(SiMePhO)3;SiMexH, at 50°C.
3.3.3. Silicone resin preparation using hydrolysis

3.3.3.1 Procedure for silicone resin preparation using D4 and water
D%, (5.00 g, 20.8 mmol) was placed in a 100.0 ml round bottle flask with
B(CeF5)3 (0.078M, 0.625 ml, 0.049 mmol) iluted in toluene. The mixture was
stirred at room temperature open to the atmosphere. A photo of the product and its
characterization by IR, 2°Si NMR and '3C solid state NMR spectra are shown in the
Supporting Information (Figure 3.2A).
29Si NMR (850 MHz): & -35.78 (s, 5 Si), -56.87 (s, 1 Si), -65.79 (s, 5 Si) ppm. *C
NMR (850 MHz): 6 -2.12 (s, 1 C), -6.19 (s, 1 C) ppm.
3.3.3.2 General procedure for silicone elastomer/foam preparation using SiH
compounds and water

Preparation of DY stock solution

D% (0.12g,0.48 mmol) was weighedina25.0 mlvialand dissolved in
hexane (13.56 ml) to prepare a stock solution of DY, (8.6 mg ml™).

Preparation of silicone foam using D%4+ DMS-H11 (|[BCF]/[SiH]=0.02 mol%)
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An oven dried round bottom flask was charged with D! (2.00 g, 8.31 mmol),
DMS-H11 (2.03 g, 1.818 mmol), distilled water (0.055 mol, 997 ul), B(C¢Fs)3 (0.02
mol%, 0.0074 mmol, 73 ul). A water condenser was placed on top and a nitrogen
balloon was used to maintain a positive pressure of nitrogen, the reaction was stirred
for three hours. The resulting foam was removed from the flask and extracted using
a Soxhlet extraction device.

Preparation of silicone foam using H-PDMS-H and Dg* with hexane
(IBCF]/[SiH]=0.9 mol%)

DMS-H41 (1.53 g, 0.048 mmol) with DY (142.7 mM, 34.3 mg ml!, 0.76 ml)
were poured into a Teflon-coated 12 wellplate with B(CeFs)3(0.078M, 8 ul, 0.62
mmol). Once the B(C¢Fs)3 was added, the mixture was vigorously stirred by hand
(~30 s), then placed on the bench at room temperature overnight (Figure 3.2B,C).
Preparation of silicone elastomer ([BCF]/[SiH]=0.3 mol%)

To a mixture of DMS-H25 (1.53 g, 0.10 mmol), D%4(35.8 mM, 8.6 mg ml, 1
ml) and hexane (1 ml) in a polystyrene Petri dish (10 mm thick 35 mm diameter),
B(CsF5)3(0.078M, 15 ul, 1.17 mmol) was added. The contents were rapidly stirred
at room temperature (~30 s), then moved to a 40 °C oven under vacuum (571 Torr)

overnight. The Shore OO hardness of the silicone foam was 8.5 (Figure 3.2D).

-
V77 e
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% 1.7mvers1ty'\

A B C D
Figure 3.2. A: Silicone resin prepared using DY and water. B: Silicone foam
prepared using D4 and H-PDMS-H ([BCF]/[SiH]=0.9 mol%). C: The SEM
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image of the silicone foam. D: Bubble-free silicone elastomer prepared using
D%, and H-PDMS-H ([BCF]/[SiH]=0.3 mol%)

3.4. Results and discussion

To better understand the reaction between water and hydrosilanes, we began
with low molecular weight, monofunctional hydrosiloxanes that are commercially
available, or can be readily synthesized.?! In the presence of the Lewis acid catalyst
B(Ce¢Fs)3, exposure of MesSiOSiMe>H to water in the form of: atmospheric
moisture; bulk water droplets; or water dissolved in an organic solvent led to
dimerization in excellent yield without concomitant generation of silicone cyclics
D3-Ds (Figure 3.3). The reaction was efficient at room temperature, with isolated
yields after distillation of 85-95% using 0.1 mol% of BCF and water droplets as a
source of water. Note: hydrogen gas is a by-product of these reactions and
appropriate caution must be exercised both with respect to flammability and
buildup of pressure.

Sterics affected the outcome of the process. Using water droplets (bulk
water), the bulkiest silane 1 (MsT") did not appreciably react within 3 hours,
whereas the less branched analogues 2 and 3 underwent complete reaction in 2-3
hours to give homodimers; hydrogen bubble evolution was easily seen to occur at
the water/silicone oil interface. A competition reaction between 2 and 3,
surprisingly, led mostly to the homodimers 4 and 5, respectively, with about 10-20%
formation of the crossproduct 6 as shown by GC/MS (Figure 3.3A-D, Supporting
Information). Note that 6 is readily available using a standard Piers-Rubinsztajn
reaction under the same conditions that combines MM + M,DOMe¢ (Figure

3.3E).2%
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Figure 3.3. Dimerization reactions of monofunctional siloxanes.

HSi-telechelic silicone polymers are commercially available in many different
molecular weights ranging from the disiloxanes to much higher homologues
(HSiMe>O(SiMe»0).SiMexH, n = 0 to ~1000). The highest molecular weight SiH
telechelic dimethylsiloxane sold by Gelest, for example, has a MW of 62,700 g mol
!, n ~850. During preliminary experiments, it was discovered that the exposure of
such polymers to a small stoichiometric excess of bulk water in the presence of
0.02mol% B(CsFs)3 (200 ppm) led to chain extension (Figure 3.4A-C). Starting
from three telechelic hydrosiloxanes ranging in molecular weight from 108 to
~26,600 g mol! we obtained three products with suspiciously similar molecular
weights, near 35,000 g mol!, after 3 hours ( Table 3.2, entries 1-3). Note that
similar outcomes arose in the formation of higher molecular weight polymers when
the only source of water was moisture that was allowed to enter an open flask; in
these cases, reactions were slower (over 24 hours).

The processes leading to chain extension involve both hydrolysis and
condensation. As with any step growth process, a stoichiometric imbalance between

the reaction of two difunctional entities leads to lower molecular weight linear
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chains capped with the monomer in excess, OH in this case.** The first and slower
of the two steps of the process involves hydrolysis (Figure 3.4A), followed by the
faster condensation leading to dimers (Figure 3.4B); the ideal, stoichiometrically
matched polymerization by iteration of these two steps leads to higher MW polymer
(Figure 3.4C). The process is not associated with significant increases in cyclic
monomer concentration and excellent dispersities were observed for a condensation

process.

| H;0 |
_[si_]si _si__Jsi_lsi.
H7] o] o ol H B(CeFs)s HO™ | 01| O ol H B(CeFs)s

ﬁ)h Equimolar SiH=SiOH | F"h | ‘ ‘ S‘
_Si Si Si - . Si__LSi___LSi__ .Si__LSi_ N
HO \ojﬂ\ok “OH z \O%\O%\O\O\O |z
2 B(CeFs) 2 m
G Alternating block copolymers ~ ¥
Z,Z=H,OH
Ll gl
H H/S‘I ‘o{sf‘o}s‘i‘H
H,0 0303 O n
FOAM USi ST/ H FOAM
brittle resin H\\Siro\-Si’ elastomeric
+H B(CeFs)s | H B(CeFs)3 +H.
2 DH, >
H H,O

Figure 3.4. Hydrolysis and condensation reactions of: A-G telechelic siloxanes
and H,I crosslinked siloxane polymers.

This model also explains why 3 starting materials of very different molecular
weights led to product polymers of comparable molecular weight at a given time.

As the reaction proceeds, the concentration of SiH groups decreases, while the
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concentration of water provided by the atmosphere (or excess bulk water)
essentially remains constant. There will be a point at which the hydrolysis reaction
will dominate because, even though it has a smaller rate constant than that for
condensation, the concentration of water will be significantly higher than of
residual SiH groups. In addition, as MW and viscosity of the product polymers
increase, there will be an attendant reduction in the polymer/polymer condensation
reaction rate. On the day of reaction, the concentration of water arising from room
humidity won the battle at M, ~35,000 (starting from a disiloxane) to give HO-
telechelic polymers (Figure 3.4D); on humid days, much lower molecular weight
polymers were obtained (data not shown).

A series of experiments was undertaken to establish optimal concentrations of
both water and BCF. HSi-terminated silicone chains were produced in closed
vessels using the process; the lengths of the product polymers could be controlled
by slow introduction of bulk water, such that hydrolysis could not consume all the
SiH groups (Figure 3.4A-C). Atmospheric moisture led to slower growth. The most
convenient way to run these reactions was to add small quantities of wet toluene
(water concentration 230 ppm, see below) in an open flask. Under these
circumstances, PDMS polymers of up to 183,000 g mol! were readily attained
( Table 3.2, entries 4-6, Table S3.4, Supporting Information). We infer that toluene
acts to solubilize water, SiH-silicone and catalyst. While, in principle, alcohols such
as ethanol or methanol should better dissolve in silicones than water, and lead to
the same outcomes, our experience has been inconsistent.

If an excess of water is provided at the outset, or over time, silanol-

terminate‘dead polymer’ forms (Figure 3.4D). The advantage of the current route
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over traditional processes for silicone polymerization is that reactivating ‘dead’
polymer simply requires addition of HSi-telechelic polymer of the same or different
MW (Figure 3.4E, or if water is in deficit, by opening the flask to permit ingress
of atmospheric moisture) in the same flask until the desired molecular weight is
realized. In the absence of water, either no reaction was observed, or metathesis
producing Me>SiH> and shorter linear chains was observed, as has been previously
reported.®>-¢ Thus, the reaction is living, provided water is the limiting reagent.

Water is not benign in these reactions. Although it is possible to recover from
addition of too much reagent water by adding additional SiH groups, it can be
pernicious in other ways. As the water content increases, the amount of catalyst
required also increases. B(CsFs)3 forms a series of hydrates that are in equilibrium
with free BCF. Additional water drags the equilibrium towards the hydrate (Figure
3.4F); at about 3% water neither the hydrolysis nor the condensation reactions
function — polymerization shuts down. Note, however, that Ganachaud et al. have
demonstrated the ability to polymerize MeoHSiOSiMe:H into linear silicones using
BCF in aqueous dispersions. In their case, possibly as a consequence of much
higher concentrations of water used, they concluded that a different process was
occurring, involving the formation, and then acid-catalyzed polymerization, of
cyclic trisiloxanes in a process that they labelled, “non-controlled.” Further research
is therefore required to sort out the role of water in detail.’’

Both reactions — hydrolysis and condensation — particularly the first, hydrolytic
step, were much more sluggish than the PR reaction, for which 30-50 ppm catalyst
is sufficient to lead relative reactivity is a consequence both of oxygen basicity and

low solubility of water in the hydrophobic silicone medium. Given the differences
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in surface activity between water and silicone oils (~73 vs 16-22 mN m!), this may
well be the key factor controlling reactivity with this oxygen nucleophile.®

Once it was recognized that hydrolysis was generating SiOH groups in situ,
followed by chain extension by SiOH + SiH condensation processes, several
opportunities presented themselves. First, commercially available HOSi-telechelic
silicones could be converted to high molecular weight polydimethylsiloxanes
simply by mixing commercial SIOH + SiH polymers in the presence of a small
quantity of B(CeFs)3 in the absence of water.?® This condensation reaction is more
efficient and rapid than the reactions that first hydrolysis, giving molecular weight
polymers up to My = 251,000 g mol! with dispersities below 2 (R=Me, Figure 3.4
F, Table 3.2, entry 10, Table S3.4). Second, there is no requirement to use only
dimethylsiloxane polymers. We have prepared a series of alternating block
copolymers by combining HOSi-terminated dimethylsiloxanes of different
molecular weights and an HSi-terminated PhMe silicone (R = Ph, Figure 3.4G,
Table 3.2, entry 11, Table S3.4); we are currently examining the potential of this
process to incorporate other reactive organic functionalities into silicone blocks.?
These products should be of interest because the behavior of block copolymers,
particularly through self-association, depends highly on the fraction of a given
polymer and, for alternating copolymers, the frequency of their distribution along
the chain.’® The ability to control block lengths and block frequency in pure
silicones is straightforward using this condensation approach. The creation of such
pure alternating silicone block polymers by traditional routes requires the use of

use organic links.
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Resins, elastomers and foams are readily prepared using the Piers-Rubinsztajn
reaction.!”?%22 When exposed to water under the same simple process conditions
starting materials containing multifunctional SiH groups could be similarly utilized
to prepare highly reticulated material whose properties depended on the M (that is,
n in Figure 3.41). For example, D4 (MeHSiO)s, in which each silicon atom is a
potential crosslink site, rapidly foamed in the presence of water and B(CsFs)3 to
give a brittle resin (Supporting Information). The addition to this mixture of a short
spacer (MW1,600) led to stiff elastomeric foams while the addition of a long spacer
(MW=62,700) gave very soft elastomeric foams (Shore OO hardness 8.5). Note
that these reactions can be capricious, in that small changes in reaction conditions
affect the ability of bubbles to nucleate and coalesce, leading to differences in
average bubble size and density in products made with the same starting materials.

The groups of Piers, and Gevorgyan established the general reactivities of
different organic groups towards reduction by hydrosilanes in the presence of
B(C6F5)3.40% To those rules we can begin to add rules for the relative reactivity of
various oxygen nucleophiles towards the creation of siloxane bonds in silicones
under similar conditions. Our experience has shown that the alkoxysilanes and alkyl
phenyl ethers are more reactive than phenols or silanols. To that list can be added a
slower reagent, water, that gives silanols from hydrosilanes.

The processes outlined here are mild (mostly at room temperature), facile and
forgiving. Several advantages accrue from the PR by hydrolysis: a broad range of
appropriately functional (telechelic SiOH, SiH silicones) are commercially
available, including dimethyl- or methylphenylsilicones, and silicones bearing

other organic functionalities may be readily synthesized; high molecular weight
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dimethylsilicone chains — up to 251,000 g mol™! — can be readily created but, unlike
traditional methods, dispersity values of the products are < 2; unlike most AA + BB
condensation polymerizations, it is facile to overcome initial mismatches of
stoichiometry; and, alternating or random block copolymers of different block
length and functionality are readily synthesized with excellent control over final
MW; cyclic content remains low, facilitating the isolation of clean polymers. It is
rather unusual to observe a living condensation polymerization process controlled
by the addition of water. We are examining other benefits that the process might
provide.
3.5. Conclusions

The slow reaction between hydrosiloxanes and water can be used to control the
assembly of silicone polymers. The living process, controlled by the available water
concentration, permits large silicones of molecular weight up to 250 000 g mol!
with low dispersity to be prepared. Alternating block copolymers are readily
accessed from the reaction, without water, of telechelic SiOH polymers and
telechelic SiH polymers, in the presence of B(C¢Fs);. An accidental excess of
silanols is overcome simply by adding excess dihydrosilicones to restart the process.
The process is mild, occurring at room temperature with low quantities of catalyst,
and is not accompanied by the formation of significant quantities of low molecular

weight byproducts.
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3.8. Appendix 2- Supporting Information

3.8.1. Hydrolysis products of pentamethyldisiloxane
R
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Figure S3.1. IR results for hydrolysis reaction using pentamethyldisiloxane

(MMH),
Table S3.1. GC-MS results for hydrolysis reaction using pentamethyldisiloxane
(MMH),
MM +H20 ([OH)/[SiH]=4)
Elution time M.W. (g/mol) Structure Relative ratio
(min) (%)
4.8 310 |1 1 93
7.3 385 R O R | 5
/S|I\O/S|I\O/S|I\O/S|I\O/S|I\
10.0 458 I e T | 1
/S|I\O/S|I\O/S|I\O/S|I\O/S|I\O/S|I\
12.3 532 |1 ] | | 1 1
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3.8.2. Hydrolysis products of Bis(trimethylsiloxy)methylsilane
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Figure S3.2. IR results for hydrolysis reaction using
bis(trimethylsiloxy)methylsilane (MDYM).

Table S3.2. GC-MS results for hydrolysis reaction using
bis(trimethylsiloxy)methylsilane (MDYM).

MDFM +H20 ([OH}/[SiH]=4)

Relative ratio

Elution time (min) M.W. (g/mol) Structure (%)
6.7 -2 - 3
9.3 458 Lo fol_ 97

2 Insufficient sensitivity to characterize the peak.
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3.8.3. Hydrolysis reaction using a mixture of pentamethyldisiloxane (MM")
and bis(trimethylsiloxy)methylsilane (MDYM)
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Figure S3.3. IR results for hydrolysis reaction using tris(trimethylsiloxy)silane.

Table S3.3. GC-MS results for hydrolysis reaction using pentamethyldisiloxane
(MM!) and bis(trimethylsiloxy)methylsilane (MD"M).

MM" + MD"M + H20 ([OH]/[SiH]=4)

Elution M.W. Structure Relative ratio  Product ratio by 2°Si
time (min)  (g/mol) (%) NMR (% £ 6%)
4.9 310 Sli sli Sli Sli 30 40

/S|i\0/sgi;0/3|i\
7.3 384 v 9 14
o
Sod 4
- "\o/ o~ "\
10.0 458 o | 61 46
\Sl./o\ i//o\ i/
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3.8.4. Silicone resin preparation using hydrolysis
Silicone resin preparation from D4 and water

Solid state NMR spectra for silicone resin

29Si ‘with high power 1H decoupling.

Probe: 3.2 mm MAS 1H/13C/29Si B132956/00001
masr = 8kHz; FIELD = -3055.0; sr = -270.50Hz
D1 = 120s; ns = 492 (sum of expno 14-16)

25 MAY 2016

Bob Berno

-35.8
-56.9
-65.8

50 0 -50 -100 -150 ppm’

Figure S3.4. °Si solid state NMR spectra for silicone resin preparation using D4
and water.

13C CPMAS (After Shim on 1H)

8 kHz MAS, NS = 8k, CT = 1 ms BRUKER
FIELD = -3055.0; sr = -418.00 Hz LX)
135W (13C), 75W(1H) =
25 MAY 2016 NAM A0 vy
Bob Berno

ns = 16;d1 = 10s

T T T T T T T T T4
250 200 150 100 50 0 -50 -100 ppm;:

Figure S3.5. °C solid state NMR spectra for silicone resin preparation using Dy
and water.
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Chapter 4: Spatially Controlled Hyperbranched
Vinylsilicones®

4.1. Abstract

Branched silicones possess interesting properties as oils, including their viscoelastic
behavior, or as precursors to controlled networks. However, highly branched
silicone polymers are difficult to form reliably using a “grafting to” strategy
because functional groups may be bunched together preventing complete
conversion for steric reasons. We report the synthesis of vinyl-functional highly
branched silicone polymers based, at their core, on the ability to spatially locate
functional vinyl groups along a silicone backbone at the desired frequency.
Macromonomers were created and then polymerized using the Piers—Rubinsztajn
reaction with dialkoxyvinylsilanes and telechelic HSi-silicones; molecular weights
of the polymerized macromonomers were controlled by the ratio of the two reagents.
The vinyl groups were subjected to iterative (two steps, one pot) hydrosilylation
with alkoxysilane and Piers—Rubinsztajn reactions, leading to high molecular
weight, highly branched silicones after one or two iterations. The vinyl-functional
products can optionally be converted to phenyl/methyl-modified branched oils or

elastomers.

& Chapter reproduced from M. Liao, Y. Chen and M.A. Brook, Polymers, 2021, 13 (6), 859. with
permission from MPDI Ltd, copyright 2021.

Mengchen Liao performed all experiments and was the lead author of the manuscript. Chen
provided guidance for experiments.
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4.2. Introduction

Macromolecules comprised of dendritic structures have been widely utilized in
a variety of different areas both in academia and industry!-3. The introduction of,
normally, randomly dispersed dendritic units with multi-functionalities along the
polymeric backbone is key to the unique physiochemical properties they possess*.
In comparison with their linear counterparts, highly branched materials exhibit low
viscosity, enhanced solubility and the higher density branches can optionally
possess functional groups to allow further modification®. The relative simplicity of
the synthetic routes to dendritic branches differentiates them from the perfectly
structured dendrimers that require laborious synthesis and work-up procedures; the
higher the generation number, the more likely one is to generate defects. The former
approach is therefore more suitable for industrial scale-up’ . In light of their unique
properties, highly branched and hyperbranched polymers have been
commercialized for applications ranging from coatings, additives, and insulators to
biomedical applications®!2,

Dendritic moieties are, by definition, sterically demanding. As a consequence,
when forming dendritic branches using a ‘grafting to’ process on a polymer
backbone, it can be difficult to achieve complete reaction because: i) the backbone
provides steric encumbrance that decreases the likelihood of successful grafting, a
situation that, ii) is made worse when functional groups on the backbone are found
in close proximity. The random dispersion of the dendritic units throughout the

macromolecules leads to the formation of irregular structures'’. Would a synthetic
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benefit be realized by controlling spatial location of the dendritic branches, and
would spatial distribution contribute to useful properties?

Polysiloxanes are renowned for their flexibility, biocompatibility, gas
permeability, low Tg, hydrophobicity and low surface energy'4'6. The initial
investigations of hyperbranched polysiloxanes were conducted by Muzafarov and
co-workers through condensation of triethoxysilanol, catalyzed by ammonia, that
yielded a transparent polymer!”!8, In 2000, Paulasaari and Weber established
lithium silanolate-initiated anionic polymerization (Figure 4.1A) for the
preparation of a vinyl-containing hyperbranched polysiloxane with a molecular
weight (MW) of 29,050 g mol™! (vinyl = Vi = ~HC=CH>)!**°. Chojnowski and co-
workers further advanced this methodology with the synthesis from vinyl-
substituted cyclotrisiloxanes of give vinyl-containing branched polysiloxanes of
various topologies, including star- to dendritic-branched architectures (Figure

4.1B).
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Figure 4.1. (A) The synthesis of hyperbranched polysiloxane using anionic ring-
opening polymerizations'?; (B) The synthesis of dendritic- branched

polysiloxanes?!

The Piers-Rubinsztajn reaction (PR), which provides a facile route to

structural complex silicones, involves the reaction of hydrosilanes with the strong

Lewis acid B(CeFs)s catalyst in the presence of appropriate nucleophiles?

2. We

previously reported the use of this process combined with hydrosilylation reactions

to synthesize precise silicone dendrimers with molar mass of up to 13,500 g mol!

using iterative reactions of PR and platinum-catalyzed hydrosilylation in the

absence of degradation (Figure 4.2A,C)?. Well-defined silicone resins with

tunable branching degrees could also be prepared using this pair of reactions®*

We wished to create highly branched linear silicone polymers with different

branching densities, to take advantage of the benefits these polymers convey. While
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synthesis of the monomer branches was straightforward (Figure 4.2A,C), it was
not always possible to achieve complete grafting of highly branched species onto
randomly located SiH functional groups typically found on commercial silicones
(unpublished data, Figure 4.2B); this inefficiency was ascribed to the steric
hinderance in zones of high functional group density on the backbone (Figure
4.2D). Such inhomogeneity is unavoidable in functional silicones prepared by
traditional redistribution reactions?>. We reasoned two factors could be used to
decrease sensitivity to steric issues: 1) move the locus of reaction further away from
the silicone backbone by use of vinyl groups on the backbone instead of SiH groups,
and, ii) control the spatial distribution of vinyl groups to ensure adjacent functional
groups are avoided (Figure 4.2E). In the dendrimeric vernacular, this refers to

divergent rather than convergent growth or, ‘grafting from’ rather than ‘grafting to’.
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Figure 4.2. The preparation of (A, C): well-defined silicone dendrons via iterative

process®*. B: higher branched polymers. Model comparison of vinylsilicones. (D):

random, (E). controlled locations. Using the Piers—Rubinsztajn reaction to prepare
spatially controlled F: chloropropylsilicones®®

The concept of properly controlling polymer synthesis using the perspective of
synthetic organic chemists is gaining traction?’. In the case of silicones, Skov and
co-workers initially reported a strategy for synthesizing siloxane copolymer with
spatially distributed pendent functional groups, including alkyl chloride and alkyl
azide, using the PR reaction?®. Such polymers should be less sensitive to steric
issues during further functionalization because the sequence ensures functional
groups maintain a constant distance along the backbone (Figure 4.2E.F). Using this
strategy, we describe preparation of a hierarchical library of precisely spaced vinyl,

or alkoxy, pendent linear silicones with either SiH or methoxy at the termini via

116



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

iterative PR condensation and platinum-catalyzed hydrosilylation. The products
include polymers bearing both SiH and SiVinyl groups, which are difficult to
prepare by traditional routes. The polymers underwent self-crosslinking in a one-
pot process to give soft elastomers possessing residual vinyl groups that, we show,
can undergo secondary modification with different silicones. We expanded this
concept to create a library of silicone crosslinkers possessing dendritic branches
with different degrees of vinyl and alkoxy functionalization and show that, at lower

generations, steric problems with functionalization are avoided.

4.3. Materials and Methods

4.3.1. Materials

Pentamethyldisiloxane (Me3SiOSiMeyH, MMH),
bis(trimethylsiloxy)methylsilane ((Me3Si0)2SiMeH, MDH"M),
tetramethyldisiloxane (H-0-H HMe>SiOSiMeoH, MPMY), phenyldimethylsilane
and vinyltetramethyldisiloxane were purchased from Gelest and used as received.
Hydride-terminated PDMS (H-13-H DMS-H03, MW=1,100 g mol!; H-18-H
DMS-H11, MW=1,500 g mol!; H-77-H DMS-H21, MW=5,800 g mol''; H-285-H
DMS-H25, MW=21,200 g mol!; DMS-H31, MW=24,400 g mol™") were purchased
from Gelest and were vacuum distillation (kugelrohr) at 120 °C for 1 h prior to use.
Hydride-terminated phenyl pendant PDMS (PMS-H03, 370 g mol!) was purchased
from Gelest and used as received. Dimethoxymethylvinylsilane (97%),
triethoxysilane and platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex
solution (Karstedt’s catalyst) in xylene (Pt 2%) were obtained from Sigma Aldrich

and used as received. B(CsFs); was purchased from Alfa Aesar. Toluene (solvent)
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received from Carleton (HPLC grade) was dried over activated alumina before use.
Deuterated NMR solvent (CDCls) was obtained from Cambridge Isotope
Laboratories. All glass apparatus were dried overnight at 120 °C and cooled under
a dry nitrogen atmosphere for 30 min prior to use.
4.3.2. Methods

"H NMR spectra were recorded on a Bruker AV600 MHz spectrometer using
deuterated solvents (CDCI3). Gel permeation chromatography (GPC), a Viscotek
GPC Max (VE 2001 GPC Solvent/Sample Module) was used to determine
molecular weights. The system was equipped with a Viscotek VE 3580 RI Detector,
a Viscotek 270 Dual Detector, and a PolyAnalytik SupeRes PAS-101 (8 mm x 30
cm) column with a single pore, styrene-divinylbenzene gel, 6 um particle size.
Toluene was used as the eluent at a flow rate of 1.0 mL min™!'. Refractive index (Ry)
measurement was carried out with a VEE GEE Scientific Abbe Refractometer

Model C10.

4.3.3. Synthesis
General procedures for the preparation of vinylsilicones with controlled
spacing. Shown for P-Vi-14

/
Ol (NG [N Ny [N [N [N
RT| O | ~o oo m| o<| o%ﬂ R

al

R=H, OMe .
P-Vi-q q=3-250

Hydride-terminated PDMS (H-13-H, 43.56 g, 39.60 mmol) was weighed into a
1.0 L three-neck round-bottomed flask with dry hexanes (218.0 mL). The flask was
flushed with nitrogen before capping with a septum and left under a positive

pressure of dry nitrogen. B(CeFs)3 stock solution (0.079 mL, 51.2 mg mL! in dry
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toluene,  0.0079 mmol) was added before adding  excess
dimethoxymethylvinylsilane (6.29 g, 47.57 mmol). The mixture was stirred for 3h
before neutral alumina was added to the flask to quench the B(CsFs)3 catalyst,
followed by filtration through Celite and rinsing with hexanes. P-Vi-14 was
obtained by removing hexanes under reduced pressure (rotavap at 60 °C) with yield
of 83.8% (41.77 g) and vinyl conc. of 7% calculated based on the '"H NMR data
(sample calculation, see Supporting Information, SI).
'"H NMR (600 MHz, chloroform-d): § 5.77-6.02 (m, 3H, SICH=CH.), 3.47-3.48 (s,
0.10H, SiOCHj3), 0.05-0.13 (m, 83.55H, SiCH3) ppm; GPC: My=37,400 g mol!;
My=69,300 g mol!; Dy=1.85.
Capping OMe groups in P-Vi-14

P-Vi-14 (10.63 g, 0.28 mmol) and pentamethyldisiloxane (MM, 0.169 g, 1.15
mmol) were added to a pre-dried 25 0.0 mL round-bottomed flask together with dry
hexanes (50.0 mL). The reaction flask was capped and flushed with dry nitrogen.
B(CeFs)s stock solution (0.114 mL, 5.12 mg mL™! in dry toluene, 0.00114 mmol)
was added. The mixture was stirred for 3h before neutral alumina was added to the
flask to quench the B(C¢Fs); catalyst, followed by filtration through Celite and
rinsing with hexanes. The capped product was obtained by removing hexanes under
reduced pressure with yield of 97.6% (10.54 g) and vinyl conc. of 7% based on 'H
NMR data.

"H NMR (600 MHz, chloroform-d): & 5.77-6.04 (m, 3H, SiCH=CH,), 0.05-
0.19 (m, 84.62H, SiCH3) ppm; GPC: M,=39,000 g mol!; My=73,700 g mol;

Du=1.89.
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Synthesis of compound P-Vi-14-OR;

ei0. okt QEt QEt
i EtO-g;~OEt EtO-g;~OEt
L ,HL ] HL | ,Hs[_ !
S Sivg S|'\o>qs|'\o’|\o ﬁ'\oﬁ'\oﬁ'\o/|'\o/|'\ P-Vi-14-OR,
q=14

The capped compound from the previous step (10.38 g, 0.27 mmol) and
triethoxysilane (4.88 g, 29.71 mmol) were added to a pre-dried 250.0 mL round-
bottomed flask together with dry hexanes (30.0 mL). The reaction flask was capped
and flushed with dry nitrogen. Karstedt’s catalyst (0.015 mL, 2 wt% in xylene) was
then directly added from the bottle. The mixture was stirred at room temperature
for 24h before activated carbon was added to the flask to quench the Karstedt’s
catalyst followed by filtration through Celite and rinsing with hexanes. P-Vi-14-
OR; was obtained by removing hexanes under reduced pressure with yield of 75%
(11.43 g).

"H NMR (600 MHz, chloroform-d): & 3.79-3.83 (m, 6H, SiIOCH,CH3), 1.20-
1.23 (m, 9.04H, SiOCH:CH3), 0.50-0.59 (m, 3.43H, SiCH»-CH,-Si), 0.06-0.08 (m,
78.53H, SiCH3) ppm; GPC: Mz=99,300 g mol™'; My=185,400 g mol'!; Dy~=1.87.

Synthesis of compound P-Vi-14-OSij;

P-Vi-14-0Si3
P-Vi-14-OR; (0.088 g, 0.0053 mmol) and phenyldimethylsilane (0.07 g, 0.514

mmol) were added to a pre-dried 25.0 mL round-bottomed flask together with dry
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hexanes (5.0 mL). The reaction flask was capped and flushed with dry nitrogen.
B(CeFs)s stock solution (0.0197 mL, 5.12 mg mL"! in dry toluene, 0.000197 mmol)
was added. The mixture was stirred for 3h before neutral alumina was added to the
flask to quench the B(C¢Fs); catalyst followed by filtration through Celite and
rinsing with hexanes. P-Vi-14-OSi3 was obtained by removing hexanes under
reduced pressure with yield of 66% (0.11 g).

"H NMR (600 MHz, chloroform-d): 6 7.32-7.54 (m, 24.57H, aromatic H), 0.41-
0.42 (m, 4H, SiCH>-CH»>-Si), 0.02-0.08 (m, 118.36H, SiCH3) ppm; GPC:
M,=55,000 g mol'!; My=116,500 g mol!; Dy=2.12; Ri=1.383.

Synthesis of compound P-Vi-14-OVi;

/\/

P-Vi-14-OR; (0.89 g, 0.053 mmol) and vinyltetramethyldisiloxane (1.38 g,
8.61 mmol) were added to a pre-dried 250.0 mL round-bottomed flask together in
dry hexanes (25.0 mL). The reaction flask was capped and flushed with dry
nitrogen. B(CsFs)3 stock solution (0.127 mL, 5.12 mg mL"! in dry toluene, 0.00127
mmol) was added. The mixture was stirred for 3h before neutral alumina was added
to the flask to quench the B(CeF5s)3 catalyst followed by filtration through Celite
and rinsing with hexanes. P-Vi-14-OVis was obtained by removing hexanes under

reduced pressure with yield of 76% (1.73 g).
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"H NMR (600 MHz, chloroform-d): & 5.71-6.16 (m, 9H, SiCH=CH,), 0.45-

0.46 (m, 2.24H, SiCH>-CH»-Si), 0.06-0.16 (m, 93.34H, SiCH;3) ppm; GPC:

M,=278,800 g mol!; My=582,500 g mol!; P)=2.09. We attribute this higher than

expected increase in MW to adventitious hydrolysis/condensation of the polymers.

Synthesis of compound P-Vi-14-0Si3OSio

Si
-~ ~o
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P-Vi-14-0Si;0Siq

P-Vi-14-OVi; (0.33 g, 0.0012 mmol) and bis(trimethylsiloxy)methylsilane

(MD"M, 0.37 g, 1.67 mmol) were added to a pre-dried 50.0 mL round-bottomed

flask together with dry hexanes (25.0 mL). The reaction flask was capped and

flushed with dry nitrogen. Karstedt’s catalyst (0.0075 mL, 2 wt% in xylene) was

then directly added. The mixture was stirred for 24h before activated carbon was

added to the flask to quench the Karstedt’s catalyst followed by filtration through

Celite and rinsing with hexanes. P-Vi-14-OSi3OSis was obtained by removing

hexanes under reduced pressure with yield of 70% (0.49 g).

"H NMR (600 MHz, chloroform-d): & 0.32-0.56 (m, 16H, SiCH>-CH>-Si),

0.01-0.09 (m, 178.59H, SiCH3) ppm; GPC: M;=310,500 mol'; Mw=609,200 g mol-

L Pu=1.96.
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Synthesis of compound P-Vi-14-OVi;OR9
OEt
EtO_ | _OEt
Si

.g_ P-Vi-14-0Si;ORg

P-Vi-14-OVi; (0.079 g, 0.000283 mmol) and triethoxysilane (0.083 g, 0.51
mmol) were added to a pre-dried 50.0 mL round-bottomed flask together with dry
hexanes (10.0 mL). The reaction flask was capped and flushed with dry nitrogen.
Karstedt’s catalyst (0.0075 mL, 2 wt% in xylene) was then added. The mixture was
stirred for 24h before activated carbon was added to the flask to quench the
Karstedt’s catalyst followed by filtration through Celite and rinsing with hexanes
to give, after removing hexanes under reduced pressure, with a yield of 89% (0.14
g).

"H NMR (600 MHz, chloroform-d): § 3.81-3.83 (m, 18H, SiOCH>CH3), 1.21-
1.25 (m, 27.28H, SiOCH2CH3), 1.53 (s, 10.40H), 0.45-0.67 (m, 14.89H, SiCH>-
CH»-Si), 0.04-0.08 (m, 113.63H, SiCH3) ppm; GPC: M;y=56,400 g mol!;
M.=109,200 g mol!; Dy=1.94.

Attempted branching of compound P-Vi-14-OVi;ORy

P-Vi-14-OViz;ORy (0.159 g, 0.0028 mmol) and
bis(trimethylsiloxy)methylsilane (MD"M, 1.779 g, 7.995 mmol) were added to a
pre-dried 50.0 mL round-bottomed flask together in with dry hexanes (20.0 mL).

The reaction flask was capped and flushed with dry nitrogen. B(CsFs)3 stock
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solution (0.131 mL, 5.12 mg mL"! in dry toluene, 0.00131 mmol) was added. The
mixture was stirred for 24 h before neutral alumina was added to the flask to quench
the B(CeFs)3 catalyst. By '"H NMR, the conversion of the ethoxy groups is < 20%.
'"H NMR (600 MHz, chloroform-d): & 4.62-4.63 (m, 9.63H, SiH), 3.72-3.75
(m, 16.19H, SiOCH->CH3), 1.53 (s, 15.70H), 1.19-1.23 (m, 24.24H, SiOCH2CHs),
0.55-0.64 (m, 16H, SiCH>-CH>-Si), 0.02-0.12 (m, 2757.83H, SiCH3) ppm.
The mixture from the above procedure was further heated at 50 °C for 24 h and
based on the 'TH NMR, the maximum conversion of the ethoxy groups was 53%.
"H NMR (600 MHz, chloroform-d): § 4.62 (m, 0.61H, SiH), 3.72-3.81 (m,
9.43H, SiOCH>CH3), 1.19-1.23 (m, 15.21H, SiOCH2CHs), 0.54-0.56 (m, 16H,
SiCH>-CH>-Si), 0.02-0.10 (m, 2090.55H, SiCH3) ppm; GPC: M= 18,000 g mol!;
M.=49,300 g mol™'; P)=2.75. This low MW indicates that most of the material has
been converted to a macroscopic resin, and only low MW materials remain in
solution.
Synthesis of silicone elastomers using controlled spacing hydride-terminated
vinyl-containing linear silicone
Step 1 (Table 4.2): Synthesis of hydride-terminated, vinyl-pendant linear
silicones (P-Vi-28)

Hydride-terminated PDMS (H-18-H, 1,500 g mol™!, 1.03 g, 0.94 mmol) was
weighed into a 250.0 L three-neck round-bottomed flask with dry hexanes (5.0 mL).
The flask was flushed with nitrogen before capped with a septum and left under
positive nitrogen pressure. B(C¢Fs)3 stock solution (0.133 mL, 51.2 mg mL™! in dry
toluene, 0.0133 mmol) was added before adding in dimethoxymethylvinylsilane

(0.074 g, 0.560 mmol). The mixture was stirred for 3h before neutral alumina was
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added to the flask to quench the B(CgFs)s catalyst followed by filtration through
Celite and rinsing with hexanes. The product P-Vi-28 was obtained by removing
hexanes under reduced pressure with yield of 84% (0.93 g).

"H NMR (600 MHz, chloroform-d): & 5.78-6.03 (m, 3H, SiCH=CH,), 4.70-
4.74 (SiH, m, 0.11H), 0.07-0.45 (m, 164.66H) ppm; GPC: M,=65,700 g mol!;
M,,=91,300 g mol!; Py=1.39.

Step 2: Synthesis of silicone elastomer using P-Vi-28 (entry 3, Table 4.2)

The product obtained from Step 1 (0.928 g, 0.014 mmol) and Karstedt’s catalyst
(0.260 mL, 5 mg mL"! in dry toluene) were added into a 24-well plate. After stirring,
the mixture was then placed under vacuum at 80 °C for 3h.

Step 3: Synthesis of silicone elastomer 2:1 SiH/SiVinyl from P-Vi-28 (entry 5,
Table 4.2)

The as-prepared vinyl containing elastomer (0.078 g, 0.042 mmol for SiV') was
allowed to swell in toluene (2 mL) containing PMS-HO03 (0.0158 g, 0.085 mmol for
Sit) for 24h in a 25 mL glass vial prior to the addition of Karstedt’s catalyst (0.0188
mL, 5 mg mL! in dry toluene).

OR Step 3: Synthesis of silicone elastomer 1:1 SiH/SiVinyl from P-Vi-28 (entry
6, Table 4.2)

The as-prepared vinyl containing elastomer (0.07 g, 0.038 mmol for SiV’) was
swollen in toluene (2 mL) and PMS-HO03 (0.007 g, 0.038 mmol for Si%) for 24h in
a 25 mL glass vial prior to the addition of Karstedt’s catalyst (0.0154 mL, 5 mg mL-
Uin dry toluene). In either case, the vial was then paced at 80 °C oven for 24h; the

longer reaction time for the evaporation of toluene (solvent).
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4.4. Results

Spatial control of vinyl groups on a silicone backbone was provided by the PR
reaction between the difunctional vinyl monomer vinyldimethoxymethylsilane and
am-hydride-terminated PDMS of various chain lengths ranging from the disiloxane
to longer chain linear polymers (MW 134 to 21,200 g mol"! H-Dy-H D = Me»SiO,
H = MY = Me;HSi0, Thus, H-13-H = M"D3M") in the presence of catalytic
amount of B(CeFs); (0.02 - 0.20 mol% (Figure 4.3A)*%. Using 'H NMR, the
depletion of hydrosilane (SiH, ~4.7 ppm) or methoxy (SiIOCH3, ~3.5 ppm) signals
allowed one to demonstrate full consumption of reagents had occurred to give P-
Vi-q, where q = spacing between adjacent vinyl groups. Thus, P-Vi-3 =
((ViMeSi0)(Me2Si0)2)m).

The nature of the terminal functional groups were easily controlled simply by
adjusting the [SiH]/[SiOMe] ratio (Table 4.1). Interestingly, at a stoichiometric
[SiH]/[SiOMe] ratio, methoxy-terminated compounds were often obtained due to
the occurrence of side reactions including metathesis that consumed some of the
hydrosilanes (2 R3SiOSiMe,H — R3SiOSiMe>OSiR3 + Me>SiHa, Figure 4.4A,B)%.
Three factors controlled the precision of the spatial location of vinyl groups: the Py
of the telechelic silicone; loss of functional groups due to undesired metathesis; and,
the degree to which the reaction maintains a dry state?”. Any defects are manifested
in the differences, in some cases, between the expected vinyl frequency based on
starting materials and the observed vinyl frequency in the product. For example, the

expected vinyl% for the product of H-13-H should be about 7%, but in some cases
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was slower than expected due to chain extension from water (Figure 4.4A,B, entry
6 vs 2,10, Table 4.1)%°,

As with any AA + BB polymerization, the ultimate molecular weight was
dependent on the precision with which the AA/BB stoichiometry was matched. One
advantage with this chemistry is that, if water prematurely terminates the process,
polymerization can be restarted using small quantities of a difunctional HSi
compound (although, as noted above, this will lead to a defect in the vinyl spacing).
Relatively high yields were obtained for these polymerizations (75-99%) except in
the case of MMM which, due to its high volatility, was partly lost once exposed to
the heat released during the exothermic Piers—Rubinsztajn reaction®’. The vinyl
concentrations (SICH=CH>, ~5.8 ppm) in the resulting polymers varied from 0.4 to
29% in products with molecular weights ranging from 12,000 to 143,000 g mol!
("H NMR and GPC data refer to Table S4.1 and Table S4.2 in the Supporting

Information, SI).
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Figure 4.3. Synthesis of well-defined branched silicones using (A) Spatially
controlled vinylsilicones using the Piers—Rubinsztajn reaction, shown for SiH

terminated. (B) Self-curing of P-Vi-n

. (C) Grafting of SiH branches using

(MHDPM),. (D) Crosslinking using (MPDPh),.
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Table 4.1. The synthesis of spatially controlled vinyl silicones with SiH or
SiOMe as terminal functional groups

Product Vinyl

M, [SiHY/ M, Yield Terminal

# HDH (gmol')*  [SiOMe] (g mol')° Bu DP? :-E:IT: c;z)c. (%) groups
1 H-0-H 134 1 N/A® N/A® - P-Vi-3 31.5 66 OMe
2 H-13-H 1,100 1 85,800 1.65 78 P-Vi-16 6.1 86 OMe
3 H-18-H 1,500 1 102,400 1.11 68 P-Vi-26 3.9 75 OMe
4 H-77-H 5,800 1 87,000 1.20 15 P-Vi-200 0.5 84 OMe
5 H-0-H 134 1.2 25,200 1.68 188 P-Vi-4 28.8 54 SiH
6 H-13-H 1,100 1.2 26,900 1.68 24 P-Vi-29 3.4 86 SiH
7 H-18-H 1,500 1.2 65,700 1.39 44 P-Vi-28 3.6 84 SiH
8 H-77-H 5,800 1.2 13,300 2.09 2 P-Vi-111 0.9 89 SiH
9 H-0-H 134 0.83 N/A® N/A® - P-Vi-3 35.4 63 OMe
10 H-13-H 1,100 0.83 37,400 1.85 34 P-Vi-14 6.9 84 OMe
11 H-18-H 1,500 0.83 23,600 2.15 16 P-Vi-17 5.7 99 OMe
12 H-77-H 5,800 0.83 23,400 1.18 41 P-Vi-83 1.2 99 OMe
13 H-285-H 21,200 0.83 143,200 1.02 7 P-Vi-250 0.4 99 OMe

“ D = Me,SiO, M" = Me,HSi0,, Thus, H-0-H = MPM", H-18-H = M"D ;sM™.
b M, of the starting material obtained by '"H NMR end group analysis.
¢ M, obtained of the product obtained by GPC.

d

macromonomer repeat units [(ViMeSi0)1(Me2SiO)a|pp.

¢ MW was too low to be detected by GPC.
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Figure 4.4. Origins of defects during chain extension. (A) Hydrolysis. (B)
Metathesis. (C) Mechanism of the PR reaction.
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The prevailing methodology for crosslinking in silicone elastomer synthesis is
hydrosilylation, which involves the addition reaction between hydrosilane (SiH)
and unsaturated bonds, in the presence of platinum catalyst, typically Karstedt’s
catalyst’!. Normally, these systems are sold as two-part pre-elastomer kits in which
one part contains vinylsilicone and catalyst, while in the other, hydrosiloxanes are
found that are often the crosslinking partner. Polymers containing both
functionalities are exceptionally rare, as neither traditional acid nor base catalyst
technologies are compatible with both vinyl and HSi functionalities. The
compounds fall in a convenient MW range of 10,000-60,000, within the 20,000-
30,000 g mol! range that has been found to be convenient for many applications,
once cured into elastomers®?. These H/vinyl silicone polymers were able to self-
cure to give bubble free elastomers by addition of Karstedt’s catalyst (entries 1-4,
Table 4.2, Figure 4.3B, 'H NMR in Table S4.3, Supplementary Information, SI).
The Shore OO hardnesses of elastomers created from this homologous series
ranged from 46 to 73 depending on overall MW and the spacing between vinyl
groups.

Table 4.2. The synthesis of silicone elastomers using hydride-terminated,
well-defined vinyl silicones via hydrosilylation.

Self-crosslinked Elastomers Product
Starting polymer? Vinyl conc. (%)? MW (g mol™)? Shore 00
1 P-Vi-4 28.8 25,200 46+1
2 P-Vi-29 34 26,900 7312
3 P-Vi-28 3.6 65,700 64+2
4 P-Vi-111 0.9 13,300 52+2
Grafted copolymer networks
# Starting elastomers Eq® M" versus SiV!
5 entry 3 2 7842
6 entry 3 1 8241°
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2 Compounds from Table 4.1, entries 5-8. P These materials are at the upper level
of the Shore OO scale, but they were too brittle (they are unfilled) for measurement
by Shore A - they cracked during measurement.

The elastomers prepared by self-hydrosilylation reactions possessed residual
double bonds. These could be further modified to create new networks by swelling
using different concentrations of the small telechelic hydrosilicone
("Me2Si0SiP"Me)O(MPDP), into the elastomers and then again curing with
hydrosilylation (Figure 4.3C,D). Use of 2 equiv (based on SiH) led to SiH
functional elastomers and a small increase in hardness; use of 1 equiv led to harder
elastomers (entries 5-8, Table 4.2). Note: the materials were more highly
crosslinked and much harder than the precursor elastomer but shattered during
Shore A measurements. When an excess of SiH was used (2 equiv), all vinyl groups
were consumed, while use of 1 equiv of SiH/vinyl, not all vinyl groups reacted,
which is expected because of the lower degrees of freedom of mobility in a network
("H NMR in Table S4.3, IR spectra in Figure 4.5). SiH groups were present in
both products, suggesting that the limited degrees of freedom available to the short
chains prohibits complete reaction.

The ultimate aim of this study was the creation of linear silicones with a
spatially-controlled distribution of high density 3D branches. We hypothesized that
spatial control would avoid clusters of functional groups, permitting full
functionalization of the backbone. Spatially controlled vinyl-pendent linear silicone
P-Vi-14 with a molecular weight of 37,400 g mol-1, vinyl conc. of ~7% and spacing
chain length of 1,100 g mol-1, DP~34 (that is, the macromonomer species is
~[(Me2Si0)15(MeSiV1)]n) served as the starting material. Dense branches were

created using a series of iterative processes, alternating between hydrosilylation and
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then PR with a variety of monomers bearing different functionalities including SiH,
SiOEt and vinyl groups. Initially these reactions could be run neat. However, as the
molecular weight increased, particularly above the entanglement limit of about
29,000 g mol™! (reported entanglement limits for PDMS range from about 15,000-
35,000 g mol!; here we use data from the seminal study of Mrozek et al.?>3) and
branch density increased, it was necessary to dilute the system with hexanes®* .
Note that each iteration of PR then hydrosilylation could be undertaken in one pot,

as the catalysts do not interfere with each other™.
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Figure 4.5. IR spectra for PMS-HO03 modified elastomers using P-Vi-28 self-
crosslinked elastomers (Table 2). The orange curve shows the IR spectra of
precursor elastomer (Entry 3, Table 4.2), the purple curve shows the IR spectra of
PMS-HO3 (Vinyl:SiH = 1:2) modified elastomer (Entry 5, Table 4.2) and the
green curve shows the IR spectra of PMS-HO03(Vinyl:SiH = 1:1) modified
elastomer (Entry 6, Table 4.2).

Selected examples of dendron-like branch growth are shown in Figure 4.6. The
terminal methoxy groups on compound P-Vi-14 were first capped using an excess
of MM! in the presence of B(CsFs)3 catalyst; this process can be performed during

workup of compound P-Vi-14 and avoids adventitious PR side reactions.
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Hydrosilylation with triethoxysilane in the presence of Karstedt’s catalyst creates
trifunctional branches in P-Vi-14-OR; (Figure 4.6B,C). Note that, if desired, lower
degrees of functionalization should be accessible by hydrosilylation with
MeHSi(OEt): or Me>HSiOEt. '"H NMR spectra showed the complete consumption
of the vinyl group (SiCH=CH>, ~5.8 ppm) and a newly emerged ethoxy peak
(SiOCH>CH3, ~3.8 ppm). The alkoxygroups undergo ready silylation in a PR
process, for example, with Me;PhSiH to give highly branched, phenyl-rich
compound P-Vi-14-OSis.

The iterative PR/hydrosilylation process can be repeated with compound P-Vi-
14-OR3, for example, using vinyltetramethyldisiloxane to give alkoxysilane-free
compound P-Vi-14-OVis. The net effect is to convert single pendent vinyl groups
in compound P-Vi-14 into trivinyl-functional branches in compound P-Vi-14-
OVis. These vinyl groups, in turn, were converted to more highly branched
silicones P-Vi-14-0Si30Sio, or new alkoxysilanes P-Vi-14-OSizORo. It was not
possible, in our hands, to get clean products from a further PR reaction with P-Vi-
14-08Si30R9, which we ascribe to steric issues; a maximum efficiency of ~53%
substitution was observed at 50 °C for 24 hours in an excess of MDM.

Some caveats must be attached to the synthetic sequence provided above. One
must be exceptionally careful to store any of the alkoxysilane products completely
dry. For example, although the conversion of P-Vi-14 — P-Vi-14-0Sis; led to the
expected increase in molar mass, the analogous conversion of P-Vi-14 — P-Vi-14-
OVis gave polymers with about 5x the expected molar mass. This is a consequence
of very small amounts of water that lead to hydrolysis/condensation. Note that this

problem is exacerbated at higher generations (researchers with better hands than
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ours are able to successfully manage this challenge!'’-'®). Compound P-Vi-14-
OVi30Ry has a molar mass by GPC that is appropriate based on its initial starting
material P-Vi-14 but lower than its immediate precursor P-Vi-14-OVis;. The
molecular weight didn’t decrease. Instead, a fraction of the material became a resin
that was no longer carried though the column. Note that, in addition at high branch
density, GPC can underestimate molecular weight because the behavior of linear
calibrating polymers is quite different from these highly branched polymers, which

can take up a globular structure 2>,
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Figure 4.6. Synthesis of well-defined branched silicones by (A) capping residual
SiOMe groups. (B) Hydrosilylation to introduce new SiOEt groups. (C) PR
reaction to give branched siloxanes. (D) Chain extention to give trivinylbranches.
(E) Dense silicone branches from hydrosilylation. (F) Dense alkoxysilane from
hydrosilylation. (G) Failed attempt to extend the branches by hydrosilylation.
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4.5. Discussion

The Piers-Rubinsztajn, combined with hydrosilylation, has previously been
shown to be a valuable strategy to create structured networks®>. Here we
demonstrate that it similarly permits the preparation of highly functional, highly
branched polymers and macro-crosslinkers. Use of Skov’s technology permits
precise spacing of vinyl functional groups between D units along a silicone
backbone 1/3 to 1/250 (Table 4.1). The secondary level of control — DP of the
macromer [(MeViSiO)(MexSi)a]Jor — was more difficult to manage; depending on
the specific starting material ratios chosen, [SiOMe]/[SiH] DPs ranging from 2 to
188 were realized. As expected, the highest MW were achieved with a
stoichiometric balance, that reduced the degree of premature termination.

The ideal spacing of vinyl groups was not always observed in these reactions.
We attribute this observation to defects introduced by hydrolysis/condensation and
metathesis; hydrolysis*® and metathesis?®-” reactions are promoted by B(CsFs)3. In
both cases, the first formed SiOH groups can undergo condensation to give chain
extension. SiH groups in the presence of B(CeFs)3 can also undergo metathesis
reactions leading to longer polymers and coproduction of Me>SiH,. Either of these
processes will lead to a defect in the chain with either a double or missing vinyl
group (Figure 4.4A,B). Both of the processes leading to defects are less
efficient/less rapid than the PR reaction. Thus, an advantage of the use of 1/1
[SiOMe]/[SiH] stoichiometry is a lower likelihood of defects. Note that we

currently do not have the analytical capacity to detect these defects.
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These reactions exhibit one unusual feature: low Dw'3. Normally, one would
expect ideal condensation polymer should normally have a dispersity approaching
2. Instead, the lower Pwm suggests the propagation has a kinetic/chain growth
component. The mechanism for the PR reaction involves two nucleophilic
substitutions. Either one could be the rate determining step of the overall process,
similar to traditional chain processes rather than condensations (Figure 4.4C)22%-3%-
40, Chojnowski et al. have shown that related B(CeFs)3-catalyzed reaction of cyclic
hydrosiloxanes are kinetically controlled*!. Regardless, this constitutes an
advantage of the process.

Once vinyl groups were located in precise locations on a silicone chain, it was
relatively straightforward to use iterative hydrosilylation/PR cycles to grow dense
branches that terminated with functional groups or, as we showed here, capped to
give branched silicones (Figure 4.6). As with dendrimers, at higher generations
defects set in*? and care must really be taken with the high density triethoxysilyl
branches to convert them to hydrolytically stable analogues, either silyl or vinyl.
However, even after one generation, high molecular weight, highly functional
precise highly polymers are readily available.

Structure matters to all chemists. There is a paucity of data on the behavior of
branched silicones. Charlesby created branched silicone by irradiation to create
backbone radicals**. The method may have produced some lightly branched
materials, but the author also recognized that their materials likely included
crosslinked or uncontrollably branched components. The creation of these highly
branched materials using a combination of PR and hydrosilylation reaction opens

opportunities to fine tune the properties of both oils and elastomers. As the library
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of branched and highly branched?’ silicones is expanded, it will be possible to better
identify the beneficial properties of both oils and elastomers that arise from

precisely located vs. random branches.

4.6. Conclusions

A facile synthetic route to spatially controlled vinyl-pendent linear silicones,
with vinyl spacing varying from 1/3 to 1/250 monomer units, low dispersities, and
molecular weights of the obtained polymers ranging from 12,100 to 102,400 g
mol ! was reported. The terminal groups (SiH or SiOMe) of the polymers could by
chosen by tuning the stoichiometry of the hydride-terminated PDMS and
dimethoxymethylvinylsilane starting materials. The polymers with SiH termini
underwent direct crosslinking using hydrosilylation to produce relatively soft
elastomers containing residual vinyl groups that could be used for secondary
functionalization or crosslinking. The vinyl groups were also used as loci from
which dendritic branches were grown, eventually to make highly branched
functional oils. The library of polymers produced, with precisely spaced mono- or
dendritic multi-functional pendent groups, follows the paradigm of greater
synthetic control to give narrower ranges of properties, and will permit an
assessment of structure property relationships to allow the design of better silicone

polymer fluids and elastomers.
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4.9.Appendix 3- Supporting Information

Table S4.1. The synthesis of well-defined vinyl silicones with SiH or SiOMe as
terminal functional groups (Table 4.1) - 'H NMR data

Entry '"H NMR (CDCls, 600 MHz, d)

—_—

5.78-6.05 (m, 3H), 3.46-3.47 (SIOCHs, m, 0.48H), 0.07-0.23 (m, 16.08H) ppm.
5.78-6.03 (m, 3H), 3.47-3.48 (SIOCHs, m, 0.18H), 1.54 (s, 1.74H), 0.07-0.27 (m, 94.68H) ppm.

5.77-6.02 (m, 3H), 3.46-3.47 (SIOCHs, m, 0.27H), 1.54 (s, 0.88H), 0.06-0.26 (m, 149.35H) ppm.
5.77-6.04 (m, 3H), 3.47-3.48 (SIOCHs, m, 3.13H), 1.54 (s, 12.12H), 0.07-0.16 (m, 1237.10H)

ppm.
5.78-6.03 (m, 3H), 4.70-4.76 (SiH, m, 0.01H), 1.54 (s, 0.55H), 0.07-0.24 (m, 17.84H) ppm.

(
5.78-6.03 (m, 3H), 4.70-4.71 (SiH, m, 0.50H), 1.55 (s, 0.98H), 0.04-0.45 (m, 173.20H) ppm.
5.78-6.03 (m, 3H), 4.70-4.74 (SiH, m, 0.11H), 1.54 (s, 1.49H), 0.07-0.45 (m, 164.66H) ppm.
5.77-6.03 (m, 3H), 4.70-4.71 (SiH, m, 0.03H), 1.54 (s, 23.61H), 0.05-0.17 (m, 632.56H) ppm.

5.78-6.05 (m, 3H), 3.46-3.50 (SIOCHs, m, 0.95H), 0.08-0.23 (m, 13.95H) ppm.

5.77-6.02 (m, 3H, SICH=CH), 3.47-3.48 (s, 0.10H, SIOCH), 1.52 (s, 0.62H), 0.05-0.13 (m,
83.55H, SiCHs) ppm

5.78-6.06 (m, 3H), 3.47-3.48 (SIOCHs, m, 0.67H), 1.56 (s, 1.12H), 0.07-0.27 (m, 102.74H) ppm.
5.78-6.05 (m, 3H), 3.47-3.48 (SIOCHs, m, 0.81H), 0.04-0.16 (m, 517.29H) ppm.

5.78-6.03 (m, 3H), 3.47-3.48 (SIOCHs, m, 0.78H), 1.55 (s, 8.03H), 0.07-0.17 (m, 1621.13H) ppm.

—_— — ~— ~—

© 00 N O o A WODN
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Table S4.2. The synthesis of well-defined vinyl silicones with SiH or SiOMe as
terminal functional groups (Table 4.1)- GPC data

Entry Mn (g mol™) Mw (g mol™) Du
1 N/A N/A N/A
2 85,800 141,700 1.65
3 102,400 113,100 1.11
4 87,000 104,800 1.20
5 25,200 42,400 1.68
6 26,900 45,000 1.68
7 65,700 91,300 1.39
8 13,300 27,800 2.09
9 N/A N/A N/A
10 37,400 69,300 1.85
11 23,600 50,600 215
12 23,400 27,600 1.18
13 143,200 146,200 1.02
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Calculation of vinyl concentration based on 'H NMR
Sample calculation for Entry 10 in Table 4.1

Cc
/ o "//
Si Si Si Si
~orTo |'\o>n|"o’ s

d1 d2

T T T T T T T
3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)

3
o 019 =<

T
6.0 5.5 5.0 45 4.0 3

J . ., (The integration of silioxane region-3 83.15-3
# of d1 silicon for every repeating unit=" = . glond) _( . ) ~13

1
The integration of siloxane region-3 n
6

1
1 *100 %= m =6.96%

6

Vinyl conc. (%)=

Table S4.3. The synthesis of silicone elastomers using hydride-terminated, well-
defined vinyl silicones via hydrosilylation - 'H NMR data (Table 4.1)

Entry "H NMR (CDCls, 600 MHz, d)
1 5.80-6.01 (m, 98H, CH.=CH-Si), 0.83 (m, 4H, CH2-CHz), 0.08-0.15 (m,
606H) ppm.
5 5.78-5.94 (m, 0.8H, CH>=CH-Si), 0.80-0.86 (m, 4H, CH2-CH-), 0.07 (s, 44H)
ppm.
3 5.77-6.00 (m, 5H, CH2=CH-Si), 0.79-0.88 (m, 4H, CH2-CH-), 0.07-0.08 (m,
193H) ppm.

7.55-7.57 (m, 10H, aromatic H), 7.32-7.43 (m, 18H, aromatic H), 4.74-4.76
(m, 4H, SiH), 0.81-0.88 (m, 4H, CH>-CH-), 0.31-0.32 (m, 19H, Si(Ph)CH5),
4 0.15-0.17 (m, 36H, Si(Ph)OSi(CHs)z2), 0.07-0.08 (m, 117H) ppm. (Vinyl
groups remain when only 1 equiv of SiH was used due to side reactions
such as metathesis and hydrolysis that consume SiH groups)
7.55-7.58 (m, 7H, aromatic H), 7.32-7.39 (m, 12H, aromatic H), 5.94-5.97
(m, 0.16H, CH.=CH-Si), 4.74-4.76 (m, 2H, SiH), 0.80-0.89 (m, 4H, CH>-

5 CH-), 0.31-0.32 (m, 13H, Si(Ph)CHs), 0.15-0.17 (m, 23H, Si(Ph)OSi(CHs)2),
0.07-0.08 (m, 98H) ppm.
6 5.77-6.03 (m, 0.90H, CH.=CH-Si), 0.80-0.89 (m, 4H, CH2-CHz), 0.07 (s,

123H) ppm.
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Chapter 5S: Silylating disulfides and thiols with
hydrosilicones catalyzed by B(C¢Fs)3&

5.1. Abstract

Hydrosilanes and silicones, catalyzed with B(CeFs)3, may be used to silylate thiols
or cleave disulfides giving silyl thio ethers. Alcohols were found to react faster than
thiols or disulfides, while alkoxysilanes (the Piers-Rubinsztajn reaction) were
slower such that the overall order of reactivity was found to be HO > HS > SS >
SiOEt. The resulting silane and silicone-protected thio ethers produced from the
sulfur-based functional groups could be cleaved to thiols using alcohols or mild

acid with rates that depend on the steric bulk of the siloxane.

5.2. Introduction

The utility of sulfur chemistry is intrinsic to materials science, historically via
Goodyear vulcanization of rubber,! and more recently through practical, facile
reactions that facilitate the assembly of complex materials, including thiol-ene
reactions.? There has similarly been an expansion in the use of sulfur chemistry in
synthetic organic methodology via sulfur anions, radicals, ylids, etc., because, in
part, of the special reactivity of thiols when compared to alcohols.?

The reactivity of thiols, which is so beneficial in mediating organic chemistry
can, however, be problematic because of the sensitivity of these groups to oxidation

to disulfides, or further oxidation to sulfoxides, sulfones, etc.;* the biological redox

& Submitted to European Journal of Organic Chemistry, M. Liao, S. Zheng and M.A. Brook
(2021).

Mengchen Liao performed all experiments and was the lead author of the manuscript. Zheng
performed experiments for the dodecanethiol model compound study.
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partners cystamine/cysteamine, cysteine/cystine and glutathione/ glutathione
disulfide’® are emblematic of this oxidative sensitivity. There is, therefore, a need to
protect thiols during synthetic sequences. For alcohol protection, one generally
turns to silyl groups, because: deprotection with fluoride rarely affects other entities
on the organic molecule; there is a well understood link between steric bulk at
silicon and the difficulty of both introduction and cleavage processes, and
organosilanes are perceived to be relatively benign.® Silyl groups have not found a
similar place in synthesis involving thiols initially, in part we propose, because of
early reports showing the Si-S bond is exquisitely sensitive towards hydrolysis,
based on the reactivity of Me3Si-S-SiMes.”

In a sense, disulfides are a vehicle to protect thiols. The reduction of SS bonds
back to thiols is effectively managed by natural processes, as noted above. However,
synthetic organic chemistry typically requires more vigorous conditions for this
process.’

Many functional groups undergo reductions with hydrosilanes in the presence
of B(CeFs)s. Piers, in particular, has demonstrated the broad utility of these reducing
conditions for organic functional groups.® It should be noted that the reduction of
carbonyl groups may initially lead to silyl ethers but, under the same conditions
with excess silane, further reduction to the alkane occurs. This latter reaction — a
new reaction for making silicones — is the basis of the Piers-Rubinsztajn (PR)
reaction.!® An analogous PR process, via silyl thio ethers after reduction of
thiobenzophenone, was described by Rosenberg’s group!! (Figure 5.1).

We recently described the reductive silylation of S-S linkages in automobile

tires to facilitate removal of crosslinks and polymer recovery using B(CeFs)s3-
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catalyzed silylation.!? The process generates Si-S linkages that were far more robust
than we had anticipated. We report here a preliminary examination of the degree to

which this chemistry can be exploited with small organic molecules.

o} RN S
|
Ar)J\Y A,)\Y Ph/lkPh
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Figure 5.1. B(CeFs)3-catalyzed silane reduction of organic groups.

5.3. Materials and Methods

5.3.1. Materials

Bis(triethoxysilylpropyl)disulfide (90%), bis(triethoxysilylpropyl)tetrasulfide
(a mixture of oligosulfides, average Ss), bis(trimethylsiloxy)methylsilane 1 BisH
(MD"M) and pentamethyldisiloxane 2 (MMY) were purchased from Gelest;
dimethylphenylsilane 3 (PhMe;SiH) was purchased from Sigma Aldrich and all
were used after drying over molecular sieves overnight (Sigma Aldrich Molecular
sieves, 4A beads, 8-12 mesh). Benzyl thiol, octyl thiol, dodecyl thiol and
tetrabutylammonium fluoride (TBAF) were purchased from Sigma Aldrich. Acetic
acid was purchased from Caledon. Ultrapure water (18 MQ-cm) was obtained using
Easypure RF (Barnstead). B(CesFs)3 was prepared by Grignard reaction following

5

the literature procedure;?®> we acknowledge with gratitude Prof. David Emslie,

McMaster University, for providing this sample. Naphthalene (internal standard)
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was purchased from Fisher. Toluene, hexanes and tetrahydrofuran (solvents)
received from Caledon (HPLC grade) were dried over activated alumina before use.
Isopropanol was purchased from Caledon and used as received. Deuterated NMR
solvents were obtained from Cambridge Isotope Laboratories. Chromium (III)
acetylacetonate was purchased from Sigma Aldrich and was used as received. All
glassware was dried overnight at 120 °C and cooled under a dry nitrogen
atmosphere for 30 min. However, reactions were generally run in an open flask,

which accounts for the presence of water in some reactions.

5.3.2. Methods

'H, 3C and ?°Si NMR spectra were recorded on a Bruker Avance 600 MHz
nuclear magnetic resonance spectrometer using deuterated solvents chloroform-d
and acetone-ds. For 2°Si NMR, chromium (III) acetylacetonate was used as a
paramagnetic relaxation agent.

GC-MS analyses were performed using an Agilent 6890N gas chromatograph
(Santa Clara, CA, USA), equipped with a DB-17ht column (30 m % 0.25 mm i.d. x
0.15 pm film, J & W Scientific) and a retention gap (deactivated fused silica, 5 m
x 0.53 mm i.d.) coupled to an Agilent 5973 MSD single quadruple mass
spectrometer. A one microliter of sample was injected using an Agilent 7683
autosampler in splitless mode. The injector temperature was 250 °C and carrier gas
(helium) flow was 1.1 mL/min. The transfer line was set at 280 °C and the MS
source temperature was 230 °C. The column temperature started at 50 °C and was

raised to 300 °C at 8 °C/min, and held at 300 °C for 15 min for a total run time of
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46.25 min. Full scan mass spectra between m/z 50 and 800 were acquired with a
solvent delay of 8 min.

LC-MS analysis utilized an Agilent Technologies 1200 LC coupled to an
Agilent 6550 QTOF mass spectrometer. An injection of 2 pl. was separated on a
Phenomenex Luna C18(2) (150 mmx2.0 mm, 3 um) column of a pore size of 100
A (Phenomenex, CA, USA). The mobile phases were LCMS-grade 45/55
water/methanol with 0.5% acetic acid (A) and methanol with 0.5% acetic acid (B)
at a flow rate of 300 pL/min. The column temperature was maintained at 40 °C, and
the autosampler storage tray was set at 10 °C. The mobile phase gradient eluted
isocratically with 10% B for 1.0 min followed by a gradient that led to 100% B over
17 min. The eluent was maintained at 100 % B for 2 min and then decreased to 10 %
B over 0.1 min. A 5-min re-equilibration was utilized prior to the next injection.
The total time for the HILIC gradient was 25 min.

Polymer molecular weights were established with gel permeation
chromatography (GPC) using a Waters Alliance GPC System 2695 calibrated with
a polystyrene calibration kit S-M-10 (Lot 85) from Polymer Laboratories using
toluene as eluent.

5.3.3. Synthesis
General procedures are provided here. For complete details, please see the

Supporting Information.
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1.3.2.4. Stock solution preparation

Benzylthiol: A stock solution of benzyl thiol was prepared by adding solid
naphthalene as internal standard (0.017 g, 0.133 mmol) to benzyl thiol (0.664 mL,
0.704 g, 5.67 mmol) in a dried 20.0 mL glass vial.

Bis(triethoxysilylpropyl)disulfide: A stock solution of
bis(triethoxysilylpropyl)disulfide was prepared by adding solid naphthalene (0.056
g, 0.437 mmol) to bis(triethoxysilylpropyl)disulfide (2.21 mL, 2.27 g, 4.77 mmol)
in a dried 20.0 mL glass vial.

Bis(triethoxysilylpropyl)tetrasulfide: A stock solution of
bis(triethoxysilylpropyl)tetrasulfide was prepared by adding solid naphthalene
(0.301 g, 2.35 mmol) into bis(triethoxysilylpropyl)tetrasulfide (11.77 mL, 12.89 g,
23.91 mmol) in a dried 20.0 mL glass vial.

Chloroform-d used for kinetic studies: A stock solution of chloroform-d was
prepared by adding solid naphthalene (4 mg, 0.031 mmol) into chloroform-d (2 mL,

3.0 g, 24.92 mmol) in a dried 20.0 mL glass vial.

5.3.3.1.Comparative reactivities of benzyl thiol and benzyl alcohol

To a pre-dried 100.0 mL round-bottomed flask, the stock solution containing
benzyl thiol (0.18 g, 1.45 mmol), benzyl alcohol (0.20 g, 1.85 mmol) and 1 (0.363
g, 1.63 mmol) were mixed together with dry toluene (2 mL) as solvent. Freshly
prepared B(CeF5s)3 stock solution was added (0.258 mL, 0.026 mmol) after 5 min
stirring. The total reaction time was 24h, then the reaction was quenched by adding
neutral alumina. The final product was obtained using vacuum filtration. The NMR

data is consistent with no change to the CH>SH peaks, while substantial change
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occurred to the CH>OH peak leading to CH>OSi groups (Figure S5.1, Table S5.1,
Supporting Information).

Before (0 min): PACH2SH: PhCH2OH: 1 =1: 1.08: 0.75
"H NMR (600 MHz, chloroform-d): PhnCH,SH (1 eq) 8 1.76 (t,J=7.55 Hz, 1H, SH),
3.75(d, J=7.55 Hz, 2H, SCH>Ph), 7.23-7.33 (m, aromatic 5H); PhCH>OH (1.08 eq)
d 1.64 (t, J/=5.97 Hz, 1H, OH), 4.71 (d, J=5.88 Hz, 2. H, OCH>Ph), 7.297.38 (m,
5H arom); (Me3;Si0).SiMeH (0.75 eq) d 0.10-0.11 (m, 3H, (Me3SiO).MeSiH)),

0.12 (s, 18H, (Me3Si0)MeSiH)), 4.63 (q, J/=1.54 Hz, 1H, SiH); Internal standard

(naphthalene): 7.48 (q, J=3.16 Hz, 0.09H), 7.85 (q, /=3.15 Hz, 0.09H) ppm.

After (24h): PhCH,SH: PhCH,OH: PhCH>0SiMe(MesSiO)a:
PhCH,SSiMe(MesSiO): 1: 0.70: 0.39: 0
PhCH,SH (1 eq) 6 1.76 (t, J=7.53 Hz, 1H, SH, partially overlapped with H,O peak),
3.75 (d, J=7.54 Hz, 2H, SCH>Ph), 7.23-.733 (m, 5H arom); PhCH,OH (0.70 eq): d
1.63-1.65 (bs, 1H, OH), 4.70 (s, 2H, OCH>Ph) 7.23-.733 (m, aromatic 5H);
PhCH>0SiMe(MesSiO)2 (0.39 eq): 0.08 (s, 1.22H), 0.11 (s. 6.59H), 4.77 (s, 0.74H,
PhCH,0SiMe(MesSi0),); Silicone impurities: 0.01-0.06 (m, 0.51H), 0.08 (s,
1.22H), 0.13-0.21 (m, 1.48H); Impurity: 4.79 (s, 0.09H); Internal standard
(naphthalene): 7.48 (quartet, J/=3.16 Hz, 0.10H), 7.85 (quartet, /=3.16 Hz, 0.09H)
ppm.
Aromatic peaks of benzyl alcohol and silylated benzyl alcohol overlapped, but are
listed separately. Note: It can be seen that silylation of water is competitive with

silylation of PhCH>OH (expected yield, 0.75 equiv. observed, 0.39 equiv.)
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5.3.3.2.Silylation of Organic Thiols

Benzyl thiol: In a pre-dried 100.0 mL round-bottomed flask, benzyl thiol (3.05
g, 24.56 mmol) and 1 (5.39 g, 24.22 mmol) were mixed in dry hexanes (15.0 mL)
as solvent. Freshly prepared B(C¢Fs)3 stock solution was added (0.242 mL, 0.024
mmol) after 5 min stirring. The total reaction time was 3h, then the reaction was
quenched by adding neutral alumina. The silylated benzyl thiol product 5 (7.71 g,
contaminated with 4% silicone) was obtained using vacuum filtration (for full
experimentals for 5-7 from benzyl thiol and 8-10 from octyl thiol, including NMR
spectra and GC-MS data, see SI).

PhCH>SSiMe(Me3SiO), (compound 5): PhCH>SH=1:0.18
"H NMR (600 MHz, chloroform-d): 8 Compound 5 (1 equiv.): 0.12-0.14 (m, 18H,
PhCH2SSiMe(Me3Si0)2), 0.27 (s, 3H, PhCH2SSiMe(MesSiO)2), 3.75 (m, 2H,
PhCH>SSiMe(MesSi0)2), 7.20-7.33 (m, SH arom); PhCH2SH (0. 18 equiv.): 1.76 (t,
J=17.53 Hz, 1H, SH), 3.76 (s, 2H, PhCH>SH) 7.20-7.33 (m, 5H arom); Impurity:

3.60 (s, 0.03H, from residual benzyl thiol starting material).
5.3.3.3.Reductive Cleavage of Organic Disulfides

Silylation of dibenzyl disulfide with Bis-H

In a pre-dried 100.0 mL round-bottomed flask dibenzyl disulfide (0.50 g, 2.03
mmol), Bis-H 1 (0.91 g, 4.09 mmol) with dry dichloromethane (3.81 g, 44.86 mmol)
as solvent were added. Freshly prepared B(CeFs)3 stock solution was added (0.167
mL, 0.033 mmol) after 5 min stirring. The total reaction time was 3h, then the
reaction was quenched by adding neutral alumina. The silylated benzyl disulfide

product 5 was obtained (1.27 g) using vacuum filtration (for preparation and
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reductive silylation of dibenzyl disulfide to 6, 7, of didodecyl disulfide to 13 with
2, and tetrasulfide 14 with 1 see SI). Due to the presence of water, an excess of the
silane was required for complete conversion. Production of PhCH>SH is due to
hydrolysis of 5.

PhCH>SSiMe(MesSiO), (compound 5): (PhCH>S), : PA\CH,SH=82.0:4.1: 13.9
"H NMR (600 MHz, chloroform-d): 8 Compound 5 (1 equiv.) see above; (PhCH,S),
(0.05 equiv.) d 3.60 (s, 4H, (PhCH>)2SS), 7.16-7.34 (m, 5H, arom); PhnCH>SH (0.17
equiv.) 1.76 (t, J= 7.56 Hz, 1H, SH), 3.76 (s, 2H, PhCH,>SH), 7.16-7.34 (m, SH

arom); Silicone impurity: 0.03 (s, 4H) ppm. (full spectrum in SI.)

5.3.3.4.Reduction of  bis(triethoxysilylpropyl)disulfide S2 using

dimethylphenylsilane 3 ([SiH]/[SiIOEt]=8:6 to give S-OSi3

The process described above (Reductive Cleavage of Organic Disulfides) was
followed to prepare silylated S-OSi3: bis(triethoxysilylpropyl)disulfide stock
solution (0.50 g, 1.05 mmol); dimethylphenylsilane (1.15 g, 8.44 mmol); dry
toluene (0.501 g, 5.44 mmol) as solvent. Freshly prepared B(C¢Fs)3 stock solution
(0.672 mL, 0.067 mmol)(recovered 1.44 g).

'H NMR (600 MHz, chloroform-d): & S-OSi3: 035 (s, 24H,
PhSiMe;CH2CH2CH2Si((OSi(Me)2Ph)s), 0.60-0.71 (m, 2H,
CH2CH>CH-Si((0Si(Me);Ph)3), 1.60-1.88 (m, 2H, CH2CH>CH:Si((OSi(Me)2Ph)3),
2.44-2.82 (m, 2H, CH>CH2CH:Si((OSi(Me)2Ph)3), 7.16- 7.57 (m, 20H arom).
Overlapped silicone (integration relative to S-0Si3): 0.29 (s, 13H), 0.32 (s, 10H),
0.38-0.43 (m, 10H), 0.52-0.54 (m, 10H); Residual ethoxy: 1.07-1.14 (m, 0.71H,

SiOCH,CHs), 3.60-3.73 (m, 0.52H, SiOCH>CH;)(full spectrum in the SI).
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13C NMR (600 MHz, chloroform-d): & -0.22, 0.58, 0.65, 0.68, 0.97, 12.78, 13.56,
14.15, 14.58, 21.57, 26.97, 27.72, 28.07, 28.21, 30.13, 32.92, 125.42, 127.82,
128.35,129.16, 129.36, 133.12, 137.99, 139.43, 139.94 ppm. ?°Si NMR (600 MHz,
chloroform-d, trace Cr(acac)s): 6 -67.83 (s, 0.8S1), -66.10 (s, 0.6S1), -66.06 (s, 3Si),
-56.14 (s, 18Si), -13.49 (s, 0.04Si), -11.94 (s, 0.3Si), -1.87-0.82 (m, 38Si), 0.83 (s,
1Si), 7.85 (s, 0.18Si), 8.99-9.05 (m, 4Si) ppm.

The evolution of silylated products, as shown in Figure 5.4 to Figure 5.5, involved
a separate reaction for each data point (see Table S5.4, Figure S5.6 and Figure

S5.7, SI), changing only the ratio of hydrosilane against disulfide [SiH]/[SiOEt].

5.3.3.5. Reduction of bis(triethoxysilylpropyl)disulfide S2 wusing BisH 1:

(ISiH]/[SIOEt]=8:6 to give S-OSi3(Si)

To a pre-dried 200 mL round-bottomed flask purged with dry N> was added
bis(triethoxysilylpropyl)disulfide stock solution (0.50 g, 1.05 mmol) and BisH
(1.90 g, 8.54 mmol) together with dry toluene (0.730 g, 7.92 mmol) as solvent.
Freshly prepared B(CsF5)3 stock solution was added (0.345 mL, 0.067 mmol) after
5 min stirring. The total reaction time was 3h, then the reaction was quenched by
adding neutral alumina (recovered 2.21 g). Note: for most reactions, bubble
formation ceased within 30 min, but 3h was used to ensure complete reaction in all
titrations.

S-0Si3(Si): 6 0.02-0.06 (m, 9H, CH2Si((OSiMe(OSiMes)2)3), 0.09-0.13 (m, 72H,
CH»Si((OSiMe(OSiMes)2); and CH2SSiMe(OSiMes). overlapped), 0.27-0.29 (m,
3H, CH2SSiMe(OSiMes)2), 0.62-0.73 (m, 2H, SiCH>CH2CH:»S), 1.66-1.69 (m, 2H,

SiCH>CH>CH,S), 2.45-2.52 (m, 2H, SiCH,CH,CH-S)(full spectrum in SI);'*C

154



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

NMR (600 MHz, chloroform-d): 6 -1.86, 2.06, 5.16, 14.53, 21.81, 26.55, 30.07,
77.36, 126.16, 128.58, 138.21 ppm; *°Si NMR (600 MHz, chloroform-d, trace
Cr(acac)3): 6 -66.16- -65.90 (m, 1Si), -54.49 (s, 2S1), -30.67 (s, 1Si), 7.45-7.62 (m,

16Si), 9.40-9.53 (m, 4Si) ppm.

5.3.3.6. Complete reduction of bis(triethoxysilylpropyl)disulfide S2 using BisH

1: ([SiH]/[SIOE]=9:6 to give S-OSi3(Si)

S-0Si3(Si): 6 0.03-0.07 (m, 9H, CH2Si((OSiMe(OSiMes)2)3), 0.10-0.15 (m, 72H,
CH»Si((OSiMe(OSiMes)2); and CH2SSiMe(OSiMes). overlapped), 0.28-0.30 (m,
3H, CH2SSiMe(OSiMes)2), 0.64-0.74 (m, 2H, SiCH>CH2CH:»S), 1.69-1.72 (m, 2H,
SiCH,CH>CH»S), 2.50-2.54 (m, 2H, SiCH>CH>CH,S); Silicone impurities
(integration relative to S-OSi3(Si)): 0.03-0.07 (m, 13H, overlapped), 0.10-0.15 (m,
84H, overlapped), 0.37 (m, 0.3H) (full spectrum in the SI).

Each data point in Figure 5.4 to Figure 5.5 was obtained from a separate reaction
conducted under identical reaction conditions, changing only the ratio of

hydrosilane against disulfide [SiH]/[SiOEt] (see Figure S5.8 to Figure S5.10, SI).

5.3.3.7. Reduction of bis(triethoxysilylpropyl)tetrasulfide S4 using BisH 1

(ISiH]/[SIOEt]=12:6 to give S-OSi3(Si)

The process described above was followed:
bis(triethoxysilylpropyl)tetrasulfide S4 stock solution (0.52 g, 0.96 mmol); BisH
(2.48 g, 11.1 mmol); dry toluene (0.90 g, 9.77 mmol); B(CeF5s)3 stock solution was
added (0.456 mL, 0.089 mmol)(recovered 2.69 g). A separate reaction was
undertaken for each data point in Figure S5.11 to Figure S5.14, changing only the

ratio of hydrosilane against tetrasulfide [SiH]/[SiOEt].

155



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

'H NMR (600 MHz, chloroform-d): & 0.03-0.06 (m, 9H,
CH:»Si((OSiMe(OSiMes)2)3), 0.11-0.12 (m, 72H, CH2Si((OSiMe(OSiMes)y); and
CH2SSiMe(OSiMes), overlapped), 0.21-0.30 (m, 3H, CH2SSiMe(OSiMes)y), 0.64-
0.74 (m, 2H, SiCH>CH>CH>S), 1.68-1.74 (m, 2H, SiCH>2CH>CH:S), 2.50-2.55 (m,
2H, SiCH2CH2CH>S); Residual ethoxy: 1.19-1.21 (m, 0.12H, SiOCH2CH3), 3.80
(s, 0.08H, SiOCH>CH3); Silicone impurity (integration relative to S-OSi3(Si)): 0.07
(s, 4H), 0.37 (s, 4H)(full spectrum in the SI) ppm.

3C NMR (600 MHz, chloroform-d):  -1.86, 2.02, 5.16, 14.43,21.81, 26.67, 28.29,
30.08, 77.36, 125.66, 128.58, 129.39, 138.21 ppm; *Si NMR (600 MHz,
chloroform-d, trace Cr(acac)s): 6 -71.05 (s, 0.12 Si), -66.22 - -65.88 (m, 6Si), -30.66
(s, 18i), -32.92 (s, 4Si), 7.46-7.64 (m, 25Si), 9.42-9.60 (m, 17Si) ppm.

Each data point in was obtained from a separate reaction conducted under identical
reaction conditions, changing only the ratio of hydrosilane against disulfide

[SiH]/[SiOEt] (see Figure S5.8 to Figure S5.10, SI).
5.3.3.8. Characterization of Si-S-Si 15

Compound 15 was isolated after vacuum distillation (635 mmHg) at 110 °C
from the previous reaction (recovered 1.39 g).
'H NMR (600 MHz, chloroform-d): & ((Me3SiO):MeSi).S: d 0.14 (s, 36H,
((Me3Si0),MeSi).S), 0.35 (s, 6H, ((Me3SiO)2MeSi),S); Silicone impurities
(integration relative to 15): 0.10 (s, 3H), 0.02 (s, 0.51H) ppm. *Si NMR (600 MHz,
chloroform-d): 6 ((Me3Si0),MeSi),S: 9.55 (s, 4Si1, (Me3Si0).MeSi)2S), -32.97 (s,
281, (Me3Si0):MeSi),S)(full spectrum in SI).

GC-MS: Sulfur containing compounds:
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(1) C14H4204SSi6 15, retention time (RT) 10.8 min, relative peak intensity (91%),
MW: 474.14: [M—15]" = 459.2 (90), 371.1 (8), 297.1 (20), 249.0 (5), 221.1 (100),
147.1 (25), 73.1 (90).

Non-sulfur containing compounds (silicone compounds):

(2) Relative peak intensity (1%), RT) 28.3 min, MW: 327.3: [M]"=327.3 (20),
283.3(2),242.2 (3),201.2 (10), 158.1 (2), 127.2 (100), 98.1 (2), 57.2 (40).

(3) Relative peak intensity (6%), RT 29.7 min, MW 355.3: [M]"=355.3 (40), 327.3
(37),283.2 (2), 255.2 (5), 201.2 (15), 155.2 (40), 127.2 (100), 98.2 (10), 57.1 (50).
(4) Relative peak intensity (3%), RT 31.0 min, MW: 470.2: [M]"=470.2 (1), 439.1
(2),383.3 (20), 355.3 (60), 311.2 (5), 283.2 (8), 229.2 (20), 201.2 (18), 155.2 (100),

127.2 (70), 98.1 (20), 71.2 (25), 57.2 (50).
5.3.3.9.Cleavage of SiS bonds: HO/IPA

In a pre-dried 100.0 mL round-bottomed flask containing 6 (0.50 g, 1.85 mmol)
and distilled water (0.0333 mL, 0.0333 g, 1.85 mmol) were mixed together with
isopropanol (3.0 mL) as solvent. The mixture was stirred for 24h followed by a
continuous nitrogen flow to remove the solvent. No S-Si compounds were detected
in the GC-MS. For GC/MS data and analogous cleavage reactions 5-10, and less
effective desilylation methods using acid or TBAF, see the SI.

"H NMR (600 MHz, chloroform-d): 8 PhCH>SSiMe>OSiMe; (6): PhCH2SH=0: 1.0
PhCH2SH (I equiv.): 1.76 (t, J=7.53 Hz, 1H, SH), 3.75 (d, J=7.56 Hz, 2H,

PhCH,SH), 7.23-7.33 (m, 5SH, arom); Silicone impurity: 0.05-0.12 (m, 16H).
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5.4. Materials and Methods

5.4.1. Silylating Thiols and Disulfides

To better understand the relative reactivity of thiols when compared to other
organic groups, the competitive silylation of benzyl alcohol and benzyl thiol was
attempted with less than one equivalent of the hydrosilane BisH
(bis(trimethylsiloxy)methylsilane, (Me3SiO)SiMeH 1) in the presence of low
concentrations of B(CesFs)3 (0.16 mol%). NMR studies clearly showed no change
in the benzyl thiol (CH>SH) but a change in chemical shift as benzyl alcohol was
converted essentially quantitatively to silyl ether 4 (CH.OH — CH>OSi Figure
5.2A, Supporting Information, SI, Figure S5.1, Figure S5.2. Note that any trace
water present undergoes preferential silylation over PhCH>OH). This selectivity is
unsurprising given the very high oxophilicity of silicon.!? Thus, any B(CsFs)3/silane
chemistry at a sulfur functionality was initially anticipated to be unable to compete

with oxygen-based groups.
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Figure 5.2. Reduction and desiliconization of simple organic disulfides.

The simple organic thiols benzyl thiol or octyl thiol were readily converted

using 1, pentamethyldisiloxane 2 or PhMe;SiH 3 to silyl thio ethers 4, 5, 6, 7 or 8,

9, 10, respectively (Figure 5.2C, SI).!* Disulfides 11, 12 were similarly reduced in

high yields of 90% - 100% (SI) to the thio ethers 5-7, 13 by the reaction of

hydrosiloxanes in the presence of low concentrations of B(CeF5s)3 (0.8 mol% (SiH),

Figure 5.2B, SI). While the reaction is straightforward to practice in toluene or

dichloromethane, dibenzyl disulfide (and didodecyl disulfide, Figure S5.3, SI)

could also be directly reduced in the absence of solvents, a convenient and Green

protocol when the starting materials are sufficiently soluble in the silicone reagent.

No thiols were observed if substoichiometric quantities of the hydrosiloxane were

used. For example, when using 1 equiv. of 1 only about half of the starting disulfide

159



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

11 reacted (Figure 5.2B—C, Figure S5.4) indicating that the relative rates of
reaction under these conditions is RS-H > RS-SR.

Polysulfides subjected to the same reaction conditions produced the same
organic products (Figure 5.2D); starting from dibenzyl tetrasulfide 14 (SI), the
sulfur not bound directly to carbon ended up as disilyl sulfide 15, which was
removed by evaporation. The ability to isolate the organic residue as a simple silyl
thio ether was an unexpected benefit, as the “tetrasulfide” and “disulfide”
compounds we purchased contained significant quantities of penta- and trisulfides,
respectively. On the other hand, excess silane was required to remove the excess
sulfur atoms in the form of 15, which reflects an undesirable lack of atom efficiency
of silanes just to create a waste product (for titration, see Figure S5.5, Table S5.4,
SI).

5.4.2. Silylating Sulfur-based Coupling Agents

Sulfur-based alkoxysilane coupling agents are important commercial materials
used, in particular, to modify silica to improve rolling resistance and, therefore, fuel
economy in “Green Tires.”!> These molecules contain both S-S bonds and
alkoxysilanes that can participate in Piers-Rubinsztajn reductions. Could these
compounds be precursors to new sulfur-containing silicones?

As with simple disulfides, complete reduction of the S2 and S4 commercial
coupling agents was straightforward, giving branched siloxanes with silylated
thiols. In the case of S2, just over 8 equiv. of the corresponding SiH compound was
required for complete reduction to the silicone S-OSi3 (Figure 5.3A-F) S4 required

12 equiv. (based on moles of starting material) to give the same product (Figure
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5.3G). Note: water competes with these reductions (Figure 5.3H) to form
bis(dimethylphenyl)disiloxane 16 from 3.!° Therefore, if performed in an open flask
it will be necessary to use a slight excess of reducing agent. With exactly 8 equiv.
of the silane in the reduction of S2, some residual ethoxysilane was isolated but
with 9 equiv. conversion was 100% complete (SI). Thus, as with simple organic
sulfides, a single organosiloxane was the product of mixtures of starting
oligosulfides. The requirement for super-stoichiometric quantities to obtain
complete conversion was a consequence of contamination of S2 with small amounts
of the trisulfide; S4 was actually a complex mixture of the tri-, tetra-, penta- and
hexasulfides.

Thiopropyl-modified silicones are commonly prepared in a messy Sn2 reaction
of sodium sulfides with haloalkylsilanes or silicones. An alternative approach
would involve silylating one of the alkoxy groups in a coupling agent to give a
difunctional material S-OSil that could be elaborated into linear polymers, as well
as monoalkoxy compounds S-OSi2 that could serve as polymer chain ends (Figure
5.4). This would require selective functionalization of the sulfur and of the
alkoxysilane groups. While thermodynamics would predict the C-O cleavage to
form SiO bonds over much weaker SiS bonds, as was seen with benzyl alcohol,
kinetics favors S-S cleavage due to the very undemanding sterics of the sulfur center:
S-S cleavage won. When one equiv. of 1 was added to S2 the relative efficacy of
the reaction with sulfur/SiOR was 95/5 (Figure 5.4A, [SiH]/[SS]=2); the analogous
reaction with phenylsilane 3 was less selective, with a selectivity of sulfur/SiOR
was 75/25 (Figure 5.4A, [SiH]/[SS]=2), as shown by the formation of disiloxanes

right from the onset of reaction in the latter case. Lower selectivity with the
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phenylsilane may be a consequence of sterics,>® but the higher electrophilicity of
the silicon atom, as a consequence of the phenyl group, can also play a role.’

Mixed siloxy/alkoxysilanes were produced by titrating S2 until complete
silylation had been achieved, with just over 8 equiv. of 3, as noted. Clean
preparation of the desired dialkoxy compound S-OSil would require that each
sequential substitution proceed more slowly than the previous one, such that each
homologue can be discreetly prepared and isolated. The rates of reaction were
expected to be Si(OEt); > Si(OEt);OSi > Si(OEt)(OSi)> based on the known
retardation in nucleophilic substitution at silicon that accompanies increased steric
encumbrance at silicon.% !

The silylation process was followed with 2°Si NMR; chemical shifts are very
sensitive to changes that occur as SiOEt — SiOSi (Figure 5.4(B), Figure 5.5;
analogous 'H and '*C NMR for this and other reductive titrations S2 + 3 and S4 +
1 may be found in the SI). The relative reactivities of the alkoxysilanes followed a
different profile than expected and were far less differentiated than desired. As a
consequence, it was only possible to create mixtures of different alkoxy-functional
compounds. For example, after adding 3 equiv. of silane, the product was a mixture
of starting material S2+S-0Si0 23%, S2-0Sil 3% S-0OSil 45% and S-OSi2 29%;
note, due to overlap of Si(OEt); peaks in the ?Si NMR, 'H NMR was used to

discriminate S2-OSil from S-OSi0. We are examining if these mixtures can still

serve as useful monomers and crosslinkers for thiopropyl-modified silicones.
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reduced with 3.8
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5.4.3. Lability of sulfur-silicon bonds (S-Si)

Having converted various sulfur moieties to a thio silyl ether, it remains to
describe the processes to deprotect the sulfur. Much of the utility of silicon
chemistry in organic synthesis hinges on reliable routes to silyl ethers, in particular,
and then their clean deprotection, typically with fluoride that leaves other organic
functionality untouched.® There are few reports of the reactivity of compounds
containing Si-S bonds,! so thiol protection by silyl groups is not well understood.
Early work by Boudjouk et al. showed that Me;SiSSiMe; was extremely sensitive
towards hydrolysis; the compounds hydrolyzed spontaneously in a moist

atmosphere.” Rosenberg’s group, however, prepared more hindered thio silyl ethers
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by the reduction of thiobenzophenone by mono- and disilanes with B(C¢Fs); as
catalyst.?’ The cleavage of these compounds in refluxing ethanol was, by
comparison, relatively slow because of higher steric hinderance of the substituents
near silicon, when compared to Me3Si.?!

PhSiMe; and Me3SiOSiMe»-based silyl thio ethers were readily cleaved simply
by placing them in isopropanol (IPA)/water solutions. Deprotection with the more
hindered trisiloxane derived from 1 was very sluggish under these conditions or
with acetic acid/IPA (Figure 5.2E, Table S5.4, SI). That is, silyl protection groups
for sulfur followed the same trend with respect to sterics as normal silyl ethers. It
was initially assumed that deprotection catalyzed by TBAF, to give the thiol, would
be facile. Instead, the disulfide was the main product due (Figure 5.2F, SI).
Analogous outcomes, oxidative conversion of thiols to disulfides, have been
observed with the air oxidation of thiols catalyzed by ammonium salts,?? for
example, TBAF in CCls.%

Piers reduction shows broad applicability to many functional groups. When a
silyl ether was desired from a carbonyl group, Piers provided a warning to avoid
excess reagents or vigorous conditions that could lead to overreduction of an
alkoxysilane to give alkanes and disiloxane.?* The latter reaction, the Piers-
Rubinsztajn reaction has become an important new route to silicones.'? Rosenberg
and team demonstrated that thioketones could similarly be reduced and, at least
when reducing thiobenzophenone, overreduction is also possible.!! In this
particular case, it is likely the facility for overreduction may be in part attributed to

the flanking phenyl groups.
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Alkyl thiols were readily converted using this process with a variety of
hydrosilanes to silyl thio ethers; overreduction was not observed. However, simple
alcohols like benzyl alcohol were more reactive towards the silylation conditions
than thiols because of the strong SiO bond formed and the lack of significant steric
impediment to reaction at oxygen. Disulfides or tetrasulfides analogously
underwent reductive cleavage, however, the intermediate thiol produced during
reduction was not observed as, once formed, it outcompeted the disulfide starting
material for reductive silylation (Figure 5.2B > C). Tetrasulfides similarly were
reduced to the same organic thio silyl ether, with excess sulfur being lost as the silyl
analog of water R3SiSSiR3 15. The use of so much silane might be justified when
trying to recycle tires,!? but otherwise only with very valuable organic residues.

Analogous outcomes were observed with sulfur-based coupling agents;
surprisingly the disulfides and thiols were more reactive than alkoxysilanes in a PR
reaction, but it was straightforward to reduce first the sulfur moieties and then the
complete silylation of all alkoxysilane groups. These data allow us to conclude,
with this range of compounds, that the relative rate of functional groups with
hydrosilanes in the presence of B(CsFs)s follows the order ROH > RSH > RSSR >
ROSIiRs3. This simple strategy provides a method to reductively cleave and silylate
a variety of sulfur-containing molecules and then later, depending on steric bulk of

the groups on silicon, cleave the Si-S bond to reveal the organic thiol.

5.5. Conclusions
Thiols and disulfides are readily converted to silyl thio ethers by reduction with

hydrosilanes and hydrosiloxanes in the presence of less than 1mol% B(CeFs)s.
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Alcohols react more rapidly than the thiols or disulfides, but alkoxysilanes react
more slowly: the observed reactivity order was ROH > RSH > RSSR > SiOR.
Reaction rates of the three alkoxy groups in coupling agents were only slightly
different such that RSi(OR)(OSiR’3)2 and RSi(OR)20SiR”3 could only be
prepared as mixtures. TBAF, atypically, was not efficacious at deprotecting the silyl
thio ether and led instead to reoxidation to the disulfide; alcoholysis with IPA was
a convenient alternative to recover the thiol provided that the silane was not too

bulky.
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5.8.

Appendix 4- Supporting Information

5.8.1 Relative reactivity of silanes for benzyl alcohol and benzyl mercaptan
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Figure S5.1. Competitive silylation of benzyl mercaptan and benzyl alcohol.

Table S5.1. Summary of the integration in 'H NMR

Reaction ~4.63 ppm ~3.74 ppm ~4.70 ppm ~4.77 pOM 7.85 ppm

time (quartet)? (doublet) (doublet) e (internal standard)
SiH CH,SH CH,OH CH,0Si CsHsCsHa

0 min 0.75 2 2.16 0 0.0889

24 h 0 1.88° 1.32 0.74 0.0889

a. All integrations in 'H NMR were obtained using naphthalene as an internal
standard. b. There were no corresponding peaks for the SiS compound. Thus, the
small deviation from 2H is within the normal range of sensitivity.

Reactivity comparison-0 min
NOOOMON~NNNOOTOWN NS TONN no,
OUITOOWNIT == OW~NANIN CO~=0WOm nn
oooom COWQVV(")(')N —OmaNNN <
OMMMA NNO©O© NN~
v\'v\'r\'v\'v\’r-v\'y\'r\'r\'v\’v\'v\'r\'r\'r\' A A ®o
- — e
A
(!
|
0t
I ! 1§ '
Il ! e |
| | N, | PN
1] " WA
i : / | % doublet
| | | ﬂ v | s e L
| | | /s IV'l I ~ o
| a\ )’W Loa” | doublet A
| | | _J U el e Ha d
| | E\ ) E\ z oH
T\ e B ) |
NNeZI 53227 s
_______
H, A
1! H.‘¢’ < A om |
| | z ] OHHZ - /s.\o,s‘l\o/s‘.\
11|
Naphthalene ||| | i »
(internal standard) | |
N
[N 1! Impurity
v 3 | | | N |
Y A.t U+_ VW .
(2 '-D] g9 o
@ w ity c~ o
@ @ (id— << =
S Q{lvo. -~ S
(B v T . i O : Y
4

—

169

,0.1179

[rel]

1.5

0.5

-0.0



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

Reactivity comparison- 24h re
-m
v-u')l!)N VrOONTOON =T O aoema:r\
OANMNONTOONN—DONND M WOONO
oUTTOM ”)NODEI\QVN'—OOQ C':I
NNNNNNNNNNNNNNNNNN bSO |
PR Mg ) S
P . ,s,’, - IR
| | He, He o L ]
o1 "3 ‘ !
1 s |
I | Fo
1 1 Al
I ! lmpunty \‘{ | |
| [
[ N L
I B E : 1
| %
|
| |
- |
| -
| " } }
|
i
| L)
Naphthalene (partially overlapped |
(internal standard) : with SH) | T
|
I\ / | J i
% \J.p S - /vl.. _ 1\_ . IL lo
N, ~ —
o Jqoo  Aromatic Hin benzyl alcohol <o w Toluene © w||
2 133 and silylated benzyl alcohol 92 © (solvent) 32 B
© 99— overlapped N G © )
7 Fancl T T T L, hak T T Ir e )
6 4 2 [ppm]
|1
Si___Si___Si
. o7t L
SM-Bis-H " l
{ i

SH
SM-Benzyl ©><

Mercaptan

H H
SM-Benzyl ©>< on
Alcohol |
L |

0 min

l I “ JLL J

| R i

T T T T T T T T T T T T T T T T T T T T T T T

4 3 2 1 [ppm]
Figure S5.2. '"H NMR spectra of the relative reactivities illustrated in Figure
S5.1; (A) the '"H NMR spectra at 0 min reaction time (Table S5.1); (B) the 'H
NMR spectra at 24h reaction time (Table S5.1); (C) stacked plot spectra. Note: in
this spectrum only the SH and OH peaks overlap.
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5.8.2 'H NMR of starting materials

5.8.2.1 Benzyl thiol

Starting material- Benzyl thiol
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5.8.2.3 Dibenzyl disulfide

Starting material- Benzyl disulfide B
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5.8.2.5 Tetrasulfide coupling agent S4

Starting material- Tetrasulfide coupling agent 2
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5.8.3 Silylation of organic thiols
5.8.3.1 Silylation of benzyl thiol

Compound 5 (from 1); incomplete reaction due to competitive silylation of water

| | \ si— | | |

SH Si___Si___Si B(CéFs)s ST Si___Si___Si
©/\ +/|O|l|O‘\ Hexane /O + /|O(I)O|\
1 _SI\_ \\ PO peN //

5 Si” "Si” Si

Major Product | | |

GC-MS: Compound 5: PhCH>SH=98.5: 1.5 (Relative peak intensity)

Sulfur-containing compounds:

(1) Ci14H280,SS13, retention time 8.8 min, relative peak intensity (95.0%), MW:
344.11: [M]"™=344.2 (18), 329.1 (10), 221.2 (100), 207.1 (15), 189.1 (4), 149.1 (5),

133.1 (11), 119.1 (1), 105.2 (1), 91.2 (99), 73.2 (20), 65.2 (10).

©ASH
(2) C7HsS, retention time 5.2 min, relative peak intensity (1.4%), MW: 124.03:

[M]*= 124.1 (50), 91.2 (100), 77.1 (5), 69.1 (1), 65.2 (15), 51.2 (6).

Non-sulfur containing compound (silicone compound):

|

I

&L Ho o710

1 1 1 2
SIS \ ‘ /
| 071707 BCoFal 50 giO g
L
1 15
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(3) C14H4205Si6, retention time 5.4 min, relative peak intensity (3.6%), MW: 458.16:
[M—15]"=443.2 (30), 355.1 (42), 339.1 (6), 281.1 (55), 267.1 (40), 249.0 (3), 221.2
(80),207.2 (7), 147.2 (75), 133.1 (3), 73.2 (100), 59.1 (5). Hydrolysis/condensation

product of 1, as illustrated above.

Silylation of benzyl thiol using 1 (bis-H) 2
/
S‘\ w
SRT323 : 283 383 ~ad8 [~
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— ) >
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Compound 6 (from 2)

|| Si___Si
SH ,  _si__si__BCefeh SO L\ ol /
+ | 07| "H Hexane _SiT TSI
| |
2 o)

Major Product /Si

In a pre-dried 100.0 mL round-bottomed flask, benzyl thiol (2.00 g, 16.10
mmol) and 2 (2.40 g, 16.18 mmol) were mixed in dry hexanes (5.0 mL) as solvent.
Freshly prepared B(CeFs)s stock solution was added (1.29 mL, 0.129 mmol) after 5
min stirring. The total reaction time was 3h, then the reaction was quenched by
adding neutral alumina. The silylated benzyl thiol product 6 (3.74 g) was obtained

using vacuum filtration.
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The aromatic H in benzyl thiol and 6 are overlapped. The equivalents of
benzyl thiol and 6 were determined using the PhCH> adjacent to S-Si and SH peak.
PhCH;SSiMe;OSiMes; (compound 6): PhCH>SH=90.9: 9.1
'H NMR (600 MHz, chloroform-d): 6 (1) Compound 6 (/ equiv.): 0.13 (s, 9H,
PhCH2SSiMe;0OSiMes), 0.33 (s, 6H, PhCH2SSiMe>OSiMes), 3.77-3.79 (m, 2H,
PhCH,SSiMe,0SiMes), 7.21-7.35 (m, SH arom);

(2) PhCH2SH (0.10 equiv.): 6 1.76 (t, J=7.53 Hz, 1H, SH), 3.76 (d, J/=7.56 Hz, 2H,
PhCH,SH), 7.21-7.35 (m, 5H arom);

(3) Impurity: 3.60 (s, 0.02H, in the benzyl mercaptan starting material);

(4) Silicone impurity: 0.10-0.12 (m, 0.60H) ppm.

Starting material (Benzyl thiol): 6

(1) PhCH2SH (! equiv.): 1.77 (t, J=7.55 Hz, 1H, SH), 3.76 (d, 2H, PhCH,SH),
7.23-7.34 (m, 5H arom)(for 'H NMR see p. 171)

(2) Impurity: 3.61 (s, 0.01H) ppm.

GC-MS: Compound 6: PhCH,SH= 95.7: 4.3 (Relative peak intensity of
product and SM)

Sulfur-containing compounds:

(1) C12H220SS1,, retention time 16.4 min, relative peak intensity (84.5%), MW:

270.09: [M]™=270.2 (50), 147.2 (80), 91.2 (100).

@ASH
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(2) C7HsS, retention time 10.4 min, relative peak intensity (3.8%), MW: 124.03:
[M]*= 124.1 (30), 91.1 (100), 65.1 (15).
Non-sulfur containing compounds (silicone compounds):

\.0./

/|I |I\
0..-0

Si

(3) D3, CeHi803Si3 (Me2Si0O); retention time 18.2 min, relative peak intensity
(10.1%), MW: 222.06: [M]"=221.1 (100), 133.1 (5), 91.1 (80), 73.1 (20).

(4) Relative peak intensity (0.6%), retention time 12.5 min, MW: 254.20: [M]*=
254.2 (10),91.1 (100), 65.1 (5).

(5) Relative peak intensity (1.0%), retention time 20.0 min, MW: 403.2: [M]*=

403.2 (3), 295.2 (50), 270.1 (90), 133.0 (1), 91.1 (100), 73.1 (40).

Silylation of benzyl thiol using 2 (penta-H) 2
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Compound 7 (from 3):

si
SH S|i B(CeFs)3 s~ |I\Ph *
* pp” | “H Hexane + | |
_si___si_
Ph | O | Ph

Major Product

In a pre-dried 100.0 mL round-bottomed flask, benzyl thiol (1.01 g, 8.13
mmol) and 3 (1.10 g, 8.07 mmol) were mixed in dry hexanes (5.0 mL) as solvent.
Freshly prepared B(CesFs)s3 stock solution was added (0.644 mL, 0.0644 mmol) after
5 min stirring. The total reaction time was 3h, then the reaction was quenched by
adding neutral alumina. The silylated benzyl thiol product 7 (recovered 1.78 g) was
obtained using vacuum filtration.

The aromatic H in benzyl thiol, 3 and 7 are overlapped. The equivalents of
benzyl thiol and 7 were determined using the PhCH> adjacent to S-Si and SH peak.
PhCH-SSiMe;Ph (compound 7): PhCH,SH= 83.3: 16.7
TH NMR (600 MHz, chloroform-d): 6 (1) Compound 7 (/ equiv.): 0.45 (s, 6H,
PhCH2SSiMe>Ph), 3.52 (s, 2H, PhnCH>2SSiMe,Ph), 7.11-7.58 (m, SH arom);

(2) PhCH2SH (0.2 equiv.): 1.69 (t, J=7.55 Hz, 1H, SH), 3.68 (d, J=7.55 Hz, 2H,
PhCH,SH), 7.11-7.58 (m, 5H arom);

(4) Silicone impurities: 0.01 (s, 0.2H), 0.26 (s, 1H), 0.35 (s, 0.5H) ppm.

Starting material (Benzyl thiol): &

(1) PhCH2SH (1 equiv.): 1.77 (t, J=7.55 Hz, 1H, SH), 3.76 (d, 2H, PhCH,>SH), 7.23-
7.34 (m, 5H arom)(for '"H NMR see p. 171)

(2) Impurity: 3.61 (s, 0.01H) ppm.
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Starting material (Dimethylphenylsilane): 6 0.38 (d, J=3.76 Hz, 6H, SiCH3),
4.47 (sept, J=3.75 Hz, 1H, SiH), 7.39-7.40 (m, 3H arom), 7.57-7.58 (m, 2H arom)
ppm (for 'H NMR see p. 173)

GC-MS: Compound 7: PhCH2SH=90.7: 9.3 (Relative peak intensity)
Sulfur-containing compounds:

/Si\
e

7
(1) Ci5H1sSSi, retention time 11.9 min, relative peak intensity (69.2%), MW:
258.09: [M]*=258.2 (5), 243.1 (1), 209.2 (20), 180.1 (50), 165.1 (55), 151.1 (5),

135.1 (55), 121.1 (1), 91.1 (100), 77.1 (3), 65.1 (5).

©ASH

(2) C7HsS, retention time 5.0 min, relative peak intensity (7.1%), MW: 124.03:
[M]"=124.1 (30), 91.1 (100), 77.1 (5), 65.1 (12).

Non-sulfur containing compounds (silicone compounds):

(3) Ci6H220S12, retention time 9.6 min, relative peak intensity (23.0%), MW:
286.12: [M]"=286.2 (10), 271.2 (100), 255.1 (5), 193.1 (60), 179.1 (5), 165.1 (5),
135.2 (10), 105.1 (5), 89.1 (15). Hydrolysis/condensation product of 3.

(4) Relative peak intensity (0.3%), retention time 4.9 min, MW: 152.20: [M]"=

152.2 (10), 137.1 (100), 119.1 (1), 91.5 (5), 78.1 (5).
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(5) Relative peak intensity (0.1%), retention time 7.5 min, MW: 318.10: [M]"=
318.1(25),303.0 (15), 283.0 (1), 269.0 (1), 219.2 (1), 203.1 (1), 175.1 (40), 156.0
(1), 135.1 (100), 107.2 (5), 91.1 (15), 77.1 (10), 65.1 (1).

(6) Relative peak intensity (0.1%), retention time 11.6 min, MW: 214.10: [M]"=
214.1 (40), 123.1 (30), 91.1 (100), 77.1 (5), 65.1 (15).

(7) Relative peak intensity (0.2%), retention time 13.4 min, MW: 377.10: [M]"=

377.1 (5), 315.0 (5), 246.1 (20), 181.1 (15), 121.1 (5), 91.1 (100), 77.1 (1), 65.2

Silylation of benzyl thiol using 3 (phenyl-H) g
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5.8.3.2 Silylation of octanethiol

Compound 8 (from 1)

/

\

(0]
S|i S|i 3|,i B(CsFs)3 si—

NN ~A- N - P N N g
SH+/|OI1|O|\ Hexane s :o
8 —Si—
1

In a pre-dried 100.0 mL round-bottomed flask octanethiol (5.00 g, 34.18
mmol) and 1 (7.61 g, 34.20 mmol) were mixed in dry hexanes (25.0 mL) as solvent.
Freshly prepared B(C¢Fs)s stock solution was added (2.73 mL, 0.273 mmol) after 5
min stirring. The total reaction time was 3h, then the reaction was quenched by
adding neutral alumina. The silylated benzyl thiol product 8 (recovered 11.07 g)
was obtained using vacuum filtration.

The alkyl H peaks in octanethiol and 8 overlap; it is not therefore possible
by NMR to assign the fraction of unreacted thiol in the product mixture.

'H NMR (600 MHz, chloroform-d): 8 Compound 8 (/ equiv.): 0.13 (s, 18H,
CsH17SSiMe(OSiMes)»), 0.30 (s, 3H, CsH17SSiMe(OSiMes)2), 0.88 (t, J=6.93 Hz,
3H, CH;CsHioCH2CH2SSi), 1.27-1.38 (m, 10H, CH3CsH10CH2CH:SSi), 1.60
(quint, J=7.47 Hz, 2H, CH3CsH10)CH.CH,SSi), 2.51 (t, J=7.44 Hz, 2H,
CH3CsH10CH2CH,SS1) ppm.

Starting material (octanethiol): o

087 (t, J=6.99 Hz, 3H, CH;CsH1)CH.CH>SH), 1.26-1.38 (m, 11H,
CH3CsH10CH2CH2SH and CgHi7SH, overlapped), 1.60 (quint, J=7.42 Hz, 2H,
CH3CsH10CH>CH2SH), 2.51 (t, J=7.41 Hz, 2H, CH3CsH10CH2CH>SH) ppm.

GC-MS: Compound 8: CsHi7SH=100: 0 (Relative peak intensity)
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Sulfur-containing compound:

/

\

0]

/
/\/\/\/\S/Si\_
(0]
—si—

8 \

Ci5H330,SSi3, retention time 15.2 min, relative peak intensity (100%), MW:

366.19: [M]'=366.2 (10), 351.2 (30), 239.1 (20), 221.1 (100), 133.1 (6), 73.1 (25),

Silylation of octanethiol using 1 (bis-H) g
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In a pre-dried 100.0 mL round-bottomed flask octanethiol (5.00 g, 34.18
mmol) and 2 (5.07 g, 34.18 mmol) were mixed in dry hexanes (25.0 mL) as solvent.

Freshly prepared B(CgFs)s stock solution was added (2.73 mL, 0.273 mmol) after 5
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min stirring. The total reaction time was 3h, then the reaction was quenched by
adding neutral alumina. The silylated benzyl thiol product 9 (recovered 9.20 g) was
obtained using vacuum filtration.

The alkyl H peaks in octanethiol and 9 overlap. C;H1sCH2SH peak was
located in a cluster of peaks between 1.2-1.4 ppm; it is not therefore possible by
NMR to assign the fraction of unreacted thiol in the product mixture.

'H NMR (600 MHz, chloroform-d): & (1) Compound 9: 0.11 (s, 9H,
CsH17SSiMe>OSiMes), 0.33 (s, 6H, CsH17SSiMe,OSiMes), 0.87 (t, J=7.02 Hz, 3H,
CH3CsH10CH2CHS,), 1.26-1.37 (m, 10H, CH3CsHioCH>CH»S), 1.60 (quint,
J=7.51 Hz, 2H, CH3CsH10CH>CH2S), 2.53 (t, J/=7.46 Hz, 2H, CH3CsH10CH2CH>S)
ppm.

(2) Octanethiol, 0.87 (t, /=6.99 Hz, 3H, CH5;CsH10CH.CH>SH), 1.26-1.38 (m, 11H,
CH3CsH10CH2CH2SH and CgHi7SH, overlapped), 1.60 (quint, J=7.42 Hz, 2H,
CH;CsHi10CH>CH,SH), 2.51 (t, J=7.41 Hz, 2H, CH3CsH0CH>CH>SH) ppm (for 'H
NMR see p. 171).

GC-MS: Compound 9: CsH;7SH=97.2: 2.8 (Relative peak intensity)
Sulfur-containing compounds:

/\/\/\/\S/S:‘\O/S:"\
9
(1) C13H320SS1,, retention time 15.3 min, relative peak intensity (88.4%), MW:
292.17: [M]"=292.2 (1), 277.2 (60), 165.1 (60), 147.1 (100), 73.1 (10), 57.2 (5).
NN N

(2) CgHisS, retention time 9.1 min, relative peak intensity (2.5%), MW: 146.11:

[M]* =146.2 (70), 112.2 (12), 70.2 (75), 56.2 (100).
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Non-sulfur containing compounds (silicone compounds):

s|' s| H,0 sl Ll
i. Si, ——— _SI___SI___SI___
<107 H T BGefe 7 TOT OO

(3) Ci0H30038S14, retention time 5.5 min, relative peak intensity (0.7%), MW:

310.13: [M—15]"=295.1 (30), 207.1 (100), 131.1 (1), 73.1 (20), 59.1 (1).

(4) C12H3604Sis, retention time 9.0 min, relative peak intensity (0.2%), MW:
384.15: [M—15]"= 369.2 (40), 281.1 (100), 207.0 (5), 147.1 (75), 73.1 (50), 59.0
(1).

(5) Relative peak intensity (7.8%), retention time 17.2 min, MW: 351.20: [M]"=
351.2(5), 221.1 (100), 73.1 (10), 57.2 (1).

(6) Relative peak intensity (0.4%), retention time 19.0 min, MW: 425.30: [M]"=

425.3 (5), 295.1 (60), 207.1 (100), 73.1 (30), 57.1 (5).

Silylation of octanethiol using 2 (penta-H) 2
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Compound 10 (from 3):

| 10 \ \
Si_ B(CeF Si___Si.
/\/\/\/\SH + Ph/ | H ( 6 5)3 + + Ph/ ‘ ~0 ‘ Ph

Hexane

3 NN g

In a pre-dried 100.0 mL round-bottomed flask, octanethiol (1.02 g, 6.97
mmol) and 3 (0.95 g, 6.97 mmol) were mixed in dry hexanes (5.0 mL) as solvent.
Freshly prepared B(CsF5s)3 stock solution was added (0.547 mL, 0.0547 mmol) after
5 min stirring. The total reaction time was 3h, then the reaction was quenched by
adding neutral alumina. The silylated benzyl thiol product 10 (recovered 1.70 g)
was obtained using vacuum filtration.

The alkyl H peaks in octanethiol and 10 are overlapped, not distinguishable
by '"HNMR. The C7H;sCH>SH peak was located in a cluster of peaks between 1.2-
1.4 ppm; it is not therefore possible by NMR to assign the fraction of unreacted
thiol in the product mixture. The equivalents of compound 10 and octanethiol were
calculated based on the CH> peak besides sulfur.
TH NMR (600 MHz, chloroform-d): 6 (1) Compound 10 (1 equiv.): 0.57 (s, 6H,
CsH17SSi(Me);Ph), 0.87-0.90 (m, 3H, CH3C;HisS), 1.22-1.40 (m, 10H,
CH3CsH10CH2CH:S), 1.62 (quintet, J=7.38 Hz, 2H, CH3CsH10CH>CH2SSiMe;Ph),
2.53 (q, J=7.40 Hz, 2H, CH3CsH10CH2CH>SSiMe;Ph), 7.34-7.64 (m, SH arom);
(2) CsHi7SH (0.94 equiv.): 0.87-0.90 (m, 3H, CH3C7H14S), 1.22-1.40 (m, 11H,
CH3CsH10CH2CH,>S, and CgHi7SH submerged), 1.51 (quintet, J/=7.44 Hz, 2H,
CH3CsH10CH>CH2SH), 2.39 (t, J=7.36 Hz, 2H, CH3CsH10CH>CH>SH);
(3) Silicone impurities: 0.08 (s, 0.11H), 0.23 (s, 0.03H), 0.34 (s, 4H), 0.42 (s, 1H)
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Starting material (Octanethiol): o

0.87 (t, J=6.99 Hz, 3H, CH;CsHioCH.CH>SH), 1.26-1.38 (m, 11H,
CH3CsH10CH2CH2SH and CgHi7SH, overlapped), 1.60 (quint, J=7.42 Hz, 2H,
CH;CsHi10CH>CH,SH), 2.51 (t, J=7.41 Hz, 2H, CH3CsH0CH>CH>SH) ppm (for 'H
NMR see p. 171)

Starting material (Dimethylphenylsilane): &

0.38 (d, J/=3.76 Hz, 6H, SiCH3), 4.47 (sept, J=3.75 Hz, 1H, SiH), 7.39-7.40 (m, 3H
arom), 7.57-7.58 (m, 2H arom) ppm (for '"H NMR see p. 173)

GC-MS: Compound 10: CsH7SH= 80.7: 19.3 (Relative peak intensity)
Sulfur-containing compounds:

SN /S|i\
S | Ph
10
(1) CisH2sSSi, retention time 11.1min, relative peak intensity (39.2%), MW:
280.17: [M]™=280.2 (25), 265.2 (65), 168.1 (2), 153.1 (60), 135.1 (100), 75.1 (1).
/\/\/\/\SH
(2) CgHisS, retention time 4.4 min, relative peak intensity (9.4%), MW: 146.11:
[M]™= 146.2 (60), 112.2 (20), 83.2 (60), 70.2 (70), 56.2 (100).

Non-sulfur containing compounds (silicone compounds):

| | |
o Sis #» _Si___Si_
| H (CeFsls ~ PR 07 Ph

(3) Ci6H220S12, retention time 9.6 min, relative peak intensity (50.6%), MW:

286.12: [M]™=286.2 (15),271.2 (100), 255.1 (8), 193.1 (60), 165.1 (3), 135.2 (10),

89.1 (15), 73.1 (1). Hydrolysis/condensation product of 3.
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(4) Relative peak intensity (0.5%), retention time 4.9 min, MW: 137.10: [M]"=
137.1 (100), 119.1 (1), 91.1 (3), 77.1 (1).

(5) Relative peak intensity (0.1%), retention time 10.4 min, MW: 345.2: [M]'=
345.2 (100), 315.2 (5),267.1 (27), 197.1 (25), 165.1 (20), 135.1 (30), 91.1 (5), 73.1
(5).

(6) Relative peak intensity (0.1%), retention time 11.3 min, MW: 512.60: [M]"=
512.6 (1),455.1 (5),419.2 (40), 393.0 (10), 377.1 (20), 315.9 (5), 269.1 (60), 253.1
(30), 197.1 (60), 135.1 (100), 91.1 (25), 73.1 (20).

(7) Relative peak intensity (0.1%), retention time 11.9 min, MW: 529.20: [M]"=
529.2(1),467.3 (1),439.2 (5),373.1(5),317.2 (3).290.2 (90), 253.0 (3), 207.1 (8),

178.1 (40), 145.2 (50), 87.2 (20), 71.2 (100).
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5.8.4 Silylation of organic disulfides

5.8.4.1 Benzyl disulfide

5 \
| | | Major Product  + S/S
o S s i BCF : @A
H

Compound 5 (from 1):

The aromatic H in benzyl disulfide, benzyl thiol and 5 overlapped. The
equivalents of benzyl disulfide, benzyl thiol and 5 were determined using the
PhCH, adjacent to SS, S-Si and SH peaks.

PhCH,SSiMe(OSiMes;): (compound 5): (PhCH:S),: PhCH>SH= 82.0: 4.1: 13.9
TH NMR (600 MHz, chloroform-d): & (1) Compound 5 (1 equiv.) 0.10-0.14 (m,
18H, PhCH>SSiMe(Me3SiO)), 0.27 (s, 3H, PhCH2SSiMe(MesSiO)2), 3.75 (s, 2H,
PhCH,SSiMe(MesSiO)2) 7.16-7.34 (m, SH arom);

(2) (PhCHa2S):2 (0.05 equiv.) 3.60 (s, 2H, (PhCH2)2SS) 7.16-7.34 (m, 5SH arom);

(3) PhCH2SH (0.17 equiv.) 1.76 (t, J= 7.56 Hz, 1H, SH), 3.76 (s, 2H, PhCH>SH);
7.16-7.34 (m, 5SH arom);

(4) Silicone impurity: 0.03 (s, 4H) ppm.

Starting material (PhCH2S)2): 6 (PhCH2S)2: 3.61 (s, 2H, (PhCH>).SS), 7.24-7.25

m, 2H arom), 7.28-7.34 (m, 3H arom) ppm (for 'H NMR see p. 172).
pp p
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Silylation of benzyl disulfide using 1 (bis-H) g
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Compound 6 (from 2):

Major Product

+ -
/Sv© | B(CeF SH s
s N Si___Si_ (CeFs)s
707 T Dom

To a pre-dried 100.0 mL round-bottomed flask, benzyl disulfide (0.50 g,
2.03 mmol) and 2 (0.66 g, 4.45 mmol) were mixed in dry DCM (3.21 g, 2.41 mL)
as solvent. Freshly prepared B(C¢Fs)s3 stock solution was added (0.182 mL, 0.0355
mmol) after 5 min stirring. The total reaction time was 3h, then the reaction was
quenched by adding neutral alumina. The silylated benzyl thiol product 6
(recovered 1.02 g) was obtained using vacuum filtration.

The aromatic H in benzyl disulfide and 6 had overlapping peaks. The
equivalents of benzyl disulfide and 6 were determined using PhCH, adjacent to SS,

S-Si and SH peak.
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PhCH;SSiMe;OSiMes; (compound 6): (PhCH:S),: PhCH,SH=75.2: 7.5: 17.3
TH NMR (600 MHz, chloroform-d): & (1) Compound 6 (1 equiv.) 5 0.13 (s, 9H,
PhCH»SSiMe,OSiMes), 0.33 (s, 6H, PhCH»SSiMe>OSiMes), 3.77 (s, 2H,
PhCH,SSiMe(MesSi0)»),7.15-7.34 (m, SH arom);

(2) (PhCH2S)2 (0.10 equiv.) 6 3.60 (s, 2H, (PhCH>).S»), 7.15-7.34 (m, SH arom);
(3) PhCHoSH (0.23 equiv.): 1.76 (t, J=7.58 Hz, 1H, SH), 3.75 (d, J=7.50 Hz, 2H,
PhCH,SH), 7.15-7.34 (m, 5H arom);

(4) Silicone impurity: 0.05-0.09 (m, SH) ppm.

Starting material (PhCH:S):): 6 3.61 (s, 2H, (PhCH>),SS), 7.24-7.25 (m, 2H

arom), 7.28-7.34 (m, 3H arom) ppm (for 'H NMR see p. 172).
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To a pre-dried 100.0 mL round-bottomed flask, benzyl disulfide (0.51 g,
2.05 mmol) and 3 (0.56 g, 4.10 mmol) were mixed in dry DCM (2.85 g, 2.14 mL)
as solvent. Freshly prepared B(C¢Fs)3 stock solution was added (0.325 mL, 0.0325
mmol) after 5 min stirring. The total reaction time was 3h, then the reaction was
quenched by adding neutral alumina. The silylated benzyl thiol product 7
(recovered 0.91 g) was obtained using vacuum filtration.

The aromatic Hs in benzyl thiol, 7 and the impurity overlapped. The
equivalents of benzyl thiol (produced by adventitious hydrolysis) and 7 are
determined using the PhCH> adjacent to S-Si and SH peaks.

PhCH-SSiMe;Ph (compound 7): (PhCH>S);: PhCH,SH= 46.3: 0: 53.7

TH NMR (600 MHz, chloroform-d): 6 (1) Compound 7 (/ equiv.): 0.45 (s, 6H,
PhCH2SSiMe>Ph), 3.52 (s, 2H, PhnCH>SSiMezPh), 7.11-7.57 (m, SH arom);

(2) PhCH2SH (1.16 equiv.): 1.69 (t, J=7.56 Hz, 1. H, SH), 3.68 (d, J=7.56 Hz, 2H,
PhCH,SH), 7.11-7.57 (m, 5H arom) ppm.

Starting material (PhCH:S)2): 6 3.61 (s, 2H, (PhCH>).SS), 7.24-7.25 (m, 2H
arom), 7.28-7.34 (m, 3H arom) ppm (for 'H NMR see p. 172).

Starting material (Dimethylphenylsilane): 5 0.38 (d, J=3.76 Hz, 6H, SiCH;),
4.47 (sept, J=3.75 Hz, 1H, SiH), 7.39-7.40 (m, 3H arom), 7.57-7.58 (m, 2H arom)

ppm (for 'H NMR see p. 173).
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Silylation of benzyl disulfide using 3 (phenyl-H)
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5.8.4.2 Didodecyl disulfide
Oxidation of dodecanethiol with NaOCI (bleach)!!!

Dodecanethiol (1.0g, 1.183mL, 5mmol) was added to a 100 mL round-
bottomed flask to which was added diluted NaOCI solution (18.4ml,
concentration:0.16mmol/ml, 3.0mmol). The mixture was vigorously stirred for 18
h at room temperature. Hexanes (30mL) were added to extract didodecyl disulfide
product from the aqueous phase. The hexanes phase was centrifuged (Thermo
Electron, 4000rpm) to remove the precipitated byproduct sodium 1-
dodecanesulfonate. Hexanes were then removed by evaporation to give 12 (yield
97.5%, 0.97 g).

'H NMR (600 MHz, -chloroform-d) & 0.88 (t, J= 7.0 Hz, 3H,
(CH3CoH13CH2CH2S)2), 1.19 - 1.42 (m, 18H, (CH3CoH1sCH2CH>S)2), 1.61 (p, J=
7.3 Hz, 2H, (CH3CoH1sCH>CH:S)z2), 2.51 (q, J= 7.4 Hz, 2H, (CH3CoH1sCH2CH>S)>)
ppm.
GC-MS:
Sulfur-containing compounds:

A e e e S S e e
Ci14H14S2, relative peak intensity (100%), MW: 402.34: [M]" = 402.4 (60), 234.2
(30),201.2 (35), 85.2 (40), 71.2 (60), 57.2 (100).
Reductive cleavage of didodecyl disulfide (to give 13)!!l

To a pre-dried 100 mL round-bottomed flask was added didodecyl disulfide
(0.3 g, 0.75 mmol) and pentamethyldisiloxane 2 (0.22g, 1.79 mmol) in dry toluene

(10 mL) as solvent. Freshly prepared B(CsF5)3 stock solution was added (0.364 mL,
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0.0356 mmol) after the starting materials had dissolved. After 3 h, the reaction was
quenched by the addition of neutral alumina (~ 0.5 g). The reaction mixture, which
contained silylated thiols (silyl thio ethers), was then filtered through a layer of
Celite using a sintered glass funnel. The solution was concentrated using rotary
evaporation.

Hydrolysis of the S-Si compound to thiol was carried out by stirring the product
in isopropanol/H20 (80/20 v/v, in 5 mL) overnight, followed by purging with Na.
S-Si cleavage was shown by the disappearance of peaks near 0 ppm in the 'TH NMR,

consistent with recovery of dodecanethiol (recovered 0.2553 g, Figure S5.3).!

N "SH ¥ s

Reduction: S-S/ Si-H=1/2.4

Reduction: S-S/ Si-H=1/1.2

Oxidation: SH/ NaClO=1/1.2

1-Dodecanethiol l

75 7.0 6.5 6.0 55 5.0 a5 40 35 3.0 25 20 15 1.0 05 0.0 -0
1 (ppm)
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Figure S5.3. A: 'TH NMR spectra of oxidation preparation of didodecyl disulfide

and B: desilylation of S-Si bonds using H>O/IPA (80/20 v/v).
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5.8.5 Dibenzyl tetrasulfide preparation and reduction using Bis-H (1)

5.8.5.1 Titration of benzyl disulfide using BisH: ([SiH]/[SS]=4:1 for complete

reduction)

To a pre-dried 200 mL round-bottomed flask purged with dry N> gas, was added
dibenzyl disulfide (0.50 g, 2.04 mmol) and Bis-H (0.91 g, 4.09 mmol) together with
dry DCM (3.81 g, 44.86 mmol) as solvent. Freshly prepared B(C¢F5)s stock solution
was added (0.167 mL, 0.0326 mmol) after 5 min stirring. The total reaction time
was 3 h, then the reaction was quenched by adding neutral alumina. Each datapoint
in Figure S5.4 was obtained using the identical reaction protocol, only changing
the ratio of hydrosilane to disulfide [SiH]/[SS]. The peak area of the hydrogens on
the carbon adjacent to disulfide bond in 'H NMR were plotted against different ratio
of hydrosilane (SiH) input. The predicated curved was plotted based on the
assumption that the SS reacted faster than thiol (only half equivalent of the disulfide

was converted when exposed to one equivalent of hydrosilane).
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Figure S5.4.Polysulfide conversion in the benzyl disulfide system versus
[SiH]/[SS] using Bis-H (1). Peak area refers to integration of CH; signals (Table
S3).21 Note: no benzyl thiol was observed in these experiments.

Table S5.2. '"H NMR Integration data used to plot Figure S5.4.

Ratio Benzyl . B(CeFs)3
[SiH]/[SS] disulfide (g) 2@ DCM(g) /v
0.25 0.50 0.12 168 0.021
0.5 0.50 0.24 2.05 0.042
1 0.50 0.46 259 0.084
15 0.50 0.68 3.20 0.125
2 0.50 0.91 3.81 0.167

2: 100 mg mL"! B(CsFs)3 stock solution.
5.8.5.2 Preparation of dibenzyl tetrasulfide

To a pre-dried 200 mL round-bottomed flask purged with dry N> were added
sodium tetrasulfide (0.098 g, 0.562 mmol), benzyl bromide (0.209 g, 1.22 mmol)
and dry THF (50 mL, 44.45 g, 0.616 mol) as solvent. The mixture was stirred for
23 d (without catalyst) and collected by vacuum filtration. The mixture was purified
using column chromatography; the low polarity impurity (Sg) was removed using
hexanes, after which the elution solvent was switched to dichloromethane, to give

a recovery of 137 mg, a mixture of polysulfides as assigned by 'H NMR.[?!
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The aromatic H overlapped in the phenyl oligosulfide compounds. Note: it was
not possible to detect tetrasulfide or higher polysulfide linkages in the GC-MS,
which may be due to thermal degradation of polysulfide bond when n > 3 (n= the
number of sulfur atoms in the oligosulfide). The oligosulfide compounds (n>3)
were therefore identified by 'H NMR using the assignment in the literature.[*]

'H NMR (600 MHz, acetone-d6): & (1) PhCH»S; (0.05 equiv.): 3.72 (s, 4H,
SS(PhCH>)z), 7.28-7.40 (m, 10H arom);

(2) PhCH2S5 (1 equiv.): 4.11 (s, 4H, SSS(PhCHz)2), 7.28-7.40 (m, 10H arom);

(3) PhCH2S4 (0.59 equiv.): 4.24 (s, 4H, SSSS(PhCH>)»), 7.28-7.40 (m, 10H arom);
(4) PhCH:2Ss (0.33 equiv.): 4.30 (s, 4H, SSSSS(PhCHz)2), 7.28-7.40 (m, OH arom)
ppm.

13C NMR (600 MHz, acetone-ds): 8 29.85 (acetone- ds), 43.55 (SSS(PhCHb),),
43.99 (SSSS(PhCHz)2)), 44.54 (SSSSS(PhCHz)2)); Aromatic C: 128.36, 129.42,
130.33, 137.54, 137.80 ppm.

Note: Unlike '"H NMR, *C NMR sensitivity was not sensitive enough to detect the
small amount of (SCH2Ph),, but the existence of (SCH2Ph), was proven by 'H
NMR and GC-MS.

GC-MS:

Sulfur-containing compounds:
/Sv©
©/\S

(1) C14H14S2, relative peak intensity (6.6%), MW: 246.05: [M]" =246.1 (20), 181.2

(18), 121.1 (5), 91.1 (90), 77.2 (8), 65.2 (18).
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(2) CisH14S3, relative peak intensity (92.5%), MW: 278.03: [M]"= 278.1 (13),

213.1 (56), 181.2 (2), 123.1 (3), 91.2 (100), 77.1 (3), 65.2 (13).

(3) Ss, relative peak intensity (0.9%), MW: 255.78: [M]*= 255.8 (98), 223.9 (7),

207.1 (5), 191.9 (53), 160.0 (66), 127.9 (60), 91.1 (66), 77.1 (7), 64.1 (100).

8 g £ S
< < ; <"\7
| |
Prepared benzyl tetrasulfide ("H NMR)
Acetone-d; as solvent T —
= _ 1
A
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5.8.5.3 Titration of dibenzyl tetrasulfide 14 using BisH 1: ([SiH]/[SSSS]=5:1

for complete reduction)

To a dried glass NMR tube (7%5 mm) purged with dry N, dibenzyl tetrasulfide
(0.055 g, 0.185 mmol, 14 (a mix of oligosulfides centered near n = 4,
PhCH>S,CH>Ph) and Bis-H 1 (0.048 g, 0.216 mmol) were added together with
chloroform-d stock solution (0.6 mL). Freshly prepared B(CsFs)3 stock solution
was added (0.023 mL, 0.0045 mmol) after 5 min sonication. Each point on Figure
SS.5

Figure S5.5.. was obtained by adding 1 (0.048 g, 0.216 mmol) and B(CeFs)3
stock solution (0.023 mL, 0.0045 mmol) in aliquots portion by portion with 3h time
interval between additions. The peak area of the hydrogens on the carbon adjacent
to polysulfide bonds including pentasulfide (-CH>SSSSS), tetrasulfide (-CH2SSSS),
trisulfide (-CH2SSS) and disulfide (-CH>SS) in '"H NMR were plotted against

different ratio of hydrosilane (SiH) input.

—Si— ~ | ‘ -
\ ~0_ / \ O-gj
O /S' :Si si’ '\

| / ~s” N

s | \ si— o o
s” o> S Si Si B(CeFs)3 - \ /
H —Si— | |

14 1 \

5 15
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Figure S5.5. Polysulfide conversion in the benzyl tetrasulfide system 14 versus
[SiH]/[SSSS] using Bis-H 1. Peak area refers to integration of CH; signals Table
S5.3).12]

Table S5.3. '"H NMR Integration data used to plot

Eaiﬂ(])/[SSSS]a CH,SS CH,SSS CH,SSSS CH,SSSSS CH,SSi
0 0.06 1.95 1.18 0.81 0.00
1 000  0.85 0.89 0.86 1.40
2 000 023 0.52 0.72 2.53
3 000  0.02 0.23 0.51 3.24
4 000  0.00 0.04 0.32 3.64
5 0.00  0.00 0.00 0.00 4.00

2 The tetrasulfide is actually a complex mixture of oligosulfides, with the
tetrasulfide as major constituent. In this case, naphthalene was used an internal
standard. The total integration of the CH>-S groups all constituents was normalized

to 4H.
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5.8.6 Deprotection of silylated thiols

The efficiency of deprotection of silylated thiols is collated in Table S5.1. Note that
use of TBAF led mostly to recovery of the disulfide. See the spectral and
chromatographic data for each compound.

Table S5.4. Conversion (%) of silyl thio ethers 5-10 to thiols.[!

Starting HZO/l PA HOAC/IPA
Mater 1a1 N M R G C NMR GC
cIJ/s;i\iZiPh 35 n/a 21 n/a
Sl g
d b} | 100 100!
o-Fs e 100 100
I~ 6
Ph,s:i\SAPh 100 1 Oo[b] 100 IOO[b]
7
CRSiMea [C]
?/’s‘i\sAc7H15 [c] 1 0
S g
(\)/S:i\s/\cﬂ"w [c] 64 . 9
“§~ e
Ph/s:i\s/\cﬂ"m [c] 99 . IOO[b]
10

[a] Integration of 'H NMR signals and relative intensity of peaks on GC MS (SI)
were used to evaluate the efficiency of Si-S cleavage. [b] No silylated products
were detected in the GC-MS. [c] An NMR yield of the recovered thiol compounds
could not be reliably determined due to the overlap of thiol peak with the CH>
peaks.
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5.8.7 Deprotection of silylated benzyl thiol
5.8.7.1 Cleavage of SiS bonds: Attempts with TBAF/THF

Compound 5 (TBAF/THF)

In a pre-dried 100.0 mL round-bottomed flask, silylated product 5 (0.53 g,
1.54 mmol) (obtained from reduction of benzyl thiol with 1) and
tetrabutylammonium fluoride (TBAF, 0.41 g, 1.57 mmol) were mixed together with
dry tetrahydrofuran (THF 5.0 mL) as solvent. The mixture was stirred for 24h then
solvent was removed under a stream of nitrogen. After the removal of THF, 4.0 mL
of methanol together with 12.0 mL of distilled water were added and stirred for 24h
under a nitrogen blanket. The liquid was extracted three times with hexanes (15.0
mL). The combined hexanes extracts were dried over sodium sulfate. Solvents were

removed by rotary evaporation after filtration.

\
° \/©
i s
St TBAF/THF SH s
P rt 24h *

5 \ Major Product

The aromatic H in the major product and 5 are overlapped.
(PhCH>S):: CcHsCH>SH: PhCH,SSiMe(Me3SiO); (compound 5)=100: 0: 0
TH NMR (600 MHz, chloroform-d): & (1) (PhCH.S)2: 3.60 (s, 2H, (PhCH>S)»),
7.23-7.25 (m, 3H arom), 7.31-7.57 (m, 7H arom);
(2) Silicone impurity: 0.07-0.12 (m, 3H based on integration of 2H in (PhCH>S),);

(3) Impurity: 4.33 (s, 0.26H), 4.50 (s, 0.13H), 4.60 (s, 0.41H), 7.96-8.01 (m, 0.66H)
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GC-MS: (PhCH:S): (Major product): CsH{7SH: compound 5 = 98.25: 1.75
(Relative peak intensity)

Sulfur-containing compounds:

©As/s

Major Product
(1) C14H14S2, retention time 13.4 min, relative peak intensity (50.4%), MW: 246.05:

[M]'=246.1 (5), 181.1 (3), 121.1 (1), 91.1 (100), 77.1 (1), 65.1 (5).

©ASH

(2) C7HsS, retention time 5.1 min, relative peak intensity (0.9%), MW: 124.03:
[M]™=124.1 (35), 105.1 (2), 91.1 (100), 77.1 (5), 65.1 (8).

Non-sulfur containing compounds (silicone compounds):

(3) Relative peak intensity (0.6%), retention time 3.9 min, MW: 106.10: [M]"=
106.1 (100), 77.1 (99), 63.2 (5).

(4) Relative peak intensity (13.8%), retention time 12.9 min, MW: 228.10: [M]"=
228.1 (15), 121.1 (1), 105.1 (100), 91.1 (10), 77.1 (20), 65.1 (5).

(5) Relative peak intensity (1.6%), retention time 13.1 min, MW: 224.10: [M]"=
224.1 (10), 159.1 (100), 131.1 (30), 115.1 (4), 103.1 (3), 91.1 (15), 77.1 (10).

(6) Relative peak intensity (27.7%), retention time 14.5 min, MW: 244.10: [M]"=
244.1 (30), 211.1 (15), 180.2 (1), 153.0 (2), 121.1 (100), 91.1 (90), 77.1 (30), 65.1
(13).

(7) Relative peak intensity (1.7%), retention time 14.6 min, MW: 121.10: [M]*=

121.1 (1), 105.1 (100), 91.1 (15), 77.1 (30), 65.1 (10).
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(8) Relative peak intensity (1.1%), retention time 15.1 min, MW: 315.10: [M]"=
315.1(1),278.1(3),213.1(30), 123.1 (3), 91.1 (100), 77.1 (3), 65.1 (10).
(9) Relative peak intensity (2.2%), retention time 17.4 min, MW: 245.10.10: [M]*=

245.1(1),213.1 (60), 181.1 (3), 135.1 (1), 121.1 (10), 91.1 (100), 77.1 (3), 65.1 (5).

[rel]

Deprotection of silylated compound (from benzyl thiol and 1 (Bis-H))-TBAF/THF
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Compound 6 (TBAF/THF)

In a pre-dried 100.0 mL round-bottomed flask, the silylated product 6 (0.50
g, 1.85 mmol) (obtained from reduction of benzyl thiol with 2) and
tetrabutylammonium fluoride (TBAF, 0.48 g, 1.85 mmol) were mixed together with
dry tetrahydrofuran (THF 5.0 mL) as solvent. The mixture was stirred for 24h then
solvent was removed under a stream of nitrogen. After the removal of THF, 4.0 mL
of methanol together with 12.0 mL of distilled water were added and stirred for 24h
under a nitrogen blanket. The liquid was extracted three times with hexanes (15.0

mL). The combined hexanes extracts were dried over sodium sulfate. Solvents were
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removed by rotary evaporation after filtration. No residual S-Si compounds were

detected in the GC-MS.

S/5|'\O/S|'\ TBAF/THF 55
r.t. 24h

Maijor Product
(PhCH-S),: CeHsCH>SH: PhCH,SSiMe;OSiMe3; (compound 6)=100: 0: 0

TH NMR (600 MHz, chloroform-d): 6 (1) (PhCH»S):: 3.61 (s, 2H, (PhCHaS)»),
7.24-7.57 (m, SH arom);

(2) Silicone impurity: 0.06-0.18 (m, 0.37H based on integration of 2H in
(PhCH>S)2);

(3) Impurities: 4.33 (s, 0.17H), 4.51 (s, 0.03H), 4.61 (s, 0.39H), 7.97-8.01 (m, 0.57H)
ppm.

GC-MS: (PhCH:S): (Major product): CsH7SH: compound 6=100: 0: 0
(Relative peak intensity)

Sulfur-containing compound:

©As/s

Maijor Product
(1) C14H14S2, retention time 22.5 min, relative peak intensity (62.0%), MW: 246.05:
[M]™=246.1 (12), 181.2 (5), 91.1 (100), 65.1 (10).

Non-sulfur containing compounds:

(2) MW: 443.20, retention time 8.6 min, relative peak intensity (0.5%): [M]"=

443.2 (10), 355.1 (25), 281.1 (40), 221.2 (100), 147.1 (60), 73.1 (77).
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(3) MW: 214.10, retention time 19.3 min, relative peak intensity (1.0%): [M]"=
214.1 (30), 123.1 (20), 91.1 (100), 65.1 (13).

(4) MW: 228.10, retention time 21.8 min, relative peak intensity (9.0%): [M]"=
228.1 (18), 105.1 (100), 91.1 (15), 77.1 (30), 51.1 (13).

(5) MW: 224.10, retention time 21.9 min, relative peak intensity (1.0%): [M]"=
224.1 (10), 159.1 (100), 131.2 (30), 91.2 (20), 77.2 (10), 51.2 (8).

(6) MW: 393.10, retention time 24.3 min, relative peak intensity (0.5%): [M]"=
393.1 (50), 315.1 (100), 253.1 (15), 195.1 (7), 165.1 (8), 121.1 (5), 91.1 (15).

(7) MW: 244.10, retention time 24.6 min, relative peak intensity (24.0%): [M]"=
244.1 (40), 211.1 (15), 153.0 (2), 121.1 (100), 91.1 (95), 77.1 (35), 65.1 (10).

(8) MW: 105.10, retention time 24.9 min, relative peak intensity (1.0%): [M]"=
105.1 (100), 91.1 (20), 77.1 (35), 51.1 (10).

(9) MW: 253.10, retention time 29.9 min, relative peak intensity (1.0%): [M]=

253.1(3), 213.1 (50), 181.1 (5), 121.1 (10), 91.1 (100), 65.1 (8).
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[rel]

Deprotection of silylated compound (from benzyl thiol and 2 (Penta-H))-TBAF/THF
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Compound 7 (TBAF/THF)
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rt. 24h

7

In a pre-dried 100.0 mL round-bottomed flask, the silylated product 7 (0.21
g, 0.81 mmol) (obtained from reduction of benzyl thiol with 3) and
tetrabutylammonium fluoride (TBAF, 0.21 g, 0.81 mmol) were mixed together with
dry tetrahydrofuran (THF 2.0 mL) as solvent. The mixture was stirred for 24h then
the solvent was removed under a stream of nitrogen. After the removal of THF, 4.0
mL of methanol together with 12.0 mL of distilled water were added and stirred for
24h under a nitrogen blanket. The liquid was extracted three times with hexanes
(15.0 mL). The combined hexanes extracts were dried over sodium sulfate. Solvents
were removed by rotary evaporation after filtration. No residual S-Si compounds

were detected in the GC-MS.

208



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

The aromatic H in benzyl disulfide and impurity are overlapped. The
equivalents of benzyldisulfide benzyl thiol and 7 are determined using the PhCH>
adjacent to S-S, S-Si and SH peak.

(PhCH-S),: CeHsCH,>SH: PhCH,SSiMe:Ph (compound 7)=100: 0: 0

'H NMR (600 MHz, chloroform-d): & (1) (PhCH,S) (I equiv.): 3.61 (s, 2H,
(PhCH>S)2), 7.23-7.57 (m, SH arom);

(2) Silicone impurities: 0.05-0.13 (m, 0.2H), 0.33 (s, 6H), 0.41 (s, 2H);

(3) Impurities: 4.33 (s, 0.03H), 4.50 (s, 0.05H), 4.60 (s, 0.17H) ppm.

Starting material (Dimethylphenylsilane): 5 0.38 (d, J=3.76 Hz, 6H, SiCH;),
4.47 (sept, J=3.75 Hz, 1H, SiH), 7.39-7.40 (m, 3H arom), 7.57-7.58 (m, 2H
arom)(the "H NMR spectrum is shown on p. 173) ppm.

GC-MS: (PhCH:>S),: CsH17SH: compound 7= 1: 0: 0 (Relative peak intensity)

Sulfur-containing compound:

©/\S/S

(1) C14H14S2, retention time 13.4 min, relative peak intensity (21.2%), MW: 246.05:
[M]"=246.1 (20), 181.2 (10), 121.1 (1), 91.1 (100), 77.1 (5), 65.1 (15).

Non-sulfur containing compounds:

_Si___Si_
Ph | (6] | Ph
(2) Ci16H220S12, retention time 9.6 min, relative peak intensity (58.2%), MW:

286.12: [M]'=286.2 (25),271.2 (100), 255.1 (10), 193.1 (90), 165.1 (5), 135.2 (10),

89.1 (25), 73.1 (1).
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(3) MW: 166.10, retention time 4.4 min, relative peak intensity (0.5%): [M]"=
166.1 (5), 151.1 (100), 135.1 (5), 121.1 (45), 105.1 (5), 91.2 (8), 77.1 (1), 59.1 (8).
(4) MW: 228.10, retention time 4.5 min, relative peak intensity (0.5%): [M]"=
228.1 (1), 213.1 (100), 197.1 (20), 183.1 (1), 151.1 (1), 135.1 (5), 121.1 (1), 106.9
(1), 99.1 (1),91.1 (5), 77.2 (5).

(5) CsH120S1 (HOSiMe>Ph), retention time 4.9 min, MW: 152.10, relative peak
intensity (10.4%): [M]™= 152.1 (10), 137.1 (100), 91.1 (8), 77.1 (1).

(6) MW: 211.10, retention time 6.1 min, relative peak intensity (0.5%): [M]"=
211.1 (90), 195.1 (15), 181.1 (1), 165.1 (1), 149.1 (1), 133.1 (100), 119.1 (5), 98.1
(10), 89.1 (15), 75.1 (10).

(7) MW: 345.20, retention time 10.4 min, relative peak intensity (3.8%): [M]"=
345.2 (100), 313.1 (1), 267.1 (20), 197.2 (15), 165.1 (10), 135.1 (20), 107.1 (1),
91.1 (1), 73.2(1).

(8) MW: 419.10, retention time 11.3 min, relative peak intensity (0.2%): [M]"=
419.1 (40),377.2 (1),325.2 (1), 269.1 (60), 253.1 (25), 197.2 (60), 155.3 (1), 135.1
(100), 107.2 (1), 73.2 (10).

(9) MW: 214.10, retention time 11.6 min, relative peak intensity (0.1%): [M]"=
214.1 (35), 123.1 (30), 91.1 (100), 65.1 (15).

(10) MW: 228.10, retention time 12.9 min, relative peak intensity (0.8%): [M]"=
228.1 (10), 121.1 (1), 105.1 (100), 91.1 (10), 77.1 (30), 65.1 (5).

(11) MW: 244.10, retention time 14.5 min, relative peak intensity (3.8%): [M]"=
244.1 (40), 211.1 (25), 180.2 (1), 153.1 (1), 121.1 (100), 91.1 (85), 77.1 (30), 65.1

(10).
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Deprotection of silylated compound (from benzyl thiol and 3 (phenyl-H
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5.8.7.2 Cleavage of SiS bonds: Attempts with HO/IPA

Compound 5 (H.O/IPA)
SH /
/ _qi—
/O + S'/o
. \ / / ol
oSt H,0, IPA 7 —s— SO
0 rt. 24h d o s
—Si— \ /
5 —Si—0—Si— 5
/ \
o Jo
—Si— —Si—

To a pre-dried 100.0 mL round-bottomed flask 5 (0.50 g, 1.45 mmol)
(obtained from reduction of benzyl thiol with 1) and distilled water (0.0263 mL,
0.0263 g, 1.45 mmol) were mixed together with isopropanol (3.0 mL) as solvent.
The mixture was stirred for 24h followed by a continuous nitrogen flow to remove

the solvent.

The aromatic H in 5 and benzyl thiol peaks were overlapped. The
equivalents of benzyl thiol and § in the product mixture were determined using
PhCH> adjacent to S-Si and SH peak.

PhCH:SSiMe(Me3SiO): (compound 5): CéHsCH>SH= 65.4: 34.6

TH NMR (600 MHz, chloroform-d): & (1) Compound 5 (I equiv.): 0.14 (s, 18H,
PhCH2SSiMe(MesSiO)2), 0.30 (s, 3H, PhCH2SSiMe(MesSiO)2), 3.75 (s, 2H,
PhCH,SSiMe(MesSi0)»), 7.20-7.33 (m, SH arom);

(2) PhCH2SH (0.53 equiv.): 1.76 (t, J=7.55 Hz, 1H, SH), 3.74 (s, 2H, PhCH>SH),
7.20-7.33 (m, SH arom);

(3) Impurity: 3.60 (s, 0.06H, in the benzyl mercaptan starting material);

(4) Silicone impurity: 0.02-0.12 (m, 15H) ppm.

GC-MS: Compound 5: PhCH>SH=91.5: 8.5 (Relative peak intensity)
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Sulfur-containing compounds:

(1) Ci14H280,SSi3, retention time 8.7 min, relative peak intensity (86.2%), MW:

344.11: [M]'= 344.2 (10), 221.2 (99), 133.1 (5), 91.2 (100), 73.1 (25).

©/\SH
(2) C7HsS, retention time 5.0 min, relative peak intensity (8.0%), MW: 124.03:

[M]*= 124.1 (40), 91.1 (100), 65.1 (15), 51.2 (6).

Non-sulfur containing compounds (silicone compounds) 15:

\ /
—si  —Si—
/ \
o] o]
\ /
—Si—0—Si—
/ \
o] o]
\ /
—Si— —Si—
/ \

(3) Ci4H420s5Sis, retention time 5.1 min, relative peak intensity (4.2%), MW:
459.00: [M—15]"= 443.2 (10), 355.1 (20), 323.0 (2), 281.1 (40), 249.0 (1), 221.1
(80), 147.1 (60), 73.1 (100), 59.1 (1).

(4) Relative peak intensity (0.6%), retention time 4.8 min, MW: 355.10: [M]"=
355.1(30),323.1 (1), 281.1 (15), 267.1 (60), 193.0 (3), 147.1 (2), 73.1 (100), 59.1
(2).

(5) Relative peak intensity (0.7%), retention time 6.9 min, MW: 328.20: [M]"=
328.2(1),207.1 (3), 133.1 (1), 91.1 (100), 73.1 (3).

(6) Relative peak intensity (0.3%), retention time 13.4 min, MW: 470.20: [M]"=

470.2 (1), 439.1 (1), 377.1 (2), 246.1 (5), 181.1 (2), 121.1 (2), 91.1 (100), 65.1 (6).
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Deprotection of silylated compound (from benzyl thiol and 1 (Bis-H))-H,O/IPA g
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A
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6 Major Product

PhCH;SSiMe;OSiMes; (compound 6): PhCH>SH= 0: 100

TH NMR (600 MHz, chloroform-d): é (1) PhCH>SH (1 equiv.): 1.76 (t,J=7.53 Hz,
1H, SH), 3.75 (d, J=7.56 Hz, 2H, PhCH,SH), 7.23-7.33 (m, 5H arom);

(2) Silicone impurity: 0.05-0.12 (m, 16H) ppm.

GC-MS: Compound 6: CsH17SH=0: 100

Sulfur-containing compound:

©ASH

(1) C7HsS, retention time 5.0 min, relative peak intensity (94.7%), MW: 124.03:
[M]*= 124.1 (40), 91.2 (100), 77.1 (8), 65.1 (15).

Non-sulfur containing compounds (silicone compounds):
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(2) Relative peak intensity (2.6%), retention time 3.7 min, MW:281.10: [M]"=
281.1 (100), 265.1 (5), 243.0 (3), 207.1 (8), 133.1 (3), 73.1 (10).

(3) Relative peak intensity (1.0 %), retention time 4.0 min, MW:369.20: [M]"=
369.2 (10), 281.1 (100), 265.1 (8), 249.0 (5), 207.1 (5), 191.1 (2), 147.2 (60), 117.0
(2), 73.1 (30).

(4) Relative peak intensity (0.6%), retention time 5.4 min, MW:443.10: [M]'=
443.1 (2), 355.1 (8), 338.8 (1), 323.1 (1), 281.1 (40), 249.2 (1), 221.1 (100), 147.1
(70),91.1 (1), 73.1 (80).

(5) Relative peak intensity (0.5%), retention time 11.6 min, MW:451.30: [M]"=
451.3 (1), 378.2 (1), 214.1 (30), 123.1 (10), 91.2 (100), 77.1 (1), 65.2 (10).

(6) Relative peak intensity (0.6%), retention time 13.4 min, MW:377.10: [M]"=

377.1 (1), 315.1 (2), 246.2 (5), 197.0 (1), 181.2 (2), 121.0 (1), 91.2 (100), 77.1 (1),

Deprotection of silylated compound (from benzyl thiol and 2 (Penta-H))-H,O/IPA g
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Compound 7 (H.O/IPA)

|
IR
0" “Ph

| A L

Si Si___Si_
SN H,O/IPA + + Ph” 707 “Ph
rt. 24h ©ASH

7

In a pre-dried 100.0 mL round-bottomed flask 7 (0.50 g, 1.94 mmol)
(obtained from reduction of benzyl thiol with 3) and distilled water (0.0348 mL,
0.0348 g, 1.94 mmol) were mixed together with isopropanol (3.0 mL) as solvent.
The mixture was stirred for 24h followed by a continuous nitrogen flow to remove

the solvent.

The aromatic H peaks in benzyl thiol, 3 and the impurity overlapped. The
relative equivalents of benzyl thiol and 7 were determined using the PhCH> adjacent
to S-Si and SH peak.

PhCH-SSiMe;Ph (compound 7): PhCH2SH= 0: 100
TH NMR (600 MHz, chloroform-d): & (1) PhACH>SH (I equiv.): 1.76 (t, J= 7.55
Hz, 1H, SH), 3.75 (d, J/=7.55 Hz, 2H, PhCH,SH), 7.23-7.61 (m, 5SH arom);

Sis
07| ~Ph

Hp:sC s CHy:s

1

(2) C11H180S:i (0.03 equiv.): 0.33-0.42 (m, 6H, SiCH3), 1.14 (d, J= 6.08 Hz, 6H,
Hj3),3.97-4.01 (m, 1H, H;, overlapped with isopropanol peak), 7.23-7.61 (m, SH
arom);

(3) Silicone impurities: 0.33 (s, 3H), 0.42 (s, 5SH);

(4) Impurity: 1.82 (s, 0.8H) ppm.
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Starting material (Dimethylphenylsilane): 6 0.38 (d, J=3.76 Hz, 6H, SiCH3),
4.47 (sept, J=3.75 Hz, 1H, SiH), 7.39-7.40 (m, 3H arom), 7.57-7.58 (m, 2H arom)
ppm.

GC-MS: Compound 7: PhCH>SH= 0: 100 (Relative peak intensity)

Sulfur-containing compound:

©ASH

(1) C7HsS, retention time 5.0 min, relative peak intensity (27.0%), MW: 124.03:
[M]"=124.1 (30), 91.1 (100), 77.1 (5), 65.1 (10).

Non-sulfur containing compounds (silicone compounds):

(2) Ci16H220S12, retention time 9.6 min, relative peak intensity (37.6%), MW:
286.12: [M]"=286.2 (10), 271.2 (100), 255.1 (1), 193.1 (70), 179.1 (1), 165.1 (1),
135.2 (10), 105.1 (1), 89.1 (15). Hydrolysis/condensation product of 3.

(3) CsH120Si1 (HOSiMe,Ph), retention time 4.9 min, relative peak intensity (34.7%),
MW: 152.20: [M]"=152.2 (8), 137.1 (100), 119.1 (1), 91.2 (5), 77.1 (1).

(4) Relative peak intensity (0.1%), retention time 9.2 min, MW: 327.00: [M]*
=327.0(1),228.2 (50), 213.1 (100), 197.2 (1), 152.0 (1), 135.2 (25), 106.3 (1), 91.2
(20), 77.1 (10), 65.1 (1).

(5) Relative peak intensity (0.2%), retention time 10.0 min, MW: 227.20: [M]"=

227.2 (40), 197.2 (70), 164.1 (85), 149.1 (40), 135.1 (20), 91.1 (100), 65.2 (15).
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(6) Relative peak intensity (0.1%), retention time 10.4 min, MW: 377.00: [M]"=

377.0 (1), 345.2 (100), 312.9 (1), 267.1 (25), 197.2 (20), 165.1 (10), 135.2 (25),

91.1 (1), 73.0 (1).

(7) Relative peak intensity (0.1%), retention time 11.6 min, MW: 470.10: [M]*=

470.1 (1), 377.1 (1), 214.2 (30), 197.0 (1), 123.1 (20), 91.1 (100), 65.2 (15).

(8) Relative peak intensity (0.2%), retention time 13.4 min, MW: 471.10: [M]"=

471.1(1),377.1 (1), 316.1 (1), 246.1 (15),218.0 (1), 181.1 (1), 157.1 (1), 121.1 (1),

91.1 (100), 65.1 (15).

Deprotection of silylated compound (from benzyl thiol and 3 (phenyl-H
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cone impurities
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5.8.7.3 Cleavage of SiS bonds: Attempts with HOAc¢/IPA

Compound 5 (HOAc/IPA)
/
\
o]
/
Si—
S
y SH e
—Si— + 5 \
o Major Product
4 N,/ + / +
S/Sl\— HOAc, IPA —s —si— |
—_— \ -
P it 24h o} Jo oo
. —si—o—si— )
Si___Si
o} 0 o | ~0” |'\

P X

15

In a pre-dried 100.0 mL round-bottomed flask 5 (0.53 g, 1.53 mmol)
(obtained from reduction of benzyl thiol with 1) and acetic acid (0.093 g, 1.54 mmol)
were mixed together with isopropanol (3.0 mL) as solvent. The mixture was stirred
for 24h followed by a continuous nitrogen flow to remove the solvent.

The aromatic H in 5 and benzyl thiol were overlapped, and the SICH3 within
Ci10H2803Si3 overlapped with silicone impurity. The equivalents of benzyl thiol and
5 present in the mixture were determined using PhCH> adjacent to S-Si and SH
peaks.

PhCH-SSiMe(Me3SiO): (compound 5): PhCH,SH= 78.7: 21.3

TH NMR (600 MHz, chloroform-d): & (1) Compound 5 (I equiv.): 0.14 (s, 18H,
PhCH,SSiMe(MesSi0)2), 0.27 (s, 3H, PhCH2SSiMe(MesSiO)2), 3.75 (s, 2H,
PhCH,SSiMe(MesSi0)»), 7.20-7.33 (m, SH arom);

(2) PhCH2SH (0.27 equiv.) 6 1.76 (t, J=7.55 Hz, 1H, SH), 3.74 (s, 1H, PhCH>SH),

3.76 (s, 1H, PhCH>SH), 7.20-7.33 (m, SH arom);
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|/
/SI\

Hp, 5C CHp:
h'3 H; [}

(3) C10H28038Si3 (0.03 equiv.): 1.17 (d, J=6.11 Hz, 0.19H, H,'), 4.13 (sept, J=6.10
Hz, 0.03H, H;");

(4) Overlapped silicone impurities and SiCH3 within Ci10H2803Si3: 0.02- 0.13 (m,
8H), 0.37 (s, 0.02H);

(5 Impurity: 3.60 (s, 0.05H, in the benzyl mercaptan starting material) ppm.
GC-MS: Compound 5: PhCH>SH=96.1: 3.9 (Relative peak intensity)

Sulfur-containing compounds:

(1) Ci14H280,SSi3, retention time 8.8 min, relative peak intensity (91.8%), MW:
344.11: [M]'=344.1 (30), 221.2 (98), 207.1 (20),133.1 (10), 105.1 (1), 91.2 (100),

73.1 (35).

©/\SH
(2) C7HsS, retention time 5.0 min, relative peak intensity (3.8%), MW: 124.03:

[M]*= 124.1 (32), 91.1 (100), 65.1 (15).

Non-sulfur containing compounds (silicone compounds):

\ s /
—Si  —Si—
/ \
o] 0
\ /
_/SI_O__SI_
o] o]
\ /
—Si— —Si—

/
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(3) Ci14H420s5Si6, retention time 5.1 min, relative peak intensity (4.4%), MW:
459.00: [M—15]"=443.1 (25), 355.1 (30), 323.0 (2), 281.1 (65), 287.0 (30), 249.0

(1), 221.1 (75), 147.1 (70), 117.1 (1), 73.1 (100), 59.1 (2).

Deprotection of silylated compound (from benzyl thiol and 1 (Bis-H))-Acetic acid/IPA g
st
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(overlapped with benzyl thiol) Y & ~
/ starting material  Isopropanol
/ (solvent)
¥ AN s, v -
} -
_ | i
—J - r___] - .‘L T . L o
Isopropanol  H,0 o]
oo 9 19y (solvent) |5 (> 299
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Compound 6 (HOAc/IPA)

In a pre-dried 100.0 mL round-bottomed flask 6 (0.50 g, 1.85 mmol) and acetic acid
(0.11 g, 1.85 mmol) were mixed together with isopropanol (3.0 mL) as solvent. The
mixture was stirred for 24h followed by a continuous nitrogen flow to remove the
solvent. No S-Si compounds were detected in the GC-MS. For GC/MS data, see SI.
"H NMR (600 MHz, chloroform-d): 8 PhCH>SSiMe,OSiMe; 6: PhCH,SH = 0:
1.0

PhCH2SH (I equiv.): & 1.76 (t, J/=7.53 Hz, 1H, SH), 3.75 (d, J=7.55 Hz, 2H,
PhCH,SH), 7.24-7.33 (m, 5H arom); CsH220:Si2 (0.03 equiv.): 1.17-1.19 (m, 15H,
Hy), 4.08-4.15 (m, 2H, H;’); Silicone impurity: 0.05-0.18 (m, 1H); Impurity: 3.60

(s, 0.04H, from benzyl thiol starting material) ppm.
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@AS/S"\O/S'I\ HOAC/IPA Major Product
rt. 24h / +
Na
S0,/ 4O
| ~

6 0 Si— S
\Si\ 0 + O\Si/o
/ o-si VRN
/ N\

PhCH;SSiMe;0OSiMe; (compound 6): PhCH>SH= 0: 100
TH NMR (600 MHz, chloroform-d): (1) PhACH>SH (1 equiv.): 8 1.76 (t,J=7.53 Hz,
1H, SH), 3.75 (d, J/=7.55 Hz, 2H, PhCH,SH), 7.24-7.33 (m, 5H arom);

|
Si___Si
o To S~

Hy, sC CHy,
nds, “hhs

i

(2) CsH20,S12 (0.03 equiv.): 1.17-1.19 (m, 0.10H, Hy"), 4.08-4.15 (m, 0.014H, H;")
(4) Silicone impurity: 0.05-0.18 (m, 1H);

(5) Impurity: 3.60 (s, 0.04H, in the benzyl mercaptan starting material) ppm.
GC-MS: Compound 6: CsH17SH=0: 100

Sulfur-containing compound:

©ASH

(1) C7HsS, retention time 10.5 min, relative peak intensity (84.3%), MW: 124.03:
[M]™= 124.1 (45), 91.1 (100), 65.1 (15).
Non-sulfur containing compounds (silicone compounds):

\..0 ./
/S|' S,'\
O ..
Si

VAR
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(2) D3, retention time 4.8 min, relative peak intensity (2.2%), MW:222.06: [M-

15]"=207.1 (100), 133.1 (10), 196.1 (5), 75.1 (5).

/

Na!

/SI—O\ /

s

~sg;

/ o-si’
AN

(3) D4, retention time 8.8 min, relative peak intensity (2.3%), MW:296.08: [M-
157=281.1 (100), 207.1 (20), 73.1 (14).

(4) Relative peak intensity (3.2%), retention time 5.4 min, MW:265.10: [M]"=
265.1 (13),207.1 (100), 133.1 (5), 103.1 (5), 73.1 (8).

(5) Relative peak intensity (1.5%), retention time 8.0 min, MW:281.10: [M]"=
281.1 (100), 207.1 (18), 133.1 (5), 73.1 (15).

(6) Relative peak intensity (2.0%), retention time 9.0 min, MW:369.20: [M]"=
369.2 (30), 281.1 (100), 207.1 (15), 147.1 (65), 73.1 (40).

(7) Relative peak intensity (1.2%), retention time 11.7 min, MW: 355.10: [M]"=
355.1 (55),281.1 (100), 191.1 (25), 147.1 (23), 73.1 (70).

(8) Relative peak intensity (0.9 %), retention time 11.9 min, MW: 443.20: [M]"=
443.2 (15), 355.1 (20), 323.0 (5), 281.1 (45), 221.1 (100), 147.1 (70), 73.1 (75).
(9) Relative peak intensity (0.9%), retention time 12.5 min, MW: 254.10: [M]"=
254.1 (10), 147.1 (5), 119.2 (10), 91.1 (100), 73.1 (5).

(10) Relative peak intensity (0.7%), retention time 14.3 min, MW: 429.10: [M]"=
429.1 (5), 355.1 (100), 281.1 (23), 221.1 (40), 191.1 (23), 147.1 (30), 73.1 (80).
(11) Relative peak intensity (0.8%), retention time 33.4 min, MW: 245.1: [M]"=

245.1 (5), 213.1 (65), 181.1 (10), 121.1 (20), 91.1 (100), 65.1 (10).
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Deprotection of silylated compound (from benzyl thiol and 2 (Penta-H))-Acetic acid/IPA -
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In a pre-dried 100.0 mL round-bottomed flask 7 (0.21 g, 0.81 mmol)

Silicone impurity

(obtained from reduction of benzyl thiol with 3) and acetic acid (0.05 g, 0.83 mmol)

were mixed together with isopropanol (3.0 mL) as solvent. The mixture was stirred

for 24h followed by a continuous nitrogen flow to remove the solvent.

The aromatic H in benzyl thiol, 3 are overlapped. The equivalents of benzyl

thiol were determined from the SH peak. No Si-S compounds remained.

'TH NMR (600 MHz, chloroform-d): 6 PhCH,>SSiMe;Ph:PhCH,>SH= 0:100

(1) PhCH,SH (7 equiv.) 1.76 (t, J=7.55 Hz, 1H, SH), 3.75 (d, J=7.55 Hz, 2H,

PhCH,SH), 7.23-7.61 (m, 5H arom);
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/Si\
07 ~Ph

HpyC b CHys
(2) C11H180Si (0.03 equiv.): 0.33-0.57 (m, 6H, SiCHs), 1.13 (d, J=6.08 Hz, 6H,
Hj3),4.01 (m, 1H, overlapped with isopropanol peak), 7.23-7.61 (m, SH arom);
(3) Silicone impurities: 0.33 (s, 3H), 0.38-0.42 (m, 5H), 0.57 (s, 0.11H) ppm.
Starting material (Dimethylphenylsilane): &

0.38 (d, J/=3.76 Hz, 6H, SiCH>), 4.47 (sept, J=3.75 Hz, 1H, SiH), 7.39-7.40 (m, 3H
arom), 7.57-7.58 (m, 2H arom) ppm (for the 'H NMR, see p. 173).

GC-MS: Compound 7: PhCH>SH= 0: 100 (Relative peak intensity)

Sulfur-containing compounds:

@ASH

(1) C7HsS, relative peak intensity (24.8%), retention time 5.0 min, MW: 124.03:
[M]"=124.1 (30), 91.1 (100), 77.1 (1), 65.1 (5).
Non-sulfur containing compounds (silicone compounds):

l |
Si ; ;
Ph” H __ 1o Ph/s|'\o’s|'"Ph
B(CeFs)3
3

(2) Ci16H220S12, relative peak intensity (39.1%), retention time 9.6 min, MW:
286.12: [M]"=286.2 (10), 271.2 (100), 255.1 (5), 193.1 (60), 179.1 (5), 165.1 (5),
135.2 (10), 105.1 (5), 89.1 (15). Hydrolysis/condensation product of 3.

(3) Relative peak intensity (22.2%), retention time 4.9 min, MW: 179.20: [M]"=

179.2 (50), 137.1 (100), 116.1 (20), 91.1 (5), 75.1 (10).
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(4) Relative peak intensity (12.1%), retention time 4.9 min, MW: 137.10: [M]"=
137.1 (100), 91.1 (5), 77.1 (1).

(5) Relative peak intensity (1.3%), retention time 6.1 min, MW: 179.10: [M]"=
179.1 (90), 137.1 (100), 117.1 (30), 91.1 (10), 75.1 (20).

(6) Relative peak intensity (0.1%), retention time 9.2 min, MW: 252.90: [M]"=
252.9 (1), 228.2 (40), 213.1 (100), 197.0 (5),135.0 (25), 91.2 (20), 77.1 (10), 65.1
(5).

(7) Relative peak intensity (0.1%), retention time 10.0 min, MW: 376.80: [M]"=
376.8 (1),315.0(1),227.1 (45), 197.2 (70), 164.2 (90), 149.1 (45),91.2 (100), 77.1
(5), 65.1 (10).

(8) Relative peak intensity (0.1%), retention time 10.4 min, MW: 345.20: [M]"=
345.2 (100), 313.1 (1), 267.0 (20), 251.1 (5), 197.1 (15), 165.0 (15), 135.1 (25),
107.0 (5), 73.1 (5).

(9) Relative peak intensity (0.1%), retention time 11.6 min, MW: 377.00: [M]"=
377.0 (100), 316.0 (5),253.1 (1), 214.1 (50), 197.2 (1), 123.0 (60), 91.1 (100), 77.1
(10), 65.2 (25).

(10) Relative peak intensity (0.1%), retention time 13.4 min, MW: 315.10: [M]"=

315.1 (1), 246.1 (10), 181.2 (5), 121.2 (1), 91.1 (100), 77.1 (5), 65.1 (10).
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Deprotection of silylated compound (from benzyl thiol and 3 (phenyl-H))-Acetic acid/IPA E
Lo
TOOHOLNON N~ oN© ~NOOYT << |
TO=OO~=NANN (=] [old NN ~N W
oVWLTTITMONN =3 ouns oM™ © -
AUNNNNNNN S NN Adee s
NSNS NS o e ————— co
e ~— — [ =)
|
_Si
07| "Ph L o
Hy ™ “CHys I" -\I
I |1 F
11
I 11 -©
11
| : [
N~ | - L .
IAromatic H in benzyl Isoprop(a:ol (Tolvent) | uk Silicong impurities
thiol and impurities I I //f
overlapped H | ©ﬂs~; 7/4/
| | I 11 a
'\‘ | | W 1/
| I \l I {1 L
L L1 /|
| E | i 1ir
l = : | //’
uly LL_ - S & L S SIS S ~. 4._.-. _[' L =)
- Acetone H,0 '—
| [©] =] I W0 N |g©f
| (DM @ o ~ N© o wn
0 O™ ~ o N -0 Rt < |
0| |©|O w ‘O o €O -~ ~
| 1
e T S T S T S e : A e
7 6 5 4 3 2 1 [ppm]

227



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

5.8.8 Deprotection of silylated octanethiol

5.8.8.1 Cleavage of SiS bonds: Attempts with TBAF/THF

Compound 8 (TBAF/THF)
/
Jo \
SN TN Si— —'TBAF/THF SN /S\/\/\/\/ + /Sl
"% rt. 24h S o
—Si/— Major Prouct
8 \

To a pre-dried 100.0 mL round-bottomed flask, the silylated product 8 (0.51
g, 1.39 mmol) (obtained from reduction of octanethiol with 1) and
tetrabutylammonium fluoride (TBAF, 0.37 g, 1.40 mmol) were mixed together with
dry tetrahydrofuran (THF 5.0 mL) as solvent. The mixture was stirred for 24h
followed by a continuous nitrogen flow to remove the solvent. After the removal of
THF, 4.0 mL of methanol together with 12.0 mL of distilled water were added and
stirred for 24h under nitrogen blanket. The liquid extraction was performed three
times for the obtained mixture by adding 15.0 mL of hexanes followed by the
addition of sodium sulfate to absorb the residual water. No residual S-Si compounds
were detected in the GC-MS.
TH NMR (600 MHz, chloroform-d): & (1) Ci¢H34S2 (1 equiv.): 0.88 (t, J=6.83 Hz,
3H, (CH;CsHioCH2CH2S)2), 1.27-1.39 (m, 10H, (CH3CsHi1oCH2CH2S)2), 1.67
(quint, J=7.43 Hz, 2H, (CH3CsHi0CH>CH:S)2), 2.68 (t, J=7.38 Hz, 2H,
(CH3CsHi10CH2CH»S)»);
(2) Silicone impurity: 0.07-0.12 (m, 7H) ppm.
GC-MS: Ci6H34S2 (major product): CsH17SH: compound 8=100: 0: 0 (Relative

peak intensity)
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Sulfur-containing compound:
P S N S S e e
S
(1) Ci6H34S», retention time 23.6 min, relative peak intensity (93.0%), MW: 290.21:
[M]"=290.3 (80), 178.1 (40), 145.2 (40), 57.2 (100).
Non-sulfur containing compounds (silicone compounds):
N0/
PN
o}

O\
/

.-
1

S

(2) D3, retention time 4.9 min, relative peak intensity (1.0%), MW:222.06: [M-
151"=207.1 (100), 133.1 (2), 84.0 (3), 51.1 (1).

(3) Relative peak intensity (1.0%), retention time 10.7 min, MW:355.10: [M]"=
355.1(55),267.1 (90),207.0 (2), 147.1 (1), 73.1 (100).

(4) Relative peak intensity (2.0%), retention time 11.4 min, MW:443.20: [M]*=
443.2 (20), 355.1 (30), 323.0 (1), 281.1 (40), 221.1 (80), 147.1 (75), 73.1 (100).
(5) Relative peak intensity (1.0%), retention time 17.7 min, MW:597.00: [M]*=
597.0 (100), 507.0 (7), 460.9 (1), 327.0 (5), 283.0 (90), 246.0 (7), 207.0 (5), 73.3
(5).

(6) Relative peak intensity (2.0%), retention time 31.8 min, MW:257.20: [M]"=

257.3 (100), 143.2 (5), 69.1 (35).
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Deprotection of silylated compound (from octanethiol and 1 (Bis-H))-TBAF/THF g
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Compound 9 (TBAF/THF)
NN /SM/\/
S
PPN /S|i\ /S|i\ TBAF/THF Major Prouct
ST O rt. 24h *
9
/\/\/\/\SH

To a pre-dried 100.0 mL round-bottomed flask, the silylated product 9 (0.51
g, 1.74 mmol) (obtained from reduction of octanethiol with 2) and
tetrabutylammonium fluoride (TBAF, 0.45 g, 1.72 mmol) were mixed together with
dry tetrahydrofuran (THF 5.0 mL) as solvent. The mixture was stirred for 24h
followed by a continuous nitrogen flow to remove the solvent. After the removal of
THF, 4.0 mL of methanol together with 12.0 mL of distilled water were added and
stirred for 24h under nitrogen blanket. The liquid extraction was performed three

times for the obtained mixture by adding 15.0 mL of hexanes followed by the
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addition of sodium sulfate to absorb the residual water. No residual S-Si compounds
were detected in the GC-MS.

The alkyl H peaks in octanethiol and 9 overlapped. The C;Hi1sCH2SH peak
was located in a cluster of peaks between 1.2-1.4 ppm; it is not therefore possible
by NMR to assign the fraction of unreacted thiol in the product mixture by 'H NMR.
'H NMR (600 MHz, chloroform-d): & (1) CicH34S2: 0.87-0.89 (m, 3H,
CH3CsH10CH2CH:S), 1.28-1.43 (m, 10H, (CH3CsH10CH2CH:>S); 10H), 1.67 (quint,
J=7.44 Hz, 2H, (CH3CsH10CH>CH2S)), 2.68 (t, J=7.41 Hz, 2H,
(CH3CsH10CH2CH-S)»);

(2) CsHi7SH: 0.87-0.89 (m, 3H, CH3CsHioCH:CH.S), 1.28-1.43 (m, 11H,
CH3CsH10CH2CH>S, overlapped with SH), 1.61 (quint, J=7.38 Hz, 2H,
CH3CsH10CH>CH2SH), 2.52 (t, J=7.40 Hz, 2H, CH3CsH10CH>CH>SH);
(3) Silicone impurity: 0.02-0.20 (m, 8H) ppm.
GC-MS: Ci6H34S2 (major product): CsHi7SH: compound 9=93.6: 6.4: 0
(Relative peak intensity)
Sulfur-containing compound:

PR T e WS S S g
(1) Ci6H34S2, retention time 12.0 min, relative peak intensity (90.1%), MW: 290.21:
[M]"=290.3 (90), 176.2 (50), 145.2 (50), 87.2 (20), 71.2 (90), 57.2 (100).

SN g

(2) CgHisS, retention time 4.5 min, relative peak intensity (6.2%), MW: 146.11:
[M]™= 146.2 (60), 112.2 (8), 83.2 (60), 70.2 (70), 58.2 (100).

Non-sulfur containing compounds (silicone compounds):
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(3) Relative peak intensity (2.5%), retention time 15.0 min, MW: 529.20: [M]*=
529.2 (1), 470.1 (15), 377.1 (2), 340.3 (30), 317.0 (1), 284.2 (2), 218.0 (2), 177.2
(100), 127.1 (6), 91.2 (5), 57.2 (2).

(4) Relative peak intensity (1.2%), retention time 16.5 min, MW: 544.10: [M]"=
544.1 (1), 513.0 (5), 470.2 (20), 440.1 (25), 378.1 (25), 331.1 (5), 281.2 (1), 257.3

(100), 219.1 (10), 181.1 (10), 143.2 (5), 69.2 (30).

[rel]

Deprotection of silylated corhpound (from octanethiol and 2 (Penta-H))-TBAF/THF
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Compound 10 (TBAF/THF)
|
P U U R ﬂ /\/\/\/\S/S\/\/\/\/
S”| 'Ph rt. 24h ;
10 Major Product

To a pre-dried 100.0 mL round-bottomed flask, the silylated product 10
(0.21 g, 0.75 mmol) (obtained from reduction of octanethiol with 3) and
tetrabutylammonium fluoride (TBAF, 0.19 g, 0.73 mmol) were mixed together with
dry tetrahydrofuran (THF 5.0 mL) as solvent. The mixture was stirred for 24h

followed by a continuous nitrogen flow to remove the solvent. After the removal of
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THF, 4.0 mL of methanol together with 12.0 mL of distilled water were added and
stirred for 24h under nitrogen blanket. The liquid extraction was performed three
times for the obtained mixture by adding 15.0 mL of hexanes followed by the
addition of sodium sulfate to absorb the residual water. No residual S-Si compounds
were detected in the GC-MS.
'"H NMR (600 MHz, chloroform-d): & (1) Ci16H34S2 (1 equiv.): 0.89 (t, J=7.02 Hz,
3H, (CH;CsHioCH2CH»S)2), 1.27-1.41 (m, 10H, (CH3CsH1oCH2CH»S)2), 1.68
(quintet, J=7.44 Hz, 2H, (CH3CsHioCH>CH:S)2), 2.69 (t, J=7.38 Hz, 2H,
(CH3CsH10CH2CH»S)2);
(2) Silicone impurities: 0.05 (s, 0.1H), 0.09-0.39 (m, 4H), 0.41 (s, 1H), 0.49-0.51
(m, 0.07H);
(3) Impurities: 1.79 (s, 0.14H), 3.44 (s, 0.03H), 7.33-7.61 (m, 4H) ppm.
Starting material (Dimethylphenylsilane): &
0.38 (d, J/=3.76 Hz, 6H, SiCH3), 4.47 (sept, J=3.75 Hz, 1H, SiH), 7.39-7.40 (m, 3H
arom), 7.57-7.58 (m, 2H arom) ppm.
GC-MS: (CsH17S)2: CsHi7SH: compound 10 = 100: 0: 0 (Relative peak
intensity)
Sulfur-containing compound:

P N N I e
(1) (CH3CsH10CH2CHS)2, retention time 11.9 min, relative peak intensity (35.7%),
MW: 290.21: [M]"=290.3 (100), 178.2 (40), 145.2 (40), 87.1 (15), 71.2 (80), 57.2
(80).

Non-sulfur containing compounds (silicone compounds):
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| H,0 | |
o Sis %» _Si__Si_
| H (CeFsls  Ph” | 07| “Ph

(2) Ci16H220S12, retention time 9.6 min, relative peak intensity (48.6%), MW:
286.12: [M]™=286.2 (15),271.2 (100), 255.1 (5), 193.1 (70), 165.1 (5), 135.2 (10),
89.1 (195).

(3) CsH120Si1 (HOSiMe,Ph), retention time 4.9 min, relative peak intensity (11.0%),
MW: 152.10: [M]™=152.1 (1), 137.1 (100), 91.1 (5), 77.1 (5).

(4) Relative peak intensity (0.6%), retention time 4.4 min, MW: 166.10: [M]"=
166.1 (5), 151.1 (100), 135.2 (1), 121.1 (40), 105.1 (5), 91.1 (8), 77.1 (1), 59.1 (8).
(5) Relative peak intensity (0.4%), retention time 4.5 min, MW: 228.10: [M]"=
228.1 (1), 213.1 (100), 197.0 (20), 183.1 (1), 151.1 (1), 135.2 (5), 121.1 (1), 99.1
(1), 91.1 (5), 77.1 (5).

(6) Relative peak intensity (0.3%), retention time 6.1 min, MW: 211.10: [M]"=
211.1 (100), 195.1 (15), 179.1 (5), 165.0 (1), 149.1 (5), 133.1 (99), 115.0 (5), 98.2
(1), 89.1 (20), 75.1 (5), 61.1 (1).

(7) Relative peak intensity (3.3%), retention time 10.4 min, MW: 345.20: [M]"=
345.2 (100), 313.2 (1), 267.1 (18), 197.2 (15), 165.1 (10), 135.2 (25), 107.1 (1),
91.1(1),73.1(1).

(8) Relative peak intensity (0.1%), retention time 11.3 min, MW: 471.00: [M]*=
471.0 (1),451.4 (1), 419.3 (40), 377.8 (1), 325.1 (1), 269.1 (60), 197.2 (90), 155.2

(1), 135.1 (100), 91.1 (3), 73.2 (10).
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5.8.8.2 Cleavage of SiS bonds: Attempts with H20O/IPA

Compound 8 (H.O/IPA)
/
\
/O \ /
/ /\/\/\/\S/Si\_ _/Si —Si—
—Si— e} o O
o —si— —Si—0—si—
H,O/IPA i
/\/\/\/\S/Sii_ — >ah 8 \ * Oi /O
/O rt. + —/Si— —si—
8 _SI\_ /\/\/\/\SH

To a pre-dried 100.0 mL round-bottomed flask 8 (0.50 g, 1.37 mmol)
(obtained from reduction of octanethiol with 1) and distilled water (0.0246 mL,
0.0246 g, 1.37 mmol) were mixed together with isopropanol (3.0 mL) as solvent.
The mixture was stirred for 24h followed by a continuous nitrogen flow to remove
the solvent.

The alkyl H peaks in octanethiol and 8 were overlapped. The C;HisCH2.SH
peak was located in a cluster of peaks between 1.2-1.4 ppm; it is not therefore
possible by NMR to assign the fraction of unreacted thiol in the product mixture.
'H NMR (600 MHz, chloroform-d): & (1) Compound 8: 0.14 (s, 18H,
CsH17SSiMe(MesSi0)2), 0.30 (s, 3H, CsH17SSiMe(MesSi0)2), 0.88 (t, J/=7.02 Hz,
3H, CH3CsH10CH2CH:S), 1.27-1.38 (m, 10H, CH3CsH10CH2CH:S), 1.60 (quint,
J=7.47 Hz, 2H, CH3CsH10CH>CH2S), 2.51 (t,J=7.47 Hz, 2H, CH3CsH10CH2CH-S);
(2) CsH15CH2SH: 0.88 (t, J=7.02 Hz, 3H, CH3CsH10CH2CH2S), 1.27-1.38 (m, 11H,
CH3CsH10CH2CH2S and CgHi7SH overlapped), 1.60 (quint, J=7.47 Hz, 2H,
CH3CsH10CH>CH:>S), 2.51 (t, J=7.47 Hz, 2H, CH3CsH10CH2CH:S);

(3) Silicone impurity: 0.02- 0.12 (m, 0.41H) ppm.

GC-MS: Compound 8: CsHi7SH=99.1: 0.9 (Relative peak intensity)
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Sulfur-containing compounds:

/

\

0]

/
/\/\/\/\S/Si\_
(0]
—si—

8 \

(1) Ci5H330,SSi3, retention time 8.2 min, relative peak intensity (97.2%), MW:
366.19: [M]*=366.3 (8), 351.2 (30), 239.1 (20), 221.2 (100), 207.1 (10), 133.1 (5),
73.1 (30).

SN TN g
(2) CgHisS, retention time 4.4 min, relative peak intensity (0.9%), MW: 146.11:
[M]™= 146.2 (70), 112.2 (20), 83.2 (85), 70.1 (100).

Non-sulfur containing compound (silicone compound):

\ / /
—Si —Si—
/ \
o [¢]
\ /
—S8i—O0—Si—
/ \
(0] [¢]
\ /
—Si— —Si—

\

(3) C14H420s5Si6, retention time 5.1 min, relative peak intensity (1.9%), MW:
459.00: [M—15]"=443.2 (20), 355.1 (30), 323.1 (5), 281.1 (45), 267.1 (30), 249.0

(5), 221.2 (70), 147.1 (60), 73.1 (100), 59.1 (5).
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Deprotection of silylated compound (from octanethiol and 1 (Bis-H))-H,O/IPA g
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To a pre-dried 100.0 mL round-bottomed flask 9 (0.50 g, 1.71 mmol)
(obtained from reduction of octanethiol with 2) and distilled water (0.0308 mL,
0.0308 g, 1.71 mmol) were mixed together with isopropanol (3.0 mL) as solvent.
The mixture was stirred for 24h followed by a continuous nitrogen flow to remove
the solvent.

The alkyl H peaks in octanethiol and 9 are overlapped. The C;HsCH2SH
peak was located in a cluster of peaks between 1.2-1.4 ppm; it is not therefore
possible by NMR to assign the fraction of unreacted thiol in the product mixture.
'H NMR (600 MHz, chloroform-d): & (1) Compound 9: 0.01-0.33 (m, 15H,

CH3CsH1oCH2CH2SSiMe>OSiMes), 0.88 (t, J/=7.04 Hz, 3H, CH3CsH10CH2CH2S),
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1.25-1.39 (m, 10H, CH3CsH10CH:CH.S), 1.61 (quint, J=7.39 Hz, 2H,
CH3CsH10CH>CH:S), 2.52 (t, J=7.40 Hz, 2H, CH3CsH10CH2CH:S);

(2) C7H15CH2SH: 0.88 (t, /=7.04 Hz, 3H, CH3CsH10CH2CH:S), 1.25-1.39 (m, 11H,
CH3CsH10CH2CH2S and CgHi7SH overlapped), 1.61 (quint, J=7.39 Hz, 2H,
CH3CsH10CH>CH:S), 2.52 (t, J=7.40 Hz, 2H, CH3CsH10CH2CH:S);

(3) Overlapped silicone H in compound 9 and silicone impurity: 0.01-0.08 (m, 1H),
0.09-0.12 (m, 13H), 0.33 (s, 0.70H), ppm.

GC-MS: Compound 9: CsH17SH=36.1: 63.9 (Relative peak intensity)
Sulfur-containing compounds:

/\/\/\/\S/S:i\o/s:i\
9

(1) Ci3H320SSi,, retention time 7.4 min, relative peak intensity (33.5%), MW:
292.17: [M]*=292.2 (10),277.2 (30), 165.1 (35), 147.1 (100), 117.1 (5), 73.1 (10).

e NN
(2) CsHisS, retention time 4.4 min, relative peak intensity (59.3%), MW: 146.11:
[M]" = 146.2 (80), 112.2 (20), 83.2 (80), 70.2 (100).
Non-sulfur containing compounds (silicone compounds):
(3) Relative peak intensity (3.7%), retention time 4.0 min, MW: 369.20: [M]"=
369.2 (20), 281.1 (100), 265.1 (10), 207.1 (10), 147.2 (70), 117.1 (2), 73.1 (50),
59.1 (2).
(4) Relative peak intensity (1.5%), retention time 5.4 min, MW: 443.20: [M]"=

443.2 (10), 355.1 (30), 323.1 (5), 281.1 (40), 267.1 (30), 249.1 (5), 221.2 (100),

191.1 (5), 147.1 (60), 73.1 (75), 59.2 (1).
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(5) Relative peak intensity (0.8%), retention time 6.7 min, MW: 429.20: [M]"=
429.2 (5), 341.1 (20), 295.2 (30), 281.1 (10), 221.1 (100), 207.1 (30), 147.1 (40),
131.0 (5), 112.2 (1), 73.2 (70).

(6) Relative peak intensity (0.5%), retention time 7.8 min, MW: 497.20: [M]"=
497.2 (1), 458.6 (1), 428.9 (1), 399.2 (5), 369.1 (15), 341.0 (20), 295.1 (30), 254.0
(15),221.1 (100), 207.0 (50), 147.2 (60), 73.1 (80), 59.1 (10).

(7) Relative peak intensity (0.4%), retention time 8.2 min, MW: 404.7: [M]"=404.7
(1), 351.3(20), 315.2 (1), 293.0 (1), 221.2 (100), 149.0 (5), 73.0 (20).

(8) Relative peak intensity (0.3%), retention time 8.4 min, MW: 351.20: [M]"=

351.2(5),269.2 (1), 221.1 (100), 147.0 (5), 118.9 (1), 73.2 (10).
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Compound 10 (H2O/IPA)

(0] | Ph
/\/\/\/\SH
| H,O/IPA
NSNS + +
s Ph rt. 24h * | | © ]
10 P PN Sty Si__ _Si_
§7| "Ph Ph/| 0" | "Ph

10

In a pre-dried 100.0 mL round-bottomed flask 10 (0.50 g, 1.78 mmol)
(obtained from reduction of octanethiol with 3) and distilled water (0.0321 mL,
0.0321 g, 1.78 mmol) were mixed together with isopropanol (3.0 mL) as solvent.
The mixture was stirred for 24h followed by a continuous nitrogen flow to remove
the solvent.

The alkyl H peaks in octanethiol and 10 were overlapped. The C;H1sCH2SH
peak was located in a cluster of peaks between 1.2-1.4 ppm; it is not therefore
possible by NMR to assign the fraction of unreacted thiol in the product mixture.
'H NMR (600 MHz, chloroform-d): & (1) Compound 10: 0.33-0.41 (m, 6H,
CsH17SSiMe;Ph), 0.89 (t, J=7.05 Hz, 3H, CH3C;H14S), 1.26-1.39 (m, 10H,
CH3CsH10CH2CH>S), 1.61 (quintet, J=7.38 Hz, 2H, CH3CsH10CH>CH2S), 2.52
(quartet, J=7.40 Hz, 2H, CH3CsH10CH2CH-S) 7.33-7.61 (m, SH arom);

(2) CsHisSH: 0.89 (t, J=7.05 Hz, 3H, CH3C;HusS), 1.26-1.39 (m, 11H,
CH3CsH10CH2CH»S and CgHi7SH submerged), 1.61 (quintet, J=7.38 Hz, 2H,
CH3CsH10CH>CH:S), 2.52 (quartet, J=7.40 Hz, 2H, CH3CsH10CH2CH>S);

|
PN
0" Ph

HyC” | “CHya

!

(3) C11H1508Si: 0.33-0.41 (m, 6H, SiCH3), 1.14 (d, J= 6.06 Hz, 6H, Hy3), 3.97-4.01

(m, 1H, H;, overlapped with isopropanol peak), 7.33-7.61 (m, SH arom);
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(4) Silicone impurities: 0.33 (s, 3H), 0.41 (s, 3H);

(5) Impurity: 1.80 (s, 0.48H) ppm.

Starting material (Dimethylphenylsilane): o

0.38 (d, J/=3.76 Hz, 6H, SiCH3), 4.47 (sept, J=3.75 Hz, 1H, SiH), 7.39-7.40 (m, 3H
arom), 7.57-7.58 (m, 2H arom) ppm (see the '"H NMR on p. 173).

GC-MS: Compound 10: CsH7SH = 1.2: 98.8 (Relative peak intensity)

Sulfur-containing compounds:

/\/\/\/\S/S:'i\Ph
10
(1) C16H28SSi, retention time 11.1 min, relative peak intensity (0.3%), MW: 280.17:
[M]™= 280.3 (20), 265.2 (70), 207.0 (1), 168.1 (15), 153.1 (60), 135.2 (100), 91.1
(10), 75.1 (10), 56.2 (5).
NS N

(2) CsHisS, retention time 4.4 min, relative peak intensity (23.9%), MW: 146.11:
[M]™= 146.2 (60), 112.2 (20), 97.2 (5), 83.2 (70), 70.2 (75), 56.2 (100).

Non-sulfur containing compounds (silicone compounds):

| | |
o Sis #» _Si___Si_
| H (CeFs)s ~ PR ~07 Ph

(3) Ci6H220S12, retention time 9.6 min, relative peak intensity (46.8%), MW:
286.12: [M]™=286.2 (10),271.2 (100), 255.1 (5), 193.1 (70), 165.1 (1), 135.2 (10),
105.1 (1), 89.1 (15).

(4) CsH120Si1 (HOSiMe,Ph), retention time 4.9 min, relative peak intensity (26.0%),

MW: 152.20: [M]*= 152.2 (10), 137.1 (100), 119.1 (1), 91.1 (5), 77.1 (1).
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(5) Relative peak intensity (2.9%), retention time 4.9 min, MW: 179.20: [M]*=

179.2 (70), 137.1 (100), 116.2 (25), 105.1 (10), 91.1 (5), 75.1 (10), 53.1 (1).

(6) Relative peak intensity (0.1%), retention time 10.4 min, MW: 455.00: [M]"=

455.0(1),377.0 (1), 345.2 (100), 315.3 (1), 267.1 (25), 251.0 (10), 197.1 (20), 165.1

(15), 135.1 (25), 106.9 (1), 73.1 (5), 56.1 (1)

[rel]

ne impurities

g Y
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5.8.8.3 Cleavage of SiS bonds: Attempts with HOAc¢/IPA

Compound 8 (HOAc/IPA)
/
J
P P NG N Si—
S :O
8 _Si\_

HOACc/IPA
rt. 24h

No reaction

To a pre-dried 100.0 mL round-bottomed flask 8 (0.51 g, 1.39 mmol)

(obtained from reduction of octanethiol with 1) and acetic acid (0.083 g, 1.38 mmol)

were mixed together with isopropanol (3.0 mL) as solvent. The mixture was stirred

for 24h followed by a continuous nitrogen flow to remove the solvent.
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'H NMR (600 MHz, chloroform-d): 8 Compound 8 (I equiv.): 0.13 (s, 18H,
CgH17SSiMe(MesSi0)z2), 0.30 (s, 3H, CsH17SSiMe(MesSiO)2), 0.88 (t, J=6.89 Hz,
3H, CH3CsH1oCH2CH2SSiMe(MesSiO)»), 1.27-1.38 (m, 10 H,
CH3CsH1oCH2CH2SSiMe(MesSiO)2),  1.60  (quint, J=7.48 Hz, 2H,
CH3CsH10CH>CH2SSiMe(MesSiO)y), 2.51 (t, J=7.45 Hz, 2H,
CH3CsH10CH2CH>SSiMe(MesSiO),) ppm.

GC-MS: Compound 8: CsH17SH=100: 0 (Relative peak intensity)

Sulfur-containing compound:

/

\

0

/
/\/\/\/\S/Si\_
0

/

8 \

Ci5H330,SSi3, retention time 16.8 min, relative peak intensity (100%), MW:

366.19: [M]'=366.2 (5), 351.2 (20), 221.1 (100), 133.1 (10), 73.1 (20).

Deprotection of silylated compound (from octanethiol and 1 (Bis-H))-Acetic acid/IPA g
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Compound 9 (HOAc/IPA)

NN TN
|. | HOACc/IPA SH

N NSNS S —— +
S r.t. 24h | |

Si Si
/\/\/\/\S/ | o | ~
9

Major Product

In a pre-dried 100.0 mL round-bottomed flask 9 (0.50 g, 1.71 mmol)
(obtained from reduction of octanethiol with 2) and acetic acid (0.105 g, 1.74 mmol)
were mixed together with isopropanol (3.0 mL) as solvent. The mixture was stirred
for 24h followed by a continuous nitrogen flow to remove the solvent.

The alkyl H peaks in octanethiol and 9 are overlapped. TheC;HsCH.SH
peak was located in a cluster of peaks between 1.2-1.4 ppm; it is not therefore
possible by NMR to assign the fraction of unreacted thiol in the product mixture.
'H NMR (600 MHz, chloroform-d): & (1) Compound 9: 0.12-0.33 (m, 15H,
CH3CsH10CH2CH2SSiMe;0SiMes), 0.88 (t, J/=6.89 Hz, 3H, CH3CsH10CH2CH:S),
1.28-1.39 (m, 10H, CH3CsHi1oCH:CH:S), 1.61 (quint, J=7.44 Hz, 2H,
CH3CsH10CH>CH>S), 2.53 (t, J=7.44 Hz, 2H, CH3CsH10CH2CH:S);

(2) CsHi7SH: 0.88 (t, J=6.89 Hz, 3H, CH3CsH0CH2CH:S), 1.28-1.39 (m, 11H,
CH3CsH1o)CH.CH2S  and  CsHisSH), 1.61  (quint, J=7.44 Hz, 2H,
CH3CsH10CH>CH>S), 2.53 (t, J=7.44 Hz, 2H, CH3CsH10CH2CH:S);

(3) Overlapped silicone H in compound 9 and silicone impurity: 0.12 (s, 7H), 0.33
(s, 4H) ppm.

GC-MS: Compound 9: CsH;7SH=91.1: 8.8 (Relative peak intensity)
Sulfur-containing compounds:

|
Si Si
/\/\/\/\S/ | ~0” | ~
9
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1) Ci3H320SSi1», retention time 15.3 min, relative peak intensity (82.0%), MW:
(1) , , p y ( ),

292.17: [M]* = 292.2 (10), 277.2 (60), 165.1 (60), 147.1 (100), 131.1 (10), 73.1

(10), 57.2 (10).

/\/\/\/\SH

(2) CgHisS, retention time 9.1 min, relative peak intensity (8.0%), MW: 146.11:

[M]" = 146.2 (60), 112.2 (20), 83.2 (60), 70.2 (80), 56.2 (100).

Non-sulfur containing compound (silicone compound):

(3) Relative peak intensity (10.0%), retention time 17.1 min, MW: 221.10: [M]*=

221.1 (100), 73.1 (10).

Deprotection of silylated compound (from octanethiol and 2 (Penta-H))-Acetic acid/IPA & £
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o | Ph
S|i HOACc/IPA
P NG R N P NG N
ST| Ph rt. 24h sH |+
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To a pre-dried 100.0 mL round-bottomed flask 10 (0.22 g, 0.79 mmol)
(obtained from reduction of octanethiol with 3) and acetic acid (0.044 g, 0.73 mmol)
were mixed together with isopropanol (3.0 mL) as solvent. The mixture was stirred
for 24h followed by a continuous nitrogen flow to remove the solvent.

The C7H1sCH2SH peak was located in a cluster of peaks between 1.2-1.4

ppm; it is not therefore possible by NMR to assign the fraction of unreacted thiol
in the product mixture.
'H NMR (600 MHz, chloroform-d): 6 (1) CsH;7SH: 0.89 (t, J=7.02 Hz, 3H,
CH;C7H14SH), 1.26-1.39 (m, 11H, CH3;CsH10CH2CH2SH, overlapped and
CsHi17SH submerged), 1.60 (quintet, J/=7.40 Hz, 2H, CH3CsH1oCH>CH,SH), 2.53
(quartet, J/=7.40 Hz, 2H, CH3CsHoCH.CH>SH);

|
PN
0" Ph

Hp sC CHp:
wde M

(2) C11H1808Si: 0.07-0.42 (m, 6H, SiCH3), 1.13 (d, J= 6.06 Hz, 6H, H;3), 3.96 -
4.03 (m, 1H, H;, overlapped with isopropanol peak), 7.33-7.61 (m, SH, arom H);
(3) Silicone impurities: 0.07 (s, 0.05H), 0.33 (s, 3H), 0.38 (s, 2H), 0.42 (s, 1H);
(4) Impurity: 7.33-7.61 (m, SH arom) ppm.

Starting material (Dimethylphenylsilane): &

0.38 (d, /=3.76 Hz, 6H, SiCHs), 4.47 (sept, J/=3.75 Hz, 1H, SiH), 7.39-7.40 (m, 3H
arom), 7.57-7.58 (m, 2H arom) ppm.

GC-MS: Compound 10: CsH{7SH = 0: 100 (Relative peak intensity)

Sulfur-containing compound:
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(1) CsHisS, retention time 4.4 min, relative peak intensity (21.6%), MW: 146.11:
[M]"= 146.2 (80), 112.2 (40), 83.2 (80), 70.2 (85), 56.2 (100).
Non-sulfur containing compounds (silicone compounds):

| H,0 | |
o Sis %» _Si__Si_
| H (CeFsls  Ph” | 07| “Ph

(2) Ci6H220S12, retention time 9.6 min, relative peak intensity (39.2%), MW:
286.12: [M]"= 286.2 (15), 271.2 (100), 255.1 (1), 193.1 (80), 179.1 (1), 165.1 (3),
135.2 (5), 105.1 (1), 89.1 (15).

(3) CsH120Si1 (HOSiMe,Ph), retention time 4.9 min, relative peak intensity (12.4%),
MW: 152.10: [M]™= 152.1 (10), 137.1 (100), 91.1 (5), 77.1 (1).

(4) Relative peak intensity (26.6%), retention time 4.9 min, MW: 179.20: [M]'=
179.2 (50), 137.1 (100), 116.1 (10), 105.1 (1), 91.1 (1), 75.1 (3).

(5) Relative peak intensity (0.2%), retention time 6.2 min, MW: 179.10: [M]"=

179.1 (75), 137.1 (100), 117.1 (30), 105.2 (5), 91.1 (10), 75.1 (20).

' Deprotection of silylated compound (from octanethiol and 3 (phenyl-H))-Acetic acid/IPA_&
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5.8.9 Titration of sulfur-based coupling agents using different silane sources
Characterization of starting materials - coupling agents

Table S5.5. GC-MS for commercial TESPD S2 starting material

Elution time Relative ratio

Kl
(min) M.W (g mol) Structures (%)
OFt ot
23.6 474 Eto\sli/\/\s/s\/\/?i\oa 89.3
EtO ?El S CI)Et
25.8 506 R N 10.7
OEt OEt

Starting material S2: ((SiOEt)3(CH2):CH>):S:: ((SiOEt)3(CH2);CH>)>S3=1: 0.1
The alkyl H and SiOEt overlapped in disulfide and trisulfide coupling agents and
the integration of peaks were assigned using naphthalene as internal standard. The
equivalents of disulfide coupling agent and tetrasulfide coupling agent were
determined using the CH> adjacent to sulfur atom.

TH NMR (600 MHz, chloroform-d): & (1) ((SiOEt)3(CH2).CH2).S> (I equiv.):
0.72-0.74 (m, 2H, (SiOEt)3;(CH2CH2CH>»))2S), 1.23 (t, J/=7.00 Hz, 9H, SiOCH2CH3),
1.78-1.83 (m, 2H, (SiOEt);(CH.CH:CH»)).S)), 2.70 (t, J=7.19 Hz, 2H,
((SiOEt)3(CH2)2CH2)2Sz2), 3.82 (quartet, J=7.00 Hz, 6H, SIOCH>CH3);

(2)  ((SiOEt)3(CH2)2CH2)Ss (0.1  equiv.):  0.72-0.74  (m,  2H,
((SiOEt)3(CH>CH2CH>))2S), 1.23 (t, J=7.00 Hz, 9H, SiOCH2CH3), 1.85-1.90 (m,
0.24H, (SiOEt);(CH.CH:CH2))2S)), 290 (t, J= 7.19 Hz, 0.20H,
((SiOEt)3(CH2)2CH>)2S3), 3.82 (quartet, J=7.00 Hz, 6H, SIOCH>CH3) ppm.
GC-MS: ((SIOEt)3(CH2)3)2S2: ((SIOEt)3(CH2)3)2S3 = 89.3: 10.7 (Relative peak

intensity)
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OEt
o 5 s gi
~ I\
ST NN T ok
| OEt
OEt

(1) CisH4206S,Si3, retention time 23.6 min, relative peak intensity (89.3%), MW:
474.20: [M]*=474.2 (30),429.2 (15), 395.2 (5), 355.1 (10), 313.0 (10), 281.1 (15),

253.0 (1), 224.0 (15), 205.1 (60), 192.1 (30), 163.1 (100), 135.1 (25), 107.1 (20),

91.1 (15), 79.0 (25), 63.1 (15).

EtO C|)Et S CI)Et
\Si/\/\s/ \s/\/\Si\

| | "OEt
OEt OEt

(2) C1sH4206S3S13, , retention time 25.8 min, relative peak intensity (10.7%), MW:

506.17: [M]"=506.1 (1),281.0 (1), 191.1 (100), 119.1 (30), 79.0 (20).

Titration of disulfide coupling agent (S2)+ Phenyl-H (3) (1:8)
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Table S5.6. LC-MS for commercial TESPT starting material

Elution time M.W (g Structures Relative
(min) mol) ratio (%)
OFt o=t
EtO_ I .S Siy
18.07 474 Z';\/\S T G0k 20.1
OEt OEt
Eto\Sli/\/\S/S\S/\/\Sli
18.97 506 . e 33.4
OEt (I)Et
EtO_ 1. _S___S Si.
19.63 538 ZI;\/\S 87NN foE: 273
Q= S.___S et
. AONar PN N N
/SI\/\/S S S Si
20.31 570 E0” 12 Oy 14.7
OFEt
Sli S S S /\/\OEtOEt
20.94 602 B0 >TSS s i 45
OFt

Starting material TESPT:

The equivalents are calculated based on the CH> peaks besides to oligosulfur. The
number of sulfur atoms in the oligosulfide coupling agent denoted as n, for n >3,
the CH: peaks overlapped, thus represented as n=4 (Ss).

TH NMR (600 MHz, chloroform-d): & (1) ((SiOEt)3;(CH2).CH2)2S: (0.36 equiv.):

2.69 (t, J=7.18 Hz, 0.37H, ((SiOEt)3(CH2).CH2)2S>);

(2) ((SiOEt)s(CH2)2CH2)2Ss  (0.58 equiv.): 2.89 (t, J=7.19 Hz, 0.59H,

((SiOEt)3(CH2)2CH-)2S3);

(3) ((SiOEt)3(CH2)2CH2)2S4 (1 equiv.): 2.95-3.02 (m, 6H, ((SiOEt)3(CH2)2CH2)2S4);
(4) Overlapped alkyl H: 0.71-0.77 (m, 2H, ((SiOEt);(CH>.CH2CH>)).S), 1.78-1.91

(m, 2H, ((SiOEt)3(CH2CH>CH2))2S);

(5) Overlapped ethoxy H: 1.23 (t, /=7.00 Hz, 9H, SiIOCH>CHs3), 3.80-3.84 (m, 6H,

SiOCH>CH3) ppm.
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Titration of tetrasulfide coupling agent (S4)+ Bis-H (1) (1:12) 2
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5.8.10 Characterizations of the Si-S-Si compound 15 using commercial

tetrasulfide coupling agent (S4) and Bis-H (1)

1H NMR-Si-S-Si compound using tetrasulfide coupling agent (S4)+ Bis-H (1) (1:12) g
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298i NMR-Si-S-Si compound using tetrasulfide coupling agent (S4)+ Bis-H (1) (1:12)

-9.5516
7.5866

|

|
~g;-0. -
-7 N\,
AT

O-si
N
o ST o
1 7
—si siT
N e |

/
/

/
v

Silicone
Impurities
—

|
Ngi-0, , \_O~g”
A sl sl sQ
o ST o
! ?
~si

siT
N
AIRTE
AN

--32.9747

--65.9262

- 40

[ppm]

254



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

5.8.11 Following the titration process using commercial disulfide coupling

agent (S2) and PhSiMe:H (3)

Starting material
Disulfide coupling agent

[SIH)[SIOEY=1:6

|

»,1
l‘

[SIHJ/[SIOEY=2:6

[SiH}/[SIOE=3:6

I
I
I
I
I
|
|
I
|
|
T
|
I
[SiH)/[SiOEt]=4:6 :
|

[SIH)/[SIOEY)=5:6

[SiHJ[SIOE{]=6:6

[SHJ[SIOEY=7:6 | | ]
1 i I
[SIHJ[SIOEY=8:6 Y . ;
' ! ! u
1 el t
| | ¢
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2.0 15 1.0 05 gjlicone®0
region

Figure S5.6. Titration of S2 reaction with PhSiMe;H 3 monitored by 'H NMR.
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Figure S5.7. Titration of S2 reaction with PhSiMe;H 3 monitored by '3C NMR.
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5.8.12 Characterizations of the titration process using commercial disulfide

coupling agent (S2) and Bis-H (1)
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Figure S5.9. Titration of S2 reaction with Bis-H 1 monitored by '*C NMR.
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Figure S5.10. Titration of S2 reaction with Bis-H 1 monitored by 2°Si NMR.
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5.8.13 Characterizations of the titration process using commercial tetrasulfide

coupling agent (S4) and Bis-H (1)

b
rFEa rr———————— Silicone region N
ptarting material 1 1 I Sl S~ o
Tetrasulfide coupling agent I | I 137 97t ¥ sTS S&‘;
[SIHJISIOE=1:6 | 1 * 1 {
| ! o] L F12
[SiH)[SIOE]=2:6 1 T 1
1 1 | 11
(SHiESoE 3 )l rhesara pw—
1 1 I | | 10
+ M s
[SHJSIOEt=4:6 o
¥ ' |
o A ” Lo
[SIHJ[SIOEY=5:6 | 1 I
r8
LA ! Ll«m«m
[SiH)[SIOEt]=6:6 1 1 |
[ ! L,J.,.L,..._MJ
[SHJISIOEY=76 (I T
1 | I r6
el Ly N e
[SiHJ[SIOE=8:6
1 1 I L5
+ Al 1
[SIHJ[SIOEY=9:6 |
1 1 La
rhortad ! L»WW
[SIHJ[SIOEY=10:6 | 1 |
. ! 3
Aot
[SHITSIOEN=11:6 I 1 T
1 1 I . r2
[SiH)[SIOEY=12:6 1 T T
1 I | ul \sln'o\‘sl'O\sf \
2 5 A . ! \ JL, NIA! o 1 ~=si”
T * -0, i d )
P Lmmm e S e o (KRNI e
T T T T T T T T T T T T T T : ; Dt \/s\\,ols{“\ —sie
5 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5

1 (ppm)

Figure S5.11. Titration of S4 reaction with Bis-H 1 monitored by 'H NMR.
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Figure S5.13. Titration of reaction with Bis-H 1 monitored by 2°Si NMR.

259



Ph.D. Thesis — Mengchen Liao; McMaster University —Chemistry and Chemical Biology

A[CH2SS] o ©® S
[CH2SSS] L
X[CH2SSSS] Y ®
10 ®[CH2SSi] Y
o

3 °

©

©

85T X @
® x
X
X
0 RS EVEPEREE.
0 5 10
[SiH]/[SSSS]
(A)

100 o —
@ Actual Curve PY
APredicted Curve °

A
80 | Y
£ A
c
860 o ®
%40
g ¢ A
w [ J
20 | ° A
0. . ‘ ‘ ‘ ‘ ‘ 1 1 1
0 2 4 6 8 10 12
(B) [SiH]/[SSSS]
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Chapter 6: Conclusions

In Chapter 2, we have developed an facile and efficient method to synthesis
high molecular weight PDMS with maximum 153,900 g mol! from cheap,
commercially available hydrosilane, tetramethyldisiloxane with water catalyzed by
B(CeF5); in a controlled and ‘living’ manner. The reactions in two phase reactions
using either bulk water with neat MMM or MHM! in dry toluene (50wt%) can be
completed within only 30 minutes. Under either set of conditions, however, low D4
(1-3%) content as produced and higher values of Ds (2-10%) and particularly D3
(13-33%). The method provides an alternative for the preparation of high molecular
weight PDMS with valuable D3 as the by-product.

In Chapter 3, we have further investigated the mechanism and the control
assembly of silicone polymers using this slow reaction of hydrosiloxanes with
water in the presence of catalytic amount of B(CeF5s)3. The ‘living’ character of this
process, controlled by the available water concentration, leads to silicones of
molecular weight up to 250 000 g mol! with low dispersity. The facile method
further implemented to the preparation of alternating block copolymers by reacting
telechelic SIOH polymers and telechelic SiH polymers in the absence of water. An
accidental excess of silanols is overcome simply by adding excess dihydrosilicones
to restart the process. Conclusively, we have explored the scope of this mild and
simple method for the preparation of a versatile of silicone in a controlled manner.

In Chapter 4, we have further advanced the PR reaction in the preparation of
spatially controlled vinyl-pendent linear silicones, with vinyl spacing varying from

1/3 to 1/250 monomer units, low dispersities, and molecular weights of the obtained
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polymers ranging from 12,100 to 102,400 g mol™!. The tunable terminal groups
(SiH or SiOMe) of the vinyl-pendent polymers could by chosen by tuning the
stoichiometry of the hydride-terminated PDMS and dimethoxymethylvinylsilane
starting materials. Moreover, the SiH termini polymers underwent self-crosslinking
with the pendant vinyl groups in the presence of Pt catalyst to give soft silicone
elastomers containing residual vinyl groups which allows secondary modification
to form harder silicone elastomers. The vinyl groups were also used as loci from
which dendritic branches were grown, eventually to make highly branched
functional oils. The library of polymers produced, with precisely spaced mono- or
dendritic multi-functional pendent groups, follows the paradigm of greater
synthetic control to give narrower ranges of properties, and will permit an
assessment of structure property relationships to allow the design of better silicone
polymer fluids and elastomers.

In Chapter 5, we investigated into the reaction of hydrosilane as reducing agent
for disulfide cleavage in the presence of B(CesFs);. We found that thiols and
disulfides are readily converted to silyl thio ethers by reduction with hydrosilanes
and hydrosiloxanes in the presence of less than 1mol% B(C¢Fs)s. Alcohols react
more rapidly than the thiols or disulfides, but alkoxysilanes react more slowly: the
observed reactivity order was ROH > RSH > RSSR > SiOR. Reaction rates of the
three alkoxy groups in coupling agents were only slightly different such that
RSi(OR)(OSiR’3)2 and RSi(OR)20SiR”3 could only be prepared as mixtures.
TBAF, atypically, was not efficacious at deprotecting the silyl thio ether and led
instead to reoxidation to the disulfide; alcoholysis with IPA was a convenient

alternative to recover the thiol provided that the silane was not too bulky.

262



