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ABSTRACT

In recent years, significant efforts have been made regarding the development and synthesis
of degradable and thermally stable polymers from renewable feedstock due to the sustainability
concerns caused by petroleum-based chemicals and materials. The present dissertation describes
the synthesis, structural studies, degradation, and thermal stabilities of various poly(silylether)s
prepared from biomass-based chemicals.

An air-stable manganese salen nitrido complex [MnVYN(salen-3,5-tBuz)] (Mn-1) was found
to be an effective catalyst for the synthesis of poly(silylether)s via dehydrogenative coupling and
hydrosilylation reactions. The catalytic activity of the manganese catalyst was initially examined
in the protection of hydroxyl and carboxylic groups of alcohols and carboxylic acids with
hydrosilanes via dehydrogenative coupling reactions. Under an inert atmosphere, hydroxyl and
carboxylic acid functional groups were successfully protected to generate silyl ethers and silyl
esters, respectively. A wide variety of functional groups such as chloro, nitro, methoxy, carbonyl,
and carbon—carbon multiple bonds were tolerated in the reaction.

Thereafter, the Mn-1 complex was employed as the catalyst to synthesize a series of
poly(silylether)s via step-growth polymerization from diol, dicarbonyl, and hydroxy carbonyl
substrates including aliphatic and aromatic backbones. Due to the notable dual activity
(dehydrogenative coupling and hydrosilylation) of the manganese complex, unsymmetrical
substrates with alcohol and carbonyl functional groups produced poly(silylether)s with multiple
silicon connectivity in the polymer backbone. Driven by concern for the environmental

sustainability, we then directed our studies to synthesize hydrolytically degradable and thermally

Xvii



stable poly(silylether)s from renewable feedstock, such as 1,4:3,6-dianhydrohexitols (isosorbide
and isomannide), 5-hydroxymethylfurfural and its derivatives 2,5-bis(hydroxymethyl)furan, 2,5-
diformylfuran, and 5,5'-[oxybis(methylene)]di(2-furaldehyde). Thermal analysis demonstrated
that isosorbide and isomannide based poly(silylether)s displayed high thermal stability with
thermal decomposition temperatures (7-s0%) up to 510 °C and glass transition temperatures up to
120 °C. Structure-property analysis suggested that steric hindrance of substrates plays a vital role
in determining the thermal properties of these polymers.

In consideration of the high catalytic activity of Mn-1 in Si-H bond activation, the same
catalytic system was employed to activate the B-H bond in hydroboration of carbonyl compounds.
The reactions were performed at room temperature with using 0.02-0.2 mol % of catalyst and
proceeded rapidly (>99 % conversion in <5 min). Several synthetically important functional
groups were successfully tolerated and achieved chemoselective hydroboration of aldehydes over
ketones. Impressively, TOF of these reactions was observed as 5700 h! under these conditions.
Mechanistic investigations indicate that a reduced manganese species, Mn-H, acts as the active

catalyst.
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CHAPTER 1

GENERAL INTRODUCTION

Polymers have gained a unique position in human life due to their vast number of
industrial and academic applications.!?? During the initial development of human society, the use
of naturally available polymers became more sophisticated, illustrated by the development of
several technologies such as textile manufacturing, wood processing, and paper production. The
chemical transformation and modification of natural polymers for the synthesis of thermoplastic
materials such as vulcanized natural rubber and cellulose acetate was the beginning of the
commercial polymerization era. Later, various synthetic polymers, including poly(vinylchloride),
polystyrene, nylons, polyesters, were successfully synthesized from fossil fuel based sources.*
These synthetic polymers have completely changed the lifestyle of humankind and modern society
as they are present in almost every commercialized industry including packaging, paints and
coatings, building and construction, thermal and electrical appliances, aerospace, and automotive.’

The majority of today’s polymer products are based on non-renewable fossil fuel sources.
Approximately 80% of the feedstock is based on crude oil, 10% is other fossil raw materials like
coal and natural gas, and 10 % is renewable resources.®’ However, environmental pollution by
petroleum based synthetic polymers has assumed dangerous proportions because most of those
polymers are not readily degradable, which makes them accumulate in the environment.® Besides,
depletion of petroleum resources is one of the unavoidable concerns to utilize them for polymer

synthesis.!”



Driven by these concerns about the future fossil fuel feedstock availability and
environmental issues, as well as the need for sustainable society, renewable and bio-based sources
have become the major potential alternatives to replace fossil fuel sources as they can be
replenished over a relatively short timescale and they are essentially highly abundant.!! In the
process, a large number of natural macromolecules and renewable monomers, including sugars,
vegetable oils, hydroxy and amino acids, and biopolymers such as cellulose, hemicellulose, chitin,
starch, lignin, and protein-based derivatives, have emerged in the preparation of various
polymers.'>13

Carbohydrates which encompass cellulose, hemicellulose, and sucrose and starch, are one
of the most important and abundant biomasses represent nearly 75% of the annual renewable
biomass production (Figure 1).!*!> Surprisingly, humans use are a minor fraction (approximately
4%) of this amount; the rest decays and recycles along natural pathways. However, one of the
major disadvantages of directly employing these highly abundant bio-based chemicals is their
limited thermal stability caused by the presence of multiple functional groups, such as hydroxyl
functionalities. Therefore, simplified and bi-functional biomass-based building blocks such as
furanic derivatives and 1,4:3,6-dianhydrohexitols (isohexides) are more attractive than the parent
carbohydrate molecules for polymer synthesis. !5’

Hexoses are one of the highly abundant and hydroxyl groups containing monosaccharide
in nature. These days, the catalytic transformation of hexoses into value-added chemicals such as

t.!3 These monomers can be utilized as

furanic derivatives and isohexides are of great interes
starting materials for the synthesis of numerous polymers as well as for the replacement of

petroleum-based chemicals.



Figure 1. Distribution of types of natural products in biomass.'*?°

1.1 Furanic monomers

Notably, furan derivatives obtained from carbohydrates which include both C5 and C6
sugars have a large potential as a starting material for the synthesis of new materials via further
functionalization at hydroxyl, aldehyde, and carboxylic acid functional groups and, in turn, used
in polymer applications.?!?> Hydroxymethylfurfural (HMF) (1), has been determined to be as a
highly interested and versatile chemical platform derived from carbohydrate source due to the
diverse functionalizations it can undergo to produce various value-added chemicals and monomers
before subsequent polymerization.?***?> The general pathway of HMF production consists of three
major steps, 1. Acid-catalyzed hydrolysis to produce glucose from cellulose, 2. A Lewis acid-
mediated isomerization of glucose to fructose, 3. A Brgnsted acid facilitated dehydration of
fructose to generate HMF (Figure 2).2627-282° Furthermore, many scientific investigations have

demonstrated that HMF can be produced directly from raw biomass.
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Figure 2. A general reaction scheme to produce HMF from cellulose

Some of the selected derivatives and further functionalized chemicals of HMF are listed in
Figure 3. 2,5-Furandicarboxylic acid (FDCA) (2) is an emerging high-value chemical platform
which is a highly prominent substitute for terephthalate in plastic production.*® 2,5-dimethylfuran
(3), hydroxymethylfuroic acid (4), 2,5-bis(hydroxymethyl)furan (BHMF) (§), 2,5-diformylfuran
(DFF) (6), and 5,5’-[oxybis(methylene)]di(2-furaldehyde) (OBMF) (7), are other examples of
HMF-derived chemicals with mono and di-functional groups for use in polymers or as
intermediates to higher value.' Caprolactone (8) is commonly used as a monomer in synthesis of
polyesters via ring-opening polymerizations and a precursor to synthesize caprolactam (9), which
is a building block of Nylon 6, a high-performance polymer used in the synthesis of high strength
fibers and mechanical parts.>>* Levulinic acid (10) and succinic acid (11) are the other prominent

chemical precursors for the production of polyesters and polyamides.**
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Figure 3. Structure of 5-hydroxymethylfurfural and possible derivatives

1.2 Isohexides

Isohexides are also known as 1,4:3,6 dianhydrohexitols, are a group of secondary and rigid
diols, and have been used as a monomer in step-growth type polymerization reactions for the
synthesis of different polymeric systems.*® The structure of the isohexide molecule is composed
of two fused tetrahydrofuran rings and two secondary hydroxyl groups located either inside or
outside at the C2 and C5 positions (Figure 4). The angle between the two rings is approximately
120° Interestingly, due to the intrinsic rigidity of the structures, isohexides are capable of
increasing the thermal stabilities and glass transition temperatures when they are incorporated into

the polymer backbone by replacing linear and more flexible diols. Furthermore, the combined



biocompatibility and degradability, the presence of chirality, and capability to increase thermal
properties makes isohexides as unique and attractive building blocks for a variety of step-growth
polymers, such as polyamides, polyurethanes, and poly(ester amides) and also for the synthesis of

poly(ethylene terephthalate), poly(butylene terephthalate), and polyesters.3”-38-3940

HO ¢ HQ H
H oH H On
Isosorbide (12) Isomannide (13) Isoidide (14)

Figure 4. Isomers of isohexides and their structures

There are three major isohexides reported; isosorbide (12), isomannide(13), isoidide (14).
The preparation of isohexides from carbohydrate sources such as cellulose, starch, sucrose, and
glucose comprise multistep organic transformations including hydrolysis, depolymerization,
hydrogenation, and dehydration (Figure 5). The initial acidic or enzymatic depolymerization of
the carbohydrate source results in the formation of monosaccharides (D-fructose, D-glucose).
Further hydrogenation followed by dehydration of the resultant hexitols (D-glucitol, D-mannitol)
and sugar alcohols yields isohexides. According to the literature, isosorbide is the only monomer,
that has been produced on an industrial-scale and is the most commonly employed substrate with
moderate reactivity among the three available isomers.*'*> Whereas isomannide is less studied due
to its lesser reactivity and the difficulties to synthesize from its parent carbohydrate source. On the
other hand, isoidide is the most highly reactive isomer, however, it is derived from a
monosaccharide called L-idose which rarely exists in nature and it is difficult to synthesize from

biomass.*® Alternatively, isoidide can be synthesized from isosorbide via a multistep organic



transformation (acetylation, Mitsunobu inversion, and hydrolysis).‘m’45 However, an efficient and

economical pathway for isoidide synthesis has not yet been reported.
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Figure 5. Schematic synthetic pathway of isohexides production from carbohydrates



1.3 Silyl ethers and poly(silylether)s

Silicon-containing chemicals and materials have been great interest both in the laboratory
and in industrial research due to a wide range of applications as silica-based mesoporous materials,
surface coatings, silicon rubbers, adhesives, paper coatings, silane coupling agents, and in
particular materials as precursors of polymers. Popularly known silicon precursors are disilanes,
oligosilanes, siloxanes, silanols, and silyl ethers. Among the several, silyl ethers have been gaining
significant interests due to their resistance to oxidation, their low viscosity, their good thermal
stability, and their ease of synthesis at mild reaction conditions. Silyl ethers are also called as
alkoxysilanes as their structure contains a silicon atom covalently bonded with alkoxy functional
groups (silyl ether bond; Si-O-C).%¢
1.3.1 General methods to synthesize silyl ethers
1.3.1A. Hydrosilylation

Catalytic hydrosilylation of carbonyl compounds is a well-known and widely used method
to synthesize silyl ethers.*’ This method is one of the major approaches for reduction of a variety
of unsaturated organic functional groups including C=0, C=C, C=N, N=N, C=N, and C=C (Figure
6). Among these, the reduction of carbonyl compounds is a process of high significance as it further
allows for the synthesis of alcohols with various substrate moieties, which are widely used in
various fields of synthetic chemistry. Hydrosilanes have been employed as reducing agents to
reduce carbonyls, as they produce no considerable by-products, which makes it a unique and

highly recognized reduction process.
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Figure 6. Hydrosilylation of unsaturated organic substrates

Several transition metal-based catalysts for hydrosilylation of carbonyls (ruthenium,
rhodium, platinum, iridium, rhodium, molybdenum, iron, copper, silver, and, gold) have been
successfully implemented and reported. Interestingly, most of the rhodium and ruthenium metal-
based hydrosilylation catalytic systems are well described and documented in the literature. One
half-sandwich ruthenium complex, [CpRu(PR3)(NCMe).] (R="Pr) (15) was found to catalyze
hydrosilylation of carbonyl substrates under mild conditions. The proposed mechanism of complex
15 is similar to the classical Ojima type mechanism.** Initially, it forms a cationic complex (16)
[CpRu(PR3)(NCMe)(n>-HSiR"3)]* after one of the nitriles groups coordinated to the metal atom
dissociates and addition of Si—H across the metal center (Scheme 3). Substitution of the carbonyl
substrate with the remaining nitrile group on the metal center yields the [CpRu(PR3)(O=CR' 2)(
n>-HSiR"3)]* (17). Silyl transfer from (17) to the coordinated carbonyl substrate yields
[CpRu(PR3)(H)(CR' 2(SiR"3)]* complex (18), which further undergoes a hydride ion transfer from
the metal center and releases the silyl ether R"3SiO-CHR', via regeneration of the catalyst (16) by

reacting with hydrosilane.
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Scheme 1. The proposed Ojima type mechanism of hydrosilylation of carbonyls mediated by
[CpRu(PR3)(NCMe).]*

1.3.1B. Protection of hydroxyl functional groups

One of the primary uses of silyl ethers is protecting alcohol functional groups in organic
synthesis, which has gained great interest in recent years not only because of their importance but
also for their significant role in the multifunctional synthesis of target molecules. Silyl ether
synthesis from hydroxyl-functional substrates such as alcohols or phenols can be carried out by
treatment with silylating reagents such as silyl triflates, cholorsilanes, and hexamethyldisilazane

in the presence of a base and, sometimes, a silyl transfer agent.’®>! However, employing
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silyltriflates and cholorsilanes have drawbacks such as the production of unwanted by-products
and their removal. In recent years, hydrosilanes have emerged as a prominent, green, and halogen-
free alternative to the former silylating reagents since they produce hydrogen as the only
byproduct. Several transition metal complexes have been successfully employed as the catalysts
for dehydrogenative coupling of alcohols or phenols with hydrosilanes.
1.4. Poly(silylether)s

Considering the environmental effects of non-degradable polymers and utilization of
renewable resources, degradable polymers have been synthesized from the biomass-based
source.’>33* Specifically, hydrolytically degradable polymers have been designed and developed
towards a wide variety of biomedical applications including drug delivery systems, scaffolds for
tissue engineering, and orthopedic implants.>® Several degradable polymers with various moieties
have been discovered and the resulting polymeric materials altered to achieve a broad range of
mechanical properties as well as degradation profiles. Among the many, aliphatic polyesters, such
as poly(lactic acid) and poly(caprolactone), have received vital attention as tunable polymers that
degrade on the order of years under general physiological conditions. On the other hand,
poly(anhydrides) and poly(ortho esters) bearing labile functionalities can generate materials that
can degrade on the order of minutes to days.

Poly(silylether)s are an important class of silicon-based polymers with unique and
significant properties, for instance, low T, good thermal stability, biocompatibility, and high gas

61,62,63 ;

iridium®*%

permeability. %78 Catalytic systems based on palladium®®, platinum,*’ rhodium,

% and cesium® have been developed. The general ways to synthesize PSEs are; 1.

iron,
Dehydrogenative coupling reactions of alcohols with hydrosilanes catalyzed by metal complexes

(Scheme 2), 2. Metal catalyzed hydrosilylation of dicarbonyls, 3. Uncatalyzed melt-condensation
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of aryl- or diaryl diols with diphenoxysilanes, 4. Metal free or quaternary ammonium salts

catalyzed reactions 68:6-70.71.72

Toluene/THF, RT

2mol% 19 /_Q_\
+ H-Si-H *10 O-Si+*
Faday t 1

Na(thf)s

/\i
N_ N
F
19

Scheme 2. Dehydrogenative coupling of 1,4 benzenedimethanol with diphenylsilane catalyzed
by 19.

The presence of a labile Si-O-C (silyl ether) linkage makes them a promising degradable
material under hydrolytic conditions. Hydrolysis of PSEs mostly produces nontoxic silyl ethers,
silanols, and alcohols as the final products. A poly(silylether) (21) (M, 23000 g/mol) synthesized
by Hartwig and coworkers from a undecenoic acid derived bifunctional monomer (20) was
completely degraded to furnish the respective alcohol products (22) under both acidic and basic
hydrolytic conditions (Figure 7).8” The degradation and molecular weights of the polymer were
analyzed and confirmed by using nuclear magnetic resonance (NMR) spectroscopy and gel
permeation chromatography (GPC). Besides, Voit and coworkers have reported a silyl ether thiol-
ene polymer system (25) containing labile Si-O-C linkages in the polymer backbone by using silyl
ether containing thiol (23) and alkene (24) monomers. The Si-O-C linkages in polymer backbone
were successfully broken to generate the respective thiol alcohol (26) and Si-O containing

byproducts such as silanols under hydrolytic conditions (Figure 8).%°
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Figure 7. Degradation of polymer 21 via hydrolysis under acidic and basic medium ¢’
Significantly, the majority of the reported PSEs have exhibited high thermal stabilities (7-

5% 300-430 °C, T-s0% 350-470 °C) depending on the molecular weights and backbone structures of

polymers. Interestingly, these polymers can exhibit low or high glass transition temperatures

depending on the rigidity of the incorporated molecules' structures of the polymer backbones.
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1.5. Manganese catalysis in epoxidation and Si-H bond activation

Earth-abundant transition metal based catalysis for the synthesis of fine chemicals and
polymers has become intensified due to the high abundance and inexpensive nature of metal atoms.
Among the several transition metal catalytic systems reported, manganese based catalysis has
significant attention due to its unique characteristics.”*"”* For instance, along with high abundance,
manganese is relatively nontoxic, an essential element for biological systems, biocompatible, and
environmentally benign element.” In addition, it can form compounds with coordination number
up to 7 and has great potential redox activity due to the wide range of possible oxidation states (-
3 to +7).7® Manganese catalysis in oxidation reactions such as olefin epoxidation and activation of
C-H bonds including carbon-oxygen (C-O) and carbon-halogen (C-F) bond formation, has been

extensively established and reported.””’8

—N_  N=
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RN e
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Figure 9. Epoxidation of alkene catalyzed by a manganese(III) (salan) complex

In recent years, manganese based hydrosilylation of carbonyl compounds has been
generating as an environmentally benign process for the manufacture of silicon based chemicals
and materials. Manganese diiminopyridine complexes and acyl manganese species were reported
for hydrosilylation of carbonyls (Figures 10 & 11). In addition, several other manganese

complexes have been reported for the hydrosilylation of carbonyl groups of amides.”®%
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Figure 10. A manganese carbene catalyzed hydrosilylation of ketones
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Figure 11. Hydrosilylation of carbonyls with a manganese bis(imino)pyridine complex

In 2013, a high valent manganese(V) (salan) nitride (Mn-1) (Figure 12) was reported as an
efficient catalyst for hydrosilylation of carbonyl compounds.®! Mn-1 is an air-stable complex and
can be synthesized easily at regular laboratory conditions.?? In consideration of high activity of
Mn-1 in carbonyl hydrosilylation reactions and our interests in high-valent metal catalyzed
reactions led us to explore the catalytic activity of Mn-1 in activation of Si-H and B-H bonds and

synthesis of degradable polymers.
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1.5. Objectives of the dissertation

The primary objective of this dissertation was manganese catalysis in the synthesis of
degradable and thermally stable poly(silylether)s from renewable resources via dehydrogenative
coupling and hydrosilylation reactions. One of the other objectives of this thesis includes
manganese catalyzed activation of B-H bonds for chemoselective hydroboration of aldehydes and
ketones under mild reaction conditions. In this thesis, we mainly focused on a Mn" catalyst that is
isoelectronic with other transition element based catalytic systems, Mo", ReV, and Ru",
containing a diamagnetic d? electron configuration. [MnN(salen-3,5-Buz)] (Mn-1) is chosen as a

model complex because it is easily prepared and able to soluble in general organic solvents.

N
=N_i11 _N=
Mn
/ N\

O O

Mn-1

Figure 12. Structure of [MnN(salen-3,5-'Buz)] (Mn-1)

1.6. Structure of the dissertation

This dissertation includes six chapters.

Chapter 1 Introduction to my research work. The chapter is about the general importance
renewable resources, classes of monomers can be derived from biomass, type of monomers used
in this disserration and their synthesis from biomass source.

Chapter 2 Dehydrogenative coupling reactions catalyzed by a manganese complex. In this
chapter, synthesis of silyl ethers and silyl esters from alcohols and carboxylic acids with

hydrosilanes is discussed.
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Chapter 3 Poly(silylether)s synthesis. In this chapter, salen manganese complex was
successfully employed as the catalyst for the synthesis of poly(silylether)s from various non-bio-
based monomers which includes symmetrical diols (1,4-benzenedimethanol, 1,4-benzenediol,
4,4'-biphenol,  1,4-cyclohexanediol, 1,4-cyclohexanedimethanol, and 1,6-hexanediol),
symmetrical dicarbonyls (1,4-cyclohexanedione, benzene-1,4-dicarboxaldehyde, and 1,6-
hexanedial), and unsymmetrical substrates (p-hydroxybenzyl alcohol, 3(4-hydroxyphenyl)-1-
propanol, and p-hydroxybenzaldehyde).

Chapter 4 Synthesis of poly(silylether)s from furan-based monomers. In this chapter,
biomass based, 5-(hydroxymethyl)furfural and its derivatives such as 2,5-
bis(hydroxymethyl)furan, 2,5-furandicarboxaldehyde, and 5,5’-[Oxybis(methylene)]di(2-
furaldehyde) were successfully utilized to synthesize hydrolytically degradable PSEs. Thermal
analysis and glass transition temperature analysis were also studied.

Chapter 5 Synthesis of poly(silylether)s from isohexides. In this chapter, isosorbide and
isomannide based PSEs were prepared via step-growth polymewrization process using a
manganese complex. PSEs detailed thermal analysis, glass transition temperature analysis, and
degradtion properties under neutral, acidic, and basic conditions were studied.

Chapter 6 Manganese catalysis in hydroboration of carbonyls. In this chapter, carbonyls
were reduced to their respective 1° and 2° alcohols via hydroborations process at mild reaction

conditions. A tentative plausible mechanism is also discussed.

18



CHAPTER 2

DEHYDROGENATIVE COUPLING OF ALCOHOLS AND CARBOXYLIC ACIDS WITH
HYDROSILANES CATALYZED BY A SALEN MN(V) COMPLEX

2.1. Introduction
The Si-O bond containing compounds such as silylethers and silylesters are important
chemicals with an assortment of applications. For example, silylethers are commonly employed

83,84

for protecting hydroxyl groups in multi-step syntheses, and serve as precursors to silicone

polymers.®> They are also valuable for surface modifications, constructing organic-inorganic
hybrids, functionalizing silica materials, and tethering organometallic catalysts 3687888990 gGijy]
esters are useful for protecting carboxylic acid groups®® and poly(silylester)s are an interesting
class of degradable materials with tunable degradation profile.”’*> The standard method for the
synthesis of silylethers and silylesters is treating alcohol and carboxylic acid substrates with
chlorosilanes, in which the HCl byproduct is neutralized with a stoichiometric amount of bases
such as imidazole and diisopropylethylamine.”**3 Moreover, the corrosiveness and hydrolytic
sensitivity of chlorosilanes make it inconvenient for handling and storage. For tertiary and
hindered alcohols, use of more expensive silyl triflate reagents is required.”® Hexamethyldisilazane
(HMDS) has also been utilized for silylether synthesis, but it usually takes longer reaction times
and the ammonia byproduct needs to be removed continuously.””*

Dehydrogenative coupling of alcohols and carboxylic acids with hydrosilanes has emerged as an

alternative for the synthesis of silylether and silylesters. Compared to chlorosilanes, hydrosilanes

are generally less prone to hydrolysis and easier to handle. The dehydrogenative coupling reaction
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is a single step process with high atom economy, generating hydrogen gas as the only byproduct.
Due to these attractive features, a number of catalysts have been reported for the dehydrogenative
coupling of alcohols and hydrosilanes. They are typically complexes of various transition

99.100.101.102.103.104 yhile metal-free systems such as N-heterocyclic carbenes'® and Lewis

metals,
acid B(CeFs)3'%1%7 have also been developed for the process. In comparison, only a few catalytic
systems are available for the dehydrogenative coupling of carboxylic acids and
hydrosilanes, %109 110.111.112

Recent concerns about sustainability have led to significant efforts towards the
development of catalytic systems derived from inexpensive, biocompatible, and abundant
metals.!!*!'* Taking this into consideration, manganese is of particular interest, since its global
reserve 1s one of the largest among transition metals and it is an essential element for biological
systems. Traditionally manganese complexes have been extensively investigated in oxidation
reactions, and their applications in other types of transformations are only being explored more
recently.'!’®> During the course of our study with high valent transition metal catalysts for

h}’dIOSilylations,SU 16,117

we observed that hydroxyl groups reacted with hydrosilanes in the
presence of a Mn(V) complex, [MnN(salen-3,5-'Buz)] (Mn-1) that is readily available and easily

prepared®>!!8 -1 Herein we report our study on the dehydrogenative coupling of alcohols and

carboxylic acids with hydrosilanes catalyzed by manganese complex Mn-1.
2.2. Results and discussion

2.2.1. Dehydrogenative coupling of alcohols and silanes: Screening
In the initial experiments, we examined the dehydrogenative coupling reaction by taking
benzyl alcohol as a template substrate. Various hydrosilanes were examined under different

conditions in the presence of 0.5 mol % (vs alcohol) of Mn-1, and the selected results are presented
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in Table 1. Primary PhSiH3, secondary Ph,SiH», and tertiary (EtO)3;SiH hydrosilanes reacted
readily with PhCH>OH to produce the corresponding silylethers, with (EtO);SiH being the fastest
among them (Entries 3 vs 9, 8 vs 10).

According to the product analysis of the crude reaction mixture, mono alkoxysilane
Ph,SiH(OCH,Ph) was produced when one equivalent of Ph,SiH> was employed, with a small
amount of dialkoxysilane Ph,Si(OCH2Ph), (Entry 3). When the ratio of alcohol:Ph>SiH; is 2:1,
dialkoxysilane PhoSi(OCH2Ph), was produced as the predominant product (Entry 2). In this case
the time profile of the reaction monitored by 'H NMR spectroscopy shows a rapid consumption of
Ph,SiH> and buildup of PhSiH(OCH:Ph), followed by a slower disappearance of
Ph,SiH(OCH,Ph) (Figure 13). Similar to the Mn-catalyzed hydrosilylation of carbonyl
compounds,®! the coupling reaction could be carried out at room temperature with extended
reaction time (Entry 11). Running reaction under inert nitrogen atmosphere could shorten the
reaction time (Entry 1 vs. 1, entry 9 vs. 10), though the effect seems to be less substantial than in
hydrosilylation. Thus, later reactions were performed without exclusion of air for convenience. On
the other hand, tertiary alkyl silanes such as PhMe>SiH, Et:SiH, and ‘BuMe,SiH showed no
reactivity, while Ph3SiH showed reasonable conversion with prolonged reaction time (72 h), likely
due to their electronic and steric characters (entries 4—7). In a control experiment, no reaction

between PhCH>OH and (EtO);SiH was observed after 12 h without adding the catalyst (Entry 12).
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Figure 13. Time profile for the reaction of benzyl alcohol with Ph2SiH> (one equiv.)

Table 1. Dehydrogenative coupling of benzyl alcohol with hydrosilanes?

MnN (0.5 mol %), ) '
CH,OH + R'4-nSiHn : CH,0-SiHn-1R'4-n +H2T
CD5;CN

Entry Silane ~ BnOH:silane Products T(°C) t(h) Conversion (%)’

1¢ PhoSiH» 2:1 (PhCH>0),-SiPh» 80 2.5 89
2¢ PhoSiH» 2:1 (PhCH20),-SiPh2 80 3 85
3 PhySiH, 1:1 PhCH,O-SiHPhy! 80 1 90
4¢ PhMe,SiH 1:1 N.R 80 72 -

5 'BuMe:SiH 1:1 N.R 80 24 -

6 (Et);SiH 1:1 N.R 80 24 -

7 (Ph);SiH 1:1 PhCH>O-Si(Ph); 80 72 57
8 PhSiH3 1:1 (PhCH,0),-SiHPh® 80 1.5 90
9¢ (EtO);SiH 1:1 PhCH>O-Si(OEt)3 80 0.67 98
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10 (EtO);SiH I1:1 PhCH:0O-Si(OEt)3 80 1 94
11 (EtO);SiH 1:1 PhCH:0O-Si(OEt)3 RT 7 90

12f (EtO)s;SiH I:1 N.R 80 12 -

“Reaction conditions: substrate (0.7-0.8 mmol), silanes (one or two equivalents), PhSiMes (10
mol%, as internal standard), and Mn-1 (0.5 mol%). “Determined by 'H NMR on the basis of
consumption of PhoCH>OH or silane. ‘Reaction was performed under N». “Dialkoxy silyl ether
was observed as a minor product. “Mono and trialkoxy silyl ethers were observed as minor
products. /Catalyst was not used.

2.2.2. Alcohol substrate scope

Having established the activity of Mn-1 in the dehydrogenative coupling reactions, we
moved on to a variety of alcohol substrates including primary, secondary, tertiary, cyclic and
phenolic alcohols (Table 2). Under specified reaction conditions, all types of alcohols resulted in
the corresponding silylethers with >90% conversions and slightly lower isolated yields. Unlike
primary alcohols, the dehydrogenative coupling of secondary and tertiary alcohols with PhoSiH>
afforded monoalkoxysilanes as the primary product, even when excess alcohols were used (Entries
2-4). This observation indicates that the last Si-H bond was more challenging to couple with a
bulky alcohol because of the steric crowding. For example, when 2 equivalents of a tertiary alcohol
‘BuOH was allowed to react with Ph,SiHa, only half the amount of alcohol was consumed, even
after prolonged reaction time (6 h). Addition of another equivalent of PhSiHb> led to the complete
conversion of '‘BuOH within 2.5 h and the monoalkoxysilane was the predominant product detected
(Table 2, Entry 3). Similarly, reaction of a secondary alcohol, cyclohexanol, with Ph,SiH; resulted

in the monoalkoxysilane as the main product with 95% conversion in 1 h (Table 2, Entry 4).
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Table 2. Mn complex 1 catalyzed dehydrogenative coupling of various alcohols with silanes®

Entry Silane® Products t(h) Conversion(%)*
1 Ph,SiH (0.5) Ph__.Ph 75 95 (81)
' /\/\O/Si‘o/\/\ ’

2 PhoSiH> (1.0) >7O—SiHPh2 1.5 96 (67)

3 PhoSiH> (1.0) %o—smphz 8.5 97 (79)

4 Ph,SiH: (1.0) QO—SiHPhQ 1 95 (63)

5 PhoSiH> (0.5 " 3 85 (50

251H2 (0.5) Ph 0 S0 > ph 50
6 PhoSiH: (0.5 P 27 95 (81.2
251H2 (0:5) Ph" >0 0" Ph ' (81.2)

7 (Et0);SiH (1.0) P Si(OEY 1 90 (65)

8 (EtO)3SiH (1.2) - " 0-Si(OEt), 1.5 95 (81)

9 (EtO)sSiH (1.2) )\Ao-a - 2 95 (71.2)
Ph

10 (Et0)3SiH (1.0) >—O—Si(OEt)3 3 98 (64)
Ph

11 (EtO);SiH (1.0) Z " 0-Si(OEt), 4 98 (71)

12 (EtO)3SiH (1.4) "N0-Si(0E, 5 96 (65)

NN

13 (EtO)SiH (1.3) WO Si(OEt), 25 90 (64)

14 (Et0);SiH (1.0) N 0-Si(0E); 2.5 90 (73)
(@]
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E
15¢ (Et0)sSiH (1.0) @JO "SI0, 0.67 99

16 (EtO)3SiH (1.0) @O Si(OEt), 3 98 (81)

17 (EtO):SiH (1.3) @—o SI(OEt); | 90 (78)
18 (EtO):SiH (1.2) @—o Si(OEt), 4 95 (57.1)
19 (EtO):SiH (1.2) @o Si(OEt), 15 100 (73)
20 (Et0);SiH (1.3) Oo SI(OEt), 2 95 (57)

¥Reaction conditions: Substrate (0.7-0.8 mmol), silane, and catalyst (0.5 mol%) at 80 °C. bthe
equivalent amounts of silanes used (vs alcohol). ‘Determined by 'H NMR on the basis of
consumption of alcohol and/or silane; isolated yields in parenthesis. Reaction under Na. 1 mol %
catalyst used.

To examine the chemoselectivity of the dehydrogenative coupling process, we further
worked with alcohol substrates having different functional groups such as C=C and C=C multiple
bonds (Entries 11-13, 15), since such groups may react with silanes under catalytic conditions. All
these alcohols were converted to silylethers with excellent conversions and yields. As expected,
there were no side products of hydrosilylation/hydrogenation of double and triple bonds with
silanes. It is noted that saturated primary alcohols seem to be more reactive towards this
dehydrogenative coupling with triethoxysilane than unsaturated ones, as it took less reaction time
(Entry 8 vs. 11 & 12). The time profile of reactions under identical conditions with 1 equivalent of
(EtO)s3SiH confirms butan-1-ol is the fastest among them, though the difference is not large (Figure
14). Nevertheless, this suggests that even though the double and triple bonds are not reactive

towards hydrosilanes under these conditions, they may still inhibit the coupling, presumably by
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coordinating to the active metal sites. Since Mn-1 known to catalyze the hydrosilylation of
ketones, a multifunctional substrate, 5-hydroxy-2-pentanone was tested for the coupling reaction
(Entry 14). Only the hydroxy group reacted with silane under these conditions, conditions, and the
ketone moiety is preserved in the isolated product. The preference for hydroxy groups over

carbonyls has been observed in other catalytic systems.
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Figure 14. Comparison of reactions of three primary aliphatic alcohols with (EtO)3SiH (1:1).

To further probe the selectivity and electronic effect of different groups, we performed
dehydrogenative coupling reactions of a series of para-substituted phenolic substrates and
(EtO)s;SiH (Table 2, entries 16-20). Halo, nitro, and methoxy groups were tolerated in the reaction
and dehydrogenative coupling proceeded with high conversion and yields within a few hours.
When the reactions of 1:1 (EtO);SiH:phenols under otherwise identical conditions were followed
by 'H NMR, the silane conversion profile indicated that both electron withdrawing and electron
donating groups lead to faster reactions (Figure 15), with the exception of p-nitro-phenol, for

which the reaction was considerably slower and featured an induction period. The peculiarity of
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para-NO; substituted benzaldehyde and acetophenone has been noticed previously in

hydrosilylation reactions,®!' though the reason behind is still unclear.
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Figure 15. Reactions of substituted phenols p-X-CsH4OH (X = H, OMe, NO», Cl, ‘Bu) with
(EtO)s;SiH (1:1)

To extend the scope of dehydrogenative coupling reactions, several diols were also
examined under the same conditions and results are summarized in Table 3. Diol substrates tend
to be more demanding for the coupling because of the competing formation of cyclic and
polymeric species. When 1,4-butanediol was allowed to react with two equivalents of (EtO)3;SiH,
bissilylated (EtO)3;SiO(CH2)4OS1(OEt); was the only product, as expected (Entry 1). When a slight
excess of PhoSiH»> was used, the seven-membered cyclic dioxasilacycle was obtained as the major
product (Entry 2). Similarly, treatment of pinacol with one equivalent of Ph>SiH> or PhMeSiH»

afforded five-membered cyclic dioxasilacycles as the major products (Entries 3 & 4).'%
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Table 3. Mn-1 catalyzed dehydrogenative coupling of diols with silanes®

Entry Silane diol:silane Product (s) t(h) Conversion(% )"
OSi(OEt),
1 (EtO)sSiH 1:2 C 3 90 (56)
OSi(OEt),
Q
2 Ph,SiH» 1:1.2 (: SiPhy 3.5 70 (65)
O
O pn
3 PhoSiH» 1:1 Si< 5.5 95
o Ph
O Pn
4 PhMeSiH; 1:1 si< 5 98
e} Me

“Substrate (0.7-0.8 mmol), silane, and catalyst (0.5 mol%) at 80 °C. “Determined by 'H NMR on
the basis of consumption of diols and/or silane; isolated yields in parenthesis.

In another set of experiments, we repeated the reaction between benzyl alcohol and
triethoxysilane to test the reusability of the catalyst. After the reaction was nearly complete (~60
min), second equivalent of alcohol and silane (1:1 molar ratio) was added to the reaction mixture
and with a vigorous bubbling >90% of the substrates were consumed within 30 min. A third
addition of 1:1 PhCH2OH-(EtO)3SiH led to similar outcome (Figure 16). These results suggested

that the catalyst can be effectively reused without much loss in reactivity.

28



100

S 80
=
S 60
17,]
5
=z 40
3

20

0

1 2 3
Run

Figure 16. Reusability of the catalyst for dehydrogenative coupling

2.2.3. Dehydrogenative coupling of carboxylic acids and silanes

Based on the results of alcohols, we next extended this process for the dehydrogenative
coupling of carboxylic acids and silanes to synthesize silylesters. Several reactions were performed
in several solvents at different temperatures to optimize the reaction conditions and selected results
are listed in Table 4. Among the solvents tested, CDCI3 has generally given rise to better
conversions (Complete solubility of carboxylic acids were observed in CDCI3; and poor solubility
was observed in other solvents). Compared with the dehydrogenative reactions of alcohols,
carboxylic acids reactions are much slower, even with increased catalyst loading. Both aromatic
(Entry 1) and aliphatic carboxylic acids (Entries 2 & 3) undergo dehydrogenative coupling

reactions with (EtO);SiH to yield corresponding silylesters.
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Table 4. Mn-1 catalyzed dehydrogenative coupling of carboxylic acids with (EtO);SiH*

Entry  Substrate Acid:silane Solvent Products t (h) Conversion(% )?
0] 0
1 @—/{ 11 CDCls @—/( 32 73
OH O—-Si(OEt);
O 0
2 >—/< 113 cpcn yA4 29 77
PH OH PH O-Si(OEt)3
0] o]
3 ;4 1:1 CsDs ;4 28 52
OH O-Si(OEt);

“SuReaction conditions: substrate (0.4—0.6 mmol), (EtO);SiH and 1 (1 mol%); 80 °C. "Determined
by 'H NMR on the basis of consumption of acids and/or silane. Repeated attempts at isolation of
silyl esters by column chromatography on silica led to decomposition, and isolated yields were not
obtained.

2.3. Mechanistic consideration

During the reactions, one of the most notable features was the conspicuous change in color
of the starting Mn-1 complex from green to reddish brown, then to dark yellow, and finally to pale
yellow, similar to the observations in hydrosilylation reactions.!>® The color change can be
attributed to the reduction of Mn(V) to lower oxidation states such as Mn(III) and Mn(II),'?"'??and
appears to be correlated with the progress of the reaction. The observation that the reactions upon
second and third additions of the reactants took place even faster, as discussed earlier (see Figure.
16), is in agreement with the hypothesis that Mn(V) is not the actual active species, and that it
needs to be reduced first to act as the active catalyst. Conversely, when there was no reaction
between the hydroxyl groups and tertiary hydrosilanes such as for PhMe>SiH, Et:SiH and
‘BuMe,SiH, the reaction mixture retained the same green color. In these cases, the less active

tertiary hydrosilanes were not able to reduce manganese(V), and as a result, catalytic
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dehydrogenative coupling did not occur. Hence, we believe that the activation of manganese by

reduction is a crucial step for the reactivity.

2.4. Conclusions

In conclusion, we have reported a Mn-salen complex, Mn-1, for the effective synthesis of
silyl ethers and silyl esters via dehydrogenative coupling of alcohols, phenols and carboxylic acids
with hydrosilanes. The coupling reaction is compatible with a variety of functional groups, and
seems to involve a reduced Mn active species. Our future studies will be focusing on the
mechanistic understanding of the current dehydrogenative coupling reactions and further extension
of the methodology to other applications.
2.5. Experimental section
General. Inert condition reactions were carried out under a dry nitrogen atmosphere, employing
standard Schlenk line using J-Young NMR tube and dry box techniques and all the remaining
reactions were carried out in air (at bench top). All the necessary solvents and liquid substrates
were degassed and dried over molecular sieves prior to use. Deuterated solvents were purchased
from Cambridge Isotope Laboratory. All 'TH NMR and all >*C NMR spectra were recorded on a
Bruker AVANCE-500 NMR spectrometer and referenced to CDCl3 and CD3CN. All the substrates
were added inside the glovebox in an inert environment unless mentioned.
GC-MS instrumentation parameters. GC analyses were performed using a 5890 GC with 5972
MS equipped with an autosampler (6890 series, Agilent Technologies, Santa Clara, CA, USA).
Injections were performed in the splitless mode for 0.50 min at 250 °C and the injection volume
was 1 pL. The separation was performed using a 45-m long HP-5MS capillary column, with 0.25
mm internal diameter (I.D.) and 0.25 pL film thickness (J&W Scientific, Folsom, CA, USA). A

constant carrier gas (helium) at a flow rate of 1.5 mL/min was maintained during the analysis. Two
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temperature programs were used. The first started at 40°C held for 1 min, followed by a gradient
of 35 °C/min to 80 °C, then a gradient of 20 °C/min to 300 °C and held for 10 min. The second
program started at 50°C held for 1 min, followed by a gradient of 35 °C/min to 80 °C, then a
gradient of 20 °C/min to 320 °C and held for 3 min. The MS data in total ion chromatograms (TIC)
were acquired in the mass range of m/z of 50-700 at a scan rate 2.67 scan/s using the EI of 70 eV.
The solvent delay was set to 3.8 minutes.

General procedure for the dehydrogenative coupling of alcohols and silanes. Following the
optimized conditions, 0.5 mol% catalyst was loaded into J-Young NMR tube inside the glove box,
stoichiometric equivalents of substrate and the reductant were added followed by the deuterated
solvent (0.35 mL). The reaction mixture was heated to the 80 °C untill the conversion reached
maximum. Reaction progress was confirmed by 'H NMR.

General procedure for the dehydrogenative coupling of carboxylic acids and silanes. 0.5-1
mol% catalyst, stoichiometric equivalents of the substrate and reductant were loaded into a J-
Young NMR followed by the addition of internal standard and deuterated solvent (CD3CN, CDCls,
toluene-d) as the solvent (0.35 mL). The reaction mixture was heated to the respective temparature
(80 °C, 120 °C). Reaction progress was monitored by 'H NMR and TLC. Procedure is same for
the regular solvents (acetonitrile, toluene, DCM, CHCl3) but the reactions were performed in a
round bottom or Schleck flask.

Synthesis of catalyst. Following the work by Du Bois and coworkers,'?* we have synthesized Mn-
1, tertiary butyl salen manganese(V) nitrido complex, using tertiary butyl H» salen as the ligand.
Synthesis of salen manganese complex is a two-step process, first step is the synthesis of salen
ligand from its precursors, salicylaldehyde and respective diamino alkanes followed by the

synthesis of nitrido manganese(V) complex as a second step (Scheme 3). The synthesis involves
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the addition of manganese acetate tetrahydrate to salen ligand solution followed by the subsequent
addition of NH4OH, NaOCI (bleach) using methanol and dichloromethane as the solvents. After

workup with water, Mn-1 was separated out as an emerald green powder (700 mg, 61%).

—N N=
=0
/N EtOH, reflux
OH + HoN  NH, OHHO
Salen Ligand
Mn(OAC)2.4H20
.

Conc. NH,OH and NaOCI

EtOH/MeOH, Column seperation

=N_ i1 _N=
M

Mn-1
Scheme 3. Synthesis of salen-Mn(V) nitrido complex Mn-1

NMR and GCMS characterization data

Table 2, Entry 1: (CH3CH2CH2CH20):SiPhz: '"H NMR (500 MHz, CDCl3, 298K, §): 7.7-7.66
(m, 4H, Ph), 7.45-7.35 (m, 6H, Ph), 3.81 (t, Jun = 6.0, 2H, OCH:CH3), 1.61 (m, 2H,
OCH2CH:C2Hs), 1.24 (m, 2H, OC2H4CH>CH3), 0.92 (t, Jun = 7.02, 3H, CH3). *C {1H} NMR
(500 MHz, CDCIs, 298K, 6): 135.06, 134.79, 130.25, 127.93 (Ph), 63.03 (OCH>), 34.75
(OCH2CH2C2Hs), 19.12 (CH2CH3), 17.24 (CHa).

Table 2, Entry 2: (CH3)2CHOSiHPhz !'!: 'H NMR (500 MHz, CDCl3, 298K, §): 7.69 (dd, Ju.u
=7.7, Jun= 1.5, 4H, 0-Ph), 7.6-7.35 (m, 6H, m/p-Ph), 4.85 (s, 1H, SiH), 4.22 (sept, Jun= 6.2,

1H, CH), 1.27 (d, Juu= 6.1, 6H, CH3). 1*C {1H} NMR (500 MHz, CDCl3, 298K, §): 135.18 (o-
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Ph), 134.84 (i-Ph), 130.42 (p-Ph), 128.16 (m-Ph), 67.56 (OCH(CH3),), 25.49 (OCH(CH3),).
GC/MS: tg = 10.06 min; m/z 241(M*), 227, 211, 199, 183, 164 (100), 149, 136, 122, 105, 91.
Table 2, Entry 3: (CH3);CSiHPhz: '"H NMR (500 MHz, CDCls, 298K, §): 7.68-7.64 (m, 4H,
Ph), 7.46—7.40 (m, 6H, Ph), 5.60 (s, 1H, SiH), 1.38 (s, 9H, CHj3). *C {1H} NMR (500 MHz,
CDCls, 298K, 8): 135.24, 134.55, 130.62, 128.15 (Ph), 65.14 (OCH), 1.24 (CH3). GC/MS: tR =
10.06 min; m/z 241(M+), 227, 211, 199, 183, 164 (100), 149, 122, 105, 91.

Table 2, Entry 4: (OCy)HSiPh2: 'H NMR (500 MHz, CDCls, 298K, 8): 7.61 (dd, Jun= 7.6, Ju-
u= 1.6, 4H, Ph), 7.46-7.40 (m, 6H, Ph), 5.48 (s, 1H, SiH), 3.82 (m, 1H, CH), 1.87-1.22 (m, 10H,
CH,). 3C {1H} NMR (500 MHz, CDCls, 298K, &): 134.83, 134.58, 130.37, 128.08 (Ph), 73.27
(OCH), 35.53,25.76, 24.31 (CH). GC/MS: tr = 11.7 min; m/z 281(M*), 267, 253, 239, 204 (100),
199, 183, 128, 105, 77. tr = 14.3 min; m/z 380(M™), 303, 281, 226 (100), 214, 205, 181, 152, 105,
77.

Table 2, Entry 5 and 6: (PhCH20):SiPhz: '"H NMR (500 MHz, CDCls, 298K, §): 7.75 (dd, Ju.u
=7.8, 1.5, 4H, 0-SiPhy), 7.45-7.40 (m, 4H, 0-CH>Ph), 7.39-7.35 (m, 4H, m-CH2Ph), 7.34-7.29(m,
6H, m/p-SiPh,), 7.25-7.20 (m, 2H, p-CH,Ph), 4.85 (s, 4H, PhCH>). '3C {1H} NMR (500 MHz,
CDCls, 298K, 8): 140.72 (i-PhCHa), 135.42 (0-PhSi), 132.29 (i-PhSi), 130.6 (p-PhSi), 128.4 (-
PhCH>), 128.2 (m-PhSi), 127.5 (p-PhCH>), 127.5 (0-PhCHa), 65.05 (OCH2Ph). GC/MS: tr = 16.7
min; m/z 396(M*), 376, 349, 335, 318, 305, 289, 275, 259, 240, 227, 212, 199, 183, 167, 151, 134,
121, 105, 91 (100).

Table 2, Entry 8: CH30Si(OEt)3: 'H NMR (500 MHz, CDCls, 298K, §): 3.87 (q, Juu = 6.96,
6H, OCH>CH3), 3.60 (s, 3H, CH3), 1.25 (t, Juu = 6.96, 9H, OCH2CH3). 0.93 (t, Ju-u = 6.97, 3H,

CH3). *C {1H} NMR (500 MHz, CDCls, 298K, §): 59.38 (OCH>CH3), 51.30 (CH3), 18.99
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(OCH,CH3), 18.26 (CH3). GC/MS: tr = 4.41 min; m/z 194 (M*), 179 (100), 165, 149, 135, 121,
105, 93, 77.

Table 2, Entry 9: CH3:CH2CH2CH20Si(OEt)3: 'H NMR (500 MHz, CDCl3, 298K, &): 3.86 (q,
Jun = 6.96, 6H, OCH>CH3), 3.78 (t, Jun = 6.7, 2H, OCH>C3H>7), 1.57 (m, 2H, OCH,CH-C,Hs),
1.38 (m, 2H, OC,H4CH>CH3), 1.24 (t, Ju.u= 6.96, 9H, OCHCH3). 0.93 (t, Ju.u = 6.99, 3H, CH3).
3C {1H} NMR (500 MHz, CDCls, 298K, 8): 63.37 (OCH.C3H7), 59.31 (OCH,CH3), 34.56
(OCH2CH>C>Hs), 18.99 (OCH2CH3), 18.23 (OC2H4sCH2CHj3), 13.96 (CH3). GC/MS: tr = 6.62
min; m/z 235(M*), 221, 207, 193, 179, 163, 149, 135, 119, 107, 91, 79 (100), 63, 45.

Table 2, Entry 10: (CH3):CHCH2CH20Si(OEt)3: 'H NMR (500 MHz, CDCl3, 298K, §): 3.87
(q, 6H, Jun = 6.96, OCH>CH3), 3.80 (t, 2H, Ju.u = 6.86, OCH>C4Ho), 1.73 (m, CH), 1.48 (m, 2H,
CH>C3H7), 1.24 (t, Jun=6.96, 6H, OCH2CH3), 0.90 (t, Ju.n= 6.8, 3H, CH3). '*C {1H} NMR (500
MHz, CDCl3, 298K, §): 62.03 (OCH>C4Hy), 59.31 (OCH>CH3), 41.38 (OCH,CH,C3Hy), 24.70
(CH), 22.76 (CH3)2, 18.29 (OCH2CH3). GC/MS: tr = 7.8 min; m/z 249(M™), 234, 219, 207, 191,
174, 163 (100), 149, 135, 119, 107, 91, 79, 63

Table 2, Entry 11: (Ph)2CHOSi(OEt)3 : '"H NMR (500 MHz, CDCls, 298K, 8): 7.43 (d, Juu=
7.8, 2H, Ph), 7.26-7.32 (m, 8H, Ph), 6.00 (s, 1H, OCH), 3.75 (q, Jun= 6.9, 6H, OCH>CH3), 1.19
(t, Jan = 6.9, 9H, OCH,CH;). '*C {1H} NMR (500 MHz, CDCl3, 298K, §): 144.20, 128.34,
127.32, 126.66 (Ph), 66.3 (OCH), 59.38 (OCH>CH3), 18.18 (OCH>CH3). GC/MS: tg = 11.57 min;
m/z 346(M™*), 331, 317, 300, 289, 281, 269, 253, 239, 224, 211, 195, 181, 167 (100), 152, 135,
119, 107, 91, 79, 63.

Table 2, Entry 12: CH2CHCH2CH:0Si(OEt)3 : "H NMR (500 MHz, CDCl3, 298K, §): 5.84 (m,
2H, CH,CH), 5.09 (m, CH) 3.82-3.86 (m, 8H, CH>0Si(OCH>CHz)3, 2.35 (m, 2H, CoH3CH>); 1.24

(t, Jun = 6.9, 9H, OCH,CHj3). '3C {1H} NMR (500 MHz, CDCls, 298K, &): 135.16 (CH2CH),
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116.88 (CH2CH), 63.19 (C3HsCH20), 59.51 (OCH2CH3), 37.03 (C2H3CH>»), 18.32 (OCH2CH3).
GC/MS: tr = 5.93 min; m/z 234(M"), 219, 204, 193 (100), 174, 163, 148, 135, 119, 105, 91.
Table 2, Entry 13: CHCCH2CH20Si(OEt)3 : 'H NMR (500 MHz, CDCls, 298K, §): 3.82-3.88
(m, 8H, CH:0Si(OCH>CH3), 2.49 (m, 2H, C;HCHz), 1.98 (m, CH), 1.24 (t, Jun = 6.9, 9H,
OCH>CH5). *C {1H} NMR (500 MHz, CDCl3, 298K, §): 81.15 (CH2CH), 69.66 (CH-CH), 63.19
(C3Hs5CH20), 59.51 (OCH2CH3), 37.03 (CoH3CH2), 18.32 (OCH2CH3). GC/MS: tr = 6.13 min;
m/z 231 (M¥), 217, 193 (100), 163, 149, 135, 119, 107, 91.

Table 2, Entry 14: PhCHCHCH20Si(OEt)3: '"H NMR (500 MHz, CDCl3, 298K, 8): 7.3-7.4 (m,
5H, Ph), 6.66 (m, 1H, PhCH), 6.37 (m, 1H, CHCH>), 4.53 (m,2H, CH>OSi(OEt), 3.93-3.91, (m,
6H, OCH>CH3), 1.29-1.27 (m, 6H, OCH.CH3). *C {1H} NMR (500 MHz, CDCl3, 298K, §): 81.15
(CH2€H), 69.66 (CH2CH), 63.19 (CsHsCH20), 59.51 (OCH2CH3), 37.03 (CoH3CH»), 18.32
(OCH:CH3). GC/MS: tr = 10.62 min; m/z 296(M*), 281, 267, 252, 237, 223, 208, 193, 177, 163,
149, 135, 115 (100), 97, 79

Table 2, Entry 15: CH3(CO)CH2CH2CHz0Si(OEt)3: '"H NMR (500 MHz, CDCl3, 298K, §):
3.85 (q, Jun=6.99, 6H, OCH2CH3), 3.79 (t, Jun = 6.13, 2H, OCH>), 2.56 (t, Jun = 7.3, 2H,
OCH:CH:CH>), 2.16 (s, 3H, CH3), 1.85 (p, Jun=6.72, 2H, OCH2CH>), 1.24 (m, 9H, OCH2CH3).
13C {1H} NMR (500 MHz, CDCl3, 298K, §): 208.9 (CO), 62.57, (OCH>), 59.31, (OCH,CH3),
39.98 (CHs), 30.25 (OCH2CH2CH>), 26.45 (OCH2CH»), 18.32 (OCH2CH3). GC/MS: tr = 7.77
min; m/z 264 (M”) is not observed, 249, 234, 219, 207, 191, 175, 163 (100), 149, 135, 119, 107,
91.

Table 2, Entry 16: (C¢Ho) CH20Si(OEt)3: 'H NMR (500 MHz, CDCls, 298K, §): 5.72-5.77 (m,

IH, CH=CH), 5.59-5.64 (m, 1H, CH=CH), 3.85 (q, Jun= 6.8, 6H, OCH>CH3), 3.65 (b, 2H,
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CH,OH), 2.34-2.36 (m, 1H, C(3)H), 1.98-2.01 (m, 2H, C(4)H>), 1.71-1.79 (m, 2H, C(5)H>), 1.54
(b, 2H, C(6)H>), 1.25 (t, Jun= 5.7, 9H, OCH:CH3).

Table 2, Entry 17: PhOSi(OEt)s: '"H NMR (500 MHz, CDCls, 298K, 8): 7.45 (m, 1H, o-Ph),
7.18-7.12 (m, 2H, p-Ph), 6.92 (m, 2H, m-Ph), 3.91 (q, Juu=6.96, 6H, OCH:CH3), 1.24 (t, Jun=
6.96, 9H, CH;). '*C {1H} NMR (500 MHz, CDCls, 298K, &): 153.93 (i-Ph), 129.63, (m-Ph),
122.19, (p-Ph), 119.52 (0-Ph), 59.89 (OCH>CH3), 18.21 (OCH>CHs). GC/MS: tr = 8.43 min; m/z
256(M*) (100), 241, 228, 211, 197, 181, 167, 155, 137, 119, 107, 94, 79, 63, 45.

Table 2, Entry 18: p-MeOPhOSi(OEt)3: 'H NMR (500 MHz, CDCls, 298K, §): 6.95-6.75 (m,
4H, Ph), 3.86 (m, 6H, O-CH>), 3.77 (s, 3H, OCH5), 1.24 (m, 9H, O-CH,CH;). °C {1H} NMR
(500 MHz, CDCls, 298K, 8): 155-146 (2 Ar-C, p& i-Ph), 121.2-114.3 (2 Ar-C, 0 & m-Ph), 59.84
(O-CH>CHs), 55.85 (OCH3), 18.24 (O-CH2CH3). GC/MS: tr = 9.87 min; m/z 286(M™*), 271, 258,
242,227,215, 197, 185, 163 (100), 151, 135, 119, 108, 91, 79.

Table 2, Entry 19: p-BuPhOSi(OEt)3: 'H NMR (500 MHz, CDCls, 298K, 3): 7.25-6.58 (m, 4H,
Ph), 3.96-3.92 (m, 6H, O-CH>), 1.31 (s, 3H, ‘Bu), 1.23 (t, 9H, O-CH.CH3). 13C {1H} NMR (500
MHz, CDCls, 298K, §): 153.8 (i-Ph), 144.2 (p-Ph), 127.5-118.6 (2 Ar-C, m&o-Ph), 59.8 (O-
CH,CHs), 34.27 (4° C), 31.68 (‘Bu), 18.2 (O-CH,CHs). GC/MS: tr = 9.6 min; m/z 312 (M"),
297(100), 281, 267, 253, 241, 223, 209, 194, 177, 155, 107, 91.

Table 2, Entry 20: p-NO2PhOSi(OEt)s: 'H NMR (500 MHz, CDCls, 298K, §): 8.18 (m, 2H, m-
Ph), 6.94 (m, 2H, 0-Ph), 3.89-3.87 (m,6H, O-CH>), 1.25-1.22 (m, 9H, O-CH,CH5). *C {1H}
NMR (500 MHz, CDCls, 298K, 8): 161.8 (i-Ph), 141.72 (p-Ph), 126.8 (m-Ph), 115.9 (0-Ph), 59.69
(O-CH,CHs3), 18.02 (O-CH,CHs).

Table 2, Entry 21: p-CIPhOSi(OEt)s: 'H NMR (500 MHz, CDCls, 298K, §): 7.21 (m, 2H, m-

Ph), 6.96 (m, 2H, 0-Ph), 3.94-3.91 (m, 6H, O-CH>), 1.27-1.23 (t, 9H, O-CH,CH3). '°C {1H} NMR
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(500 MHz, CDCl3, 298K, 6): 152.6 (i-Ph), 129.6 (m-Ph), 127.12 (p-Ph), 59.95 (O-CH2CH3), 18.24
(O-CH2CH3). GC/MS: tr = 9.55 min; m/z 290 (M¥), 275, 262, 245, 230, 218, 202, 188, 174, 163,
147,135, 119, 97, 79 (100).

Table 3, Entry 1: (OEt):SiOCH2CH2CH2CH20Si(OEt)s: '"H NMR (500 MHz, CDCl3, 298K,
d): 3.89-3.85 (m, 10H, (CH3CH-0);SiOCH>C>H4CH>0Si(OCH>CH3)3, 1.64 (m, 4H, CH>CH>),
1.24 (m, 9H, OCH.CHj3. 13C {1H} NMR (500 MHz, CDCls, 298K, 8): 63.57 (-C3HsCH-08Si),)s,
59.70 (OCH2CH3), 28.9 (CH2CH)3, 18.51 (OCH2CH3).

Table 3, Entry 2: 1,3-Dioxa-2,2-diphenyl-2-silacycloheptane: 'H NMR (500 MHz, CDCls,
298K, 9): 7.74 (m, 4H, Ph), 7.3-7.47 (m, 6H, Ph), 4.07 (m, 4H, CH.CH,0Si), 1.89 (d, 4H,
CH-0Si). 1*C {1H} NMR (500 MHz, CDCl3, 298K, §): 134.89, 133.41, 130.53, 128.12 (Ph).
GC/MS: tr = 11.4 min; m/z 270 (M¥), 192(100), 181, 114, 91, 77.

Table 3, Entry 3: 4,4,5,5-tetramethyl-2,2-diphenyl-1,3-dioxa-2-silacyclopentane: 'H NMR
(500 MHz, CDCl3, 298K, 6): 7.67-7.64 (m, m, 4H, Ph), 7.44-7.38 (m, p, o, 6H, Ph), 1.33 (s, 12H,
CH3). *C {1H} NMR (500 MHz, CDCls, 298K, §): 134.8 (0-Ph), 133.6 (i-Ph), 130.5 (p-Ph), 127.7
(m-Ph), 82.25 (C), 25.82 (CH3). GC/MS: tr = 11.07 min; m/z 298 (M™), 283, 268, 253, 240, 225,
181(100), 123, 105, 77.

Table 3, Entry 4: 2,4,4,5,5-pentamethyl-2-phenyl-1,3-dioxa-2-silacyclopentane: 'H NMR (500
MHz, CDCl3, 298K, 8): 7.66 (m, o, 2H, Ph), 7.41-7.37 (m, m, p, 3H, Ph), 1.33 (s, 6H, CMe»), 1.25
(s, 6H, CMe»), 0.5 (s, SiCH3). '3C {1H} NMR (500 MHz, CDCl3, 298K, 8): 135.66 (i-Ph), 133.7
(0-Ph), 130.42 (m-Ph), 128.08 (p-Ph), 82.01 (C), 25.96 (CH3), 0.5 (SiCH3).

Table 4, Entry 1: PhCOOSi(OEt)3: 'H NMR (500 MHz, CDCls, 298K, §): 8.13-8.09 (m, 2H,

Ph), 7.56-7.50 (m, 3H, Ph), 3.89-3.85 (m, 6H, O-CH>), 1.29-1.25 (t, 9H, O-CH.CH3). '°C {1H}
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NMR (500 MHz, CDCls, 298K, §): 165.5 (CO), 133.6, 130.9, 130. 5, 128.5 (Ph), 59.3 (O-
CH,CHj3), 18.16 (O-CH,CH3).

Table 4 Entry 2: C2H4(Ph)COOSi(OEt)3 : 'H NMR (500 MHz, CDCl3, 298K, §): 7.35-7.3 (m,
2H, Ph), 7.26-7.22 (m, 3H, Ph), 3.85-3.82 (m, 6H, O-CH>), 1.53-1.51 (m, 3H, CH3), 1.25-1.22
(m, 9H, O-CH,CH3). '*C {1H} NMR (500 MHz, CDCls, 298K, §): 195 (CO), 135.5, 129.8, 129.2,
127.6 (Ph), 59.95 (O-CH>CH3), 43.5 (CH), 18.24 (O-CH2CH3), 18.1 (CH3). GC/MS: tr = 7.37
min; m/z 297 [M-CH3]*, 283, 269, 253, 225, 209, 150, 105 (100), 91, 77.

Table 4 Entry 3: C2HsCOOSi(OEt)3 : 'H NMR (500 MHz, CDCl3, 298K, §): '"H NMR (500
MHz, CDCls, 298K, 8): 3.84-3.87 (m,6H, O-CH>), 2.29 (q, 2H, CH>), 1.21 (m, 9H, O-CH,CHj3),
1.06 (t, 3H, CH3). '*C {1H} NMR (500 MHz, CDCl3, 298K, 8): 173.5 (CO), 59.29 (O-CH.CH3),
28.91 (CH2) 18.24 (O-CH2CH3), 9.3 (CH3). GC/MS: tr = 6.05 min; m/z 236 (M%), 191, 163, 135,

119, 107, 91, 79 (100).
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CHAPTER 3

VERSATILE MANGANESE CATALYSIS FOR THE SYNTHESIS OF POLYSILYLETHERS
FROM DIOLS AND DICARBONYLS WITH HYDROSILANES

3.1. Introduction

Polymers with silicon in the main chain have received much attention in organic and
material chemistry due to their various industrial and academic applications,!?#125:126.127
Polysilanes with Si-Si repeating units are promising in electronic devices because of their
conductivity.'?® Poly(siloxane)s with Si-O-Si linkages and their copolymers are used extensively
as elastomers, plastics and in other industrial applications because of their low temperature
flexibility and high temperature stability,!?%-130:131.132.133.134 Hy dro_sensitive silicon polymers can
be employed in medical applications such as controlled release of drugs.!'*®> Poly(siloxane)s are
precursors for the synthesis of silicon oxy carbides (SiOC) via pyrolysis and direct photo-
crosslinking methods.!**!37 The SiOC ceramic has been applied in coatings and as electrode
materials in lithium batteries,!38:13-140.141.142.143 Racently there has been renewed interest in silicon-
containing polymers, particularly poly(silylether)s with Si-O-C linkages, on account of their
potential sustainability.”!** Silicon and oxygen are practically inexhaustible due to their
abundance and carbon can be more readily sourced from biomass. The Si-O-C linkages are
hydrolytically degradable, different from the typical biodegradable ester linkages that require

enzymes for degradation. This makes the poly(silylether)-based materials particularly attractive in

short-term and/or single use applications.'*’ Importantly, the degradation behavior, along with the
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thermomechanical properties, can be adjusted by changing substituent groups on silicon and/or
carbon backbones of poly(silylether)s, and by copolymerization with other segments. 6

Synthetically poly(silylether)s have been prepared by various methods depending on the
nature of the actual linkages. Similar to the synthesis of silylethers, reaction of dichlorosilanes
with diols through polycondensation leads to formation of poly(silylether)s,!47:148:149.130.151.152.153
Chlorosilanes can also react with bis(epoxide)s and bis(oxetane)s through additions catalyzed by
quaternary onium salts to afford poly(silylether)s.!>*153:136157 However, use of chlorosilanes has
limitations.!*® Chlorosilanes are moisture sensitive and usually produce hydrogen chloride and
other unwanted byproducts in polymerization reactions that require additional methods for
separation. To overcome these problems, chlorosilanes have been replaced with diamino- and
dialkoxysilanes as the coupling partners; in particular, diphenoxy- and dianilinosilanes have shown
good activity towards the synthesis of high molecular weight polymers.!3*15° Still these methods
may have limited substrate scope or require maintaining the high temperature conditions (200-300
°C) throughout the reaction,!34160.161.162

Alternatively, hydrosilanes have been deemed as optimal replacements for chlorosilanes
because of their stability to air and ease of handling. Reactions with diols through dehydrogenative

164,165,166

coupling !9 and with dicarbonyls through hydrosilylation polymerization afford a variety

of poly(silylether)s (Scheme 4). Notably, these methods are highly atom economical, producing
H> as the sole byproduct or no byproduct. In general, these reactions are effected by catalysts
derived from precious transition metals, usually ruthenium, palladium, and rhodium,!67-168.169
However, the high cost, low abundance of such metals and high catalyst loading (up to 10 mol %)

are the main drawbacks of these methods. Other catalysts based on boranes'’® and alkali metals'”!
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are also known. Recently the catalytic systems derived from inexpensive, earth abundant metals

d 172

such as iron have been reporte

HO-R-OH

Scheme 4. Poly(silylether)s from hydrosilanes.

We have investigated the high-valent transition metal complexes for their roles in catalytic
reductions and silane activation.!”>17* It is found that an air-stable and easily prepared salen-
manganese complex [MnN(salen-3,5-'Buz)] (Mn-1) is an effective catalyst for hydrosilylation of
carbonyl compounds and dehydrogenative coupling of hydroxyl compounds with
hydrosilanes.®!'”> Encouraged by these results and in connection with our interests in

biodegradable materials,!6!77:178

we sought to synthesize poly(silylether)s from a variety of diols
and dicarbonyls under manganese catalysis. Furthermore, taking advantage of the dual activity of
Mn-1, we have employed substrates with mixed functional groups in the reaction with
hydrosilanes to generate poly(silylether)s. As far as we are aware, no metal catalyst has been

reported that could catalyze the synthesis of poly(silylether)s from three types of substrates (diols,

dicarbonyls and hydroxyl carbonyl) with hydrosilanes.
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3.2 Results and discussion

3.2.1. Optimization reactions

Our initial experiments started with optimizing suitable reaction conditions for the
polycondensation of diols and hydrosilanes. 1,4-Benzenedimethanol and diphenylsilane were
chosen as the representative coupling partarners in the presence of catalytic amount of manganese
complex 1 (1 mol%), and selected results are presented in Table 5. According to the conditions in
our previous work,3! the reaction was performed using acetonitrile as the solvent at reflux
temperature (entry 1). As expected, the initial green color of the reaction mixture arising from Mn-
1 turned brown and then yellow, indicating onset of the reaction. After 12 h, 'H NMR spectroscopy
showed greater than 95% conversion of diphenylsilane. Despite the high conversion, however, the
number average molecular weight (M,) of the polymer was determined by GPC as 4000 g/mol
(Mw/M, 1.28). In order to improve My, several solvents were next screened. When acetonitrile was
replaced by tetrahydrofuran (THF) (entry 2), low M, (1900 g/mol) polymers were obtained with
only 50 % conversion of diphenylsilane in 12 h. Use of 1,4-dioxane as solvent resulted in 95 %
conversion and higher molecular weight (M, 7900 g/mol) (entry 3), suggesting that the
coordination ability of cyclic ethers might not be the main culprit for the low conversion observed
with THF. Reaction in refluxing toluene led to even higher M, (9200 g/mol) within 12 h (entry
4). Given the above observations, it seemed that the reaction temperature played a key role in the
polymerization reaction. In agreement with this, reaction performed at ambient temperature in
toluene showed no reaction even after 48 h, and the green color remained the same during the
period (entry 5). However, attempts at achieving high molecular weights by using high boiling
aromatic solvents such as xylenes and mesitylene met with limited success (entries 6 & 7). Though

the molecular weights obtained under refluxing condtions were decent, they were lower than that

43



in toluene. Finally, as air exclusion seemed to have little effect in our previous dehydrogenative
coupling,'” a reaction was performed under air in refluxing toluene for convenience (entry 8).
However, conversion of monomers remained low (58%) even after extending the reaction time to
48 h, and M, also dropped approximately by half (4500 g/mol). These results suggested the

importance of inert conditions for the generation of high molecular weight polymers.

Table 5. Dehydrogenative coupling of 1,4-benzenedimethanol with diphenylsilane®

Fl’h
::: OH Catalyst 1 ::: /O_S|i T
+ Ph28|H2 — Ph + Hy
HO 0

n

Entry  Solvent” Temp Condition t(h) Conv% Mn (g/mol)° M,/M,¢

1 CDs;CN reflux (81°C) under N» 12 > 95 4000 1.28
2 THF reflux (66°C) under N» 12 50 1900 1.36
3¢ 1,4-Dioxane  reflux (101°C) underN, 20  >095 7900 1.57
4¢ Toluene reflux (110°C) under N» 12 > 95 9200 1.66
5 Toluene 25°C under N> 48 0 - -

6 Xylenes reflux (143°C) under N> 12 > 95 6000 1.14
7 Mesitylene reflux (165°C) under N> 12 > 95 7200 1.23
8 Toluene reflux (110°C) under air 48 58 4500 1.15

“Reaction conditions: substrate (0.8—0.9 mmol), silane (1.0 equiv) and Mn catalyst 1 (1.0 mol%)).
®solvent used was 2.4-2.8 ml. “Determined by GPC calibrated with polystyrene standard. “Isolated
yield 75.9 %. ‘Isolated yield 75.6 %. ‘Isolated yield 70 %.

The brown-colored reaction mixtures from entries 3 and 4 were purified by precipitation.

The resulting whitish gray poly(silylether)s were obtained in 75.9 and 75.6 % yields, respectively.
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In the 'H NMR spectrum, the disappearances of hydroxyl groups at 2.0 ppm and silane hydrogens
at 4.84 ppm, and the shift of benzylic protons from 4.65 to 4.81 ppm suggested the formation of
poly(silylether) of 1,4-benzenedimethanol and diphenylsilane (Figure 17). 1*C NMR spectrum also
supported the formation of poly(silylether), as only six peaks in aromatic region (129.71-139.47
ppm, four from silane and two from diol) and one peak at 64.98 ppm (benzylic carbon) were
observed (Figure 18). In addition, the absence of both hydroxyl (3500 cm™) and SiH groups (2133
cm™) in the ATR FT-IR spectrum further supported the NMR assignments (Figure 19). The

characteristic stretching frequencies at ~1040 cm™ indicated the formation of Si-O-C connections.
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Figure 17. 'H NMR of the poly(silylether) from 1,4-benzenedimethanol and diphenylsilane.
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Figure 18. 13C NMR of the poly(silylether) from 1,4-benzenedimethanol and diphenylsilane.
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Figure 19. ATR FT-IR spectra of diphenylsilane (bottom), 1,4-benzenedimethanol (middle), and
their poly(silylether) (top).
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3.2.2. Step-growth polymerization

To learn more about the polymerization, we performed a set of reactions between 1,4-
benzenedimethanol and diphenylsilane to explore the correlation between conversion, time and
molecular weight of the polymer. During the reaction, samples were taken at each time interval
and then were subjected to analysis by NMR and GPC. Conversion of diol was 19 % in 1 h and
reached around 50 % in 4 h. However, at this point, the molecular weight of the polymer was only
1600 g/mol (Mw/M, 1.33), indicating mostly oligomers were formed in the starting hours. At 8 h,
the conversion increased to 91% with M, 4600 g/mol, and at 22 h, the conversion was 96 % with
13000 g/mol. The sharp increase in the molecular weight in the later stage of the reaction suggested
that the oligomers formed in the initial reaction time were still active and were later incorporated
to form long chain polymers. The growth behavior in molecular weight (Figure 20) is typical of
step-growth polymerization reactions.'”® The similar non-linear growth of the dispersities (Mw/My)

also supported that these are step-growth type polymerization reactions.
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Figure 20. Plot of number average molecular weight (M., ®) and dispersity (Myw/M,, m) vs
conversion
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3.2.3. Substrate scope: Diols

To extend the substrate scope, we first chose a simple aryldiol 1,4-benzenediol (1,4-
hydroquinone), because polymers with n-conjugated groups in the main or side chains are of
interest for their prospective applications as electronic, photoic and ceramic materials (Table 6,
entry 2).180.181,182 Copolymerization reaction between 1,4-benzenediol and a disiloxane (1,3-
bis(diethylamino)tetramethyldisiloxane) at melt conditions was reported in the literature, however
the repoted molecular weight of the polymer was low (M, 3600 g/mol).'*® In our current
dehydrogenative coupling process between 1,4-benzenediol and diphenylsilane, >95% conversion
of silane was observed in 12 h, and a white solid was obtained in 70% yield after purfication. The
disappearence of hydroxyl and silicon hydrogen peaks in both 'H NMR and FT-IR spectroscopies
confimed the formation of the desired poly(silylether). In °Si NMR, a single peak at -37.42 ppm
was observed. GPC analysis showed high molecular weight polymer with M, 15000 g/mol (Mw/M,
2.38). To expand on aryl diols, a dehydrogenative coupling reaction between a highly n-conjugated
4,4’-biphenol and diphenylsilane was performed (entry 3) under same conditions. The conversion
reached 95% in 15 h and a whitish-gray polymer was obtained in 88.1 % yield after purification.

However, the molecular weight obtained was somewhat lower, M, = 7200 g/mol (Mw/Mx 1.87).
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Table 6. Dehydrogenative coupling of symmetrical diols with hydrosilanes®

Mn
Entry PSE Diols t (h) (g/mol)” MwIMy®  Yield %°¢ Tg¢
1 PSE 1 12 9200 1.66 76 22
H
12 15000 2.38 70 -

3 PSE3 HOOH 15 7200 1.87 88 101

H
PSE 4 H

O

0] :
2 PSE 2 HO@OH
O

O :

20 5100 1.41 62 38
H

s  PSES HOOOH 20 3100 1.73 70 60

6  PSE6 po NN 26 11400 2,00 84 -

“Reaction conditions: substrate (0.8—0.9 mmol), silane (1.0 equiv) and catalyst (1.0 mol%). The
reactions were carried out in refluxing toluene under N> and the conversions of silane were greater
than 95%. ®Determined by GPC calibrated with polystyrene standard. ‘Isolated yield. “Determined
by DSC in the second heating cycle.

Next, we carried out polycondensation reactions with aliphatic diols, namely 1,4-
cyclohexanedimethanol and 1,4-cyclohexanediol (Table 6, entries 4 and 5). These two substrates
can be viewed as the aliphatic analogs of 1,4-benzenedimethanol and 1,4-benzenediol respectively.
Reaction between the primary diol 1,4-cyclohexanedimethanol and diphenylsilane was monitored
up to 24 h, by which time silane conversion of 95 % was achieved. Purification afforded the
corresponding poly(silylether) with 62 % isolated yield, and the observed M, was 5100 g/mol
(Mw/M, 1.4). Reaction with a bulkier secondary diol 1,4-cyclohexanediol required longer reaction
time, as only 80 % conversion was achieved after 20 h, although the isolated yield was good (70

%). Given the slow conversion, it was not surprising that the molecular weight of the resulting
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polymer was rather low, M, = 3100 g/mol ((Mw/M, 1.73). In agreement with the low molecular
weight, small peaks at around 5.3-5.4 ppm were observed in the 'H NMR spectrum, which could
be attributed to the tertiary Si-H end group in the polymer. Our previous results showed that
diphenylsilane reacted with secondary alcohols in a two-step process but the second step was
considerably slower than the first step.®! Similarly here the steric hindrance plays a vital role in
these two polycondensation reactions as reflected in the extended reaction times and low molecular
weights of the polymers.

Conversely, when a sterically less hindered linear monomer 1,6-hexanediol was used as
the substrate, a high molecular weight polymer, M, = 11400 g/mol, was produced in high yields
(84 % ) (Table 6, entry 6). These results suggest that sterically less hindered monomers react
readily to give the high molecular weight polymers. On the other hand, when another diol 1,4-
butanediol was wused, cyclic silylether was obtained as the main product instead of
poly(silylether)s.!”>!83 Obviously a rigid and/or long linker between the two hydroxyl groups of

diols is desirable for the formation of poly(silylether)s.

3.2.4. Substrate scope: Dicarbonyls

Considering our previous results that the manganese complex Mn-1 is also an efficient
catalyst for the hydrosilylation of aldehydes and ketones,®! we decided to apply the current system
to dicarbonyl compounds for the synthesis of poly(silylether)s. In this study, benzene-1,4-
dicarboxaldehyde (terephthalaldehyde) was chosen as the reaction partner with diphenylsilane, in
part because the resulting polymer should be same as the polymer obtained from 1,4-
benzenedimethanol (Table 6, entry 1 vs Table 7, entry 1). Under the optimized conditions, the
consumption of terephthalaldehyde and the hydrosilylation of the carbonyl group were confirmed

by the appearance of benzylic signals at 4.81 ppm in '"H NMR and 65.0 ppm in '*C NMR. The
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conversion of terephthalaldehyde reached 90% in 24 h, and workup by precipitation gave 58%
isolated yield of a polymer. The FT-IR spectrum of the polymer showed the disappearance of C=0
stretching frequency at 1663 cm™! and of silane hydrogens at 2134 cm™ and a single peak at -30.3
was observed in 2°Si NMR. These spectroscopic data are essentially same as the data resulting
from 1,4-benzenedimethanol. The main difference is that the molecular weight was low, M, = 2400
g/mol (Mw/M, 1.86). The low molecular weight is supposed to come from the less active nature of
carbonyls in comparison with the hydroxyl groups in the reaction. The monitoring of the reaction
profile of terephthalaldehyde and 1,4-benzenedimethanol under same conditions confirms the
faster reaction of diol. This difference in reactivity with hydrosilanes has been observed in other
systems and is attributed to the stronger nucleophilicity of hydroxyls over carbonyls (see below). 34
To further compare the activity of dicarbonyl monomers with diols, reactions were performed with
1,6-hexanedial'® and 1,4-cyclohexanedione, the analogous structures of 1,6-hexanediol and 1,4-
cyclohexane diol respectively (Table 7, entries 2 and 3). As expected, reaction with 1,6-hexanedial
took 24 h to reach 90% conversion and the isolated yield was only 40%; it took even longer (48 h)
for 1,4-cyclohexanedione to reach 90% conversion with a slightly higher isolated yield (49%).
Both reactions resulted in low molecular weight polymers, M, = 1800 and 2100 g/mol,
respectively, consistent with the slow rate of reaction. The low yields in these reactions, despite of

the >90% conversion, might be a result of the increased presence of short chain oligomers in these

reactions that were lost during the precipitation process.
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Table 7. Poly(silylethers) of dicarbonyls, hydroxy carbonyls and unsymmetrical diols.?

Entry PSE Substrate t(h) Mu(g/mol)® Mw/My Yield %°¢ T4
/O
1 PSE7 //—Q—/ 24 2400 1.88 58 20
(@)
2 PSES g 24 1800 1.59 40 ]
3 PSEO o:<:>:o 48 2100 173 49 51
PSE 5
4 " HOQJ 18 3800 1.77 69 18
PSE
OH
5 . HO@—/ 24 4500 1.93 73 25
PSE
OH
6 Q/\A 19 9000 1.59 80 21
12 o

dReaction conditions: substrate (0.8—-0.9 mmol), silane (1.0 equiv) and catalyst (1.0 mol%).
®Determined by GPC calibrated with polystyrene standard. ‘Isolated yield. “Determined by DSC
in the second heating cycle

3.2.5. Substrates with mixed functional groups

So far all of the substrates used are structurally symmetrical with two identical functional
groups. Encouraged by the results that poly(silylether)s can be prepared from both diols and
dicarbonyls using the same manganese catalyst, we sought to employ substrates with
unsymmetrical, mixed functional groups to further extend the substrate scope. Thus, p-
hydroxybenzaldehyde was selected as a monomer to react with diphenylsilane (Table 7, entry 4).
Though the reaction time (18 h) required to reach 90% conversion of silane was less than the three
reactions in entries 1-3, the isolated yield and the molecular weight (M, = 3800 g/mol, Myw/M, 1.73)

were greater than those reactions. Relatively speaking, these values fall right in between those
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obtained from 1,4-benzenediol and terephthalaldehyde in line with the difference in their
respective reactivities toward polymerization reactions under manganese catalysis. As this
substrate p-hydroxybenzaldehyde has two different termini, it can form polymers with different
connectivities, which was supported by the presence of multiple peaks for the benzylic signals in
both the 'H and '>C NMR spectra. These observations were consistent with the ?°Si NMR
spectrum, in which three peaks at -37.1, -33.5, and -30.1 ppm were observed, as predicted from
the three different silicon environments resulting from the head-to-head, head-to-tail, and tail-to-

tail connections (Figure 21).

Ph
_HZC@O—§i—OOCH2-o_
Ph

head-to-head

Ph
—HZC@O—SIFO—CHZQO—
Ph

head-to-tail

Ph

|
@-Hzc—o—sli—o—CHz@o—

Ph
tail-to-tail

Figure 21. Three silicon centers in the poly(silylether) backbone

Similarly, reaction of p-hydroxybenzyl alcohol with diphenylsilane (Table 7, entry 5)
yielded a polymer with slightly higher molecular weight (M, = 4500 g/mol) that features three *Si
NMR signals, as expected. It should be noted that the relative intensity of the three peaks are
somewhat different from the result obtained with p-hydroxybenzaldehyde. Reaction with another
unsymmetrical monomer 3-(4-hydroxyphenyl)-1-propanol gave comparable results (Table 7, entry
6): more than 95 % conversion and 80 % isolated yield were achieved in 19 h. The molecular

weight (M= 9000 g/mol) was high when compared with polymers from dicarbonyls and hydroxyl
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carbonyl. Again, three distinct peaks appeared in the 2°Si NMR, in agreement with the formation
of three different types of connectivity. The high yield and M, constitute additional evidence that
hydroxyl compounds are faster than carbonyls in the polymerization reactions.

From these results and early studies, a plausible mechanism can be proposed for the
manganese catalyzed polymerization of diols and dicarbonyls (Scheme 5). The high valent Mn(V)
complex, Mn-1, is first reduced by diphenylsilane to a low valent Mn(II) or Mn(III) species, '
which correlates with the color changes during the early stage of the reaction. The reduction of
Mn(V) is not unexpected given the oxidizing power of high valent first-row transition metals.
Hydrosilane is then activated by coordination with the metal center via either an 7'- or 77>-SiH
adduct,'®” which may serve as a common intermediate for hydrosilylation and dehydrogenative
cross coupling. Although not directly observed in the present system, such adducts with low valent
manganese are well-documented in the literature.'®®!® Nucleophilic attack of hydroxyl or
carbonyl groups on the silicon furnishes the Si-O bonds, accompanied by the hetereolytic cleavage
of the Si-H bonds. The observation that diols are more active with hydrosilanes than dicarbonyls
is in agreement with the stronger nucleophilicity of hydroxyls over carbonyls.!3* It should be
mentioned that the oxidative addition of hydrosilane leading to a classical silyl hydride species
cannot be ruled out at this stage;'**!°! however, our experimental observation that the present
manganese catalyst is ineffective in catalyzing the hydrosilylation of allylic cyclohexane is more
consistent with a Mn-SiH adduct intermediate.'®* The exact process following the nucleophilic

attack may vary and a comprehensive investigation is needed to reveal these mechanistic details.
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Scheme 5. A plausible mechanism for polymerization

3.3 Conclusions

In conclusion, we have demonstrated that a salen-manganese complex can effectively
catalyze the synthesis of various poly(silylether)s from hydrosilanes and diols via dehydrogenative
cross coupling and dialdehyde/diketone via hydrosilylation polymerization. Diol monomers show
higher activity than dicarbonyls in these reactions, as reflected in the higher yields and molecular
weights obtained under comparable conditions. Furthermore, due to the dual activity of the
manganese catalyst, unsymmetrical monomers with mixed functional groups have been
successfully incorporated into poly(silylether)s that contain different connectivity around the
silicon center. The use of a catalyst derived from earth abundant, biocompatible metal via highly
atom economical processes represents a sustainable strategy for the production of hydrolytically
degradable materials. Further work improving the catalytic efficiency and integrating bio-based

building blocks is underway in our laboratory.

3.4. Experimental section

Materials and instrument. All the solvents and liquid substrates were degassed and dried over
activated molecular sieves 4A prior to use. Deuterated solvents were purchased from Cambridge
Isotope Laboratory. All 'H and '*C NMR spectra were recorded on a Bruker AVANCE-500 NMR

spectrometer and referenced to the residue solvents in CDCls or CD3CN. Gel permeation
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chromatography (GPC) analysis was performed on a Varian Prostar, using PLgel 5 um Mixed-D
column, a Prostar 355 RI detector, and THF as eluent at a flow rate of 1 mL/min (20 °C).
Polystyrene standards were used for calibration. Infrared spectroscopy results were obtained on a
Thermo Scientific Nicolet iS5 FT-IR instrument and analyzed with OMNIC 8.2 software. The
samples for IR analysis were directly loaded using an iD5 ATR accessory as a thin film without
any support. Differential scanning calorimetry (DSC) measurements were obtained on a Perkin
Elmer Jade differential scanning calorimeter and the instrument was calibrated using zinc and
indium standards. Glass transition temperatures (7g) of polymer samples were determined from
the second heating cycles with a heating/cooling rate of 20 °C/min under nitrogen atmosphere (20
mL/min). DSC data were analyzed using Pyris V9.0.2 software.

General procedure for the dehydrogenative coupling of alcohols and silanes. All the reactions
were performed under inert conditions unless otherwise mentioned. A Schlenk flask (50-100 ml)
was used as the reaction flask and oil baths equipped with digital thermometer and controller were
used to set and read the temparature. The general procedure includes: loading the Schlenk flask
with 1 mol % catalyst [MnN(salen-3,5-'Bu2)] (Mn-1), stoichiometric equivalents of substrate and
diphenylsilane (1:1 molar ratio), followed by the addition of 2.5 to 3.0 mL of solvent in the glove
box. The resulting reaction mixture was taken out of the glove box and connected to a Schlenk line
under inert conditions. Then the reaction mixture was heated at reflux temperature for specific
time (mentioned in the paper). The reaction was monitored by periodically taking out small amount
of samples for NMR and GPC analysis.

Purification process. The polymers were purified via precipitation method. As all the polymers
were soluble in dichloromethane (DCM) and insoluble in methanol (MeOH), these two solvents

were used in the precipitation process. At the end of the reaction (>90% conversion), the brown
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color viscous reaction mixture was first homogenized by addition of as low as possible amount of
DCM (1-2 ml), then MeOH was added in portion wise (8-10 ml) until it turned to a biphasic
mixture. The top layer, which has the unreacted materials, was taken out by pipette and the bottom
viscous/solid layer was washed with MeOH for a few times (typically 2-3 times with 6-8 ml of
MeOH each time) until it gave a white/light yellow color viscous/solid polymer. The resulting
polymer was dried to a constant weight and characterized by 'H NMR, 3C NMR, FT-IR
spectroscopies, gel permeation chromatography (GPC) and DSC.

NMR characterization data

Table 6, entry 1: Poly(silylether) of 1,4-benzenedimethanol: Scale: catalyst 5.0 mg, substrate
0.89 mmol. Polymer weight 214.0 mg, yield 76 %. 'H NMR (500 MHz, CDCl3, 298K, §): 4.81 (s,
4H, OCH>), 7.26 (m, 4H, CsHy), 7.33 (m, 4H, m-Ph), 7.38 (m, 2H, p-Ph), 7.70 (m, 4H, o-Ph). 13C
{'H} NMR (125 MHz, CDCl3, 298K, §): 64.9 (OCH>). 126.7 (0-CsHa), 128.1 (m-Ph), 130.6 (p-
Ph), 132.5 (i-Ph), 135.1 (0-Ph), 139.4 (i- C¢Ha). °Si {1H} NMR (99 MHz, CDCl3, 298K, §): -30.4.
T,y: 22 °C.

Table 6, entry 2: Poly(silylether) of 1,4-benzenediol: Scale: catalyst 5.0 mg, substrate 0.89
mmol. Polymer weight 207.0 mg, yield 70 %. "H NMR (500 MHz, CDCl3, 298K, §): 6.64 (m, 4H,
CsH4), 7.28 (m, 4H, m-Ph), 7.36 (m, 2H, p-Ph), 7.63 (m, 4H, o-Ph). °C {'H} NMR (125 MHz,
CDCls, 298K, 6): 120.5 (CsH4), 128.2 (m-Ph), 131.0 (p-Ph), 131.5 (i-Ph), 135.2 (0-Ph), 148.9 (i-
CsHy). *°Si {'H} NMR (99 MHz, CDCls, 298K, §): -35.2.

Table 6, entry 3: Poly(silylether) of 4,4°-biphenol: Scale: catalyst 5.0 mg, substrate 0.89 mmol.
Polymer weight 299.0 mg, yield 88 %. '"H NMR (500 MHz, CDCls, 298K, §): 6.64 (m, 4H, C12Hs),
7.26 (m, 4H, C2Hs), 7.28 (m, 4H, m-Ph), 7.36 (m, 2H, p-Ph), 7.63 (m, 4H, 0-Ph). °C {'H} NMR

(125 MHz, CDCl3, 298K, 6): 120.2 (Ci2Hs), 128.0 (m-Ph), 128.3 (C12Hs), 131.1 (p-Ph), 131.4 (i-
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Ph), 134.8 (C12Hs), 135.3 (0-Ph), 153.4 (i-C;2Hs). Si {'H} NMR (99 MHz, CDCl3, 298K, §): -
37.4. T,: 101 °C.

Table 6, entry 4: Poly(silylether) of 1,4-cyclohexanedimethanol: Scale: catalyst 5.0 mg,
substrate 0.89 mmol. Polymer weight 184.8 mg, yield 62 %. '"H NMR (500 MHz, CDCl3, 298K,
0): 0.98 (m, 4H, (CH2) CsH10), 1.54 (m, 2H, (CH) CsH)0), 1.86 (m, 4H, (CH2) CsH)0), 3.77 (m,
4H, OCH>), 7.41 (m, 6H, m & p-Ph), 7.66 (m, 4H, 0-Ph). 1*C {'"H} NMR (125 MHz, CDCls, 298K,
0): 29.2 ((CH2) CsH10),40.6 ((CH) CsH10), 68.7 ((CH2) CsH10), 127.9, (m-Ph), 130.3 (p-Ph), 133.5
(i-Ph), 135.1 (0-Ph). ®Si {'H} NMR (99 MHz, CDCl3, 298K, §):-29.9. T,: 38 °C.

Table 6, entry 5: Poly(silylether) of 1,4-cyclohexanediol: Scale: catalyst 5.0 mg, substrate 0.89
mmol. Polymer weight 222.5 mg, yield 70 %. '"H NMR (500 MHz, CDCls, 298K, §): 1.41 (m, 4H,
(CH2) CsH1p), 1.84 (m, 4H, (CH>) CsH o), 3.91 (m, 2H, (OCH) CsH)0), 5.46 (m, 1H, SiH), 7.35
(m, 4H, m-Ph), 7.39 (m, 2H, p-Ph), 7.64 (m, 4H, o-Ph). '*C {'"H} NMR (125 MHz, CDCls, 298K,
9): 30.7,32.3 ((CH2) CsH 0), 68.9,70.1 (OCH) CsH)0), 127.7, 128.1 (m-Ph), 130.1, 131.3 (p-Ph),
134.3, 134.7 (i-Ph), 135.1, 135.1 (0-Ph). Si {\H} NMR (99 MHz, CDCl3, 298K, §): -35.4, -35.6.
T,. 60 °C.

Table 6, entry 6: Poly(silylether) of 1,6-hexanediol: Scale: catalyst 5.0 mg, substrate 0.89 mmol.
Polymer weight 222.5 mg, yield 84 %. 'H NMR (500 MHz, CDCls, 298K, §): 1.32 (m, 4H,
OCH2CH2CH>), 1.56 (m, 4H, OCH2CH>CH>), 3.74 (m, 4H, OCH>CH>CH>), 7.33 (m, 4H, m-Ph),
7.38 (m, 2H, p-Ph), 7.63 (m, 4H, o-Ph). 3C {'H} NMR (125 MHz, CDCls, 298K, §): 25.7
(OCH2CH2CH»), 32.6 (OCH2CH2CH>), 63.3 (OCH2CH2CH2), 127.9 (m-Ph), 130.3 (p-Ph), 133.4
(i-Ph), 135.1 (0-Ph). °Si {'H} NMR (99 MHz, CDCl;, 298K, §): -32.6.

Table 7, entry 1: Poly(silylether) of terephthalaldehyde: Scale: catalyst 5.0 mg, substrate 0.89

mmol. Polymer weight 178.0 mg, yield 58 %. '"H NMR (500 MHz, CDCls, 298K, §): 4.81 (m, 4H,

58



OCH>), 7.26 (m, 4H, CsHy), 7.37 (m, 4H, m-Ph), 7.71 (m, 6H, p & o-Ph). 3C {'H} NMR (125
MHz, CDCl3, 298K, 6): 65.0 (OCHb»). 126.7 (p & 0-CsH4), 128.1 (m-Ph), 130.6 (p-Ph), 132.5 (i-
Ph), 135.1 (0-Ph), 139.4 (i- CsHy). ®Si {'"H} NMR (99 MHz, CDCls, 298K, 8): -30.3. T,: 20 °C.
Table 7, entry 2: Poly(silylether) of 1,6-hexanedial: Scale: catalyst 5.0 mg, substrate 0.89 mmol.
Polymer weight 105.6 mg. yield 40 %. '"H NMR (500 MHz, CDCl3, 298K, &): 1.26-1.62 (m, 8H,
OCH:CH-CH-), 3.82 (m, 4H, OCH>CH,CH>), 7.30-7.40 (m, 10H, Ph). '*C {'H} NMR (125 MHz,
CDCls, 298K, 8): 26.82 (OCH2CH2CH2), 33.21 (OCH2CH2CH>), 64.15 (OCH2CH2CH3), 127.8
(m-Ph), 131.1(p-Ph), 133.8 (i-Ph), 135.2 (0-Ph).

Table 7, entry 3: Poly(silylether) of 1,4-cyclohexanedione: Scale catalyst 5.0 mg, substrate 0.89
mmol. Polymer weight 130.1 mg, yield 49 %. '"H NMR (500 MHz, CDCls, 298K, §): 1.38 (m, 4H,
(CH2) CsHjp) 1.81 (m, 4H, (CH2) CsH0), 3.87 (m, 2H, (OCH) CsH10), 7.27 (m, 6H, m & p-Ph),
7.58 (m, 4H, o-Ph). '3C {'H} NMR (125 MHz, CDCl3, 298K, &): 30.9, 32.0 ((CH2) CsH o), 68.8,
70.0 ((OCH) CsH ), 127.7 (m-Ph), 130.1 (p-Ph), 134.1 (i-Ph), 135.0 (0-Ph). *°Si {!H} NMR (99
MHz, CDCls, 298K, 6): -35.6, -35.7. Tg: 51 °C.

Table 7, entry 4: Poly(silylether) of p-hydroxy benzaldehyde: Scale: catalyst 5.0 mg, substrate
0.89 mmol. Polymer weight 188.0 mg, yield 69 %. '"H NMR (500 MHz, CDCls, 298K, §): 4.66-
481 (m, 2H, OCH:), 6.88 (m, 2H, m-CsH4), 7.08 (m, 2H, 0-CsH4), 7.32 (m, 6H, m & p-Ph), 7.68
(m, 4H, 0-Ph). 3C{'H} NMR (125 MHz, CDCl3, 298K, 8): 64.7, 65.1 (OCH>), 119.6, 119.7 (Ph),
128.2, 130.5, 130.7, 131.0, 132.0, 133.7, 134.5, 135.1 (m, p, i & 0-Ph), 153.5 (i-CsH.). *°Si {'H}
NMR (99 MHz, CDCl3, 298K, 9): -30.1, -33.5, -37.1. Ts: 18 °C.

Table 7, entry 5: Poly(silylether) of p-hydroxy benzylalcohol: Scale: catalyst 5.0 mg, substrate
0.89 mmol. Polymer weight 198.5 mg, yield 73 %. '"H NMR (500 MHz, CDCls, 298K, §): 4.83-

4.60 (m, 2H, OCH.), 6.97 (m, 2H, CsHy), 7.45-7.35 (m, 2H, CsHsand m, 6H, m & p-Ph), 7.72 (m,
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4H, o-Ph). *C{'H} NMR (125 MHz, CDCl3, 298K, §): 64.7, 65.2 (OCH>), 119.6, 119.9 (CsHy),
128.2, 128.40, 130.6, 130.8, 133.3, 134.6, 134.9, 135.3 (m, p, i & o0-Ph), 153.5, 154.2 (i-CsH4).
2Si {H} NMR (99 MHz, CDCl3, 298K, §): -30.5, -33.5, -37.7. T,: 25 °C.

Table 7, entry 6: Poly(silylether) of 3-(4-hydroxyphenyl)-1- propanol: Scale: catalyst 5.0 mg,
substrate 0.89 mmol. Polymer weight 238.0 mg, yield 80 %. '"H NMR (500 MHz, CDCl3, 298K,
0): 1.73 (m, 2H, OCH2CH2CH>C¢H4), 2.51 (m, 2H, OCH2CH>CH2C¢H4), 3.75 (m, 2H, OCH>CH>
CH.CsHy), 6.79 (m, 4H, CsHy), 7.30 (m, 6H, m & p-Ph), 7.65 (m, 2H, o-Ph). *C{'H} NMR (125
MHz, CDCl3, 298K, 6): 31.3, 31.3 (OCH2CH2CH2CgHa), 34.1, 34.2 (OCH2CH2CH2CgHa), 62.5,
63.0 (OCH2CH2CH2C6Ha), 119.5, 119.6 (CsH4), 128.0, 128.1, 129.5, 130.4, 130.7, 131.7, 132.5,
133.2, 135.1 (m, p, i & 0-Ph), 152.2, 152.6 (i-CsHy). *Si{'H} NMR (99 MHz, CDCl3, 298K, §):

-31.9, -34.5, -37.8. Tg: 21 °C.
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CHAPTER 4

POLYMERS FROM BIO-DERIVED RESOURCES: SYNTHESIS OF POLY(SILYLETHER)S
FROM FURAN DERIVATIVES CATALYZED BY A SALEN-MN(V) COMPLEX

4.1 Introduction

Synthetic materials play a vital role in every aspect of modern life. There is a need for
advanced technologies for accessing elastomers, plastics, textiles, packaging, and sophisticated
materials applied in electronics and medicine. The vast majority of these materials are synthesized
from non-renewable fossil fuel resources.!**!* However, increasing consumption of fossil fuels
will lead to their eventual depletion and continuous release of greenhouse gases. In addition, the
majority of these polymers are non-degradable thus their accumulation in the environment has
been a threat to the ecosystem.!®* At present, there is no primary remedy for these problems; one
possibility is to synthesize polymers from sustainable starting materials. In recent years, growing
effort has been dedicated to providing access to key chemical building blocks derived from
biomass.!*>1%6197 These biomaterials, including starch, cellulose, lignin and side products of bio-
derived oils, are environmentally benign, and highly abundant as a renewable source of
carbon.!?®!% Among a large number of building blocks, furan based monomers such as furfural,
5-hydroxymethylfurfural (HMF) and their derivatives are a promising platform to synthesize bio
resins, biofuels, biopolymers, and various value-added chemicals,?0-201:202:203.204.205.206
Although several furan based monomers have been used in polymer synthesis,?’’ to our

knowledge, poly(silyl ether)s (PSEs) from furan derivatives have not been reported. PSEs are an

important class of polymers with unique and significant properties and applications.’*>® The
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presence of a labile Si-O-C linkage in the backbone allows them to degrade easily as it is
susceptible to acid or base catalyzed hydrolysis.’®®"2%® The rate of hydrolysis depends on the
nature of substituents on silicon and carbon atoms, and the bond distance of Si—O and Si—C in the
Si-O-C chain.?® The hydrolytic lability of Si—-O-C linkage attenuates their long-term
environmental impact and makes them highly attractive in applications where their degradation is
desirable such as in drug delivery processes.?!” In comparison, the corresponding siloxanes (Si—
O-Si) and ethers (C—O—C) are resistant to hydrolysis and thus degradation.?!!?!2

PSEs have been synthesized by various methods from several available sources. The most
commonly employed method is condensation polymerization of diols with either dihalosilanes,
dialkoxysilanes, or diaminosilanes. Quaternary ammonium salt catalyzed reaction of
dichlorosilanes with bis(oxetane)s and bis(epoxide)s also provide PSEs.%%% 71 However,
chlorosilanes are air/moisture sensitive and generate undesired side products, such as HC1.2!3
Hydrosilanes can be advantageous as they are air-stable, inexpensive and produce H> as the only
by-product. Reactions between hydrosilanes and bifunctional hydroxyl or carbonyl monomers,
catalyzed by transition metal complexes such as palladium, rhodium, and ruthenium, are widely
used to synthesize PSEs.?!* However, the high cost and toxicity of precious metals are the main
limitations. With these considerations, we have been interested in manganese-catalyzed reactions
because it is an inexpensive, earth abundant, biocompatible, and has great potential as a sustainable
alternative to precious metal catalysts.?!> An air stable, easily prepared high valent Mn salen nitrido
complex [MnN(salen-3,5-'Buz)] (Mn-1, see Scheme 6) has been shown to be an effective catalyst
for dehydrogentaive coupling of alcohols with hydrosilanes and hydrosilylation of carbonyls.3!!73

Because of its versatility, Mn-1 has been employed to synthesize a wide range of PSEs from diols,

dicarbonyls, and hydrosilanes.?!® Presumably, the reduced manganese center activates
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hydrosilanes by formation of an 77- or n'-SiH adduct, which undergoes nucleophilic attack by the
hydroxyl or carbonyl groups in the substrate, generating the silylether linkages. Combining our

173.174 and in utilizing renewable

interests in high-valent transition metal complexes in catalysis
feedstock for degradable polymers,?!” herein we report the synthesis of a variety of PSEs from bio-
derived furanic monomers and hydrosilanes catalyzed by Mn-1.
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Scheme 6. Structure of the Mn-1 catalyst and a possible polymerization mechanism

4.2 Results and discussion
The four furan monomers examined in this study, 5-(hydroxymethyl)furfural (HMF),!®
2,5-bishydroxymethylfuran (BHMF),?"??% 2 5-diformylfuran (DFF),2?!:222:223224  apd 5,5°-

) 225,226

oxymethylenebisformylfuran (OBMF), are all known compounds and can be derived from

cellulosic biomass. HMF is now commercially available from nonedible sources.

4.2.1 Reactions between BHMF with hydrosilanes

The diol, 2,5-bis(hydroxymethyl)furan (BHMF), is a reduced product of HMF and was chosen
as the standard monomer. The two hydroxyl groups in BHMF makes it a versatile building block
for various polymers such as polyesters via condensation with carboxylic acids; some of the cross-
linked polymers are known for their self-healing ability.??’ Our initial efforts were geared towards

establishing suitable conditions for the polymerization reactions between BHMF and various
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hydrosilanes in the presence of Mn-1 (1 mol%). A reaction between BHMF and Ph2SiH: in toluene
at reflux temperature under inert conditions was monitored at regular time intervals by NMR
spectroscopy. Also, change in the reaction mixture’s color from green to brown indicated the
reaction progress. The monomer conversion reached >95 % in 12 h; however, the reaction was
allowed to continue for 24 h in order to obtain high molecular weight PSEs since the reaction
proceeds by a step-growth polymerization reaction. The resultant polymer product PSE (13) was
purified by the precipitation method and characterized by spectrometric techniques (Table 8, entry
1). According to the "TH NMR analysis, the disappearance of silane hydrogens (SiH) at 4.92 ppm
and hydroxyl groups of BHMF peaks at 1.87 ppm confirmed the consumption of starting materials.
Simultaneously, shifting of the two methylene groups (CH-) of monomer in 'H NMR from 4.62 to
4.66 ppm (Figure 22) and in 3*C NMR (CH>) from 56.5 to 58.0 ppm suggested the formation of

PSE (12) (Figure 23).
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Figure 22. 'TH NMR spectra of the PSE prepared from of BHMF and Ph,SiH»
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Figure 23. 13C NMR spectra of the PSE prepared from of BHMF and Ph,SiH»

In the 2°Si NMR spectrum, a single peak was observed at —39.61ppm, which was consistent with
the single silicon center of a repeating unit. In addition to the NMR studies, the disappearance of
hydroxyl (OH) groups at 3200 cm™ and Si-H groups at 2130 cm™!, and the appearance of Si-O-C
linkage around 1200 cm™ in FT-IR supports the formation of PSE (13). GPC studies reveal that
the resultant PSE (12) has M, of 4300 g/mol (Table 2, entry 1). It should be mentioned that the
synthesized PSE has a light brownish color after repeated purifications by precipitation. No further
darkening was observed after two months of ambient storage and GPC analysis showed no
significant change in molecular weights.

To explore the effect of hydrosilanes in the polycondensation, we sought to vary one of the
phenyl groups of Ph,SiH; with substituents possessing different electronic and steric features.
First, a less hindered alkyl group i.e. methyl was chosen to replace one phenyl group. However,

the reaction between the corresponding methylphenylsilane, PhMeSiH> and BHMF for 24 h
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produced low molecular weight PSE (14) (M, 3200 g/mol, Table 8, entry 2). The results are
consistent with prior observation that alkylsilanes showed lower activity than arylsilanes in Mn-1
catalyzed dehydrogenative coupling reactions. When a more hindered 1-naphthylphenylsilane,
NpPhSiH2, was used in the reaction under the same conditions, an even lower molecular weight
polymer PSE (15) with M, 2100 g/mol was obtained, presumably due to the high steric hindrance
of naphthyl group (Table 8, entry 3). Furthermore, a bis(thydrosilane), 1,4-
bis(dimethylsilyl)benzene (BDMSB) was tested because of its known high reactivity in the
preparation of PSEs. However, the reaction mixture retained its initial green color, which indicated
that the reaction was not proceeding (Table 4, entry 4). NMR studies of the reaction confirmed
that BDMSB was not active in Mn-1 catalyzed reactions. The lack of reactivity of BDMSB could
be attributed to the fact that it is a tertiary silane having two alkyl (methyl) groups. In these cases,
it was also noted that the activity of hydrosilanes correlated well with the isolated yields.

In our previous study, it was shown that the reaction temperature plays a role in producing
high M, PSEs,?!® thus a variety of high boiling solvents including xylenes (140 °C), bromobenzene
(156 °C), and mesitylene (165 °C) were examined in the polymerization. A set of reactions
between BHMF and PhoSiH»> were performed in these solvents at reflux temperatures. However,
very low My PSEs were produced due to the poor solubility of BHMF. Furthermore, in all these
reactions, considerable amount of a dark brown insoluble solid was formed at elevated
temperatures. Efforts to characterize these insoluble materials were not successful because of their
poor solubility in common organic solvents. Thus, toluene was chosen as the standard solvent in
further polymerization runs.

Table 8. Polymerization of HMF with different hydrosilanes®

O i Mn-1 . o rsitds
HO/\@/\OH + H—[Si]—H > {—ovo [SiH* 4 H,

N,, toluene, reflux
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Entry PSE [Si] M (g/mol)® p®  Yield %

1 PSE 13 QSi@ 4300 1.33 88
2 PSE 14 QSi— 3200 222 63

O
3 PSE 15 O 2100 1.24 40

4 - s::iOs:i NR. - -

#Reaction conditions: substrate HMF, 0.89 mmol; silane, 1.0 equiv; and catalyst Mn-1, 1.0 mol %;
reaction time, 24 h. ®Determined by GPC calibrated with polystyrene standards. D = polydispersity

index.

4.2.2 Substrate scope

Given the versatility of the current catalyst, we are interested in extending the substrate
scope to include other furan derivatives with different functional groups. First, we decided to
lengthen the reaction time in order to produce high-M, PSEs. Thus, a 40 h reaction between BHMF
and Ph>SiH> was performed under the optimized condition (Table 9, entry 1). As expected, the
isolated product PSE (16) has a high molecular weight (M, 11000 g/mol), more than double that
of the 24 h reaction. This agrees with the step-growth nature of condensation polymerization
reactions.

In the biomass conversion process, furan derivatives with different functional groups have
been routinely produced. We targeted HMF, as an interesting bio-derived building block bearing
both hydroxyl and formyl functionalities. The reaction between HMF and Ph>SiH» under
optimized conditions was carried out for 40 h, and the resulting PSE (17) has M, of 8000 g/mol

with D of 2.26 (Table 9, entry 2). The comparatively lower molecular weight of PSE (17) can be
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explained by the general observation that hydroxyl groups are more nucleophilic and thereby more
active than carbonyl groups in Mn-1 catalyzed reaction with Ph,SiH;. Though HMF has two
different functional groups, the resulting structure of PSE with Ph>SiH; would be same as the PSE
of BHMF i.e. PSE (16) because the -CHO functional group will be reduced to -CH>O— during the
reaction.

In the 'H NMR spectrum, the disappearance of aldehyde peak at 9.63 ppm and appearance
of two new hydrogens at 4.66 ppm (i.e. conversion of -CHO to -CH>0-) and shifting of the two
hydrogens of the furan ring from 6.55 and 7.34 ppm to 6.07 ppm confirm the formation of PSE
(17). In addition, the disappearance of the C=0 stretching frequency at 1660-1670 cm™! in FT-IR
spectrum also supports the consumption of monomers and formation of PSE (17). Interestingly,
small but consistent peaks at 9.63 ppm in '"H NMR spectrum and at 1672 cm™ in FT-IR spectrum
indicate the presence of formyl-capped end groups of the polymer chain.

Encouraged by these results, another furan derivative, 2,5-diformylfuran (DFF) was
examined as monomer under the optimized condition (Table 9, entry 3). The M, of the resultant
PSE (18) was 5500 g/mol with D of 1.74. Comparatively, the M, of PSE (18) was lower than the
analogous PSE (16) and (17) (Table 9, entries 1-2). These values again are in line with the fact that
the hydrosilylation of carbonyls catalyzed by Mn-1 is slower than the dehydrogenative coupling
of alcohols. Notably, PSE (18) has the same backbone as PSE (16) and (17), which was verified
by NMR spectroscopy. The disappearance of —CHO peak at 9.65 ppm and the simultaneous
appearance of two —~CH> protons (4 H) at 4.65 ppm in '"H NMR and appearance of a new peak at
65.0 ppm in '*C NMR confirms the formation of PSE (18). Together, these reactions represent a
rather unique example in which polymers with the same backbone structure can be synthesized

from monomers having different functional groups using the same catalyst.
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Table 9. Polymerization reactions of various furan monomers®

Entry PSE Substrate Mn(g/mol)> DP Yield %

1 PSE 16 11000 1.98 81

O
/\@/\OH
o
«@)H' 8000 2.26 74
O O
W
\ /"
@)
0
/AW

2 PSE 17

3 PSE 18 5500 1.74 76

HO
HO
H
0
4 PSE 19 W /\Q)kH 6400 1.69 78
Ho A

#Reaction conditions: substrate, 0.89 mmol; silane Ph2SiH», 1.0 equiv; and catalyst Mn-1, 1.0 mol
%; reaction time: 40 h. *Determined by GPC calibrated with polystyrene standards.

We next chose cirsiumaldehyde (5,5'-[oxybis(methylene)]di(2-furaldehyde) (OBMF), as
the monomer. OBMF features two characteristic ether linked CH> groups (-CH>-O-CH>-) at 4.45
ppm and two -CHO groups at 9.90 ppm. The reaction between OBMF and Ph,SiH> for 40 h under
optimized conditions resulted in PSE (19), which has a M, of 6400 g/mol (Table 2, entry 4). Similar
to the NMR spectra of PSEs (17) & (18), a new characteristic peak appeared at 4.66 ppm,
corresponding to the newly formed —CH> protons from the reduction of CHO groups. Also like in
PSE (17) and (18), the presence of small peaks at 9.57 ppm in 'H NMR and 178.1 ppm in *C
NMR indicates the formyl group as an end group of the polymer.
4.2.3 Thermal properties of PSEs
Differential scanning calorimetry. The thermal properties of the synthesized PSEs were

investigated under nitrogen atmosphere using differential scanning calorimetry (DSC) and
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thermogravimetric analysis (TGA) techniques, and the characteristic results were summarized in
Table 10.

Table 10. DSC and TGA data of PSEs

Polymer # Tg/°C T-50%/°C Final residue %
PSE (12) 9.8 445 21.2
PSE (13) 3.5 427 22.6
PSE (14) 27.8 473 22.4
PSE (16) 15.6 445 21.2
PSE (17) 9.0 453 25.4
PSE (18) 33 427 22.6
PSE (19) 2.5 422 29.0

The long Si—O and Si—C bond lengths in Si—O—C linkages of PSEs can raise the flexibility
of the polymer backbone, which leads to low glass-transition temperatures (7). PSEs bearing
aromatic backbones or secondary a-carbons typically exhibit higher 7, whereas those bearing
aliphatic backbones or primary a-carbons typically have lower T,. According to the DSC analysis,
T, of the PSEs (1-3) are in the range of 3.5-27.8 °C (Figure 24). Here PSEs with sterically more
hindered groups such as naphthylphenylsilane (NpPhSiH>) exhibits higher 7, values PSE (15), T,
= 27.8 °C), while PSEs with sterically less hindered groups exhibits lower 7, values (PSE (13 &
14), Te=9.8 & 3.5 °C respectively). These results clearly demonstrate that steric hindrance around
the silicon atom plays a significant role in determining the 7%. In addition to the steric hindrance,
molecular weights may also play a role in determining the 7, of PSEs. In this context, it is
informative to compare PSE (16-18), a series of polymers with same backbone linkages but
different molecular weights. PSE (16), with a M, of 11000 g/mol exhibits a 7, of 15.6 °C, whereas
PSE (17) with a M, of 8000 g/mol exhibits a T of 9.0 °C, and PSE (18) with a M, 5500 g/mol

shows a low T of 3.3 °C. PSE (19) has the lowest 7, of 2.5 °C among all the listed PSEs in this
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work. This may be attributed to the additional flexible ether linkages between two furan rings.
These specific trends demonstrate the importance of steric hindrance of substituent groups and the

molecular weights in determining the thermal properties of PSEs.
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Figure 24. DSC Thermograms of PSEs

Thermogravimetric analysis. TGA of PSEs was carried out from 20 to 800 °C. According to the
TGA analysis (Figure 25), the onset of decomposition occurs at about 187-250 °C. The
temperatures for 50% gravimetric loss (7-s0%), a vital criterion for assessment of thermal stability,
are in the range of 422-473 °C. The final residue weights of all the PSEs are between 21.2 to 29.0
%. Similar to DSC studies, steric hindrance and molecular weights of PSEs are important factors
influencing the thermal stability of PSEs. PSE (15) produced from NpPhSiH> showed highest
thermal stability, with T-s04 at 473 °C, even though its molecular weight is not high. This can be
attributed to the protection provided by the sterically more hindered Np group. Along the same
line, PSE (13) and PSE (14) derived from less hindered Ph,SiH, and MePhSiH> show
progressively lower resistance to heat. On the other hand, a smaller variation in 7-s0% values were

observed for PSEs (16, 17, and 18) with the same repeating units; which may be a result of the
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difference in the respective molecular weights. The additional ether linkage again leads to the low

T-509 of PSE (19).
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Figure 25. TGA Thermograms of PSEs

4.2.4 Degradation studies

To test the hydrolytic stability of the PSE polymers, we have performed degradation studies
under hydrolytic conditions. For this study, a high molecular weight PSE (20) (M, of 25,000 g/mol)
was synthesized from BHMF and Ph;SiH> under optimized conditions by extending the reaction
time from 40 h to 96 h. This polymer exhibited a T of 17.9 °C, higher than the corresponding PSE
obtained at 40 h. A homogeneous solution was first prepared by dissolving this PSE in THF (~10
mg/mL), and aliquots of HCI/H>O (pH=2.0) at 2 vol% were added at room temperature to induce
polymer degradation. Changes in the molecular weight of PSE over time were monitored by GPC
(Figure 26). As expected, a rapid drop in the molecular weight was observed initially (M, nearly
halved in 3 hours), followed by a slow degradation resulting in M, of 8500 g/mol at 48 h. In
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comparison, increasing the amount of HCI/H>O (pH=2.0) from 2 vol% to 17 vol% led to complete
degradation within the first few hours, while no significant degradation was observed when 2 vol%
neutral H>O was added instead of HCI/H>O. These observations demonstrated that the cleavage of
the Si—O—C linkage in our PSE correlated with the amounts of active acidic hydrogens in the

mixture, comparable to the literature report on the degradation of PSEs.
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Figure 26. Degradation plots of PSE 20 (M, vs time)

4.3. Conclusions

In summary, a variety of degradable poly(silylether)s (PSEs) based on renewable furan
derivatives were successfully synthesized by using an efficient Mn salen catalyst. Monomers with
hydroxyl functional groups reacted via dehydrogenative cross coupling with hydrosilanes, whereas
carbonyl functional groups reacted via hydrosilylation. Under similar conditions using Mn
catalyst, hydroxyl functionalized monomers display higher activity than carbonyl monomers,
leading to high molecular weight PSEs. It is notable that the PSEs with same polymer backbone

can be obtained from different monomers with different functional groups. The thermal stability
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of PSEs, as indicated by the T, and T-so%, can be correlated with, and thus modified by the steric
features of the substituent groups on silicon. Interestingly, the polymers can be completely
degraded under acidic conditions. Further studies on synthesizing other PSEs from different
renewable feedstock and their degradation are underway in our laboratory.

4.4. Experimental Section

Materials and instrumentation. S-Hydroxymethyl furfural and its derivatives were supplied by
Prof. Sibi’s group at NDSU. Deuterated solvent, CDCl3 was purchased from Cambridge Isotope
Laboratory. Hydrosilanes were purchased from Sigma-Aldrich. All the solvents were degassed
and dried over molecular sieves (4 A) prior to use. All 'H, *C NMR, and 2°Si NMR spectra were
recorded on a Bruker AVANCE-500 NMR spectrometer and referenced to the residual CHCl3 in
CDCls. ?°Si NMR spectra were referenced to internal TMS. Infrared spectroscopy (IR) results were
obtained on a Thermo Scientific Nicolet iS5 FT-IR instrument and analyzed with OMNIC 8.2
software. The samples for IR analysis were directly loaded as a thin film without support using an
iD5 ATR accessory. Molecular weights were determined via gel permeation chromatography
(GPC). A Varian Prostar system, using the PLgel 5 um Mixed-D column, a Prostar 355 refractive
index detector was used. Elution rate was maintained at 1 mL/ min (20 °C) and THF was used as
the eluent. Polystyrene standards were used for calibration. DSC thermograms were collected
using a Perkin Elmer Jade differential scanning calorimeter, and the instrument was calibrated
using zinc and indium standards. Samples were analyzed in hermetically sealed pans under a
nitrogen atmosphere. Tes of PSEs were determined from the second heating cycles with a
heating/cooling rate of 20 °C/min under the nitrogen atmosphere (20 mL/min). DSC data were
analyzed using Pyris V9.0.2 software. TGA of PSEs was performed on SDT Q 600 instrument at

a flow rate of 100 mL/min of nitrogen (furnace purge gas). The temperature was increased at 5
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°C/min rate from 23 to 800 °C. Alumina (Al,O3) sample cups were used to weigh the polymer
samples and to run the TGA. Advantage™ software was used to analyze the TGA data.

General procedure for the synthesis and purification of PSEs. All reactions were performed
under inert atmosphere of dry nitrogen unless otherwise mentioned. Oil baths equipped with digital
thermometers and controllers were used to set and read the temperature. For a typical synthesis, to
a 50-100 mL Schlenk flask equipped with a magnetic stir bar, 1 mol% catalyst [MnN(salen-3,5-
‘Buz)] (Mn-1), stoichiometric equivalents of monomer and diphenylsilane (0.89 mmol of each, 1:1
ratio) were added, followed by the addition of 2.5 to 2.8 mL of solvent in a glove box. Later the
reaction flask was taken out and connected to Schlenk line under an inert atmosphere. Then, the
reaction mixture was heated at reflux temperature for a specific time. The reaction progress was
monitored until >90% conversion was achieved by periodically taking out a small amount of
samples for NMR and GPC analyses.

PSEs were purified by precipitation method from dichloromethane (DCM) and methanol
(MeOH) solvents. The brown colored crude reaction mixture was homogenized by adding small
amount of DCM (1-2 mL), then MeOH was added portion wise (10—12 mL) as the solution turned
into a biphasic mixture. The top layer of any soluble, unreacted materials was separated using a
pipette, and the bottom solid/viscous layer was further washed with MeOH a couple of times which
resulted in a solid/viscous light yellow colored polymer. Finally, the polymer was dried under
vacuum to a constant weight and characterized by '"H NMR, "*C NMR, and FT-IR and GPC, DSC
and TGA.

General procedure for PSEs degradation. PSE (10 mg) and 1 mL of THF were added to a 10
mL sample vial equipped with a magnetic stirrer. After getting a homogenous solution, calculated

volumes of HCI/H20 solution (pH=2) or distilled water were added to the reaction mixture at
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ambient temperature. Samples were taken at specific times using pipets and diluted for molecular
weight determination.

NMR characterization data of PSEs

Table 8. Entry 1, PSE (12): Scale: catalyst 5.0 mg, substrate 0.89 mmol. Yield 88%. 'H NMR
(500 MHz, CDCl3, 298 K, 9): 4.66 (m, 4H, OCH>), 6.03 (m, 2H, CH-CH), 7.33 (m, 6H, m & p-
Ph), 7.60 (m, 4H, o-Ph). *C {1H} NMR (125 MHz, CDCls, 298 K, §): 58.0 (OCH>), 108.9 (CH-
CH), 128.0 (m-Ph), 130.5 (p-Ph), 132.2 (i-Ph), 135.2 (0-Ph), 153.3 (=C). Si {1H} NMR (99
MHz, CDCl3, 298 K, 3): —39.81.

Table 8. Entry 2, PSE (13): Scale: catalyst 5.0 mg, substrate 0.89 mmol. Yield 63%. 'H NMR
(500 MHz, CDCl3, 298 K, 9): 0.37 (m, CH3), 4.5-4.65 (m, 4H, OCH>), 6.16 (m, 2H, CH-CH), 7.36
(m, 3H, m & p-Ph), 7.60 (m, 2H, o-Ph). *C {1H} NMR (125 MHz, CDCl3, 298 K, §): -3.8 (CH3),
57.7 (OCH>), 108.6 (CH-CH), 128.0 (m-Ph), 130.3 (p-Ph), 133.2 (i-Ph), 134.2 (0-Ph), 153.4 (=C).
2Si {1H} NMR (99 MHz, CDCl3, 298 K, §): —36.36.

Table 8. Entry 2, PSE (14): Scale: catalyst 5.0 mg, substrate 0.89 mmol. Yield 40%. 'H NMR
(500 MHz, CDCl3, 298 K, 6): 4.63 (m, 4H, OCHz>), 5.96 (m, 2H, CH-CH), 7.31-8.21 (m, 10H, Ph
& Naph). °C {'H} NMR (125 MHz, CDCl3, 298 K, §): 58.0 (OCH>), 109.0 (CH-CH), 125.2—
137.1 (14 C, Ph & Naph). 153.3 (=C). °Si {1H} NMR (99 MHz, CDCls, 298 K, §): —40.10.
Table 8. Entry 1, PSE (16): Scale: catalyst 5.0 mg, substrate 0.89 mmol. Yield 81%. 'H NMR
(500 MHz, CDCl3, 298 K, 9): 4.63 (m, 4H, OCH>), 6.16 (m, 2H, CH-CH), 7.36 (m, 3H, m & p-
Ph), 7.60 (m, 2H, o-Ph). '3C {'H} NMR (125 MHz, CDCl3, 298 K, §): -3.8 (CH3), 57.7 (OCH>),
108.6 (CH-CH), 128.0 (m-Ph), 130.3 (p-Ph), 133.2 (i-Ph), 134.2 (0-Ph), 153.4 (=C). ¥Si {1H}

NMR (99 MHz, CDCl3, 298 K, 6): —=39.61
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Table 9. Entry 2, PSE (17): Scale: catalyst 5.0 mg, substrate 0.89 mmol. Yield 74%. 'H NMR
(500 MHz, CDCl3, 298 K, 9): 4.65 (m, 4H, OCH>), 6.07 (m, 2H, CH-CH), 7.33 (m, 6H, m & p-
Ph), 7.62 (m, 4H, o-Ph). *C {1H} NMR (125 MHz, CDCls, 298 K, §): 58.0 (OCH>), 108.9 (CH-
CH), 128.0 (m-Ph), 130.6 (p-Ph), 134.6 (i-Ph), 135.2 (0-Ph), 153.5 (=C). ¥Si {1H} NMR (99
MHz, CDCl3, 298 K, 3): —40.22

Table 9. Entry 3, PSE (18): Scale: catalyst 5.0 mg, substrate 0.89 mmol. Yield 76%. 'H NMR
(500 MHz, CDCl3, 298 K, 9): 4.65 (m, 4H, OCH>), 6.07 (m, 2H, CH-CH), 7.33 (m, 6H, m & p-
Ph), 7.62 (m, 4H, 0-Ph). '3C {1H} NMR (125 MHz, CDCl3, 298 K, §): 58.0 (OCH>), 108.9 (CH-
CH), 128.0 (m-Ph), 130.5 (p-Ph), 134.5 (i-Ph), 135.2 (0-Ph), 153.3 (=C). Si {1H} NMR (99
MHz, CDCl3, 298 K, 8): —41.03

Table 9. Entry 4, PSE (19): Scale: catalyst 5.0 mg, substrate 0.89 mmol. Yield 78%. 'H NMR
(500 MHz, CDCl3, 298 K, 9): 4.38 (m, 4H, CH>-OCH>), 4.73 (m, 4H, OCHz>), 6.15 (m, 2H, CH-
CH), 7.32 (m, 6H, m & p-Ph), 7.64 (m, 4H, 0-Ph), 9.57. 3C {1H} NMR (125 MHz, CDCls, 298
K, 8): 58.8 (OCH2), 63.1 (CH2OCH>»), 108.9 (CH=CCH:0Si), 110.6 (CH=CCH20CH>), 128.0 (m-
Ph), 130.6 (p-Ph), 134.9 (i-Ph), 135.2 (0-Ph), 151.4 (=CCH,0Si), 154.0 (=CCH,OCH,). *Si { 1H}

NMR (99 MHz, cpciz, 298 K, 6): —40.42.
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CHAPTER 5

RENEWABLE ISOHEXIDES-BASED, HYDROLYTICALLY DEGRADABLE
POLY(SILYLETHER)S WITH HIGH THERMAL STABILITY

5.1 Introduction

Petrochemical-based synthetic polymers have played a significant role in the chemical
industry due to their attractive properties like durability, elasticity, and other valuable features.>>
However, depletion of fossil fuel feedstock and environmental persistence of most petrochemical
polymers limit their sustainability perspective.??822*23% To overcome these challenges, naturally
originated and eco-friendly polymers have emerged as a major sustainable alternative.?*!>32233 In
this regard, a variety of biobased renewable monomers and their derivatives have been extensively
reported in the polymer synthesis.?**?3%236 Yet, the low thermal stability of most of the bio-based
polymers, particularly low glass transition temperature (7,) and low thermal decomposition (74q)
are a major limitation for high temperature industrial processes and applications.?*” On the other
hand, design and development of various degradable polymers, hydrolytically or enzymatically,
have been growing due to their wide diversity of applications in biomedical fields; representative
examples include orthopedic implants, tissue engineering, drug delivery systems, and imaging
agents 238239240241
Driven by these considerations, isohexides (1,4:3,6-dianhydrohexitols) namely isosorbide
(IS; 1,4:3,6-dianhydro-D-mannitol), isomannide (IM; 1,4:3,6-dianhydro-D-glucitol), and isoidide

(IT; 1,4:3,6-d-dianhydro-L-iditol) have received significant attention in polymer chemistry (Figure

27).1636 Isohexides are commonly prepared from carbohydrate sources via multistep reactions
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including hydrogenation and dehydration.?**?**Among the three isomers, IS, a C2 exo, C5 endo
diol and IM, a C2/CS5 endo endo diol are readily available due to their high yield production from
D-sorbitol and D-mannitol, respectively, whereas the C2/C5 exo exo isomer, II is rare due to the
negligible existence of its precursor, L-idose in plants.***** These bifunctional isohexides are

245

chiral and non-toxic;~* the unique aliphatic bicyclic structure with two fused tetrahydrofuran rings

provides high strength and rigidity to the molecule.?*® Consequently, the incorporation of
isohexides into the polymer backbone can dramatically enhance the thermal and mechanical
properties of polymers, which makes them attractive for high thermal applications such as flame-

retardants.?*’

Isosorbide
1,4:3,6-dianhydro-D-glucitol

a

OH

Isomannide
1,4,3,6-dianhydro-D-mannitol
b

Isohexides
1,4:3,6-dianhydrohexitols

Isoidide

0
m 1,4:3,6-dianhydro-L-idotol
0 y Cc

OH

Figure 27. Chemical structure of isohexide (left). (a) isosorbide (b) isomannide, (c) isoidide.
Dotted lines in (a) and (b) represent intramolecular hydrogen bonds

Interestingly, a variety of reactive functionalities such as amine, azide, isocyanate,

carboxylic acid, and ester groups can be installed to replace or extend the original hydroxyl groups
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for new starting materials, which further broadens the scope of accessible polymers.m249 Hence,

251,252,253 254

a wide range of thermally stable polyesters,® polyamides, poly(ester amide)s,

255 6 257

poly(ether imide)s, polymethacrylates,”®  polyurethanes, polycarbonates,”®  and
poly(isosorbide fatty alkylates)* have been synthesized through either chain or step growth
polymerization. Notably, poly(ester amide)s derived from isohexides have been shown to be
degradable in bioanalogous studies and can be successfully used in biological applications.?60-2%!

To our knowledge, isohexide-based poly(silyl ether)s (PSEs) have not been reported to date,
although there is significant industrial and academic interest in them. PSEs are potentially
susceptible to hydrolytic degradation due to the presence of a labile silyl ether (Si-O—C) linkage.
A variety of synthetic methods have been reported to produce silylethers from various available
resources.?93264265 Ope of the most commonly used methods is transition metal catalyzed
condensation polymerization of alcohols with silanes.’*®%%® Recently, we have reported the
synthesis of degradable PSEs from biobased furan derivatives and silanes catalyzed by an air-
stable manganese nitrido salen complex [Mn‘N(salen-3,5-Buy)] (Mn-1).2'2%2 Mn has great
potential as a sustainable alternative to precious metals such as platinum, rhodium, and ruthenium,
because it is inexpensive, earth abundant, nontoxic and biocompatible. Use of readily available
hydrosilanes as co-monomer over moisture sensitive chlorosilanes is also advantageous as
nontoxic Hz is the only by-product in this dehydrogenative coupling reactions. Motivated by these
results, herein we present the synthesis and characterization of IS and IM based PSEs via

polycondensation method catalyzed by Mn-1. Remarkably, PSEs derived from isohexides exhibit

high glass transition and thermal stabilities, yet are hydrolytically degradable.
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5.2 Results and discussion

The PSEs were synthesized by polycondensation reactions of IS and IM with secondary
hydrosilanes (Scheme 7). The polymerization reactions were performed according to our recent
work, and toluene was again chosen as the solvent in this study because of the formation of low
molecular weight polymers in other solvents such as benzene, mesitylene, xylene, and dioxane

(Table 11).

R
R (0] \0—84*
O___ OH | Mn-1 (1 mol %) ST 1+ H,
S—Z_) L UL ) J[ o
, loluene (re
o [ Natolene (efi)  «fo” o
R = Ph, Me, Np

Scheme 7. Polymerization of IS with different silanes

The reactions were monitored at regular time intervals by NMR spectroscopy. The resulting PSEs
were purified through the precipitation method, and the details are described in the experimental
section. The reaction between Ph2SiH> and IS went smoothly and the conversion reached >95% in
less than 10 h, nevertheless, the reaction time was prolonged to 24 h (Table 12, entry 1). The
disappearance of IS’s hydroxyl peak at 2.96 ppm and silane hydrogens (SiH) at 4.92 ppm in 'H
NMR confirmed the consumption of starting materials. Appearance of six characteristic peaks at
71.3, 73.9, 76.0, 78.0, 82.0, and 88.3 ppm in '3*C NMR spectrum (Figure 28b) indicates that the
resulting PSE (21) still possesses the C2 exo and C5 endo configurations. Besides, attribution of
four peaks in '*C NMR between 128.0 and 140.0 ppm and a single peak in >’Si NMR at -31.48
ppm confirms the presence of diphenylsilyl moiety in the resultant polymer. The GPC analysis

showed the M, as 3300 g/mol with poly dispersity index (D) of 1.31.
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Table 11. Polycondensation reaction of IS and PhoSiH> in different solvents?

Entry PSE Solvent Time (h) M g/mol® b’
1 PSE 21 Dioxane 24 2500 1.25
2 PSE 22 Benzene 24 2400 1.42
3 PSE 23 Xylenes 24 2300 1.31
4 PSE 24 Mesitylene 24 2400 1.29

aSubstrate, 0.87—0.90 mmol; silane, 1.0 equiv; and Mn catalyst 1, 1.0 mol %. 1 mL of solvent
under reflux. ® Determined by gel permeation chromatography (GPC) calibrated with polystyrene
standards
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Figure 28. Comparison of 3C NMR spectra for IS and IS-derived PSEs. (a) IS monomer, (b) PSE
(25), (c) PSE (27), (d) PSE (28)
In another reaction between the same monomers over 40 h, the M, of the resulting PSE

(26) was increased to 5700 g/mol (Table 12, entry 2). Compared with PSEs derived from 2,5-

82



bis(hydroxymethyl) furan under identical conditions,?®* IS has produced lower molecular weight
PSEs. Although direct comparison of GPC-based molecular weights of different polymers should
be taken with caution, we attribute it to the secondary hydroxyl groups of isohexides being
relatively less reactive than primary hydroxyl groups, as observed in similar reactions.'7>-!6
Additionally, the intramolecular hydrogen bonding between the proton of endo hydroxyl group
and an endocyclic oxygen may also decrease the reactivity of the endo hydroxyl group (see Figure

27).266

Table 12. Polymerization of IS with different hydrosilanes

Entry PSE Structure (time h) M (g/mol)® pP Yield %
1 PSE 25 ISPh>-(24) 3300 1.31 78
2 PSE 26 ISPh»-(40) 5700 1.66 86
3 PSE 27 ISPhINp-(40) 4000 1.44 70
4 PSE 28 ISPhMe-(40) 3500 1.57 72

[a] Reaction conditions: substrate, 0.87—0.90 mmol; silane, 1.0 equiv; and Mn catalyst 1, 1.0 mol
%. Conversion is >95% as judged by the consumption of hydrosilanes by NMR. [b] Determined
by gel permeation chromatography (GPC) calibrated with polystyrene standards

To explore the reactivity of hydrosilanes in manganese catalyzed polycondensation
reactions, sterically hindered 1-naphthylphenylsilane (PhNpSiH2) was next employed in the
reaction. A low molecular weight PSE (27), My = 4000 g/mol was produced at 40 h (Table 12,
entry 3). The appearance of fourteen peaks between 125.0 and 145.0 ppm in '*C NMR confirms
the incorporation of naphthylphenyl moiety into the polymer structure (Figure 28c). If a less

hindered silane, methylphenylsilane (PhMeSiH2) was used, PSE (28) with even lower molecular

weight was obtained (Table 12, entry 4), presumably due to the lower reactivity of PhMeSiH» than
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Ph,SiH; in the reaction. The appearance of silylmethyl peak at -3.50 ppm in *C NMR confirms

the formation of PSE (28) (Figure 28d).

The formation of low molecular weight polymers with hindered and alkyl hydrosilanes in
Mn-1 catalyzed reactions are consistent with our previous observations. These polymers were
further characterized by FT-IR. As shown in Figure 29, the disappearance of hydroxyl (OH) and
Si-H stretching frequencies around v = 3300 cm™ and 2100 cm™ respectively in FT-IR also
supports the formation of PSEs between isohexide and hydrosilanes. The entire series of PSEs

exhibit similar FT-IR absorption patterns.
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Figure 29. Attenuated total reflectance FT-IR spectra of isosorbide (bottom), hydrosilane, PSE
(25), PSE (27), and PSE (28)

5.2.1 Synthesis of PSEs from isosorbide and isomannide at extended reaction times
In consideration of the low reactivity of isohexides and the step-growth polymerization
pathway of current polycondensation reactions, we further increased the reaction time to

synthesize polymers with high molecular weight. Thus, a new reaction between IS and PhoSiH»
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was performed under optimized conditions for 80 h. GPC analysis displayed that high molecular
weight polymer PSE (29) was indeed achieved, and M, was observed to be 17000 g/mol with D
of 2.08 (Table 13, entry 1). Therefore, the reaction time was kept as 80 h in further reactions.
Similarly, the longer reaction time boosted the molecular weight of the PSE (30) from IS and
sterically hindered PhNpSiH> up to 14000 g/mol with the B of 2.00 (Table 13, entry 2). In another
reaction between a less active silane, PhMeSiH> and IS, the molecular weight of the resulting PSE

(31) was observed as 13300 g/mol with the b of 1.92 (Table 13, entry 3).

Table 13. Polymerization of IS and IM with hydrosilanes

Entry PSE Structure (time h) M (g/mol)® bP Yield %
1 PSE 29 ISPh»-(80) 17000 2.08 90
2 PSE 30 ISPhNp-(80) 14000 2.00 82
3 PSE 31 ISPhMe-(80) 13300 1.92 73
4 PSE 32 IMPh»-(80) 13000 2.25 71
5 PSE 33 IMPhNp-(80) 9500 1.56 72
6 PSE 34 IMPhMe-(80) 6100 2.05 70

#Reaction conditions: substrate, 1.78 mmol; silane, 1.0 equiv; and catalyst Mn-1 1.0 mol %.
Conversion is >95% as judged by the consumption of hydrosilanes by NMR. *Determined by GPC
calibrated with polystyrene standards.

Encouraged by these results, IM, a symmetric isohexide was examined as monomer and
polymerization reactions were performed with the three hydrosilanes mentioned above. Reaction
with Ph,SiH> under the typical polymerization conditions resulted in PSE (32), exhibiting M, of
13000 g/mol with D of 2.25 (Table 13, entry 4). In contrast to IS-derived PSE (29), IM-derived

PSE (32) have displayed significantly different NMR spectra. Appearance of only three peaks at
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3.70, 4.20, and 4.40 ppm in '"H NMR for the eight alicyclic protons and three peaks at 72.0, 75.3,
and 82.0 ppm in '*C NMR demonstrates the structural difference of IS and IM, which is in
agreement with the symmetric nature of IM. We next performed two polymerization reactions
under standard conditions with PhANpSiH> and PhMeSiH>, as depicted in Table 13 (Entries 5 and
6), M, values of the resulting PSEs (33) and (34) were 9500 g/mol and 6100 g/mol, respectively.
Comparatively, IM-derived PSEs (32-34) showed lower molecular weights than the corresponding
IS-derived PSEs (29-31). These results suggest that orientation of hydroxyl groups of isohexides
has a significant influence on their reactivity: the two endo hydroxyl groups of IM could both
participate in intramolecular hydrogen bonding with adjacent oxygen atom, whereas only one endo
hydroxyl group for intramolecular hydrogen bonding in IS (Figure 27). For a direct comparison of
IS and IM, reactions with Ph2SiH; were performed under identical conditions, which demonstrated
that IS reacted faster than IM in the reaction, though the difference was small. Nevertheless, all
these polymerization reactions gave reasonable isolated yields of 70-90% (Table 13).

Thermo gravimetric analysis: The thermal stabilities of the PSEs were evaluated by TGA from
30 to 800 °C under inert (nitrogen) atmosphere, and results are illustrated in Figure 30. All the
synthesized PSEs have displayed a single-stage decomposition profile. Irrespective of the
molecular weights and polymer backbone structure, majority of PSEs have shown a remarkable
thermal stability as indicated by 7-54 around 347-446 °C and T-50% between 470-509 °C, which is
at the high end of the PSEs reported to date.””!%8 PSEs derived from PhNpSiH», namely PSE (27),
(30), and (33) have exhibited the highest T 509, while PhMeSiH2- derived PSEs such as PSE (28),
(31), and (34) showed the lowest T.s0%. The T-50%. values (480-490 °C) of Ph2SiH;-derived PSEs
(25, 26, 29, and 32) were in between the values of PhNpSiH> and PhMeSiH; derived PSEs. This

observed trend illustrates that steric bulk around the silicon has played an important role in
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enhancing the thermal stability of the PSEs. In this context, it is worth noting that these PSEs
exhibit high thermal stabilities (as judged by T-s%, T-s0%, or Tmax /°C) when compared to other
isohexide-based polymers such as polyesters, polyamides, and poly(ether amides).?>2¢7
Furthermore, molecular weights of polymers also can impact the thermal stability of PSEs,
which is evident when comparing the M, and Ts0% of PSEs (25), (26), and (29). The PSE (25) with
low M, of 3300 g/mol has displayed 7-so% of 487 °C, whereas PSE (29) with high M, of 17000
g/mol has displayed 7"s0% of 492 °C.
5.2.2 Thermal analysis
The thermal properties of these PSEs have been comparatively examined by techniques
including differential scanning calorimetry (DSC) and TGA, and the results are summarized in
Table 14.

Table 14. DSC and TGA data of PSEs

Structure Final residue
Entry PSE Te/°C"  T.50/°C¢ T.50%/°C¢  Tmax/°C*
(time) % (800 °C) ¢!
1 PSE25  ISPh2-(24) 75 382 487 479 32
2 PSE 26  ISPh2-(40) 78 408 488 481 18
3 PSE 27  ISPhNp-(40) 115 419 495 482 25
4 PSE 28 ISPhMe-(40) 38 347 482 470 26
5 PSE29  ISPh2-(80) 85 410 498 484 30
6 PSE 30 ISPhNp-(80) 120 446 509 489 27
7 PSE 31 ISPhMe-(80) 43 397 486 476 27
8 PSE 32 IMPh2-(80) 76 384 494 484 27
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IMPhNp-

9 PSE 33 116 432 505 480 30
(80)
IMPhMe-
10 PSE 34 42 367 484 476 27
(80)

#Reaction conditions: substrate, 1.78 mmol; silane, 1.0 equiv; and catalyst Mn-1, 1.0 mol %.
®Determined by DSC. “Determined from TGA. T.s¢ and T.so% refer to the temperatures at which
5% and 50% weight losses were observed, respectively, whereas Ty refers to the temperatures at
which maximum rate of weight loss occurs
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——ISPhNp-(40h)
£ 60 ——ISPhMe-(40h)
.:En ——ISPh2-(80 h)
= 40 ——ISPhNp-(80h)
——ISPhMe-(80h)

20

— IMPh2-(80h)

—— IMPhNp-(80h)

0 200 400 600 300 — IMPhMe-(80h)
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Figure 30. TGA thermograms of isohexide-derived PSEs, recorded from 30 to 800 °C at a heating
rate of 20 °C/min under a N> atmosphere. Inset is the DTG curve of the same data set.

Differential scanning calorimetry: Glass transition data acquired from DSC analysis are listed
in Table 14, and thermograms from the second heating cycles are displayed in Figures 31-33. It
can be seen that the 7, values of these PSEs were in the range of 38-120 °C, and only 7 was

observed without any melting or crystallization transitions, which suggests they are amorphous in
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nature. As noted above, these PSEs generally feature higher 7,’s than other isohexide-based

),232,245,268 though a few

polymers including polyesters, polyurethanes, and poly(ester urethanes
polyesters, poly(ether imides), and IS incorporated poly(butylene terephthalate)s have greater
Ty’s. > In this study, the PhNpSiH,-derived PSEs (27), (30), and (33) have displayed the highest
Ty’s at 115, 120 and 116 °C, respectively, which could be attributed to the presence of a highly
hindered naphthyl group in the polymer backbone. Notably, polyesters based on isohexides with
rigid aromatic diacids can reach comparable Ty‘s (up to 105 °C).?*” Similar to the trend in thermal
degradation temperatures observed above, the PhMeSiHz-derived PSEs (28), (31) and (34) with a
less hindered methyl group have exhibited comparatively lowest Tg’s (38-43 °C), while the
Ph,SiH>-derived PSEs (25), (26), (29) and (32) have shown modest 7%’s in between (75-85 °C).
In addition, high molecular weight PSEs have shown higher 7;’s over low molecular weight PSEs

(25, 26, 29). All these observations are in accord with the literature report that the 7 values of

polymers can be enhanced by high molecular weight and sterically hindered groups.?®’
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Figure 31. DSC thermograms from the second heating cycles of the PSEs of IS and IM with
PhoSiHo.
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Figure 32. DSC thermograms from the second heating cycles of the PSEs of IS and IM with
PhNpSiH>.
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Figure 33. DSC thermograms from the second heating cycles of the PSEs of IS and IM with
PhMeSiH>

To better understand the role of the rigidity of isohexides in affecting the thermal properties
of PSEs, we have compared the glass transition temperatures of IS-derived PSEs with that of 2,5-
bis(hydroxymethyl)furan (BHMF) derived PSEs (Figure 34). It is clear that IS-derived PSEs have
higher 7;’s than the corresponding BHMF-derived PSEs, and in both series, the 7 s increase with

the steric bulk at the silicon, i.e. in the order of SiPhMe < SiPh; < SiPhNp, in line with the literature
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observations.?’® Furthermore, the difference in T,’s between the two series are observed to be 75,
92, and 35 °C respectively, for Ph2SiH,, PhNpSiH2, and PhMeSiH: derived PSEs. In other words,
the same bulky SiPhNp group would impart a larger influence when combined with a rigid,
secondary diol than with a primary diol. This suggests a synergy between the steric bulk and

rigidity of two co-monomers in affecting the thermal properties of the polymers.

20 e 4 Ve 4

Ph2SiH2-PSE ~ PhNpSiH2-PSE PhMeSiH2-PSE
= BHMFPSEs mISPSEs

Figure 34. Comparison of 7g’s of IS-PSEs with BHMF-PSEs

5.2.3. Hydrolytic degradation

Environmental degradability is one of the key considerations in the sustainable
development and applications.?’! Hydrolytically sensitive polymers are of special interest owing
to their potential applications in biomedical fields such as in the delivery of protein based vaccines
and nucleic acids, and treatment of inflammatory related diseases.?’>?"32’* We have investigated

the degradation behavior of PSEs under various conditions by monitoring the molecular weight
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change over time (Figure 35). A high molecular weight PSE (29) was chosen as a representative.
As anticipated, no or little degradation occurred at neutral conditions, but a considerable decrease
in the molecular weight was observed in the first few hours when 2 vol % HCI/H>O (pH 2) in THF
was used as the medium at room temperature (RT). However, the degradation slowed down and
resulted in partial degradation with Mn of 6900 g/mol in 24 h. This may suggest that the extent of
degradation depends on the amount of acidic hydrogens available.?*? In accord with this, when the
amount of HCI/H20 (pH 2) was increased to 10 vol %, a rapid decrease in the molecular weight
was observed and the total degradation was completed in less than 10 h. Raising the temperature
greatly accelerated the degradation process, as a complete degradation occurred in less than an
hour when the temperature was raised to 50 °C from RT. In addition, PSE (29) also underwent
hydrolysis in basic medium, as partial degradation was observed when 2 vol % KOH/H;O (pH 11)
in THF was used as the medium at RT. The extent of degradation apparently correlated with the
amount of available hydroxide ions, as the resultant polymer had a higher molecular weight (~8200

g/mol) compared to that of 2 vol % HCI/H20O (pH 2) condition.
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Figure 35. Degradation plots of PSE (29) (M, vs time) under neutral, acidic, and basic conditions.
Conditions employed are 0.02 mL of HCI/H20 (pH 2) in 0.98 mL of THF (2 vol % pH 2) and 0.10
mL of HCI/H20 (pH 2) in 0.90 mL of THF (10 vol % pH 2) at RT or 50 °C and 0.02 mL of
KOH/H>O (pH 11) in 0.98 mL of THF (2 vol % pH 11. m 2 vol % pH 7 solution, RT. * 2 vol %
pH 2 solution, RT. e 10 vol % pH 2 solution, RT. » 10 vol % pH 2 solution, 50 °C. ¢ 2 vol %
pH 11 solution, RT.

To explore the effect of steric hindrance in degradation, IS-derived PSEs with PhoSiH>
(29), PhNpSiH> (30), and PhMeSiH> (31) were compared in the degradation processes. As
expected, all three PSEs exhibited a rapid initial degradation under the similar conditions using 2
vol. % HCI/H,O (pH 2) acidic medium (Figure 36). Apparently, PSE (30) with highly hindered
naphthyl group has shown some hydrolytic stability over the other two PSEs. It should be noted
that complete degradation was not observed even after six days. Similar dependence on the
availability of acidic hydrogens has been mentioned in the degradation of PSEs. !4

Additionally, gas chromatography-mass spectrometry (GC/MS) analysis on the fully
degraded samples of PSE (29) clearly showed the presence of the starting monomer IS (m/z 146.1

g/mol) and silanol derivatives, such as diphenylsilanediol (m/z 216 g/mol),

hexaphenylcyclotrisiloxane (m/z 594 g/mol), and octaphenylcyclotetrasiloxane (m/z 792.3 g/mol).
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Also, another compound having two IS and one Ph>SiH; units (m/z of 472.1 g/mol) was observed.
Quantification by NMR with an internal standard (PhMesSi) indicated nearly quantitative
regeneration of the diol monomer IS. Since no IS degradation products were detected, we assume
the mechanism of hydrolytic degradation relied on the labile Si-O-C linkage. It is worth
mentioning that the degradation products of PSEs, mainly alcohols and silanol derivatives, are

nontoxic and neutral, which would lead to no extreme pH changes in the surrounding environment

upon degradation.?”
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Figure 36. Degradation plots of PSE (29, 30, and 31) (M, vs time) under acidic conditions.
Conditions employed are 0.02 mL of HCI/H2O (pH 2) in 0.98 mL of THF (2 vol % pH 2) at RT.
m PSE (29). @ PSE (30). A PSE (31).

5.3. Conclusions

Degradable and partially biobased poly(silylether)s (PSEs) have been synthesized by
manganese catalyzed dehydrogenative cross coupling between isohexides and a series of
hydrosilanes. The PSEs have shown excellent thermal stabilities (7-s% up to 446 °C and T-s0% up
to 509 °C) and high glass transition temperatures (7y up to 120 °C). This is attributed to the

presence of built-in rigidity from isohexide bicyclic rings, as well as the bulky substituent groups

like naphthyl on silicon. The two factors may interact synergistically in enhancing the thermal
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stability of PSEs. At the same time, these PSEs are readily degradable via hydrolysis under acidic
and basic conditions, which can be modulated by the available active ions (H* and OH") and
temperature. This combination of high thermal resistance and easy hydrolytic degradability may
lead to novel applications, particularly in consideration of their low toxicity and partially biobased
origin. Further studies on improving the properties of PSEs and their potential applications are

underway in our lab.

5.4. Experimental section

Materials, methods, and instrumentation. Isosorbide, isomannide and hydrosilanes were
purchased from Sigma Aldrich. Deuterated solvents were purchased from the Cambridge Isotope
Laboratories. Solvents were degassed and dried over molecular sieves (4 A) overnight prior to use.
Glassware was dried overnight prior to use. 'H, '*C, and ?Si NMR spectra were recorded on a
Bruker AVANCE 500 NMR spectrometer in deuterated chloroform (CDClz) with
tetramethylsilane (TMS) as the internal reference. FT-IR was performed on a Thermo Scientific
Nicolet 1S5 FT-IR instrument, and analyzed with OMNIC 8.2 software. The samples for analysis
were directly loaded as a thin film using an iD5 ATR accessory. GPC analysis was performed on
a Varian Prostar system equipped with a PLgel 5 pm Mixed-D column and a Prostar 355 refractive
index (RI) detector. THF was used as the eluent and elution rate was maintained at 1 mL/min (20
°C). Polystyrene standards were used for the instrument calibration. TGA were performed on a
SDT Q 600 instrument with Advantage software. The samples in Al2O3 cups were heated in the
30 to 800 °C range with a ramp rate of 20 °C/min and a flow rate of 100 mL/min of nitrogen
(furnace purge gas). DSC thermograms were collected on a PerkinElmer Jade differential scanning
calorimeter calibrated with indium and zinc standards. Samples were analyzed in hermetically

sealed pans under an inert (N2) atmosphere (20 mL/min). Glass transition temperatures (7;’s) of
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PSEs were determined from the second heating cycles from —30 to 350 °C with a heating/cooling
rate of 20 °C/min. Obtained data were analyzed using the Pyris V9.0.2 software. GC-MS analyses
were performed with a 5890 GC with 5972 MS equipped with an autosampler (6890 series, Agilent
Technologies, Santa Clara, CA, USA). Injections were performed in the split mode with 10:1 ratio
and the injection volume was 1 pL. The temperature program started at 70°C for 1 min, followed
by a gradient of 40 °C/min to 140 °C, then a gradient of 10 °C/min to 350 °C and held for 10 min.
The separation was performed using a 39.7 m long Agilent HP-5MS column. A constant carrier
gas (helium) at a flow rate of 1.5 mL/min (total flow is 19.5 mL/min) was maintained during the
analysis. The MS data in total ion chromatograms (TIC) were acquired in the mass range of m/z
of 35-1000 at a scan rate of 1.56 scan/s.

General procedure for the synthesis and purification of PSEs. The polymerization reactions
were performed under an inert atmosphere of dry nitrogen (N2). Oil baths equipped with digital
thermometers and controllers were used to set and read the temperature during the reaction. For a
typical synthesis, to a Schlenk flask (50—100 mL) fitted with a magnetic stirrer, a condenser, and
nitrogen inlet and outlet, catalyst [Mn"N(salen-3,5-Buz)] (Mn-1) (10 mg, 0.018 mmol, 1 mol %)
and stoichiometric equivalents of isohexide or isomannide and hydrosilane (1.78 mmol of each,
1:1 ratio) were added, followed by the addition of 2.0-2.5 mL of solvent inside the glovebox. The
reaction flask was then taken out, connected to a Schlenk line under nitrogen flow, and heated to
reflux for specified time. The reaction progress was monitored periodically taking out a small
amount of samples for NMR analyses. After the reaction, a small amount of DCM (1-2 mL) was
first added to the brown colored crude reaction mixture, and MeOH was then added portion-wise
(10—12 mL) which resulted in a biphasic mixture. The top layer containing the unreacted material

was removed, and the bottom pale/off-white colored solid/viscous part was washed with MeOH
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for a couple of times. Finally, the resulting polymers were dried under vacuum to a constant weight
for characterization.

Degradation procedure of PSEs. To a sample vial PSEs (15-16 mg), calculated amount of THF,
deionized water, and calculated amount of HCI/H,0O or KOH/H,0O were added. The amounts for
the neutral condition were 0.98 mL of THF and 0.02 mL of deionized water; for acidic conditions
0.98 mL of THF and 0.02 mL HCI/H20 (pH 2), and 0.90 mL of THF and 0.10 mL of HCI/H20
(pH 2), for basic conditions 0.98 mL of THF and 0.02 mL. KOH/H2O (pH 11). A magnetic stir bar
was added and the homogenized mixture was stirred on a magnetic stirrer at RT or 50 °C. Samples
were taken at specified time intervals and analyzed by GPC.

NMR characterization data

Table 12. Entry 1, IS+Ph2SiH2 (24h), PSE (25): Scale: catalyst 10 mg, substrate 1.78 mmol.
Yield 78%. 'H NMR (500 MHz, CDCl3, 298 K, §): 3.47 (m, 1H, -CH>), 3.63 (m, 1H, -CH>), 3.89-
3.98 (m, 2H, -CH>), 4.35-4.58 (m, 4H, -OCH & -CH bridged), 7.37 (m, 6H, m & p-Ph), 7.63 (m,
4H, o-Ph). *C {1H} NMR (125 MHz, CDCls, 298 K, §): 71.30, 73.86, 76.09, 77.19, 77.89, 81.82,
88.83 (6 C from IS unit), 128.30 (m-Ph), 131.04 (p-Ph), 131.81 (i-Ph), 135.14 (0-Ph). *°Si {1H}
NMR (99 MHz, CDCl3, 298 K, 3): -31.48.

Table 12. Entry 2, IS+Ph2SiH2 (40h), PSE (26): Scale: catalyst 10 mg, substrate 1.78 mmol.
Yield 86%. '"H NMR (500 MHz, CDCl3, 298 K, §): Same as PSE (25)

Table 12. Entry 3, IS+PhNpSiH2 (40h), PSE (27): Scale: catalyst 10 mg, substrate 1.78 mmol.
Yield 70%. '"H NMR (500 MHz, CDCl3, 298 K, §): 3.34 (m, 2H, -CH>), 3.37-3.96 (m, 2H, -CH>),
4.42-4.54 (m, 4H, -OCH & -CH bridged), 7.37-7.56 (m, 6H, m & p-Ph), 7.69 (m, 1H, Ph), 7.79
(m, 1H, 0-Ph), 7.93 (m, 1H, 0-Ph), 8.03 (m, 1H, o-Ph). '3C {1H} NMR (125 MHz, CDCl;, 298

K, 9): -3.35 (-PhMe), 71.01, 73.93, 76.12, 78.01, 81.84, 87.94 (6 C peaks from -IS unit), 128.36,
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125.9, 126.6, 128.31, 129.0, 129.26, 130.96, 131.88, 132.58, 133.38, 133.92, 134.77, 134.91,
136.92 (14 C peaks from -PhNp unit). *Si {IH} NMR (99 MHz, CDCl3, 298 K, §): -30.31.
Table 12. Entry 4, IS+PhMeSiH2 (40h), PSE (28): Scale: catalyst 10 mg, substrate 1.78 mmol.
Yield 72%. '"H NMR (500 MHz, CDCl3, 298 K, §): 0.43 (m, 3H, PhMe) 3.52 (m, 2H, -CH>), 3.66
(m, 2H, -CH>), 4.37-4.48 (m, 4H, -OCH & -CH bridged), 7.37 (m, 3H, m & p-Ph), 7.61 (m, 2H,
o-Ph). *C {1H} NMR (125 MHz, CDCls, 298 K, §): -3.35 (-PhMe), 71.35, 72.52, 73.61, 76.03,
77.60, 81.76 (6 C from IS unit), 128.23 (m-Ph), 130.71 (p-Ph), 133.60 (i-Ph), 134.12 (0-Ph). *°Si
{1H} NMR (99 MHz, CDCl3, 298 K, 9): -16.47.

Table 13. Entry 1, IS+Ph2SiH2 (80h), PSE (29): Scale: catalyst 10 mg, substrate 1.78 mmol.
Yield 90%. '"H NMR (500 MHz, CDCl3, 298 K, §): Same as PSE (25)

Table 13. Entry 2, IS+PhNpSiH2 (80h), PSE (30): Scale: catalyst 10 mg, substrate 1.78 mmol.
Yield 82%. '"H NMR (500 MHz, CDCl3, 298 K, §): Same as PSE (27)

Table 13. Entry 3, IS+PhMeSiH2 (80h), PSE (31): Scale: catalyst 10 mg, substrate 1.78 mmol.
Yield 73%. "H NMR (500 MHz, CDCl3, 298 K, §): Same as PSE (28)

Table 13. Entry 2, IM+Ph2SiH2 (80h), PSE (32): Scale: catalyst 10 mg, substrate 1.78 mmol.
Yield 71%. "H NMR (500 MHz, CDCls, 298 K, 8): 3.89 (m, 2H, -CH>), 4.10 (m, 2H, -CH>), 4.50
(m, 2H, -OCH), 4.79 (m, 2H, -CH bridged), 7.37-7.41 (m, 6H, m & p-Ph), 7.71-7.72 (m, 4H, o-
Ph). 13C {1H} NMR (125 MHz, CDCl3, 298 K, §): 74.04, 77.95, 82.96 (3 C from IM unit), 127.88
(m-Ph), 131.15 (p-Ph), 134.55 (i-Ph), 135.78 (0-Ph). *°Si {1H} NMR (99 MHz, CDCls, 298 K,
0): -29.95.

Table 13. Entry 2, IM+PhNpSiH2 (80h), PSE (33): Scale: catalyst 10 mg, substrate 1.78 mmol.
Yield 72%. '"H NMR (500 MHz, CDCl3, 298 K, §): 3.67 (m, H, -CH>), 4.19 (m, 2H, -OCH), 4.79

(m, 2H, -CH bridged), 7.31-7.46 (m, 6H, m & p-Ph), 7.69-7.89 (m, 2H, Ph), 8.10-8.17 (m, 2H,
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Ph). 3C {1H} NMR (125 MHz, CDCl3, 298 K, 8): 72.53, 73.81.46 (3 C from IM unit), 125.35,
125.87, 126.44, 127.92, 128.24, 128.48, 128.97, 129.36, 130.85, 131.72, 132.71, 133.39, 135.02,
137.06 (14 C peaks from -PhNp unit). *Si {IH} NMR (99 MHz, CDCl3, 298 K, §): -29.69

Table 13. Entry 2, IM+PhMeSiH2 (80h), PSE (34): Scale: catalyst 10 mg, substrate 1.78 mmol.
Yield 70%. 'H NMR (500 MHz, CDCl3, 298 K, 8): 0.49 (m, 3H, -PhMe), 3.84 (m, 1H, -CH>), 4.02
(m, 2H, -CH>), 4.27 (m, 1H, -CH>), 4.35 (m, 1H, -OCH), 4.42 (m, 1H, -OCH), 4.75 (m, 2H, -CH
bridged), 7.37 (m, 3H, m & p-Ph), 7.71 (m, 4H, o-Ph). 3C {1H} NMR (125 MHz, CDCl3, 298 K,
0): 0.29 (-PhMe) 73.46, 78.16, 82.59 (3 C from IM unit), 127.70 (m-Ph), 129.74 (p-Ph), 133.34 (i-

Ph), 137.53 (0-Ph). *°Si {1H} NMR (99 MHz, CDCls, 298 K, §): -16.25.
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CHAPTER 6

HYDROBORATION OF CARBONYLS BY A MANGANESE CATALYST

6.1. Introduction

The chemical transformations of unsaturated organic compounds plays a significant role in
fine chemical production and synthesis of complex organic molecules.?’627"-27827 Among the
several unsaturated compounds such as C=C, C=N, C=0, and C=C, reduction of carbonyl
functional groups to alcohols is a key transformation since the resultant products, boronate esters,
are a wide variety of valuable intermediates.?®® Hydroboration has been found to be one of the
significant fundamental and powerful tools to perform these transformations.?®!-?8283 The most
common methods of hydroboration is addition of a stoichiometric amount of borane to a carbonyl
compound followed by the hydrolysis of boronate esters. Typically, metal hydrides are widely
employed for these transformations;3* however, poor functional group tolerance, modest reaction
rates, and vigorous reaction conditions increased the interest in the development of efficient and
selective reduction methods.?® Notably, transition metals (Mo,?® Ru,?®” Rh,?® Co, Ni,?® Cu,>°
and Zn*') main group elements (Li,>? Mg,293’294 Ca,> AL>%?7 Ga,>*® Ge,?° Sn*®, and P31,

alkali metals, and rare earth metals,30>393-304

as catalysts have been reported extensively for the
catalytic hydroboration of aldehydes and ketones, because of their excellent chemo- and
regioselectivity and high atom economy. However, due to the low abundance and high economic
cost of precious metal catalysts, there is always a surge of interest in the development of
inexpensive and earth abundant metal catalysts.>%-39307 In this context, a great effort has been

implemented to develop a variety of first row transition metal based catalysts (Ti,>*®3% Fe, 310311
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and Cu’'?31%) since they are widely available. In contrast, manganese catalysts have been

| 317,318

widespread in hydrogenation,®'#313316 hydrosilylation,®' nitrogen transfer reactions, and
oxidation processes,*'??* but they have remained largely unexplored in hydroboration of carbonyl
compounds. However, the excellent efficiency of manganese in this field has only just been
established in greater contributions by Zhang,*!? Trovitch,*’ Gade,*?! and others.??? Taking this
into consideration along with recent concerns about sustainability, manganese is of particular
interest, since it is one of the most abundant transition metals in the earth’s crust and
biocompatible 323324325

We have investigated the catalytic activity of several high-valent transition metal
complexes in reduction processes and silane activation.®!:!1%!!7 Interestingly, an air stable and
easily prepared salen-manganese complex, [MnN(salen-3,5-Buz)] (Mn-1) has found to be an
efficient catalyst in  carbonyls hydrosilylation and dehydrogenative coupling
reactions 81179216262326 Encouraged by these results, herein we are reporting the catalytic
hydroboration of carbonyl compounds by employing Mn-1 as the catalyst and pincolborane

(HBpin) as an efficient reductant. Significantly, Mn-1 has shown excellent activity and chemo

selectivity towards aldehydes over ketones under mild conditions.

6.2. Results and discussion

We began our catalytic studies by examining the hydroboration of acetophenone as the test
substrate and HBpin, and the results were presented in Table 15. Reactions were performed by
adding equimolar amount of acetophenone (30) and HBpin to a catalyst solution in CD3CN in a J-
Young NMR tube, and the reaction progress was conveniently monitored by 'H and ''B NMR
spectroscopy. The control experiment between acetophenone and HBpin in the absence of Mn-1

at room temperature (rt) showed no reaction (Table 15, entry 1). With 1 mol % of Mn-1,
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quantitative formation of acetophenone reduction product, boronate ester, 31 was detected in less
than 5 minutes at rt (Table 15, entry 2). Appearance of a single quartet peak in 'H NMR at § 5.66
ppm and a single peak in "B NMR at § 25.42 ppm, which is in the spectral region of boronate
esters (24 to 26 ppm), confirms the formation of 3.3 The rapid conversion in the catalytic reaction
at rt led us to further assess the catalytic activity of Mn-1 by gradually lowering its loadings. It
was found that >95 % conversion could be obtained in less than 5 min at 0.2 mol % Mn-1 loading,
corresponding to a TOF of 5700 h™!, which is comparable to some of the most active hydroboration
catalysts in the literature (Table 15, entry 3).287:290.293296311 A pearly complete reaction in 30
minutes (TOF of 1960 h™') and 90 % conversion in 4 h (TOF of 1125 h™") were achieved with
loadings of 0.1 and 0.02 mol %, respectively (Table 15, entries 4 and 5). However, further
decreasing the catalyst loading to 0.002 mol % resulted in only 2 % conversion in 24 h (Table 15,
entry 6) and increasing the reaction temperature to 50 °C under these conditions did not improve
the conversion much (15 % in 24 h) (Table 15, entry 7). On the other hand, the reaction with
catecholborane (HBcat) instead of HBpin was comparatively slow and only 75 % conversion was
achieved in 24 h (Table 15, entry 8).

To evaluate the general applicability and substrate scope of this catalytic system, a wide
range of carbonyl substrates were subjected to the standard conditions. In all the cases,
hydroboration of carbonyl substrates followed by silica prompted hydrolysis of the alkoxyboronate

pinacol esters afforded the corresponding 1° and 2° alcohols in excellent yields.
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Table 15. Screening of reaction conditions for hydroboration of carbonyls

0 Mn-1 (x mol%) 0
+ H_B .
ko) CDsCN

rt (or) 50 °C
30 31

# Catalyst mol % Temperature Time Conv. %" TON TOF [h'!]

1 - rt 24 h 0 0 0
2 1 rt <5 min 100 100 1200
3 0.2 rt < 5 min 95 475 5700
4 0.1 It 30 min 98 980 1960
5 0.02 It 4h 90 4500 1125
6 0.002 It 24 h 2 1000 42
7 0.002 50°C 24h 15 7500 312
8¢ 0.2 It 24h 75 375 17

@ Reaction conditions: Catalyst (Mn-1) 0.002 to 1 mol%, Acetophenone 1 eqv. HBpin 1.1 eqv. °
Confirmed by using NMR spectroscopy. * HBcat was used instead of HBpin.

6.2.1. Hydroboration of ketones

Under the optimized conditions (0.2 mol % catalyst at rt) we examined the substrate scope
of ketones and a representative set of substrates with yields were summarized in Table 16.
Hydroboration reactions of acetophenones bearing both electron withdrawing and donating groups
at para position afforded the corresponding boronate esters in quantitative yields (Table 16, entries
1-6). In the process, synthetically significant halide functional groups, such as Cl (32a) and Br
(32b), were tolerated and no hydrodehalogenated products were observed. Similarly, substrates

bearing challenging functional groups such as 4-trifluoromethyl (32¢) and 4-nitro (32d) were also
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successfully converted to corresponding boronate esters without losing catalyst efficiency. In
addition, excellent yields were observed in less than 5 minutes for substrates with electron donating
groups such as methyl (32e) and methoxy (32f), whereas previously reported catalysts afforded
moderate yields even at extended reaction times.?®’3!2 Cyclopropyl phenyl ketone (32g) was
completely converted to the desired product without the observation of any ring-opening product,
demonstrating that a radical intermediate was not likely involved (Table 16, entry 7).328 Moreover,
increasing the steric demands also has no effect on the yields of boronate esters as seen in the case
of hydroboration of benzophenone (32h), which resulted in 99 % of corresponding boronate ester
in less than 10 minutes (Table 16, entry 8). A complete conversion of simple saturated aliphatic,
2-pentanone (32i), and cyclohexanone (32j) to corresponding boronate esters were also achieved
under the standard conditions in less than 10 minutes (Table 16, entries 9-10). Interestingly, a-3
unsaturated ketones such as 2-cyclohexenone (32k), benzylideneacetophenone (32l), and 4-
phenyl-3-butyne-2-one (32m), containing both C=0, C=C, and C=C bonds were also selectively
hydroboronated on the C=0 bond to generate corresponding boronate esters though slightly
extended reaction times (1-4 h) were required (Table 16, entries 11-13).2%% This wide functional

group tolerance with high selectivity and efficiency is rare for carbonyl hydroboration.
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Table 16. Mn-1 catalyzed hydroboration of various ketone substrates

(o) Mn-1 (0.2 mol%) OBpin SiO,/H,0O OH

+ HBpin >
R1)LR2 RT, CD3CN, N, R, R, CHyCly/Hexane R)\Rz

32a-m 33a-m

Boronate ester yield %"

Entry Ketone Time
0
1 /Ej)k 5 min 100
cl
0
2 /(j)k 5 min 100
Br
0]
3 Q)k 5 min 100
FsC
0
4 Q)k 5 min 100
O,N
(0]
5 /Ej)k 5 min 100
0
6 /©)\ 5 min 100
MeO
(0]
7 w 5 min 90
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10 min 100

O
8 10 min 100
/\jl

10

11 <—:—>:O 1h 100

0 10 min 100

12 Ph 2h 60

O
QM
(@]
13 @M 4h 70

aReaction conditions: Catalyst (Mn-1) 0.2 mol%, ketone 1 eqv. HBpin 1.1 eqv. ® Confirmed by
using NMR spectroscopy. ¢ Confirmed by using NMR spectroscopy.

6.2.2. Hydroboration of aldehydes

The capability of Mn-1 in hydroboration of ketones under mild conditions encouraged us
to explore the hydroboration of aldehydes, and the results were summarized in Table 17.
Surprisingly, a simple benzaldehyde (34) hydroboration reaction under the optimized conditions
required 1 h to afford 100 % conversion (Table 17, entry 1). In addition, introducing an electron-
donating group, methoxy (34b) at para position to benzaldehyde increased the reaction time to 24
h to afford the corresponding boronate ester (Table 17, entry 2). Because, it is known that
aldehydes are prone to autoxidation to carboxylic acids, we purified the substrates for further
examination. Expectedly, hydroboration reactions with purified substrates resulted in

corresponding boronate esters in quantitate yields in less than 5 minutes (Table 17, entries 3-4).
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Addition of a 1 mol % of benzoic acid to a reaction mixture of purified benzaldehyde and HBpin
resulted in formation of 80% boronate ester after 3 h. These findings suggested the inhibiting
nature of carboxylic acids in the current hydroboration reactions. With these findings in hand,
scope of the aldehyde substrates was examined at standard conditions. Electron withdrawing (34c-
34f) groups including Cl, Br, CN, and NO: at para position were well tolerated and the
corresponding boronate esters were obtained in less than 5 min (Table 17, entries 5-8). Increasing
the steric hindrance by employing Br, an electron withdrawing and bulky group, at the ortho
position of benzaldehyde (34g) also has no effect on catalytic efficiency (Table 17, entry 9).
Significantly, both conjugated (34h) and non-conjugated (34i) aldehydes were successfully
hydroboronated on C=0 part without compromising in yields though non-conjugated substrates
required longer reaction times (Table 17, entries 10-11). These findings again demonstrate there
is no competing side reactions such as C=C bond hydroboration. Further, we tested the catalytic
activity of Mn-1 by choosing an aliphatic aldehyde, 1-decanal (34j), as a substrate. The reaction
successfully afforded the corresponding boronate ester in quantitative yields in less than 30
minutes (Table 17, entry 12). The feasibility of this method was next demonstrated with
heterocyclic aromatic aldehydes, 2-pyridinecarboxaldehyde (34k), 2-furancarboxaldehyde (341),
and 2-thiophenecarboxaldehyde (34m). The desired boronate esters were exclusively obtained
without dearomatization of the heterocyclic ring, which underscores the catalyst selectivity for

C=O0 functionality (Table 17, entries 13-15).
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Table 17. Mn-1 catalyzed hydroboration of aldehyde substrates

o) Mn-1 (0.2 mol%) OBpin  SiO,/H,0 OH

L+ HBpin -
R H RT, CD3CN, N, R, H CHyCl,/Hexane R H

34a-m 35a-m

Boronate ester yield %"

Entry Aldehyde Time
0]
1 @% lh 100
0
2 Q)J\H 24 h 80
MeO
(0]
3* ©)LH 5 min 100
0
4 Q)J\H 5 min 96
MeO
0]
5 ﬁH 5 min 100
O,N
0
6 ﬁH 5 min 100
NC
0
7 Q)J\H 5 min 100
Cl
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0
8 Q)H‘ 5 min 100
Br
0
9 dLH 5 min 100
Br
(@)
10 ©/\)J\H 24 h 96
0
1 @—/( 10 min 99
H
(0]
12 di-'\ 30 min 95
| X
13 N7 H 10 min 100
(@)
T\ .
14 e 10 min 95
O
B
15 S 20 min 98
(@)

4 Reaction conditions: Catalyst (Mn-1) 0.2 mol%, ketone 1 eqv. HBpin 1.1 eqv. ® Confirmed by
using NMR spectroscopy. ¢ Confirmed by using NMR spectroscopy. “substrate was purified and
used for hydroboration.

6.2.3. Chemoselective reactions
Importantly, it was found that Mn-1 can catalyze both inter- and intramolecular

chemoselective hydroboration of aldehydes over ketones. The intermolecular competition reaction
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between equimolar amounts of benzaldehyde (30a) and acetophenone (26a) with HBpin resulted
in an exclusive conversion of benzaldehyde to benzyl boronate ester, with the ketone intact
(Scheme 8.A). 'H NMR analysis showed the complete disappearance of —CHO peak at 10.08 ppm
and appearance of -CH> peak of benzyl boronate ester at 4.95 ppm and the presence of unreacted
acetophenone in reaction mixture. These results are similar to the observations in previous
reports.?84303329 T jkewise, a high degree of chemoselectivity and an exclusive conversion of
aldehydes over ketones was achieved with p-substituted substrates with electron-donating (p-
methoxy) and electron-withdrawing (p-nitro) groups. (Scheme 8.B & C). The intra-molecular
competitive hydroboration reaction was carried out with 4-acetylbenzaldehyde (36) with HBpin,
and exclusive chemoselective hydroboration of aldehyde group (37) (98%) over ketone group was
observed. (Scheme 9). Adding another equivalent of HBpin to the reaction resulted in complete

conversion of the acetyl group (38).

A.
o._H O OBpin O
Mn-1 (0.2 mol%)
+ + HBpin > i
RT, CD5;CN, N,
34a 30 35a 30
B.
o. H O OBpin O
Mn-1 (0.2 mol%)
+ + HBpin > +
RT, CD3CN, N,
OMe OMe OMe OMe
34b 32f 35b 32f
C.
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o. H O OBpin O

Mn-1 (0.2 mol%)
+ + HBpin > +
RT, CD5CN, N,

NO2 N02 N02 N02

34a 32d 35b 32d

Scheme 8. Intermolecular chemoselective reactions catalyzed by Mn-1

Mn-1 (0.2 mol%)

0 Y HBpin o) O-Bpin pinB—0 O-Bpin
I pin
H C H  RT, CDsCN, N, ) < > /\H E—— /\ < > /\H

36 37 38

Scheme 9. Intramolecular chemoselective reactions catalyzed by Mn-1

6.2.4. Mechanistic investigations

The remarkable catalytic efficiency of Mn-1 directed our attention towards the mechanistic
understanding of hydroboration reactions. The stoichiometric reactions were first performed to
identify the catalyst activation pathways. In a stoichiometric reaction between Mn-1 and
acetophenone in the absence of HBpin, no considerable changes in color and NMR spectra were
observed. In comparison, an immediate and complete color change from green to dark/reddish
brown was observed upon the addition of HBpin to a catalyst solution in CD3CN, though the Mn-
1 signals were still present the 'H NMR. A small, broad peak in 'H NMR was observed at -21.9
ppm, tentatively assigned to a Mn-H species (35).3*° Also, new peaks appeared in ''B NMR at
24.5 and 27.8 ppm, while the HBpin peak at 31.2 ppm mostly disappeared. In addition, the
intensities of the catalyst peaks in 'H NMR decreased over time and they completely disappeared

(along with the -21.9 ppm peak) after adding additional HBpin. However, attempts to shed light
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on the nature of boron and/or manganese containing species by ESI-MS and GC-MS were
unsuccessful. When one equivalent of acetophenone was added to the 1:1 Mn-1/HBpin mixture,
no hydroboration of acetophenone was observed even after 1 h, which suggested that the species
generated from the 1:1 reaction of Mn-1 and HBpin might not be active enough for hydroboration,
and more HBpin was needed for catalytic turnover. Indeed, addition of the second equivalent of
HBpin still showed no hydroboration and only after the third equivalent of HBpin did the
characteristic peaks of acetophenone boronate ester (-CH at 5.18 and CH3 at 1.45 ppm) start to
appear. Conversely, adding one equivalent of HBpin to the 1:1 mixture of Mn-1 and acetophenone
changed the reaction color instantaneously to dark/reddish brown, but hydroboration was not
observed. Additional HBpin was required for hydroboration of acetophenone to occur. The results
strongly suggested that the catalyst is activated only after it interacts with the reducing agent,
HBpin. These findings along with our previous studies collectively led us to assume that Mn(V)
is reduced to a Mn(IIl) species by HBpin which further activates HBpin for hydroboration.

The effect of electronic factor of the carbonyl substrates on the rate of hydroboration was
investigated by competition kinetics. A series of para substituted acetophenone derivatives, p-X-
CsHsCOCH3 (X = OMe, NO», Cl, Br, CF3) were paired with the parent acetophenone to compete
for insufficient amount of HBpin. The relative reactivity of acetophenones was determined from
the integrations of the corresponding benzylic protons of the hydroboration products in the 'H
NMR. The plot against the Hammett constants thus obtained shows a linear relationship with a
positive slope (p = 0.95), in agreement with the observation that electron withdrawing groups
accelerate the reaction in the para substituted acetophenone series.

To gain more insights into the catalyst activation process, we performed a set of control

experiments with deuterated pinacolborane, DBpin.**! In a competitive reaction between HBpin
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and DBpin with acetophenone, both hydrogen and deuterium incorporated products were formed
in a ratio of 70:30 according to the NMR analysis, which gives an H/D KIE of 2.3. GC/MS analysis
of the isotopic distribution of hydroboration products yielded a similar KIE of 2.2. The observation
also affirmed that HBpin is the only H source in these reactions. The modest KIE suggested that
the B-H bond breaking is one of the slow steps during the catalytic conditions. Interestingly, in
another competitive reaction of HBcat and DBpin with acetophenone (molar ratio 1:1:1), crossover
products 41 and 31 were formed along with the expected hydroboration products 39 and 40
(Scheme 10). According to '"H NMR analysis, 31 was observed, as judged by the appearance of
5.26 ppm peak assigned to the methine proton in 31, from the beginning in the reaction along with
39. The presence of crossover products were also confirmed by the GC/MS analysis of the isotopic
distribution of the reaction products. These observations prompted us to explore if the reaction was
reversible at any stage. A mixture of 1:1 HBcat and DBpin in the presence of 1 mol% Mn-1
showed no scrambling between H and D. Addition of 1 equiv. of p-CF; acetophenone to a freshly
generated boronate ester from acetophenone and HBpin (1:1 ratio) at standard catalytic conditions
(0.5 mol% Mn-1) showed no further reaction, thus excluding the reversibility at the product

formation stage during the reaction.
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/O /O
o 0-B 0-B!
[::I:Q o Mn-1 (0.2 mol%) o o
B—H + ‘B-D - +
+ o g RT, CDCN, N, H D
39 40

Expected Products

/O /O
0-8 0-B,
e} 0]
@ : H
41 31

Cross-over Products

Scheme 10. A controlled competitive reaction between DBpin and HBcat with acetophenone

Based on these discoveries, we propose a borane-associated catalytic cycle for the
hydroboration of carbonyl compounds (Scheme 11). We assume that initial coordination between
HBpin and catalyst generates an active metal hydride species (LnMn-H) (42) by releasing
dehydroboronated compound and N2, which is responsible for the effective hydroboration of
carbonyls. The active 35 further coordinates with HBpin to form 36, which further coordination
with carbonyl substrate to produce 37 and followed by H transfer to generate 38. Formation of 36
is also correlated with the observation of cross-over products in deuterium-labeled competitive
studies. In a final step, a c-metathesis of 38 regenerates the metal hydrido complex (35) and to

provide the hydroboronated product, alkoxy boronate ester.3!:32%:332

114



LnMnN

Mn-1
O~Bpin LnMn—H
HBpin
R, 42 P
o—bond
methesis
Step-IV Step-l
H
H---Bpin AN
LnMr|1 LnMn\\H/Bpm
O7<R1 43
H
R Step-ll
Step-llI P 0
45 )J\
H transfer R Ri
LnM\n
0] H
| i
R#\ Bpin
<y
R,
44

Scheme 11. Tentative mechanistic proposal for the Mn-1 catalyzed hydroboration of carbonyls

6.3. Conclusions

In Conclusion, we have described that Mn-1 could be employed as an excellent catalyst
for the hydroboration of carbonyl compounds. The catalytic system features low catalyst loading,
mild reaction conditions, a broad scope of substrates, good functional group compatibility, and
excellent selectivity of aldehydes over ketones. Preliminary kinetic experiments indicate that B-H
bond breaking is one of the slow steps in the reaction. In consideration of the controlled deuterium
experiments and kinetic studies, a manganese reduced species, Mn-H, mediated tentative

mechanism was proposed. Detailed mechanistic investigations and further catalytic activity

exploration of MnN species will be focused on our future work.
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6.4. Experimental section

All the chemicals were purchased from Sigma Aldrich. Deuterated solvents were purchased from
the Cambridge Isotope Laboratories. Solvents were degasified and dried over molecular sieves (4
A) overnight prior to use. Glassware was dried overnight prior to use. 'H, 3C, and ''B NMR
spectra were recorded on a Bruker AVANCE 500 NMR spectrometer in deuterated acetonitrile.
Boron trifluoride diethyl etherate (BF3.0Et2) was used as the standard reference for ''B NMR
analysis. The purchased reagents which are packed under inert atmosphere were used as received
and all other reagents were degasified by using standard Schlenk line technique. GC analyses were
performed using a GC-MS (6890GC, 5975C) equipped with an autosampler (7386B series) and a
split/splitless injector (Agilent Technologies, Santa Clara, CA, USA). Separations were
accomplished using a 24.6 m long DB-5 capillary column, 0.25 mm internal diameter (I.D.) and
0.25 mm film thickness (J&W Scientific, Rancho Cordova, CA, USA) at a constant helium
flowrate of 1.0 mL/min. Samples (1.0 uL) were injected into a single gooseneck splitless liner with
glasswool in a pulse splitless injection mode for with 25 psi for 0.3 min, and solvent delay was set
to 2.5 min. The temperature programs were evaluated to allow for an efficient separation of all
analytes, solvents, and derivatization agents. The column temperature program started at 35 °C
with a hold of 1 min, followed by the gradient of 20 °C/min to 320 °C and hold for 1 min. The MS
data (total ion chromatogram, TIC) were acquired in the full scan mode (m/z of 35—-850) at a scan
rate of 1.84 scan/s using the electron ionization (EI) with an electron energy of 70 eV.

General procedure for the hydroboration of crabonyls. All the reactions were performed under
nitrogen atmosphere in Glove Box using J-Young NMR tube. Calculated amount of catalyst, Mn-

1, (0.002 to 1 mol%) was added to 0.35-0.4 mL of CD3CN solution at room temperature. To this
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was added, carbonyl substrate followed by hydroborane. The progress of the reaction was
monitored by using 'H, BC, and "B NMR.

NMR characterization data

Acetophenone hydroboration product: '"H NMR (500 MHz, CD3CN, 298 K, §): 1.22 (m, 12H,
4CHj3), 1.49 (d, 3H, -CH3), 5.26 (q, 1H, -OCH), 7.28 (m, 1H, -Ph), 7.38 (m, 4H, -Ph). 1°C {1H}
NMR (125 MHz, CD3;CN, 298 K, 9): 25.33 (4CH53), 27.08 (CH3), 73.23 (OCH), 83.51 (-B-
OCHpin), 126.18, 128.08, 129.17, 145.65 (Ph). Hydrolysis product (1-phenylethanol): '"H NMR
(500 MHz, CDCl3, 298 K, 9): 1.42 (d, 3H, CH3),4.84 (q, 1H, OCH), 7.18 (d, 2H, Ph), 7.20 (d, 3H,
Ph)

Table 16. Entry 1, p-Chloroacetophenone hydroboration product: 'H NMR (500 MHz,
CDsCN3, 298 K, 0): 1.21 (m, 12H, 4CH3), 1.43 (d, 3H, -CH3), 5.20 (q, 1H, -OCH), 7.31 (m, 4H,
-Ph). "B {'H} NMR (99 MHz, CDiCN, 298 K, §): 25.40. Hydrolysis product (1-(4-
Chlorophenyl)ethanol): 'H NMR (500 MHz, CDCls, 298 K, §): 1.40 (d, 3H, -CH3), 4.89 (q, 1H,
-OCH), 7.30 (m, 4H, -Ph)

Table 16. Entry 2, p-Bromoacetophenone hydroboration product: 'H NMR (500 MHz,
CDsCN, 298 K, 0): 1.20 (m, 12H, 4CHj3), 1.43 (d, 3H, -CHj3), 5.16 (q, 1H, -OCH), 7.25 (m, 2H, -
Ph), 7.46 (m, 2H, -Ph). ''B {'H} NMR (99 MHz, CD;CN, 298 K, §): 25.40. Hydrolysis product
(1-(4-Bromophenyl)ethanol): '"H NMR (500 MHz, CDCls, 298 K, §): 1.42 (d, 3H, -CH;), 4.72
(q, 1H, -OCH), 7.18 (m, 2H, -Ph), 7.42 (m, 2H, -Ph)

Table 16. Entry 3, p-Trifluoromethyl acetophenone hydroboration product: '"H NMR (500
MHz, CDsCN, 298 K, 9): 1.20 (m, 12H, 4CHj3), 1.47 (d, 3H, -CH3), 5.29 (q, 1H, -OCH), 7.52 (m,

2H, -Ph), 7.64 (m, 2H, -Ph). "B {'H} NMR (99 MHz, CD;CN, 298 K, §): 25.42. Hydrolysis
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product (1-(4-Trifluoromethylphenyl)ethanol): 'H NMR (500 MHz, CDCl3, 298 K, §): 1.51 (d,
3H, -CH3), 4.88 (q, 1H, -OCH), 7.44 (m, 2H, -Ph), 7.57 (m, 2H, -Ph)

Table 16. Entry 4, p-Nitroacetophenone hydroboration product: 'H NMR (500 MHz, CD;CN,
298 K, 9): 1.21 (m, 12H, 4CH3), 1.46 (d, 3H, CH3), 5.30 (q, 1H, OCH), 7.55 (d, 2H, Ph), 8.16 (d,
2H, Ph). Hydrolysis product (1-(4-Nitrorophenyl)ethanol): '"H NMR (500 MHz, CDCl3, 298 K,
0): 1.49 (d, 3H, CH3),4.97 (q, 1H, OCH), 7.51 (d, 2H, Ph), 8.04 (d, 2H, Ph)

Table 16. Entry 5, p-Methylacetophenone hydroboration product: 'H NMR (500 MHz,
CDsCN, 298 K, 6): 1.22 (m, 12H, 4CH3), 1.47 (d, 3H, CH3), 2.33 (s, 3H, CH3), 5.22 (q, 1H, OCH),
7.16 (d, 2H, Ph), 7.26 (d, 2H, Ph). ''B {'H} NMR (99 MHz, CDsCN, 298 K, §): 24.49. Hydrolysis
product (1-(4-Methylphenyl)ethanol): 'H NMR (500 MHz, CDCl3, 298 K, §): 1.41 (d, 3H, CH3),
2.25 (s, 3H, CH3), 4.82 (q, 1H, OCH), 7.08 (d, 2H, Ph), 7.15 (d, 2H, Ph).

Table 16. Entry 6, p-Methoxyacetophenone hydroboration product: 'H NMR (500 MHz,
CDsCN, 298 K, 9): 1.22 (m, 12H, 4CH3), 1.45 (d, 3H, CH3), 5.18 (q, 1H, OCH), 6.88 (d, 2H, Ph),
7.27 (d, 2H, Ph). "B {'"H} NMR (99 MHz, CD;CN, 298 K, §): 24.39. Hydrolysis product (1-(4-
Methoxyphenyl)ethanol): 'H NMR (500 MHz, CDCls, 298 K, §): 1.50 (d, 3H, CH3), 3.6 (s, 3H,
CH»), 4.87 (q, 1H, OCH), 6.88 (d, 2H, Ph), 7.27 (d, 2H, Ph)

Table 16. Entry 7, Cyclopropylphenylketone hydroboration product: '"H NMR (500 MHz,
CD3CN, 298 K, 6): 0.40-0.50 (m, 4H, cyclopropyl 2CH>), 1.21 (m, 1H, cyclopropyl CH), 1.23 (m,
12H, 4CH3), 4.49 (m, 1H, OCH), 7.28 (m, 1H, Ph), 7.36 (m, 2H, Ph), 7.41 (m, 2H, Ph). Hydrolysis
product (a-Cyclopropylbenzylalcohol): '"H NMR (500 MHz, CDCl3, 298 K, §): 0.35-0.46 (m,
4H, cyclopropyl 2CH>), 0.56 (m, 1H, cyclopropyl CH), 4.02 (m, 1H, OCH), 7.20 (m, 1H, Ph), 7.31

(m, 2H, Ph), 7.48 (m, 2H, Ph)
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Table 16. Entry 8, Benzophenone hydroboration product: 'H NMR (500 MHz, CDsCN, 298
K, 9): 1.26 (m, 12H, 4CH5), 6.30 (s, 1H, OCH), 7.31 (m, 2H, Ph), 7.39 (m, 4H, Ph), 7.48 (m, 4H,
Ph). Hydrolysis product (a-Phenylbenzenemethanol): 'H NMR (500 MHz, CDCl3, 298 K, §):
2.37 (s, 1H, OH), 5.81 (s, 1H, OCH), 7.28 (m, 2H, Ph), 7.33 (m, 4H, Ph), 7.37 (m, 4H, Ph)
Table 16. Entry 9, 2-Pentanone hydroboration product: '"H NMR (500 MHz, CDiCN, 298 K,
0): 0.89 (m, 3H, CH3), 1.13 (m, 2H, CH>), 1.23 (m, 12H, 4CH5), 1.35 (m, 3H, OCHCH3), 1.43 (m,
2H, OCHCH>), 4.11 (m, 1H, OCH)

Table 16. Entry 10, Cyclohexanone hydroboration product: 'H NMR (500 MHz, CD;CN, 298
K, 6): 1.19 (m, 12H, 4CHj5), 1.25 (m, 4H, CH>), 1.49 (m, 2H, CH>), 1.69 (m, 2H, CH:), 1.78 (m,
2H, CH>), 3.90 (m, 1H, OCH)

Table 16. Entry 11, 3-Cyclohexene hydroboration product: 'H NMR (500 MHz, CD5CN, 298
K, 9): 1.25 (m, 12H, 4CHj3), 1.65 (m, 2H, CH>), 1.79 (m, 1H, CH), 1.91 (m, 1H, CH), 2.03 (m, 2H,
CH), 4.58 (m, 1H, OCH), 5.73 (m, 1H, CH=CH), 5.88 (m, 1H, CH=CH). ''B {'H} NMR (99
MHz, CDsCN, 298 K, §): 25.17. Hydrolysis product (3-Cyclohexene-1-methanol): 'H NMR
(500 MHz, CDCls, 298 K, 9): 1.58-2.36 (m, 6H, 3CHy), 4.45 (m, 1H, OCH), 5.62 (m, 1H,
CH=CH), 5.71 (m, 1H, CH=CH)

Table 16. Entry 12, Benzylideneacetophenone hydroboration product: 'H NMR (500 MHz,
CDsCN, 298 K, 8): 1.26 (m, 12H, 4CH3), 5.81 (m, 1H, -OCH), 6.44 (m, 1H, -OCHCH=CH), 6.74
(m, 1H, -OCHCH=CH), 7.26-7.56 (m, 10H, Ph). ''B {'H} NMR (99 MHz, CD;CN, 298 K, d):
26.10. Hydrolysis product (1,3-Diphenyl-2-propen-1-ol): 'H NMR (500 MHz, CDCl3, 298 K,
0): 5.20 (m, 1H, -OCH), 6.35 (m, 1H, -OCHCH=CH), 6.68 (m, 1H, -OCHCH=CH), 7.18-7.46 (m,

10H, -Ph)
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Table 16. Entry 13, 4-phenyl-3-butyne-2-one hydroboration product: '"H NMR (500 MHz,
CDsCN, 298 K, 9): 1.24 (m, 12H, 4CHj3), 1.52 (d, 3H, -CHj3), 5.05 (q, 1H, -OCH), 7.35 (m, 3H, -
Ph), 7.42 (m, 2H, -Ph). *C {1H} NMR (125 MHz, CDsCN, 298 K, §): 24.30 (4CH3), 24.92
(4CH3), 61.97 (-OCH), 83.87 (4° C of Bpin), 84.19 (-OCHC=C), 90.89 (-OCHC=CPh), 129.43,
129.73, 132.32, 133.75 (Ph). ''B {'H} NMR (99 MHz, CDsCN, 298 K, §): 25.48. Hydrolysis
product (4-phenyl-3-butyne-2-ol): 'H NMR (500 MHz, CDCl3, 298 K, §): 1.46 (m, 3H, -CH3),
4.84 (m, 1H, -OCH), 7.29 (m, 2H, -Ph), 7.31 (m, 3H, -Ph)

Table 17. Entry 1 & 3, Benzaldehyde hydroboration product: 'H NMR (500 MHz, CD;CN,
298 K, 8): 1.21 (m, 12H, 4CH3), 4.85 (s, 2H, OCH>), 6.95 (d, 2H, Ph), 7.31 (d, 2H, Ph). °C {1H}
NMR (125 MHz, CD3;CN, 298 K, §): 25.03 (4CHs), 67.35 (OCH2), 83.76 (B-OCHpin),
127.68,128.37, 129.32, 140.51 (Ph). "B {'H} NMR (99 MHz, CDs;CN, 298 K, §): 24.05.
Hydrolysis product (Benzyl alcohol) 'H NMR (500 MHz, CDCl3, 298 K, §): 4.68 (s, 2H, OCH>),
7.19 (m, 2H, Ph), 7.35-7.40 (m, 3H, Ph)

Table 17. Entry 2 & 4, p-Methoxybenzaldehyde decanal hydroboration product: 'H NMR
(500 MHz, CD3;CN, 298 K, 6): 1.26 (m, 12H, 4CH3), 3.78 (s, 3H, OCH3), 4.83 (s, 2H, OCH>), 6.92
(d, 2H, Ph), 7.29 (d, 2H, Ph). Hydrolysis product (p-Methoxybenzyl alcohol) 'H NMR (500
MHz, CDCl3, 298 K, 6): 3.52 (s, 3H, OCH3), 4.61 (s, 2H, OCH>), 6.82 (m, 2H, Ph), 7.11 (m, 2H,
Ph)

Table 17. Entry 5, p-Nitro benzaldehyde hydroboration product: 'H NMR (500 MHz, CD;CN,
298 K, 9): 1.23 (m, 12H, 4CH3), 4.98 (s, 3H, OCH), 7.52 (d, 2H, Ph), 8.17 (d, 2H, Ph). Hydrolysis
product (p-Nitrobenzyl alcohol) 'H NMR (500 MHz, CDCls, 298 K, §): 4.81 (s, 2H, OCH>),

7.45 (m, 2H, Ph), 8.09 (m, 2H, Ph)
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Table 17. Entry 6, p-Cyanobenzaldehyde hydroboration product: 'H NMR (500 MHz,
CDsCN, 298 K, 0): 1.23 (m, 12H, 4CH3), 4.93 (m, 2H, OCH>), 7.46 (m, 2H, Ph), 7.69 (m, 2H,
Ph). 3C {1H} NMR (125 MHz, CDsCN, 298 K, §): 24.92 (4CH3), 66.44 (OCH>), 83.99 (B-
OCHpin), 111.76, 127.90, 133.16, 145.89 (Ph). Hydrolysis product (p-Cyanobenzyl alcohol)
'"H NMR (500 MHz, CDCls, 298 K, 8): 4.76 (s, 2H, OCH>), 7.42 (m, 2H, Ph), 7.62 (m, 2H, Ph)
Table 17. Entry 7, p-Chlorobenzaldehyde hydroboration product: 'H NMR (500 MHz,
CDsCN, 298 K, 90): 1.22 (m, 12H, 4CH3), 4.96 (m, 2H, OCH>), 7.45 (m, 2H, Ph), 7.62 (m, 2H,
Ph). ''B {'H} NMR (99 MHz, CD;CN, 298 K, §): 24.92. Hydrolysis product (p-Chlorobenzyl
alcohol) 'H NMR (500 MHz, CDCls, 298 K, §): 4.69 (s, 2H, OCH>), 7.39 (m, 2H, Ph), 7.50 (m,
2H, Ph)

Table 17. Entry 8, p-Bromobenzaldehyde hydroboration product: 'H NMR (500 MHz,
CDsCN, 298 K, 90): 1.23 (m, 12H, 4CH3), 4.95 (m, 2H, OCH>), 7.43 (m, 2H, Ph), 7.65 (m, 2H,
Ph). "B {H} NMR (99 MHz, CDsCN, 298K, §): 24.95. Hydrolysis product (p-Bromobenzyl
alcohol) 'H NMR (500 MHz, CDCls, 298 K, §): 4.55 (s, 2H, OCH>), 7.22 (m, 2H, Ph), 7.37 (m,
2H, Ph)

Table 17. Entry 9, o-Bromo benzaldehyde decanal hydroboration product: 'H NMR (500
MHz, CD3;CN, 298 K, 6): 1.24 (m, 12H, 4CHj3), 4.93 (s, 3H, OCH), 7.19 (m, 1H, Ph), 7.36 (m,
1H, Ph), 7.47 (m, 1H, Ph), 7.54 (d, 1H, Ph). Hydrolysis product (o-Bromobenzyl alcohol) 'H
NMR (500 MHz, CDCl3, 298 K, 9): 4.72 (s, 2H, OCH>), 7.11 (m, 1H, Ph), 7.28 (m, 1H, Ph), 7.41
(m, 1H, Ph), 7.48 (m, 1H, Ph)

Table 17. Entry 10, trans-3-Phenyl-2-propenal hydroboration product (Cinnamaldehyde):
'"H NMR (500 MHz, CDsCN, 298 K, §): 1.29 (m, 12H, 4CH3), 4.65 (m, 2H, OCH.), 6.34 (m, 1H,

-CH=CHPh), 6.36 (m, 1H, -CH=CHPh), 7.23-7.29 (m, 3H, Ph), 7.41 (m, 2H, Ph). '*C {1H} NMR
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(125 MHz, CDsCN, 298 K, 93): 24.30 (4CH3), 25.01 (4CH3), 65.85 (-OCH»), 83.57 (-OCHo),
131.30 (CH=CHPh), 153.43 (CH=CHPh), 127.26,128.52, 128.50, 137.67 (Ph). ''B {'H} NMR
(99 MHz, CD;CN, 298 K, §): 25.60. Hydrolysis product (Cinnamyl alcohol): 'H NMR (500
MHz, CDCl3, 298 K, 0): 4.12 (s, 2H, OCH>), 6.20 (m, 1H, -CH=CHPh), 6.34 (m, 1H, -CH=CHPh),
7.01 (m, 2H, Ph), 7.08-7.17 (m, 3H, Ph)

Table 17. Entry 11, 3-Cyclohexenecarboxaldehyde hydroboration product: 'H NMR (500
MHz, CDs;CN, 298 K, 6): 1.21 (m, 12H, 4CHj3), 1.27 (m, 4H, CH2), 2.03 (m, 3H, CH & CH=CH)),
3.67 (m, 2H, OCH>), 5.64 (m, 2H, -OCH>). ''B {'"H} NMR (99 MHz, CDsCN, 298 K, §): 25.32.
Hydrolysis product (3-Cyclohexene-1-methanol) '"H NMR (500 MHz, CDCl3, 298 K, §): 1.25-
2.52 (m, 6H, CH>), 3.56 (m, 2H, OCH>), 5.61 (m, 2H, CH=CH)

Table 17. Entry 12, 2-Formylpyridine hydroboration product: 'H NMR (500 MHz, CD;CN,
298 K, 6): 1.22 (m, 12H, 4CH3), 4.92 (s, 2H, OCH»), 7.38 (m, 1H, pyridine), 7.46 (m, 1H,
pyridine), 7.87 (m, 1H, pyridine), 8.54 (m, 1H, pyridine). *C {1H} NMR (125 MHz, CD3CN, 298
K, 8): 25.58 (4CHz3), 67.25 (-OCH), 82.19 (-B-OCpin), 121.17 (pyridine), 124.06 (pyridine),
139.49 (pyridine), 146.29 (pyridine), 149.99 (pyridine). ''B {H} NMR (99 MHz, CDsCN, 298 K,
5): 21.25. Hydrolysis product (2-Pyridinemethanol) 'H NMR (500 MHz, CDCls, 298 K, §): 4.78
(s, 2H, OCH>), 7.31 (m, 1H, pyridine), 7.39 (m, 1H, pyridine), 7.81 (m, 1H, pyridine), 8.42 (m,
1H, pyridine)

Table 17. Entry 13, Furfural hydroboration product: 'H NMR (500 MHz, CD3CN, 298 K, §):
1.26 (m, 12H, 4CH3), 4.80 (s, 2H, OCH>), 6.32-6.36 (m, 2H, furan ring), 7.48 (m, 1H, furan ring).
Hydrolysis product (2-Furanmethanol) 'H NMR (500 MHz, CDCls, 298 K, §): 4.72 (s, 2H,

OCH>»), 6.01 (m, 1H, furan ring), 6.32 (m, 1H, furan ring), 7.33 (m, 1H, furan ring)
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Table 17. Entry 14, Thiophene-2-carboxaldehyde hydroboration product: 'H NMR (500
MHz, CD3CN, 298 K, 8): 1.29 (m, 12H, 4CH3), 5.04 (s, 2H, OCH>), 7.02-7.06 (m, 2H, thiophene
ring), 7.36 (m, 1H, thiophene ring). Hydrolysis product (2-Thiophenemethanol) '"H NMR (500
MHz, CDCls, 298 K, 6): 4.82 (s, 2H, OCH>), 6.98 (m, 1H, thiophene ring), 7.01 (m, 1H, thiophene
ring), 7.28 (m, 1H, thiophene ring)

Acetylbenzaldehyde hydroboration product: 'H NMR (500 MHz, CDsCN, 298 K, §):
(Aldehyde group reduction only) 1.24 (m, 12H, 4CH3), 2.54 (m, 3H, unreacted CH3), 4.94 (q,
1H, -OCH), 7.42 (m, 2H, -Ph), 7.93 (m, 2H, -Ph). '3C {1H} NMR (125 MHz, CDCl3, 298 K, §):
24.30 (4CHs), 27.36 (unreacted CH3), 66.65 (-OCH>), 84.12 (4° C of Bpin), 127.27, 129.25,
130.46, 145.57 (Ph), 129.15, 129.57, 133.96, 138.20 (unreacted Ph), 198.28 (unreacted CO of
ketone group). (After aldehyde and ketone groups reduction, 2nd equivalent of HBpin was
added) 1.20 (m, 24H, 4CH3), 2.54 (m, 3H, (ketone) CH3), 4.89 (m, 2H, (aldehyde) -OCH.), 5.26
(m, 1H, (ketone) -OCH), 7.33 (m, 4H, -Ph). Hydrolysis product (a-Methyl-1,4-
benzenedimethanol) 'H NMR (500 MHz, CDCls, 298 K, §): 1.43 (m, 3H, (ketone) CH3), 4.96

(m, 2H, (aldehyde) -OCH>), 5.23 (m, 1H, (ketone) -OCH), 7.25-7.32 (m, 4H, -Ph)
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