DESIGN OF POLYMER ARCHITECTURES FOR CATALYSIS

A Dissertation
Presented to
The Academic Faculty

by

Caroline B. Hoyt

In Partial Fulfillment
of the Requirements for the Degree
Doctorin Philosophyin the
School of Chemistry and Biochemistry

Georgia Institute of Technology
December 2017

COPYRIGHT © 2017BY CAROLINE B. HOYT



DESIGN OF POLYMER AR CHITECTURES FOR CATALYSIS

Approved by:

Dr. Christopher W. Jone#dvisor

School of Chemical & Biomolecula
Engineering

Georgia Institute of Technology

Dr. David Bucknall

School ofMaterials Science and
Engineering

Georgia Institute of Technology

Dr. David Collard
School ofChemistry and Biochemistry
Georga Institute of Technology

Dr. Stefan France
School ofChemistry and Biochemistr
Georgia Institute of Technology

Dr. Joseph Sadighi
School of Chemistry and Biochemist
Georgia Institute of Technology

Date Approved:November 6, 2017



To My Family



ACKNOWLEDGEMENTS

| never thought | would be in graduate schesbpeciallycompleting my PID. in
Chemistry at a plackke Georgia Techl finished my B.S. inChemistry from University
of FIl ori da, and | was prepared to go and
school to my mentoDr. Pete Silkswho gave me a shdiucky break #1)at Los Alamos
National Lalmratoryand thewonderfulpeople | worked vth: Dr. DaveKimball, Marvin
Shorty, Marc Alvarez, and Dr. Ruilian W&rom there, realized | wantedo pursue a
job where | couldapply my chemistry knowledge to impactful problerasd | landed at

Georgia Teclflucky break #2)

My figr aduaper iserhomeod heas b éve-andahalftyeau |l y hu
path of intellectual and personal growttknow | will forget so many peoplthat have
helped me along the wagnd my words will not be able to express himeredibly

grateful and thankful | am favery single persqrso | will keep it short:

My adviserDr. Jonegwhomi t t ook 3+ years to finally cal
My committee member®r. Collard, Dr. France, Dr. Bucknall, Dr. Sadighi

The Jones Group (both past and presesgpecially LiChen Lee, $hon Pang, Miles
SakwaNovak and Chunjae Yoo

My collaborators Aaron Cohenthe Weck group at NYland Dr. Marcus Weck

My roommateandclosefriends Lucy Barksdale, Lucia ConstantinkT. Wynn, Antonio

Charvarria

My Georgia Tech sanityerin Gawron, AlexHyla, and Abraham Jordan

My boyfriend and complete calm at hom&eff Anderson (andompadreHomer)



And last but absolutely not least, my family

Thank you from the bottom of my heart!



TABLE OF CONTENTS

ACKNOWLEDGEMENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF SYMBOLS AND ABBREVIATIONS
SUMMARY

CHAPTER 1: INTRODUCT ION TO POLYMER STRUC TURES
AND APPLICATIONS IN CATALYSIS

1.1 Introduction and Motivation

1.2 Linear polymer catalysts
1.2.1 Cooperative catalysis with heterogeneous supports
1.2.2 Hydroboration chemistry with homogeneous catalysts
1.2.3 Hydroboration chemistry with heterogeneous supports

1.3 Polymer brush catalysts
1.3.1 Cascade Catalysis

1.4 Polymer micelle catalysts

1.5 Micellar applications

1.6 Outlook

CHAPTER 2: ACID -BASE COOPERATIVE CATALYS IS USING
LINEAR POLYMER SUPPO RTS
2.1 Background
2.2 Experiments
2.2.1 General Aldol Condensation procedure
2.3 Materials Synthesis
2.3.1 Boedeprotection for copolymer catalysts
2.3.2 Phthalimide deprotection of copolymer catalysts
2.3.3 Porous Organic Polymer Synthesis
2.4 Materials Characterization
2.5 Results and Discussion
2.5.1 Homogeneous Catalytic Pairs
2.5.2 Catalyst Loading and Characterization
2.5.3 Solvent effects on catalyst activity
2.5.4 Catalyst Architecture effects on reactivity
2.5.4.1 Random seence polymer catalyst structure effects
2.5.4.2 Block sequence polymer catalyst structure effects
2.5.4.3 Overall catalystructure effects
2.5.4.3.1 Porous Organic Polymers

Vi

Xil
XVii

XXil

H

16
18
18
19
20
20
20
21
25
25
30
33
36
36
39
40
40



2.6 Conclusions

CHAPTER 3: HYDROBORATION OF SUBSTITUTED ALKYNES
USING A SOLID POLYMERIC CARBOXYLIC ACID
CATALYST
3.1 Introduction
3.2 Experiments
3.2.1 Nuclear Magnetic Resonance studies of intermediates
3.2.1.1 Benzoic acid and pinacolborane
3.2.1.2 Poly(vinybenzoic acid) and pinacolborane
3.2.1.3 Benzoic anhydride and pinacolborane
3.2.2 ExperimentdReaction OrdeDetermination using poly(vba)
(Initial Rates Method)

3.2.3 Kinetic Isotope Effect Determination for the Hydroboration of

Phenylacetylene and Phenylacetylehasing poly(vba) (2
separate vessels)

3.2.4 Determination of Initial Rate of the Hydroboration of 1
ethynylcyclohexene with HBPin in octane at’8D(up to 15 %
yield)

3.2.5 Testing of alternative catalysts for the hydroboration of
Phenylacetylene with HBPin

3.2.6 General hydroboration procedure for alkyne substieféacts

3.2.6.1 Crude product NMR Shifts of substituted alkyne
hydroboration
3.3 Materials Synthesis
3.3.1 Poly(vinybenzoic acid) synthesis
3.4 Materials Characterization
3.4.1 Recycle Poly(vba) catalyst
3.5 Polymer catalyst optimization
3.6 Mechanistic studies of the the ldroboration of phenylacetylene
with pinacolborane

3.6.1 NMR studies of intermediate species

3.6.2 Determination of Kin&t Isotop Effects

3.6.3 Determination of &action Orderthrough Methods of Initial

Rates

3.7 Substitutent scopef hydroboration of substituted alkynes with
pinacolborane

3.8 Recycle studies of poly(vba)

3.9 Conclusions

CHAPTER 4: HYBRID PY RROLIDINE POLYMER BR USH ON
SILICA -SUPPORTED SULFONIC ACID MATERIAL

AND ITS APPLICATION IN CASCADE CATALYSI S

4.1 Introduction

4.2 Experiments
4.2.1 Synthesis of eoondensed MCMEH-CTAB
4.2.2 Thiol oxidation of MCMSH-CTAB support

vii

41

43

43
45
45
45
46
47
48

52

53
55

60
60
61
62
63
65

67
69
71

78

79
80

81
83
83
84



4.2.3 RAFT chain transfer agesitanesynthesis
4.2.4 Synthesis of (§]1-TertButoxycarbonyl)Pyrrolidir2-yl)Methyl)
Acrylamide
4.2.4.1 (S)2-Pyrrolidinemethanol (2)
4.2.4.2 §)-1-(TertbutoxycarbonyB2-pyrrolidinemethanol (3)
4.2.4.3 (S)2-[(4-Toluenesulfonyloxynethyl]pyrrolidine-1-
carboxylicacid tert-butyl ester (4)
4.2.4.4 (S)2-(Azidomethylpyrrolidine-1-carboxylicacid tert-butyl
ester (5)
4.2.4.5 B)1-(Tertbutyoxycarbonyh2-aminomethylpyrrolidine (6)
4.2.4.6 (SY(1-(Tert-butoxycarbonylpyrrolidin-2-yl) methyl)
Acrylamide (7)
4.2.5Poly(boc-pyrrolidineacrylamide)polymer chain synthesis
4.2.6 General grafting procedure
4.2.7 General-3tep cascade reaction procedure
4.2.8 Optimization of acidatalyzed deacetalization

4.2.9 Optimzation of baseatalyzed Knoevenagel and Michael additi

4.3 Materials Characterization
4.4 Results and Discussion

4.4.1 Design of acitbase polymer brush catalyst

4.4.2 Catalyst structure effects on Ad@ldse cascade reaction
4.5 Conclusions

CHAPTER 5: C(SP?)-H MONOARYLATION CA TALYZED BY A
COVALENTL Y CROSSLINKED REVER SE
MICELLE -SUPPORTED PALLADIUM CATALYST
5.1 Background
5.2 Experiments
5.2.1 General preparation of crdsked micelle (DM)
5.2.2 General immobilization of ligand in cregsked micelle (DML)
5.2.3 General arylation procedure
5.2.4 General micelle recycling procedure
5.2.5 Initial Micelle loading optimization of Pd catalyzed C)sH
Monoarylation
5.2.6 Pd Catalyzed C(®jpH Monoarylation Optimization
5.2.7 Solvent Screen of Pd catalyzed €)jd# Monoarylation
5.3 Results and Discussion
5.3.1 Micelle Design and Effects on C{sp{d Monoarylation
5.3.2 MicelleLigand structure and impact on C{}igH Monoarylation
5.3.3 Substrate Scope of-Raitalyzted C(sf) i H arylation using
DML-5
5.3.4 Recycling Studies of DMb
5.4 Conclusions

CHAPTER 6: SUMMARY A ND FUTURE DIRECTIONS
6.1 Summary
6.2 Future Directions

viii

84
85

85
86
86

87

87
88

88
89
89
90
90
91
94
94
101
104

105

105
108
108
109
109
110
111

112
113
117
117
122
123

127
129

130
130
133



6.2.1 Polymeric Cooperative Catalysts

6.2.2 Extending Polymer Brush Catalysts feBt@p Cascade Reaction

APPENDIX A. KINETI C EXPERIMENTS WITH POP -COOH IN
HYDROBORATION OF PHENYLACETYLENE
WITH PINACOLBORANE
A.1 Background on Porous Organic Polymers
A.1.1 Porous Organic Polymer Synthesis
A.1.2 Porous Organic Polymer Characterization
A.1.3 Porous Organic Polymer Catalyst Performance
APPENDIX B. CRUDE *H AND 13C SPECTRA FOR TABLE 3.7
SUBSTRATE SCOPE OF HYDROBORAITON OF
SUBSTITUTED ALKYNES USING
PINACOLBORANE
REFERENCES

133
134

134

134
134
135
136
140

150



Table 2.1
Table 2.2
Table 2.3

Table 2.4

Table 2.5

Table 2.6

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 4.1

LIST OF TABLES

Characterization of various copolymer catalysts
Surface area and pore volume of P@#&l:ba
Elemental analysis of PGd#ol:ba

Elemental analysis of phenylisothiocyanate gled random 1:1
diol:ba copolymer catalyst

Comparison of initial turnover frequencies (TOFs) for differ
solvent systems using the random didl:ba catalyst

Aldol condensation catalyzed by singly deprotected diol:ba
catalysts

Hydroboration of phenylacetylene with pinacolborane us
alternative catalyst

Characterizatin of poly(vba)

Solvent effects on hydroboration of phenylacetylene \
poly(vba)

KIE determination for the hydroboration of phenylacetylene u:
HBPin in the preence of poly(vba) at 3% using octane as tr
solvent

Determination of reaction ordersof the hydroboration of
phenylacetylene with HBPin

Determinaibn of initial rate of the hydroboration of 1
ethynylcyclohexene with HBPin in octane at 3D (up to 15%
yield)

Substituent effect of alkyne in hydroboration with pinacolborar

Recycle studies of poly(vba) for the hydroboration
phenylacetylene

Control reactions of sulforiacid catalyzed deprotection of -
nitrobenzaldehyde dimethyl acetal

21
23
23

25

34

37

52

60
63

69

70

72

77

78

89



Table 4.2

Table 4.3
Table 4.4

Table 4.5

Table 4.6

Table 5.1
Table 5.2
Table 5.3
Table 5.4

Table 5.5

Table 5.6

Table 5.7

Table 5.8

Table A.1

Control reation of basecatalyzed Knoevenagel and Miche
addition

Nitrogen physisorption of mesoporous silica catalysts
Elemental analysis of mesoporous silica catalysts

'H NMR vinyl protonintegration values derd from Figure 4.2
spectra

2-step cascade reaction ohitrobenzaldehyde dimethyl acetal
2-benzylidenemalononitrile

Initial Micelle Loading in Pd catalyzed C&pH Monoarylation
Optimization of Pd dalyzed C(sp)i H Monoarylation

Solvent Optimization of Pd Catalyzed C{§p{ Monoarylation
Elemental analysis of fresh and reused DHIL

Micelle-supported ligands with varioudb and micelle shell ir
Pd-catalyzed C(sp)i H arylation

Micelles with various pyridindased ligands in Pdatalyzed
C(sp)i H arylation

Substrate scope of the {edtalyzed C(sPiH arylation using
DML-5

Recycling DML:5 in PdCatalyzed C(g°)i H arylation

Catalytic Acitvity of the PORCOOH catalyst in the hydroboratic
of phenylacetylene with HPBIn

Xi

89

90
90

91

101

110
111
112
115

119

121

123

126

137



Figure 1.1

Figure 1.2
Figure 2.1
Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

LIST OF FIGURES

General cooperative catalysis cycles throughtransition state
activation (A), sequential (i dual (C), and selactivation (D)

General 2Stepcascadeatalysisreaction.
Typical polymersynthesis by RAT Polymerization.
'H NMR spectra of in situ polymerization.

Integration ratio of the vinyl protons of monomer Ap(Hand
monomer B (H) during in situ polymerization. The unchangi
ratio demonstrates that the polymeriaatioccurred in a randor
manner.

Nitrogen physisorption isotherm of Pail:ba.

IR spectra of the protected and deprotected randordidtba
catalyst.

Amine coupling reaction used to quantify the accessibiees
in the insoluble random 1diol:ba copolymer catalyst.

Conversion (%) of various homogeneous acid and base pai
the aldol condensation ofritrobenzaldehyde and acetone at
°C under flowing Ar at 10 mol% of amine after 4uing.

Synthesis of the weakcid (diol) and amindase (ba) styren
monomers, in protected form.

lllustration of various polymer catalyst sequence, (left) vary
ratio of monomers, (center) various acid monomers
sequene, and (right) overall catalyst structure.

Titration curve of the 1:Hiol:ba random copolymer catalyst i
DI H20 in the presence of 0.010 M NaOH at’25

Conversion of 4itrobenzaldehyde with acetone at various
diol:ba catalyst loading based on CHN analysis atGover 24
hours. Catalyst loading at 100 mol% shown after 4 hour rea
time.

Xii

11
19
21
22

23

24

24

27

28

29

31

32



Figure 2.12

Figure 2.13

Figure 2.14

Figure 2.15

Figure 2.16

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Kinetic curves of reactions using the randomdidl:ba catalyst
using different cosolvents in thddal condensation with 10t
mol% amine loading, as determined by elemental analysis. ~
reported in Table 2.5 are determined through the initial lir
region of the plot, and TON determined from final convers
determined by GC after 240 minutes.

Leaching test kinetic plot. Catalyst removed at 60 minute,
time point taken after 24 h. Hot filtration of catalyst to rem
polymer, and reaction solution continued stirring atG0

Conversion of 4itrobenzaldehyde ithe aldol condensation ¢
4-nitrobenzaldehyde with acetone in dichloromethane

copolymer catalysts that contain various ratios of acid and
sites at 50°C using an apparent catalyst loading of 100 mq
amine.

Conversion of 4itrobenzaldehyde in the aldol condensat
with acetone in dichloromethane for various copolymer cata
containing different acid strength monomers and diffe
monomer sequences at 80 using a catalyst loading of 1(
mol% amine.

Converson of 4nitrobenzaldehyde in the aldol condensat
with acetone in dichloromethane for various copolymer cat:
structures containing 1:Hiol:ba at 50 °C using a catalys
loading of 100 mol% amine.

Uncatalyzed hydroboration reaction ithv alkyne and
pinacolborane.

IH NMR of benzoic acid with HBPin id-octane at 30C after
20 min.

118 NMR of poly(vba) and HBPin il-octane at 30C after 24
h

1B NMR spectra of 1:1 ratio of benzoicamride with HBPin
in d-octane at 30°C. The peak at 28.06 ppm corresponds
HPBIn.

Plots of concentration of-&tyryl-BPin (M) vs. time (s) for Run:
1-4.

Plots of concentration of-&tyryl-BPin (M) vs. time (s) for Run:
5-8.

Xiii

35

36

38

40

42

44

45

46

48

49



Figure 3.7

Figure 3.8

Figure 39

Figure 3.10

Figure 3.11

Figure 3.12
Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Plots of Concentration of-&tyryl-BPin (M) vs. time (s) for Run:
1-3.

Bromophenol blue catalyst structure.

RepresentativéH NMR crude product analysis for @)(4-tert-
butyl)styryl)-4,4,5,5tetramehyl-1,3,2dioxaborolane in CDGI
CH2Br2 used as internal standard at 4.93 ppm (s, 2H). Unre:
product appears at 3.03 ppm (s, 1H) and vinyl product p
6.12 ppm (d, 1H).

Polymer catalyst synthesis via RAFT polymerization.

GPC chromatogram of polyifwlbenzoic acid) using THF as tt
eluent, with polgtyrenecalibrations.

H NMR recycled poly(vba) in MeOD.
'H NMR 2" recycled poly(vba) in MeOD.

Possiblescenarios for thgeneration of thectivating species for
the hydroboration ofphenylacetylene with HBPPin as theron
source.

118 NMR analysis of 1:1 ratio of benzoic acid with HBPin o
24 h ind-octane at 30C (20 min in ed, 5 h in green, 24 h i
blue). The peak at 28.13 ppm corresponds to HBPin.

1B NMR analysis of 1:1 ratio of benzo
acid:HBPin:phenylacetylene over 24 hdroctane at 30C (20
min blue, 5 h in green, 24 h in red).

Determination of the deuteriunirieticisotope effect for the
hydroboration of phenylacetylene antepyacetylened with
HBPin as the boron source analy{vba) as the catalyst.

Inverse firstorder dependence on the initial rates for
formation of 2styryl-BPin on the concentration of HBPin (#
and Phenylacglene (B). Firstorder dependence on the initi
rate for the formation of -8tyryl-BPin on the concentration ¢
the acid catalyst (C).

lllustrative site inhibition due to over adsorption of specie:
active sites and steric site bloogi leading to inverse orde
dependence of the hydroboration of phenylacetylene with HI
rate law.

Xiv

50

52

53

59
60

61
62

65

66

67

69

71

73



Figure 3.20

Figure 3.21

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7
Figure 5.1
Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Reaction profiles for the hydroboration of phenylacetylene \
HBPIn using benzoic acid (black), benzoic anhydride (red),
poly(vba) (blue) as catalysts.

Proposed catalytic pathway for the hydroboration
phenylacetylene with HBPin using poly(vba).

General synthesis of bgayrrolidine acrylamide monomer.

'H NMR spectra of vinyl protas in RAFFCTA polymerization
of polymer bruskg.t. (t = 0, red; t = 18 h, blue).

TEM images of coreshell mesoporous silica catalyst MG
SGsH.

3-step cascade reaction catalyzed by a-isdkted aciebase
polymer brush.

General syntheses of three hybrid sulfemdid pyrrolidine
supported catalysts.

General preparation ofprotected MCM-SOsH-pyrrol brush
catalystqwith CTAB).

General preparation of MCMOsH-pyrrol molecular catalyst.
Typical preparation of crodsked micelle.
Immobilization of ligand in crosBnked micelle.

Absorption spectra of DNb, DML-5, recycled DML5, and
homogeneous ligand in chtdform. Wo= [H20]/[surfactant] = 5.

Hydrodynamic radium of DMI5 in various solvents usin
multiangle dynamic light scattering.

H NMR spectra of surfactant A (blue) and surfactant B (i
before irradiation in CDG) ard after irradiation to yield crud
micelle (purple). After the micelle is formed, the solvent
removed by rotary evaporation and washed with cold Me
providing pure micelle (green).

XV

74

75

84

91

92

93

95

97

99
107
108

112

113

114



Figure 5.6

Figure 5.7

Figure 5.8
Figure 5.9
Figure A.1

Figure A.2

'H NMR spectra of ligand immobilization within micelle col
Micelle DM in CDCk before ligand immobilization (blue
Next, ligand is immobilized leading to crude DML (red), &
further washed with cold MeOH and pure DML is obtair
(green).

H NMR in CDCE of a) recycled and b) fresh DM& from first
run Pdcatalyzed C(s})i H monoarylation.

Pd-Catalyzed C(shi H Monoarylation.
General preparation of creeked micellesupported ligand.
XPS O1s scan of PGEOOH.

Nitrogen physisorption isotherm of PEGFOOH.

XVi

114

115

116
117
136
137



LIST OF SYMBOLS AND ABBREVIATIONS

9-BBN 9-Borabicyclo[3.3.1]nonane
A surfactant A
AIBN 2 , -RzObis(2methylpropionitrile)
U alpha
APTES (3-aminopropyl)triethoxysilane
ATRP Atom Transfer Radical Polymerization
B Surfactant B
ba benzylamine
BET BrunauerEmmettTeller
b beta
Boc Tert-butyloxycarbonyl
ca Carboxylic acid
[cat] Concentration of catalyst
°C Celsius
CDClI; d-chloroform
cm®  Centimeters cubed
cm? Inverse centimeters
-COOH Carboxylic acid
CTA Chain transfer agent
CTAB Cetrimonum bromide
C wt% Carbon weight percent

Chemical shift

(4

XVii



b dispersity
d doublet
DCE dichloroethane
DINEA N-diisopropylethylamine
DM Doubletail micelle
DMAP 4-Dimethylaminopyridine
DML Doubletail micelle with ligand
DML-5 Doubletail micelle with ligand, core size =5
diol 3,4-dihydroxy styrene
DVB Divinyl benzene
EA Elemental analysis
EtOAc Ethyl acetate
Eq. equivalents
FID Flame induced detector
FTIR Fourier transform infared spectroscopty
g gram
GC Gas chromatography
of. Agrafting fromo
GPC Gel permeation chromatography
g. Aigrafting tobo
H wt% Hydrogen weght percent
h hour
h Inverse hours
HBPin pinacolborane

Hex hexanes

Xviii



Hz

kDa
KIE
KOtBu
M

m

-m.
MePPRBr
mg
min
mL
mm
mmol
mol %
Mhn
MOF
Mw
MWCO
-NH:>
N.D.
NEts
NHC
nm

NMP

hertz

Scalar coupling
kiladaltons

Kinetic isotope effect
Potassiuntert-butoxide
Moles/liter

multiplet

molecular

Methyltriphenylphosphonium bromide

milligrams

minutes

milliliter

millimeter

millimole

Mole percent

Number average molecular weight
Metal organic framework

Weight Average molecular weight
Molecular weght cutoff

amine

Not determined

triethylamine

N-Heterocyclic carbene

nanometer

Nitroxide-mediated radical polymerization

XiX



NMR
N.R.

N wt%
-OH

pa
Pd(TFA)
Phl

Pht
Poly(vba)
POP

PPh
ppm
RAFT

r.t.

SiOk
SFRAFT
-SC:H
TEM
TEOS
TFA
THF

TLC

Nuclear magnetic resonance
No reaction

Nitrogen weight percent
alcohol

aniline

Palladium(ll) triflate

Phenyl iodide

Phthalimide
Poly(vinylbenzoic acid)
Porous organic polymer
triphenylphosphine

Parts per million

Reverse additiofragmentation chantransfer
Room tempeature

singlet

seconds

thiol

Silicon dioxidesurface

Surfaceinitiated reverse additiefragmentation chautransfer

Sulfonic acid

Transmission electron microscopy
Tetraethyl orthosilicate
Trifluoroacetic aid

tetrahydrofuran

Thin layer chromatography

XX



TML
TOF
TON
TsCl
ML
Us

wt %

XPS

Triple-tail micelle with ligand
Turnover frequency
Turnover number
Toluenesulfonyl chlroide
microliter

microsecond

Core size

Weight percent

X-ray photoeleebn spectroscopy

XXI



SUMMARY

Polymerstructuresprovide tunable platforms faratalyst design due to the high
degree oftructuralcontrol possiblein ther synthesisVariouspolymericstructures such
as micellesprushes,as well as traditional linearhainsand a recentemerging class of
porous organic polymer@®OPs) are available for numerous applicatidmghe field of
catalysis, bth transitioametal and metafree catalys have been demonstrated using
catalytically active sés attached opolymer supports. Iihis study, several different
molecular catalysts have been preparedpolymer supportgargeting applications in
organic synthesis, as well as demonstrating aspects of cooperative and cascgsie. catal
An overallgoal of this thesis was to demonstrate the benefitobuspolymercatalyst
architecturesin a variety of catalytic reactienincluding cooperative and cascade
catalysisusing acid and base siteacid catalyzedhydroboration reactions, angd

catalyzedCi H arylation.

This thesis is organized into six chapters. The first chajtess an overview of
the use ofpolymer suppodd catalysts in organic synthesis, with a special emphasis on
the use of polymer suppoiits organocatalysis An introduction to key concepts explored
in this thesis is also presented, includitige applications of organocatalysts in
cooperativeand cascadereactions catalyzed by combinations of acid and base sites.
Additionally, the organocatalytitiydroborationof alkynes is introduced as a target
reaction as well as the Pd catalyze@i H activationto produce new € bonds The
second chapteexplores the application of a linear polymer suppartcooperative

catalysisof the aldol reaction, which is a systdhat has beerextensivey studiedon

XXii



mesoporous silee supports. Thaew linear polymercatalystdemonstrated comparable
reactivity to the mesoporous silica supporand the importance ofmonomer unit

placement, strength tfieacidandbase, anthe acidbaseratio are demostrated

The third chapter extends tlemncepts learned from the second chapter with
regard to acicbasecooperatie catalysis to polymesilica hybrid catalysts in which the
acid and base sites are confined into separate domadhis tie catalystln this chapter,
the acid and bastinctionaliies are incorporated into mesoporous silica and polymer
brush domains to yield polymer brush catalysthat targetsa 3step cascade reaction.
The cascde is comprised dhe4-nitrobenzaldehyde dimethyl acetal adeprotection to
4-nitrobenzaldehyde whictundergoes a basmtalyzed Knoevenagel and Michael
addition to yielddifferent chromeneslThe polymer brush synthesis wdssignedhased
on thesize ofthe substrates and resulting products, forming larger final products on the
exterior of the bruskhrough basienoieties on the polymer chainshile functionalizing
the interior of the megmrous silica support with a strong atlicht ®nverts the smallest

substrates

The next chager is a fundamental kinetic and mechanistic study of the
hydroboration of various alkynes with pinacolborane utilizing a carboxylic acid polymer
catalyst. Tls projectoriginatedfrom chapter two as well, using a homopolymer from the
acid-base cooperativstudy and applying it to hydroborations. Tétedyelucidated the
kinetic order of the reaction in catalyst and substraieda proposednechanismwas
supported by a kinetic isotopdfect and!'B NMR studes Thelinear polymer catalyst
was the first example of an organocatalytmymer catalyst for the hydroboration of

functionalized alkynegroviding a platform fofuture organocatalyst designs

xxiii



Chapterfive discusses the utility of a polymer micelsipport fo the Pd
catalyzed C(sf) i H monoarylation. Using this micelle support, steric and electronic
effects were invoked to direct theiCH monoarylation of an unnatural amincicwith
substituted aryl iodides. The support demonstrated high tolerance faitigedsaryl
iodide coupling partners, while also recycling the suppBdcausethe support was
functionalized with weakly binding amines, the palladium was unable to be recycled and
reused. © that end, the praged future directionsof this project includethe design and
synthesis of bidentatégands for C(sf)i H monoarylatiorto mitigate this problemThe
use of the polymer micelle was one of the first demonstrations of this support applied to
C T H activation, andhe supporthas many tuable properties lhat canbe adjusted in

future applications.

Lastly, the final chapteputlines possible future directions for these different
projects as well as summarizes the fundamental findings from each of these studies.
Understanding the fundamehtspects that were tuned forchasupport and applied to
these organocatalyticreactions provides a basis for future improvements on these

supportsas well asapplicationsgn synthetic organic chemistry.
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CHAPTER 1.

INTRODUCTION TO POLYMER STRUCTURES AND THEIR

APPLICATIONS IN CATA LYSIS

1.1 Introduction and Motiv ation

Fundamental understanding tife structure ofcatalyst active sitefias driven
innovation by improving catalytic performance andatalystdesign. Due to @nomic,
environmental and sustaiméty factors there has been a continual creationand
evaluation of new catalysfer well over a century These demands can be met through
the design and development recyclable catalyst which can be used to help achieve
sustainable chemm@l processedOften the recycling process facilitated by use of a
heterogeneous system, whereby the catalyst exists in a separate phase from the reaction
media (e.g. solid catalyst in liquid media). In contrast, recoveryenytle of a catalyst
that exists homogeneously in a single phase is more challer@jfiteyn, homogeneous,
molecular catalysts are attached to solid sugpty faciltate recovery and recycle;
howeverthis must be don&ithoutcompromising activityand selectivity associated with
the homogeneous catalystin effective designs of supported molecular catalystsna
understanding of the catalyst behavior in the homogereationcanlend insight into

the design of a heterogemes analogueThere are numerouslasses ofinsoluble



(heterogeneus supports and one class of materials that hagen widely usedor

equipping homogenous systems with a heterogeneous hispdlgmer supporté>

Polymer supportprovide an incredibly tunable suppoarchtecture standing out
in the vast arena oélternativeheterogeneous suppatructureswhich are typically less
easily tuned Dependhg on therequirements for specific reactions, polymer structures
can be made to fithe needs of theeaction.Polymerarchitecturegreviouslyused as
heterogeneous catalysitsclude but are not limited to linearand branchedhains!®®°
brusheg®'2 dendrimer§* micelles!>!61%18 and polymer resing®?® among other
structures.Large scale, ndustrialized processdsave employed polymer resins most
often typically to provide an ea&sof recovery and reusthough resins have been used in
small scale productions of chemicals well?*?2 For fundamental studies using polymer
catalysts, the exact active site locationdaenvironment is critical for extending
fundamentaknowledgegainedto the applied rden of catalystsLinear polymers have a
vast amount of applicationsna within this class of polymers there asebdivided
sequencef random, block, and alternating linear chaiwkich possess utilityin
conjugated solar celf$?4252627 electrolytic deposition for fuel celf$2%3931 and

electronicg?333* as a few exampte

Linearpolymershave the benefit in catalysis of site placement on each mora@mer
the polymer chain and typicallyserve as a soluble support for catalytic sites, with
recovery requiring a few separation stepscause single chain catalysis is a [@mging
system to define, the alternative system to examine are brigigsier brush system

employ a solid suppartvith one end ofa polymer chain tethered tihe suppotrt This



system extrapolateknowledgegained from a soluble linear systemnd proides a

heterogeneous support which can reduce recovery steps.

Brushescan be grownusing varioususes utilizing controled polymerization
techniques such as ATRP2537 RAFT 383940 and NMP.#+42 By far, the most common
support used for polymer brush synthesis isxSBdush structures have applications in
stimuli-responsive surfac&¥* and recently electronic® and catalysis*® Within
catalysis, these supports have tethered both organic and inorganic moieties for

cooperative and cascade catalys$fs.

The last structure discussed within this dissentais a micelle. Micelles have
served as a hybrid support wiselubility in a system akin to Enear polymer, but size
and microenvironment specifications like a brushicBlles areeffective structuregor
carryingout chemistry in aqueous media with@aimpromising activityof both organic
and inorganic catalysthrough utilizingmicroenvironmenté2°°5 Micelles have served
asideal platforms for drug delivery through the dynamic nature of the steuttua
aqueous environmepft?® andascovalentlybound stable reverse micelle whiglarform

catalysis in organic solvesit*

1.2 Linear polymer catalysts

Linear polymer catalysts haveserved assuppors for both organic and
inorganidorganometalliactive sitesThe Iteraturecontainshundreds of examples using
soluble polymers as suppoits the liquid phasewith the materials acting gsseude
heterogeneous catalys®lternatively, linear polymers, when insoluble, can form solid

particles in solution that can be recovered by filtration from liquid media.



In this thesis, linear polymer chains functionalized with acidic and basic sites have
been prepared to study thepact of polymer structure on cooperative duibe catalysis
in liquid media. Linear polymer chains in solution can take smme nebulous physical
characteristicssimilar to enzymatic structuresvhich can be beneficial icatalysis,
specifically cooperativecatalysis which utilizes the characteristics of site flexility,
cooperative interactions, aral controlled, typically closg@roximity of catalytic sites
Supporting inorganidorganometalliccatalyss thoughthe design ofligandmodified
monomerscaninduceself-folding of the polymeiligated active sitegn solutiondue to
chelation of the metal sites, reducithg distance between active siféS® For reactions
catalyzedby organic activesites the self-folding to form nanopatrticles requires tuning of
the acid and base componebecause of the potential fquenchingif the strong acid
and base sites can sadsemble by numerous multidentate interactiéios acidbase
cooperative catalysis usingnine and weak acid sites such as silamolssgorous silica
supportshave ben widely employed whereco-annihilation ofthe acid and basgpecies

is limited due to theited placement of moieties orrigid, insolublesurface.



1.2.1 Cooperative catalysis witbolid catalysts

Transition State Activation (A) Sequential Activation (B)
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Figure 1.1: Generakooperativecatalysiscycles throughransitionstateactivation (@A),
sequertial (B), dual (C), andself-activation (D)

Cooperative catalysisan occurin many different modeas depicted above in
Figure 1.1.n cooperativefransition state activatioiwo separateatalyticsites activae
two different reactantthat ultimatelyproduce the product in tandémSchematically, &
seen above ifrigure 1.1 catalystA actives substrate @ C’, while CatalystB activates
substrate o D' to form product Ein transition state activatiodn a second type of
cooperative catalysis, referred to sequentiabctivation (B), Catalyst A and B interact
with one substrate tpreparethe @mpound for reactivity with the secaondnactivated
substratgFigure 1.1) Dual activation involved Catalyst fteracts withC, and Catalyst

B interactswith D to form E, and SelActivation (D) involves Catalyst A and B forming



an activated complex tateract with C and unactivatedbstratdd. Each of thes modes

of cooperatie activationhave # reactants and catalysts present from the beginning of
the reactionwhich iscritical for catalyst design whethe incorporation ofnoieties tlat
inherently quench one anothare presem® The mostwell known examples of
cooperative catalystsr&a enzymes. To this endgientists have looked to enzymatic
systems for inspiratiomegarding catalyst desigand many chemists have developed
catalysts that seek to posititime functional groups in an active petlsuch thatatalytic
sites productively interact with the reactant8iological systems have mastered
complicated reactions under mild conditionsing such designsin many cases
simultaneously incorporating functionai$ that are inherently opposedswch as acids
and base® Many times,enzymes utilizea hydrophobic biding pocketthat contains
organocatalytic or metallic specie® performing catalysis through ooperative

interactionsof each catalytic sitevith the reactants

Cooperativeacid-basecatalysishas been thoroughly explored using mesoporous
silica supportsthat have provided a fixed, rigid surface to tether active species to
Mesoporous silicasupportssuch as MCM41 and SBAL5 have a hexagah array of
pores, tymally ranging from 2200 nanometersin diametey with large surface
areas®262 The ordeed support is suitable to be used for many reactions due to the
stability of the matrix, as well athe ability for incorporation of multiple functional
groups The supportnherentlyhas an acidic silanol surface thaused totether various
organailanes thoroug grafting procedres to introduce specific functionalities An

alternative way to introduce specific functional groups isgweincorporatia of specific



organosilanes duringn the initial synthesis of the suppogn approactknowns as co

condensatiof*

Cooperatively catgzed acid-basereactiors such as thesldol condensatiofs?
nitroaldol condensatiofi® and Knoevenagelkondensaticf have demonstrated the
importance otombining both acid and base sites in the catalysts to achieve significantly
enhanced reaction rate§everal factors have been explored in various catalyst designs,
including the role of base type (e.g. various amines), acid type and strength, as well as the
proximity of the acid and base sites to each otAar.an example, sing the aldb
condensation as the test reactitirg importance of acid strength in tbeoperativiy of
acid and baseites was explored, showing that weaker acid sites led to more effective
catalysts, with the idea that weaker acidssitere less likely to protonate and quench the
base site&® In a later studytheinherentacidity of the silanol surfaowas shown to be a
highly effectiveacidic partner to graftedrimary alkylamine speciefor these coupling
reactions® Through themany yearsof researchon cooperative catalysis utilizing
mesoporous silica supports with various acids and bases, a few key characteristics have
beenidentified for optimal cooperativity: flexibility in the acid and base parsér
choosing arappropriateacid and base stgth,°®5° ard the proximity of the cooperative

partners

As noted above, most studies of amine/acid cooperativitgldol and related
coupling reactions have employed rigid, porous silica supported active Bitebapter
2, the use of linear polymeric suppodsntaining acid and base sites of similar strengths
to thoseexploredin studies of cooperative catalysis with mesoporous silica is described.

Specifically,a fundamental study of they conceptsioted abovevas completedisinga



polystyrenesupport as one of the first comprehensive studies oftypis of catlysis
using a linear polymerThis study found that weakly acidic monomers were more
effective cooperative partners with aminebase han a stronger acidin a subsagent
study employing polymesupported catalystshe strongeracid monomer waexploited
further ina fundamental examination dfie hydroborationof alkynesforming new GB

bondswhile using a simple, low cost organocatalyst

1.2.2 Hydroboraion chemistrywith homogenousatalysts

Hydroboration chemistry was discoveredtlre late1950s byHerbert C. Brown
which placed an organoborane on an olefin as a useful synthetic internfé@atee the
genesis of this reaction, decades mwfestigationshave been dedicated twning this
useful intermediate. Hydroborations Viea primarily been used in synthetic organic
chemistry as a functional handle easily modified irthfer synthetic strategie€ The
borylated products are generally atable and easy to handfecompounding the
usefulnessof this reaction Commonly sed hydroboratingeagentsare diborang! 9-
BBN,’* catecholboran&’® and pinacolbonae/”"® Producing theboroncontaining
products haveen achievethrougha wide array otransitionmetal catalged reactions

catalysed by metal complexes baséeld,& Zr,2%8! Pd8283 and REP4858 among others.

Hydroborationreactons over the years have been tuned to prodocth the
classic Esubstituted alkyne or olefin withntrMarkovnikov placementas well as Z
substituted unsatated corpounds. This reactionwith transition metal catgsts can
achiewe the synthesis ofz-alkylboronate$/® activation of internal alkynes and

olefins89% as well asaddition to heteroatom moieties. Asndamental studies of the



various mechanisticpathwaysusing these variougransitionmetal catalystshave led to
understanding of the catalytic dgs researchers have most recenlggun to @rn
toward less expensive transition metals such &&%&03949% and C§"%® as well &
transitionmetal freesystems The use of less expensieatalystsin reactions that still
maintaina high degree of regi@nd stereoselectivitiacilitates themore widespread use

of this reaction irsynthetic chemistry

1.2.3 Hydroboration chemistry with heterogenemagalysts

There are limited examplad solid catalystdn the literaturefor hydroboration
reactions Only afew different sipportssuch asdViOFs and mesoporous siliteve been
reported for hydroboratiorcatalyss, typically being employedwith the hopes of
recycling the expensive metaind avoiding metaleaching Transition metals both
particles and ionssupported on diérentsolid structures hae been shown teatalyze
this reaction, but not allexamples havedemonstrad the ability to reusethe
catalyst?9100101102103 One studyused of macroporous polymesuppored rhodium
catalystthat was reused for hyalgenation and hydborationsreactions but displayed
rhodium leaching®* Two reports have employed mesoporous silica supported rhodium
and zirconiu complexeg®1% The recycle ofzirconum hydride compless on silica
supportswasdemonstrated over 8 cyclagthout loss of activityimproving the reuseof
an air and moisturesensitve complex in the homogenous ca3ée ability to recycle and
reuse expensive ras for this reactiomas not been widely describedthe literature
However, there has beamemergence ahe use obrganocatalysts for this chemisiry

recent yearsyhich offers the potential for simpler, less costly catalgtistems



Recently, the use of a homogeneous, small molecule carb@cyticcatalyst was
reported to catale the hydroboration cfubstituted alkynessingpinacolborane With
the ability to prepare carboxylic acid containing polymers developed in the work
described in chapter 2, new polymeric catalysts forhydroboration of alkynes were
developed and explored. Through controlled polymerization techniques, the polymer
chainscan provi@ exact placement of actiwsites on eacbhain andthe elimination of
transition metalsmay be acostefficient way of creating new solid catalystshile
maintaining high activity Understanding mechanistically how the catalyst performs the
hydroboration can lead to improved catalyst desigm.that end,Chapter 3describes
work that identified a carboxylic acid polymer catalysthat was deployed in a
fundamental analysis of the hydroboration of substituted alkynes with pinacolborane as
the boron sowe. Experiments targeting the elucidation b&tmechanisrwith which this
catalyst performshie hydroboratiorwere completed. While an exact mechanisot
fully identified, the kinetic isotope effeciK(E) in the reaction was identifiednd the
kinetic orders in catalyst and substrate allowed the identification ofa proposed

pathwayfor the reaction using the carboxylic acid organocatalyst

1.3  Polymer brush catalysts

Hybrid organieinorganic supported structures are ubiquitous in applications from
materials to catalysid?olymer brushes are a specific type of orgamacganic hybrid
material if a solid, inorganic surface is employed, with polymerbrushdefined as a
structurehaving one end of a polymer chain tethered to a solid surfde@esupport can
be a myriad of materialfyut is most often silica due tds highly modifiable surface.

Generally, there are two approaches totlsgsiz ng a pol ymer brush:

1C



igraftiWgheé rdogoaft i nnyolvessyathesimgdhe paymér chain
with a modified end group that can be
approachtypically depositsome form of an initiatoor propagatioragenton the surface

of the support androws the polymer from the surface

Polymer brushes in catalysis have been used to supptrttransition metal
complexes and organic speciesactive sitesTransition metals anmost oftensupported
through polymerizing ligands that chelate to the metal anég introduced into the
system. Eamples ofbrushsupportedtransitionmetal complex catalystsinclude Ag,%®
Au,% pdo cuyt and Nil'! These metalkave been used foarform various types of

catalyss, from singlesiteto cooperative;!? andbifunctionalreactions’

1.3.1 Cascade Catlysis

O 0 ©
N NS

Catalyst A Catalyst B

Figure 1.2: GeneraR-Stepcascadesatalysisreaction.

Cascade catalysis refers to a qu¢ tandenor multi-stepreaction where there is a
domino ofsubstrateC going toD going E, utilizing two separate catalysfs and B as
illustratedabove inFigure 1.2 The concept of cascade catalysis is rooted in enzymatic
behaviour where multiple transformations occur in tandem due to compartmentalization

in biological systemsFor this dissertationa focus hasbeen placed omxtendingthe
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cooperativeacid-base chemistrydeveloped in chapte? to these cscades. Whereas
cooperative catalysis requires the creation of domains with acid and base sites situated in
close proximity to each other, in cascade reastithat seek emulate biological systems,

it can be desired to spatially separate the different types of active sites. In this work, it
was sought to spatially isolate acid and base sites intvatepdomaindn the literature,

there are a few classicstade reactionsne class of which consisté anacid-catalyzed
acetaldeprotection followed by some form of bassalyzed additionThe supports used

for this catalysis are expansive, and in recent literature examples using paesis

linked networks''® covalent orgaie frameworksi!* and metabrganic frameworks®

have beemeported

Polymer brushes provide a malleable support for the synthetic mssdsiated
with designing catalysts famascade reactions. Star polymeasveservedto encapsulate a
sulfonic acid catalyst to prm an acid deproection of 4nitrobenzaldehydeidhethyl
acetal,coupled withdialkylamino pyridine to perform the Baylillman with methyl
vinyl ketone!*® Bottle-brush polymer catalysts have also displayed high activity for the
tandem acetalleprotectiorbasecatalyzed Knoevenagel condensation, which
incorporated a sulfonic acidnd N-methylaminopyridinein the interior of sepaate

brushes*’

Cascade dalysis ha mostly focused on twestep cascades, and the study
performed in Chapter 4 h&aggun toextendknowledgefrom two-stes to three steps for
an acidbasecatalyed reactionwith two base catalyzed gt® Due to the excess base
necessary to perform a third step, a polymer brush incorporating basicesoiat

designed while maintaimg acid functionalities in the supportto give a useful
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archtecture Exploration of different hybrid organinorganic archiectures was carried
out and catalytic studies wengerformed with hopes of extending #ise concepts to

larger platform chemical synthess

1.4  Polymer micellecatalysts

Polymer micellesre structurethattake advantage diydrophobic and hydrophilic
compartmentalization for various applications like drug deyiteand in this study
catalysist!” Often these micelles mimic biological systems, shuttling reactants and
products through individual compartmemtstandem to create complex molecules that
are synthetically challenging®!!® The variousmicelle structures availableffer a

tunable support for applications in catalysis.

Classic micelles employ hydrophobic and hydrophilic characteristics to
dynamically form in aqueous conditions, while reverse micelles utilize the reverse
process to form in organic solutionEhe majority d polymer micellesynthesesare
achieved thorough se#fssembly oblock copolymerr individual surfactant molecules
composedof hydrophobic and hydrophilic zones'?%'?! To increase stability of the
micelles formed by individual surfeamt moleculescrosslinking the head groups can
eliminate exchange of coreontentsand fix the micelle structuréo withstand higher
temperature$?!23 In this work, such an approach was undertaken to design micelle

supported Pd catalysts forkCactivation.
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1.5 Micellar applicationsin catalysis

Micelles have served as a support to performaorgtransitionmetal catalyed
reactions carried out in organiolgents in an aqueous medid@t25126127 Alternatively,
these micelles can create an active pocket similar to an enzyme, with spatial
configurations that facilitatecooperative interaction'$® Another exploitation of the
spatial confinements of the core can be to facilitate chelation of metals to ligands

immobilized within the coré?®

The many microenvironments created by polymer micelles tnaed
characteristics of thesesupports such as size of the cot&!?® polymer block
synthesig3***2 and functionalizationof key organic speciesvithin the structurg33134
Applying the various syntlie changeds specific tothe role or application envisioned
for eachmicellar system however, the focus of micellar suppois catalysis within this
thesis vasto promotesize selectivity to a C(S)i H monoarylation of an unnatural amino
acid with substituted aryl iodidesvhile offering the potential for ligand, metal or catalyst

recovery and reuse

Ci H functionalization has receivétemendousttentionin the synthetic organic
chemistry communitpver the lastwo decads, with advancesoming from both ligand
coordination as well as catalyst designpromote thespecificity and reactivity of the
catdysis Many groups have designed cplex catalyst systemthat promote various
types of GH functionalization activating sp, sp ard sg bonds In collaboration with
Dr.JinQu a n Y u Gthe firgt gemaration of miceHsupported ligansito promote Pé

catalyzed C(s})i H monoarylatios was developed
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1.6  Outlook

With the overall target ofplying variouspolymer structures to cater to different
types of catalysisthe work in this thesis has employed linear polymers synthesized by
controlled radical polymerization techniques, polymeric micelles silck-supported
polymer brushes to achieve an array of déférfunctional catalytic materialn each
case, the polymer and catalyst design was targeted towards a specific appliation
each polymer and catalytic targéindamental insiglstinto the catalytic process was
obtained, yielding additional ideas about how dliféerent polymer structuresould be

tuned for each reaction.

Applying concepts fromthe mesoporous silica literateirto linear polymer
supports for cooperative catalysis is described in Chaptéh&.polymer synthesized
performed as well as silica catalysts, with the ability to tune both monomer design and
polymer solubility offering opportunitiesto increasereaction rates furtherChapter 3
addresses completely different chemistry using a sinliferar polymer suppored
benzoic acidandnew into organocatalyzed hydroboi@ts have been obtained, a field
where organocatalysts a not been explored thoroughly. Chapter 4 has extended
concepts learned from cooperative catalysis in chapter 2pasgnted thesynthess
polymer brush structusesuitedto carry out a &tepcascadesuccessfully catalyzing the
first two stepsn tandem Lastly, utilizinga photoinitiated crosknking micelle structure
for a Pdcatalyzed C(sf) i H monoarylation applied an entirely new supporthis type
of C-H activation chemistry, andundamental steric implicationassociated with the

micellar catalysisvere discovered.
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CHAPTER 2.

ACID -BASE COOPERATIVE CATALYSIS USING LI NEAR

POLYMER SUPPORTS

Parts of this chapter are rie@;rCohenyéeEd fr om
Weck, M.; Jones, C. W. Bifunctional Polymer Architectures for Cooperative Catalysis:

TunableAcid-Base Polymers for Aldol Condensati@hemCatChen?017 9, 1371 4 3 . 0

2.1 Background

As mentioned in chapter Ipany biological systems that utilize organic active
sites to catalyze reactions under mild condititre@ughcooperative catalytic pathways,
whereby two or more active sites work together to activate the reactant(s). An array of
designed, chemical catalysts also catalyze reactions by employing cooperative effects,
whether it be by metal/metal cooperativity using nanoclutérsnpetatligand
cooperativity:3613758 or via cooperative interactions in organocatalytic systems, akin to
biological catalyst$38139140141142143144 - Consjdering one specific example of chemical
catalysts, many researchers have used the biological inspiration to develop cooperative
catalysts based on amines and acidic groups functionalized on onas®psilica
supportst#514668  Although mesoporous silica supports are easy to prepare and
functionalize with various functional groups via grafting of organosilanes, the rigidity of
the supports differs substantially from the flexibility that biological macromolecula
catalysts offer. Many silica supported bifunctional catalysts have focused on the aldol

or nitroaldol reactions as tools to explore cooperative activation of aldehydes with
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various coupling partnef§’®8148149  The numerous studies on mesoporous silica
supports have established amisieanol interactions as the most useful aoabe pair for

the cooperatively catalyzed aldol condens&fi@ompared to related stems that utilize
stronger acid sites. Initial studies on the use of different types of atrihe<® as well

as the role of amine linker length identified flexibility in the ardinectionalized silanes

as an important factor that could be tuned to alter the cooperative interactions between
the amines and silanof!®215® One study looked at intramolecular interactions of
secondary amines paired with varying acid strength pairs on the same alkyl chain, and
found weakly acidic alcohols to bbee best cooperative partners for catalyzing the aldol
condensatiof®?

While cooperative aminacid catalysts based on silica supports are relatively
well-studied, there are limitations in this system that can potentially be addressed by
using other supports. As noted above, the silica surface is rigid and inflearbjeared
to enzymatic catalysts. Another constraint with the silica based systems is the difficulty
in controlling amine placement on the silanol surface. Controlling the amine density
grafted onto the silica surface has been manipulated through thé luskyoprotecting
groupst>*1®® put this introduces more steps to a synthesis that utilizes simplicity as a key
attraction. Another drawback to silica supports is the range of aciditiesélyagxist on
the silanol surfac&® as well as the ability to contradilanol number and location
indepdendently. Literature reports suggest that silanols on the silica surface can range in
acidity, with an average pKa value of%1%%158 The acidity of the silica surface cée
further tuned to be more acidic through the incorporation of heteroatoms into the silica

framework!48159160 A recent study exploring a variety of heteroatom substitutions into

17



the silica surface showed that the strongest Lewis acidic species, zirconium, decreased
the conversiondr the aldol condensation relative to the méted silica surfacé®® This
is consistent with the results discussed above, where weaker acidity led to improved
reaction rate8%1°2

Building from the array of research conducted on silica supports, we have
hypothesized that synthetic polymer systems can provide new design elements that are
challenging to utilize with silica systems. A wide variety of monomers can be utilized,
and these monomers can be copolymerized through controlled/living polymerization
techniques that allow for a high degree of control over the polymerization and,
potentially, the placement of specific monomers within the cKat® To this end, in
this initial investigation, we repbrhere a series of polystyremmlymers containing
amines and weakly acidic diols in their sicleains and explore their use as catalysts in
the aldol condnsation of 4hitrobenzaldehyde and acetone. Our goal of this initial
polymersupported study is to compare and contrast the behavior of these polymer

catalysts to the webtudied silica/amine systems.

2.2 Experiments

2.2.1 General Aldol Condensation procedure

Under flowing nitrogen in a 25 mL-Beck round bottom flask, 1.0125 mL of 0.10
M aldol stock solution containing-ditrobenzaldehyde, dimethoxybenzene (internal
standard), and acetone and 1.0125 mL dichloromethane was micropipetted imécla 2
(25 mL) roundbottom flask and stirred at room temperature for 10 minutes. A 25 pL

aliquot was removed to determine thenthute time point, and then the polymer catalyst
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was added (100 mol% N), measured in air. The reaction vessel was sealed and placed
into 50 °C oilbath. Samples were removed over 4 hours and rinsed through a silica plug

with acetone to remove catalyst. Conversion (%) was determined through GC with FID.

2.3 Materials Synthesis

Ha Hq
NF T N, X
CTA, AIBN C12I"25‘8 o
o
OBoc DMF, 65 °C, 20h
OBoc B
NPht ocO
A B NPht

polymer 1

Figure 2.1: Typical polymer synthesis by RAFT polymerization.

Polymer 1: A typical procedure for RAFT polymerization was as follows:
Monomer A (0.300 g; 0.892 mmol, 50 equivalents) and monoB€0.235 g; 0.892
mmol, 50 equivalents) were dissolvedlidt mL of DMF. Then, dodecyl propionic acid
chain transfer agent (0.0065 g; 0.0178 mmol, 1 equivalent) and AIBN (0.001 g; 0.00178
mmol, 0.1 equivalents) and 1,3ffoxane as the internal standard were dissolved. The
reaction mixture underwent four cycles freeze, pump, thawing. The line was purged
with flowing argon three times, then the flask was backfilled with argon. The reaction
was polymerized at 65C for 20 hours. Monomer conversion reached 55%, as
determined throughH NMR analysis and the disag@rance of peaks at 5.7 and 5.2 ppm
(Figure 2.2). The reaction mixture was purified by dialysis in acetone with a 2 KDa

MWCO (Spectrum Laboratories, CA, USA). Pp@ymer 1 was obtained by removal of
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acdone through rotary evaporation, leaving a pale yellow solid. The number of repeat
units in the polymer was determined through GEhg polystyrene standard$he
molecular weight distributions determined by GPC using THF as the eluent were: M

6200 g/nol, B = 1.35

2.3.1 Bocdeprotection for copolymer catalysts

Copolymer catalysts (200 mg) were dissolved in 10 mL of acetone with an excess
of TFA and stirred at room temperature overnight. Acetone and TFA were removed by
rotary evaporation and the residue wassdived in methanol for the next deprotection

step. The crude copolymer was a light yellow solid.

2.3.2 Phthalimide deprotection of copolymer catalysts

Crude copolymer from the bateprotection was dissolved in ethanol, and an
excess of NENH2-H2O was added. He mixture was placed in an oil bath at 60 °C
overnight. The deprotected copolymer was then filtered with 200 mL of ethanol, 100 mL
of DI H20, and then 200 mL of ethanol. The final crude polymer was a lavender solid.
The deprotection of the polymer was fiomed using FTIR by the lack of a carbonyl
peak, suggesting boc deprotection, and appearance of amine stretch at 3360 cm

associated with the primary amine.

2.3.3 Porous Organic Polymer Synthesis

The synthesis of the POP was adapted from previous litefdfurea 250 mL
pressure tubeDVB (2.0 g) the vinyl diol (7.68 mmol) andba (7.68 mmol) manomers

were dissolved in THF50 mL) with 0.2 g of AIBN. 1 mL of DI HO was added to the
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solution, and stirred in a pressure flask at 30G0or 24 h. The resultopwhite solid was

filtered with excess THF, and dried overnight under reduced pressure.

2.4 Materials Characterization

Table 2.1: Characterization of various copolymer catalysts

M M N
Pol ymer n. NMF n. GPC h Units N wt%
(g/ mo (gmol
Homoi NH, 8, 70 4,100 1.27 16 20.
Randoml:1 OH:NH; 16, 5C 6,200 1.3t 21 5
Randoml:1 COOH:NH 13,000 4,000 1.22 21 4. 6
Ratio1:4 OH:NH; 21, 3C 10, 10 1.3¢ 32 6
Ratio4:1 OH:NH; 14, 1C 6,900 1.27 25 2 .86
. 8,700 1. 3¢
BlockTNH,, OH ’ ’
ock1NH, 22 200 5,100, 8100 1 8¢ 19, 5.9
. 8,700 1. 3¢
BlockiNH,, COOH ! ! .
) 16,800 5,100, 8,200 1 5 19, 5.9
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Figure 2.2: 'H NMR spectra of in situ polymerization.

Monomer A (1D mg, 0.327 mmol) and monomer B (86 mg, 0.327 mnibl),
(dodecylthiocarbonothioylthie2-methylpropionic acid (0.002 mg, 0.00654 mmol),
Azobis(2methylpropionitrile) (~1 mg, 0.00065 mmol) was added to BIKEO.75 mL).
The polymerization was carried outanJ. Young NMR tube. This reaction solution was
freezepumpthawed five times to remove oxygen and was heated fi€@fder argon
for 16 h. The NMR data were collectéa situ for each hour (relaxation time = 10

seconds).
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Figure 2.3: Integration ratio of the vinyl protons of monomer Ayldnd monomer B
(He) during in situ polymerization. The unchanging ratio demonstrates that the
polymerization occurred in a random manner.
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Figure 2.4: Nitrogen physisorption isotherm of P@kbl:ba
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Table 2.2: Surface area and pore volume of P@#&l:ba

Sample | BET Surface Area (/1g) | Pore Volume (criig)

POR diol:ba 700 0.7

Table 2.3: Elemental analysis of PGdHol:ba*

Catalyst N wt% C wt% H wt%

PORdiol:ba 1.55 85.33 7.58

*remaining 5.5 wt% is oxygen from diol monomer incorporation
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Figure 2.5: IR spectra of the protected and deprotected randomidl-ba catalyst.
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Deprotection is evidenced by the loss of the carbonyl peak at 177arar2980
cmt corresponding to the methyl, associated with-Bec group, and ap@eance of the
N-H stretches around 3360 ¢rand remaining 2928 cimethylene stretch of polymer

backbone and benzylamine.

65 °C, 2h

- S
R 13
- N N
Backbone H H
Backbone

Figure 2.6: Amine coupling reaction used to quidythe accessible amines in the
insoluble random 1:dliol:ba copolymer catalyst.

Table 2.4: Elemental analysis of phenylisothiocyanate coupled randomidl:ba
copolymer cataist

Element C H N S
Initia | 68.46 7.19 5.05 0
Final 73.93 7.78 542 0.88

2.5 Results and Discussion

2.5.1 Homogeneous Catalytic Pairs

For cooperatively catalyzed aldol and nitroaldol reactions using ammiakfied
silica catalysts, previous literature has shown that weak acids in tamilera simple
primary amine base have cooperatively catalyzed the reactions most efficiently, relative
to primary amines paired with stronger acids. In early work, varioushase pairs on
functionalized mesoporous silica supports were investigatedibpg a phosphoric acid,

an aromatic sulfonic acid, or a carboxylic acid with a primary amine group for a model
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aldol condensation reaction between functionalized benzaldehydes and a&et6HE.

The results showed that the carboxylic acid with the primary amine catalyzed the aldol
condensation most efficiently. Furthextrapolating from this concept, Brunelli identified

that surface silanols cooperatively interact with aminosilanes to catalyze the aldol
condensation more effectively compared to the carboxylic'&titb this end, we sought

to identify a reactive olefinic organic monomer hwvisimilar acidity to the silanols of
mesoporous silica with which to pair a primary amine base. A dihydtmationalized
styrene monomer was identified as a suitable functional monomer with appropriate
acidity. The diol unit incorporates two alcohol @tionalities, (loosely) akin to a silarol

laden silica surface, while maintaining an acidity similar to surface sil&t{oMthough
carboxylic acids were shown to bess useful than silanols as amine partners on silica
supports, we hypothesized that the ability to control the location of the acid and base sites
to a degree via controlled polymer syntheses may allow these sites to be more useful in
polymeric systems timathey were in the silica catalysts. To this end, a carboxylic acid

containing monomer was also employed.

Primary amines have been shown to be highly efficient in the aldol condensation.
As they are the most wedtudied amine species in the sitgappated cooperative
catalysts, we chose to incorporate a primary amine into the basic monomer used in the
bifunctional polymer synthesis. To screen the reactivity of the different potential active
sites, benzylamine and phenylamine were chosen as canditaéesies with different
base strengths, with resonance through the ring possible in phenylamine, decreasing
basicity. The benzylamine base gives increased basicity and also incorporates a small

degree of flexibility due to the methylene spacer, which prasiously identified in the
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mesoporous silica literature as a useful feature to enhance cooperative interactions of

amines with the surface silandb.
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Figure 2.7: Conversion (%) of variousomogenous acid and base pairs for the aldol
condensation of-fiitrobenzaldehyde and acetone aPGQunder flowing Ar at 10 mol%
of amine after 4 hours.

Figure 2.7 displays the catalytic performance of each homogenous, small
molecule catalyst, and aspected from the trends derived from the porous silica systems
studied, the stronger carboxylic acida)l paired with benzylamineb&) showed
diminished activity compared to the weakly acidic diol umdiiol) paired with
benzylamine, likely due to an incseal degree of neutralization with the largerapK
difference betweeba andca. The degree of neutralization of relatively strong acid and
base sites can potentially be reduced by heterogenizing the moieties on a surface such as
silica®* or potentially on a polymer backbonRa paired with the acididiol or ca
showed minimal conversion ofritrobenzaldehyde due to the reduced basicity of the

amine in resonance with the aryl ring, showing that insufficient basicity leads to poor
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catalytic activity*>%15+1%6 The conversion observed fba alone corresponds to the aldol
condensation being effectively catalyzed by a base only, though it is clear that the
conversion can be enhanced through the addition of a weak acid such as the
diol 6915015170152153158  Thys  the trend of enhanced reactivity from the pairing of a
weaker acid with the primary amine with suitable basicity, as observed in tte sili
systems, was replicated with this simple study of small molecules. This forms the basis

for the monomer design for use in polymer supported cooperative catalysts.

We next sought to test this cooperativity between the two adidg €a) and
optimal kase ba) sites using functional gups tethered to a polystyresepport. For this
purpose, functionalized styrene monomers approximating the optimized homogeneous
acidbase pair were preparéd®81% as shown inFigure 2.8 Additionally, the
commercially available #inylbenzoic acid was tilized as the correspondinga

monomer.

Diol:

o o H_.O /
7L°JLOJLOJ< MePPhsBr, KOtBu

DINEA, DMAP, THF dry THF
rt, 24h OBoc "C?’o it, 24h OBoc
OH OBoc OBoc

~
Na"s PPh;
DMF rt, 24h THF:;';“O Et;N toluene
n reflux, 24h

Figure 2.8: Synthesis of the weacid diol) and aminebase a) styrene monomers, in
protected form.

NPht
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The protecteddiol and ba monomers were copolymerizedrabigh reverse
additionfragmentation chauransfer (RAFT), producing polymers with low
polydispersities and short chain lengths, to ensure the array of polymers with varying
composition were similar in overall structir@.The polymerizations were monitored
using *H NMR to follow the disappearance of the vinyl peaks associated with each
monomer. The vinyl peaks of both td®l andba monomers decreased at the same rate,
indicative that the copolymerization waandom Figure 2.3).1"172 Use of RAFT
polymerization with protected monomers allowed acoesandom and block sequenced
copolymer catalysts incorporating eithdipl and ba units, orca and ba units, as well
(Figure2.9). All of these catalysts were synthesized as linear polymer chains cogtaini

between 20 and 30 repeatits(Table2.1).

random_diol:ba Random:
1:1

diblock_diol:ba mg Diblock: ! ! g!
1.4

random_ca:ba ! ! g! <-

POP:

4:1

diblock_ca:ba ! ! 5! ~

Figure 2.9: lllustration of various polymer catalyst sequence, (left) varying ratio of
monomers, (cee.t) various acid monomers and sequence, and (right) overall catalyst
structure.



2.5.2 Catalyst Loading and Characterization

Once the polymers were fully deprotected through sequential deprotection steps,
the polymers became insoluble in various solventsimgnffom hexane to deionized
water. Therefore, a range of techniques was used to characterize these polymers
molecular weights, polydispersities, and active sites aside from classic solutiotHstate
NMR spectroscopy. A straightforward qualitative chaggzation was carried out using
infared spectroscopy, which was used to support the complete deprotection of both
protecting groups on the polymer via the disappearance of the C=0O stretch at
approximately 1770 crhand formation of a small peak around 3386 that can be

attributed to an ghhatic NH stretch Figure2.5).

Initial catalytic studies began with the 1diol:ba polymeric catalyst with a
random distribution of acid and base sites at an aneading of 10 mole %, conditions
that allowed direct comparison to the silica catalysts widely described in the literature.
Interestingly, the conversion ofritrobenzaldehye with acetone after 24 hours reached
only 9.3 %. Under the same conditionsyi¢al aminopropyfunctionalized mesoporous
silica catalyst achieved 65% conversiéh. Subsequently, increasedtalyst loadings
were explored, up to an apparent catalyst loading of 100 moleigaré¢ 2.11). At an
apparent 100% catalyst loading, the apparent initial TOF was™2.tvltich is slightly
lower compard to aminosilica catalysts studied previously (~2%.99 These data may
appear to suggest that the base and acid sites attached to the polymer backbone are
inherently less active than those associated with the aminosilica catalysts. However, the
apparent catalyst loading does not necessarily equal the amount of available active sites

for catalysis. As noted above, the polymers were not fully soluble uneee#ttion
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conditions employed (the polymers were not soluble in most solvents, see above, and
only a small number of sites may be accessible to the reactants). Indeed, we hypothesized
that the apparent catalytic activity may be associated with only @itethe external

surface of the collapsed polymer chains, meaning there may be few accessible diol and

benzylamine groups.

200

0.0 ‘ 0.1 ' 0.2
NaOH added (mols)

Figure 2.10: Titration curve of the 1:#liol:ba random copolymer catalyst in DI veditin
the presence of 0.010 M NaOH at%Z5

To probe the amount of accessible acid sites, the randowidl:tha copolymer
was titrated using sodium hydroxide. The titration curves display diprotic acid
characteristics; the first equilibrium point watiributed to neutralization of excess HCI
and occurred at approximately pH ~7, while the second equilibrium point was the
conversion of accessibkiol units to ketones around a pH ~8ased on the titration

results, approximately 8 mol % of diols wemecessible, indicating that only a small
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fraction of the diol units on the exterior of the polymer chains were accessible for
catalysis. Further, a coupling reaction was carried out using phenylisothiocyanate to
titrate the number of accessible primary a@s on the external surface of the polymer.
Elemental analysis of the recovered, reacted palyshewed a sulfur content of88. wt

%, corresponding to 8.5 mole % of amine reagtgdure 2.6), in good ageement with

the titration value of 8 % accessildls (Figure 2.10). Through these two methods,
similar amounts of both diol and benzylamine were available for cooperative catalysis.
Based on thesesults, the actual TOF for the Idibl:ba copolymer catalyst was 25h

which is well above the initial TOF observed for the aminosilica catalyst discussed

above.
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Figure 2.11: Conversion of sitrobenzédehyde with acetone at various Hibl:ba

catalyst loading based on CHN analysis atG@ver 24 hours. Catalyst loading at 100
mol% shown after 4 hour reaction time.
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2.5.3 Solvent effects oratalyst activity

Due to the insolubility in the array of sohs explored, a range of cosolvents was
examined in pursuit of partially or fully solubilizing the linear polymer catalysts. Because
acetone was used as a solvent as well as reactant, each reastbreab was in a 50:50
volume ratio of acetone:cosolverin a range of polarities, from hexane to water, the
linear chains did not fully solubilize. This is attributed to the highly functionalized chains
and high degree of hydrogdronding that is possible within the monomer units, as well
as intermolecularlyith neighboring chain® Lastly, he polymer is a styrene based
systemwhich is poorly solubilized in aceton€hesedata suggest that spacer monomers
are needed in next generation polymer catalysts, better separating the acid and base sites

as well as a different ketone coupling partner

The observed catalytic activity associated with the array of solvent mixtures is
given inTable 2.5 For the random 1:diol:ba polymer system, more useful reaction co
solvents appeared to have moderate polarity, such as dichloromethane. In nonpolar
solvents, such as hexane, reports have shown the promotion of the low activity imine
pahway with primary amine catalyst&'® A recent study that explored the effect of
water on an aminréunctionalized silica based catalyst in the aldol condensation showed
that water pushed conversion to quantitative yield over the course of one hour. The
reaction rate increased 10 fold in tlsdudy with the replacement of hexane with water
using aminopropyl functionalized silica nanopartidi¢shese reglts are consistent with
the observed trends here, with toluene offering the slowest rate and water the highest,
different by about a factor of 10. The enhanced rate in water has been suggested to be

due to a reduced likelihood of imine formation in tihdohmechanism, a neproductive
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pathway that inhibits product formatidf?>° Similar effects of enhanced product yields

and selectivities in the presence of water have been reported with homogeneous proline
catalyzed aldol condensations as WEIL’® Acetone offered a higher initiahte than

other solvents of intermediate polarity, likely due to the fact that acetone was both a

solvent and a reactant, with the reaction being kinetically positive order in acetone.

Table 2.5: Comparison of initial turnover frequencies (TOFs) for different solvent
systems using the random Mibl:ba catalyst

Dielectric Constant  Inital TOF(h 1)

Solvent system

Toluene 2.38 4.7
Dichloromethane 8.93 13
Acetone 20.7 25
Acetonitrile 36.6 10
H>0O 80.1 47

4 TOFs reported are determined through the initial linear region of thanfajure2.12

A noteworthy trend that can be gleaned from the conversion/timiegrpfotted
in Figure 2.12 is the plateau in conversion observed when using water/acetone and

acetone solvent systems.
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Figure 2.12: Kinetic curves ofeactions using the random Mibl:ba catalyst using
different cosolvents in the aldol condensation with 100 mol% amine loading, as
determined by elemental analysis. TOFs report&cibie 25 are determined through the
initial linear region of the plognd TON determined from final conversion determined by
GC after 240 minutes.

A fundamental understanding of this plateau is not available at this stage, though
it should be noted that equilibrium constants for many ketdtehyde aldol
condensations di only slightly on the side of products and excess water may limit the
final equilibrium conversiod’” Also, this system could sb undergo an unfavorable
catalyst transformation that limits catalytic activity, such as oxidation of the diol
moieties. Proton transfer from the diol monomer, a hypothesized part of the catalytic
mechanism, might promote oxidation of the diol to a benrmme species, thus
removing the acidic species needed for cooperative catalysis with neighboring
aminest’8179 As noted below, the diols have been observed to oxidize after extended use
or storage. As further conviction of catalytic activity, a leaching test was performed and

activity of the reaction was terminated upon removal of the cooperative polytabista
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demonstrating no free small chain polymer present or leaching of active species off the

polymer chain.
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Figure 2.13: Leaching test kinetic plot. Catalyst removed at 60 minute, and time point
taken afer 24h. Hot filtration of catalyst to remove polymer, and reaction solution
continued stirring at 50 °C.

2.5.4 Catalyst Architecture effects on reactivity

2.5.4.1 Random seguence polymer catalyst structure effects

Building from these initial studies with the random dliol:ba copolymer and an
appropriate solvent system, further elucidation of catalytic cooperativity was investigated
using a series of random copolymers with different ratios of monomers and with diblock

copolymers, containing each active site segregate separate domains.
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Figure 2.14: Conversion of sitrobenzaldehyde in the aldol condensation-of 4
nitrobenzaldehyde with acetone in dichloromethane for copolymer catalysts that contain

various ratio®f acid and base sites at 50 °C using an apparent catalyst loading of 100
mol % amine.

The random 1:diol:ba copolymer catalyst exhibited the highest reaction rate,

suggesting a high degree of cooperativity in a catalyst with an equal nofrdied and

base sitesHigure 2.14, pink). The importance of the amine base sites as the primary
active sites and the supporting role of the weak acids is evident in comparing the kinetics
of the random 1:4liol:ba catalyst Figure2.14, blue) and the random 4diol:ba (Figure

2.14, red). The amine rich catalyst (1ddbl:ba) was more active than the armaipoor
catalyst (1:4diol:ba). This may be associated with a higher number of accessible base
sites on the external surface of the collapsed polymer owing to the larger fraction of
amine sites in the polymer. The lower activity of the amine poor catalgst be

associated with too few primary active sites. The higher activity of the catalyst with an
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approximately equal number of acid and base sites is consistent with enhanced rates due

to cooperative catalysis.

Table 2.6: Aldol condensation catalyzed by singly deprotecteddiol:ba catalysts

o

100 mol% catalyst
“ @** @A*
O,N

)j\ ,DCM, 50 °C
Entry Catalyst Yeild of 1 [%)]
1 None N.R.
2 Protected copolymer N.R.
3 CopolymerOH 10
4 CopolymerNH> 18

Cooperative catgtic activity was highest with freshly deprotected Hibl:ba
catalysts exposing bottiol andba units.In Table2.6, catalytic activity is displayed ith
singly deprotected materials. clvity was seveely decreased with roughly 10%
conversion with exposediol and 20% with deprotectella. Upon observation of the
catalyst after the reaction, the catalyst color had darkened somewhat. Further, when the
catalysts were intentionally aged in air before rieactthe color also darkened. These
materials were then tested for catalytic activity. The activity of the catalyst was reduced
down to the activity of a singly deprotectbéa catalyst, likely attributed to aerobic
oxidation of thediol monomer’7® This observation supports the necessity of the
presence of both weak acid and base for optimal catalyticitpctas well as future

catalyst design opportunities with alternative weak acids.
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2.5.4.2 Block sequence polymer catalyst structure effects
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Figure 2.15: Conversion of 4itrobenzaldehyde in the aldol condengatiath acetone
in dichloromethane for various copolymer catalysts containing different acid strength

monomers and different monomer sequences at 50 °C using a catalyst loading of 100 mol
% amine.

The impact of acid strength and monomer sequencebdison (1:1 acid: amine
ratio) was also explored at the standard, apparent 100% amine loading. Two copolymers
were synthesized usingvnylbenzoic acid ¢a) and benzylaminebg) in random and
block structures. Both of these copolymers were relatively patalysts, with an initial
TOF of 0.7 ht and minimal conversion after 4 Rigure2.15). Amongst the 1:Hiol:ba
catalysts, the random copolymer proved to be far more active than the block copolymer.
This observation supports the notion that distribution of the amine sites amongst the weak

acid sites, as in a random copolymer, leads to more effective cooperativity than isolation

of the amines and acid sites in separate domains.
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2.5.4.3 Overall catalgt struture effects

2.5.4.3.1 Porous Organic Polymers

Porous organic polymers (POP) are an emerging class of supports that create
mesoporous networks with divinyl benzene as the main component of the structure. This
support has a simple synthesis, and ceeatporous support that classic polymer resins
with divinyl benzene lack. Tuning the pore size of the mesopores benefits different types
of catalysis, while functionalization of the aryl rings of the support are another route to
incorporating catalytic s#s!8%163 Alternatively, the incorporation of polymerizable

ligands have been utilized in these structd?és.
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Figure 2.16: Conversion of sitrobenzaldehyde in the aldol condensation with acetone

in dichloromethane for various copolymer catalyst structures containing 1:1 diol:ba at 50
°C using a catalyst loading of 100 mol % amine.
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The impact of overall polymer architecture effects the rate of product formation
greatly. PORliol:ba is representat® of a porous organic polymer that is made from the
copolymerization ofdiol, ba, and divinylbenzene monomers in THF with water as a
coporogen and AIBN as the initiatt® The overall structure of this support is rigid and
analogous to the mesoporotulica supports previous used in literature, but eliminates the
effects of the acidic silanol surface. However, due to the randomness of the
polymerization, it can be assumed that active monomers are not in proximity to
cooperatively interact. Again, thedak copolymer has isolated the cooperative species so
this sequence of polymer is not ideal for cooperativity. The randioftba copolymer
was the superior support structure for cooperatively catalyzing the aldol condensation of

4-nitrobenzaldehyde in atmne.

2.6 Conclusions

Most prior catalyst design work using amine/acid hybrid catalysts for aldol
reactions has focused on silica supported gsti®l In this work, an array of polymer
catalysts wasleveloped for the aldol condensation, demonstrating catpigy with a
diol and benzylamine functionality. The use of polyimaratalyst offers the catalyst
designer different, and perhaps more, degrees of freedom in the design of cooperative
acid/basecatalysts. RAFT polymerization provided lingaolymer chains that were
insoluble heterogeneous catalysts thadt high apparent catalyst loadings, efficiently
catalyzed the aldol condensation. This first generation of linear polymer catalysts
provides a highly tunable platform to further build cooperative gatimland begin to

explore fundamental concepts such as monomer placement within overadr
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polymeric architectures. With a low accessible catalyst loading in this weak8%6),

revisedpolymer designs are expectedattow for enhanced cooperativignd activity.
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CHAPTER 3.

HYDROBORATION OF SUBSTITUTED ALKYNES USING A

SOLID POLYMERIC CARBOXYLIC ACID CATLAYST

3.1 Introduction

Transition metatatalyzed addition reactions with boroantaining compounds
with alkynes (or olefins) to form carbararbon bonds renas a vital tool in organic
synthesig®28 The resulting alkynlboronic ester product of these additions are air and
thermally stable, and easy to handle for further transformaifdnstecent yearsthere
has been a push for mefede alternative catalytic routes for these hydroborations
without compromising yields or substrate scope. Early examples of uncatalyzed
hydroborations were reported in1959 by Brown, showing the first uncatalyzed

hydroboraion of unsaturated olefins using elevated temperaftires.

U ue
o) H—DB (0]
R—="R: H-B — P io - B
o b RNy 0

R
R1/—\R2 2

Figure 3.1: Uncatalyzed hydroboration reaction with alkyne and pinacolborane.
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Over the years, the work was expanded to include-tatsdyzed hydroborations
using alkali metals®3!®* frustrated Lewis pairs>86187188 gmides®® NHCs'®® and an
acid®t as examples of metfiee alternative catalysts for hydroboration reactions using a
variety of boron sowes and unsaturated compouhds.

Many times high performing, and expensive, transition metal catalysts do not
have the ability to be recycled. Heterogenizing a highly reactive zirconium hydride
complex improved mycle and reuse of the typically water sensitive complex when
supported on silic#® One of the few examples using a polymer support catalyzed the
bor yl at iumsaturated acdgptdss with Cu(Qlnd recycled the catalyst 6 times,
which would otherwise not be possiBfTo date, organocatalytic polymers have yet to
be examined for this reaction, which provide a tunable platform for immobilizing
cataltic species, and provides a recyclable handle.

Herein we demonstrate the use of a linear polymer support with acidic
functionalities that performs as well as the soluble acid catalyst. Quantitative yields of
various substituted alkynes were reached, hagpblymer catalyst was facilely separated
from the reaction solution and reused at least 3 times without loss of yield. Moreover, a
mechanistic understanding of this reaction can facilitate the future design of
organocatalysts for hydroborations. Kinesotope effect (KIE) determination indicates
the rate limiting step is a rehybridization of the alkyne, while the experimental rate orders
determined an inverse firstder dependence on both reactants and -dindr
dependence on the catalyst concerdratFurther NMR studies were conducted to assign

intermediate structures throughout the reaction, with the identification of a nonactive
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acidboron adduct formation, which temporarily occupies active sites throughout the

reaction.

3.2 Experiments

3.2.1 Nuclear Magnéc Resonance studies of intermediates

3.2.1.1 Benzoic acid and pinacolborane

In a nitrogerfilled glove box, a Norell standard series 5 mm NMR tube was
charged with 1:1 equivalent of benzoic acid and pinacolborane (HBPin) and 0.7dnL of
octane.!H NMR and!!B NMR spectra were recorded 2@ °C on a BrukerAVIIl -400
spectrometersAll chemical shifts were recorded in parts per million (ppm) with
reference to residual solvent peakke reaction was monitored over 24 h, until complete
consumption of HBPIn. In a glke box, 1 equivalent of phenylacetylene was added to the

NMR tube.

45



764

753

=457

—336
T

8.5
G

| '

\
M | I, { .

T T T T T T T T T T T T T T T T T T T T T T
125 120 115 110 105 100 95 90 &5 80 75 D 65 60 55 S 45 40 35 30 253 20 15 10 05 0.0

'H NMR Chemical Shift (ppm)
Figure 3.2: *H NMR of benzoic acid and HBPin ghoctane at 36C after 20 minH:
evolution at 4.78 ppm (red).

3.2.1.2 Poly(vinylbenzoic acidand pinacolborane

In a nitrogerfilled glove box, a Norell standard series 5 mm NMR tube was
charged wth 1:1 equivalent of poly(vinjdenzoic acid) [poly(vba)] and pinacolborane
(HBPin) and 0.7 mL ofi-octaneH NMR and!!B NMR spectra were recorded 2 °C
on a BrukerAVIll -400 spectrometersAll chemical shifts were recorded in parts per

million (ppm) with reference to residual solvent peaks.
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Figure 3.3: !B NMR of poly(vba) and HBPin id-octane at 8°C after 24 h.

3.2.1.3 Benzoic anhydride and pinacolborane

In a nitrogerfilled glove box, a Norell standard series 5 mm NMR tube was
charged with 1:1 equivalent of benzoic anhydride and pinacolborane (HBPin) and 0.7 mL
of d-octane.H NMR and*B NMR spectrawere recorded &80 °C on a BrukeAVII -

400 spectrometersAll chemical shifts were recorded in parts per million (ppm) with

reference to residual solvent peaks.
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Figure 3.4: !B NMR spectra of 1:1 ratiof benzoic anhydride with HBPin iroctane at
30°C. The peak at 28.06 ppm corresponds to HBPin.

3.2.2 Experimental Rate Law Determination using poly(vba) (Initial Rates Method)

In a nitrogerfilled glove box, a 3.5 mL vial was charged with a stir bar and
appropriate amounts of phenylacetylene, HBPin, octane and poly(vba) (weighed in air)
using mesitylene as the internal standard. The vial was sealed with a rubber septum and
stirred at 3°C. The reaction was monitored by gas chromatography using smadbtaliqu
of the reaction mixture, and passing the aliquot through a pad of silica gel rinsing with

hexane. The rate law was determined using the initial rates method (up to 15 % yield).
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The rates of the reaction correspond to the rate of formatiorstir@-BPin (Figure 3.5

and Table 3.p
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Figure 3.5: Plots of concentration of-&yryl-BPin (M) vs. time (s) for Runs-4.
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Figure 3.6: Plots d concentration of &tyryl-BPin (M) vs. time (s) for Runs-8.

3.2.3 Kinetic Isotope Effect Determination for the Hydroboration of Phenylacetylene

and Phenylacetyleré using poly(vba) (2 separate vessels)

In a nitrogerfilled glove box, 2 separate 3.5 mL Vvisere charged with stir bars

and poly(vba) (0.006 mg, weighed in air). Next phenylacetylene, and phenylacetylene

(0.044 mL, 0.4 mmol), mesitylene (0.055 mL, 0.4 mmol), acihne(1 mL) were loaded

into the respective vials and time point O walsen. Next, HBPin (0.058 mL, 0.4 mmol)
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was added. The reactions were sealed with rubber septum and stirred®Gt Boe
reactions were monitored by gas chromatography using small aliquots of the reaction
mixtures, and passing the mixture through a padilafa gel rinsing with hexane. The
rates of reaction, Rateand Rate, correspond to the rates of formation e$tgryl-BPin

using phenylacetylene and phenylacetyldn@he overall KIE was calculated taking the

average of the ratios of ratand rate for all the three rungjgure 3.7 and Table .
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Figure 3.7: Plots of Concentration of&yryl-BPin (M) vs. time (s) for Runs-3.
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3.2.4 Determination of initial rate of the Hydroboration ofethynylcglohexene with

HBPIn in octane at 30C (up to 15% yield).

In a nitrogerfilled glove box, a 3.5 mL vial was charged with a stir bar and 1
ethynylcyclohexene (0.4 mmol), HBPin (1.2 mmol), octadenfL) and poly(vba)
(weighted in air, 0.008) using nesitylene (0.4 mmol) as the internal standard. The vial
was sealed with a rubber septum and stirred &30 he reaction was monitored by gas
chromatography using small aliquots of the reaction mixture, and passing the aliquot
through a pad of silica geinsing with hexane. The rate law was determined using the
initial rates method (up to 15 % vyield). The rates of the reaction correspond to the rate of

formation of 2styryl-BPin (Table 3.6)

3.2.5 Testing of alternative catalysts for the hydroboration of plegylene with

pinacolborane

In a nitrogerfilled glove box, a 3.5 mL vial was charged with a stir bar and
appropriate amounts of phenylacetylene (0.4 mmol), HBPin (1.2 mmol), odtang)(
and catalyst (0.02 mmol) using dibromomethane (0.4 mmdheamternal standard. The
vial was sealed with a plastic cap and stirred atG@or 16 h. The reaction was passed

through a pad of silica gel and crude yield determinetHoj¥MR.
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Table 3.1: Hydroboraton of phenylacetylene with pinacolborane using alternative
catalystd®

Z |
0 X BPin
+ HBPIn 5 mol% catalyst
octane, 30 °C, 16 h

CH2BI'2
Catalyst pKa Yield (%)°
Bromophenol Blue 3.85 47

@Reaction conditions: Under an inert atmosphere pipNenylacetylene (0.4 mmol), HBPin (1.2
mmd, 3 eq.), and 5 mol% catalyst were added to a 3.5 mlwithloctane(1 mL) and CHBr; as
the internal standard at 3G stirring vigorously for 16 hAll yields were determined by crude
'H NMR analysis.

Bromophenol blue

Figure 3.8: Bromophenol blue catalyst structure.

3.2.6 General hydroboration procedure for alkyne substituent effects

In a nitrogerfilled glove box, a 3.5 mL vial was charged with a stir bar and
appropriate amounts dlkyne (0.4 mmol) HBPin (1.2 mmol) octane(1 mL) and
poly(vba) (weighed in ajr0.003g) using dibromomethane as the internal standard. The
vial was sealed with a plastic cap and stirred atG@r 16 h. The reaction was gsed

through a pad of silica gel and crude yield determinetHojMR.
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Figure 3.9: RepresentativéH NMR crude product analysis for (@)(4-(tert-
butyl)styryl)}-4,4,5,5tetramethyil,3,2dioxaborolaneén CDCk. CH:Br2 used as internal
standard at 4.93 ppm (s, 2H). Unreacted product appears at 3.03 ppm (s, 1H) and vinyl
product peaks 6.12 ppm (d, 1H)
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3.2.6.1 Crude product NMR Shifts of substituted alkyne hydroboration

(E)-2-(4-methoxystyryl}4,4,5,5tetramethyt 1,3, 2dioxaborolane (24§

9&
MeO

IH NMR (400 MHz,CDC}§) & 7.43 (d, J = 8.8 Hz, 1H),
(d, J = 8.4 Hz, 1H), 6.01 (d, J = 18.4 Hz, 1H), 3.79 (s, 3H), 1.30 (s, 2HNMR (100
MHz,CDCk) & 160.1, 148.9, 130.2, 128.3, 113.

attached to B wasah observed due to low intensity

(E)-2-(4-tert-butyl)styryl)-4,4,5,5tetramethyd1,3, 2dioxaborolang2b)-%

(P/KT
B

"0

'HNMR (400 MHz,CDCk) U 7. 43 (d, Ji783(8,38),6H2(d J2H), 7
18.4 Hz, 1H), 1.31 (s, 21H}3C NMR (100MHz, CDCk) U 152. 3, 149. 5,
125.7, 83.4, 34.9, 31.4, 25.The carbon signal attached to B was not observed due to

low intensity.
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(E)-4,4,5,5tetramethyi2-styryl-1,3,2dioxaborolane (2¢§3

1 HNMR (400 MHz,CDCl) &i  7-7.48 Qm, 2H), 7.40 (d, 1H, J = 18.3 Hz), 7335
(m, 3H), 6.17 (d, 1H, J = 18.3 Hz), 1.31 (s, 12K NMR (100 MHz,CDCl) d 149.5,
137.4, 128.8, 128.5, 127.0, 116.4 (br s), 83.3, Zm8. carbon signal attached to B was

not observed due to lointensity.

(E)-2-(4-fluorostyryl)-4,4,5,5tetramethyt1,3, 2dioxaborolane (2d§*

C’)Jéi
F

IH NMR (400 MHz, CDGJ) U -722 (%,72H), 7.35 (d, J = 18.4 Hz, 1H), 7.®198
(m, 2H), 6.07 (d, J = 18.4 Hz, 1H), 1.30 (s, 12K NMR (100 MHz, CDCI 3
(d, J = 247.0 Hz), 148.2, 133.5 (d, J = 2.5 Hz), 128.5 (d, J = 8.2 Hz), 115.4 (d, J = 21.4

Hz), 83.1, 24.8. Thearbon signal attached to B was not observed due to low intensity.
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(E)-Methyl 4-(2-(4,4,5,5tetramethyi1,3,2dioxaborolan2-yl)vinyl)benzoate (2§°*

IO/KT
MeO

0]

IH NMR (400 MHz, CDCY) U -7®8 (,12H), 7.52 (d, J = 8.4 Hz, 2H), 7.40 (d, J =
18.4 Hz, 1H), 6.27 (s, J = 18.4, 1H), 3.90 (s, 3H), 1.31 (s, 1¥8)NMR (100 MHz,
CDCk) o 166.2, 147.9, 141.5, 130.0, 129.8,

attached to B was nobserved due to low intensity

1,4-Bis((E)-2-(4,4,5,5tetramethy1,3,2dioxaborolar2-yl)vinyl)benzene (2%

IH NMR (400 MHz, CDCY) & 7. 45 (s, 4H), 7.36 (d, J =
Hz, 2H), 1.31 (s, 24H}*C NMR (100 MHz, CDG)) & 148. 7, 137.8, 127

24.8. The carbon signal attached to B was not observed due to low intensity.
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(E)-2-(2-Cyclohexylvinyl)-4 4,5,5tetramethyil,3,2dioxaborolang2g)°*

IH NMR (400 MHz,CDC}§) & 6.55 (dd, J = 18.4, 6.0 Hz,
2.061.99 (m, 1H), 1.78..62 (m, 6H), 1.27 (s, 12H), 1.41905 (m, 4H):33C NMR (100
MHz,CDCk) U4 159.7, 82.9, 43.2, 31.9, 26.1, 25

was not obsrved die to low intensity.

(E)-2-(2-Cyclohexenylviny}4,4,5,5tetramethyt1,3,2dioxaborolane (21%

IHNMR (400 MHz,CDC¥ 4 7.01 (d, J-585(m 8H),64Hd J= 1H) ,
18.4 Hz, 1H), 2.14 (br, 4H), 1.6B55 (m, 4H), 1.27 (s, 12H}3C NMR (100 MHz,
cbCl)y & 153.1, 137.0, 134.1, 82.9, 26.2, 2

attached to B was not obsed/due to low intensity.
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(2)-2-(1,4-Dimethoxybut2-en-2-yl)-4,4,5,5tetramethyi1,3,2dioxaborolang?2i) %t

N7

OMe

MeO

'HNMR (400 MHz,CDC§) & 6.58 (t, J = 5.6 Hz, 1H), ¢/
2H), 3.34 (s, 3H), 3.28 (s, 3H), 1.24 (s, 12K NMR (100 MHz,CDG)) & 146. 5, 8
69.6, 68.9, 58.3, 57.8, 24.7. The carbon signal attached to B was not observed due to low

intensity

(2)-2-(1,2-Diphenylvinyl)-4,4,5,5tetramethyd1,3,2dioxaborolang?2j)1%*

IH NMR (400 MHz, CDC{) U 7. 3 6 -7.08 (m, 1ID#))1,31 (3, 1228C NMR
(100MHz,CDC¥) U 143.0, 140.2, 136.8, 129.8, 12¢

24.8. The carbon signal attached to B was not observed due to low intensity.
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(2)-2-(dodec1-en1-yl)-4,4,5 5tetramethyil,3,2dioxaboroland2k)'%°

B
/\/\/\/\/\/
I1H NMR6.62 {dt, J = 18.0, 6.0 Hz, 1H9.41 (dt, J = 18.0, 1.6Hz, 1H), 2i1610 (m,
2H), 1.25 (s, 12H),1.421.20 (m, 16H)0.86 (t, J=7.Hz,3H);1 3 C NMR: U = 15
118.4 82.9, 35.8, 31.9, 29.60, 29.56, 29.5, 29.3, 29.2, 28.2, 24.7, 22.7Thé.tarbon

signal attached to B was not observed due to low intensity.
3.3 Materials Synthesis
3.3.1 Carboxylic acid polymer synthesis

(0]

0
X S__S
HO ~y S__S
J}/ \[sr Y Ho 67 I 9/11
S

DMF, 65 °C, 20 h, trioxane

0~ OH

poly(vba)

Figure 3.10: Polymer catalyst synthesis via RApdlymerization.

In a 10 mL schlenk flask, 4.05 mmol (0.600 g, 100 eq.)-einl benzoic acid,
0.0405 mmol (.0148 g, 1 eq.) of(@odecylthiocarbonothioylthie2-methylpropionic
acid, and 0.00405 mmol (0.001 g, 0.1 eqg.) AIBN, 4 mL of DMF and -ir&%ane
(internal standard) underwent 4 cycles of freeze, pump, thawing. The reaction was

backfilled with argon, and placed in a 86 oil bath for 20 h. The reaction was then
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monitored by'H NMR to 65% conversion. The resulting solution was purified by 3
reprecipitations in cold DI KO to remove unreacted monomer. The polymer was also
purified through dialysis in THF, but the catalyst activity as drastically decreased. This is
hypothesized to be due to collapsed chains, and lack of redispersion in octdined Puri

polymer was characterized belowTiable 3.2 and Figure BL
3.4 Materials Characterization

Table 3.2: Characterization of poly(vba)
polymer Mn"MR (g/mol)  Mn®"C(g/mol) 13} Units
poly(vbs) 9,620 10,000 1.18 67
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Figure 3.11: GPC chromatogram of poly(vinyénzoic acid) using THFsahe eluent,
with polystyrenecalibrations.

B —
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3.4.1 Recycle Poly(vba) catalyst
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Figure 3.12 'H NMR recycled poly(vba) in MeOD.
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Figure 3.13: IH NMR 2nd recylcle poly(vba) in MeOD.

3.5 Polymer catalyst optimization

Supporting an organocatalyst provides a reusable handle that homogeneous
catalysts lack. In this study, a linear polymer support with carboxylic acid functionality
was synthesized using reverse addHi@gmentation chain transfer (RAFT) as a
controlled polymerization technique. The controlled synthesis of the homopolymer
catalyst esures the length of polymer chain is controlled through a radical equilibrium
which occurs between the chain transfer agent fragment and initiated chain ends. The
equilibrium mediates the rate of the polymerization and shares the equilibrium between
all the initiated chain ends of the propagating chain ends. Utilizwvigy benzoic acid

as the monomer, polymer chains were polymerized to a molecular weight of 10,000
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g/moland B 1.12. The narrow polydispersity ensured that various chain lengths did not
play a role in the catalysis by inhibiting batch to batch reproducibility that may be
associated with a broad . Heterogenizing a homogeneous catalyst removes some of the
mobility of the catalyst in solution, thus the polymers were polymerized to relatively
short chain lengths, as a longer polymer chain was hypothesized to encumber the active

sites more compared to shorter lengths.

Once the initial poly(vinydenzoic acid) catalyst [poly(vba)] was synthesized, we
began by exploring the hydroboration of phengtgtene with HBPin by optimizing the
reaction conditions. A variety of solvents have been reported in the literature to carry out
hydroboration reactions, and employing a new -actymer catalyst to this reaction
required optimizing the solvent as polyrssivent interactions would potentially affect
the folding of the polymer. Once the optimal solvent was identified, kinetic isotope
effects and rate law determination was performed to assist in proposing a mechanistic

pathway for this reaction with the gohersupported acid catalyst.

Table 3.3: Solvent effects on hydroboration of phenylacetylene with polyfvba)

Entry Solvent Solubility Yield (%)°
1 Methanol Yes 0
2 Acetonitrile Yes 25
3 Tetrahydrofuran Yes 60
4 Dichloromethane Yes 47
5 Octane No 100

3 Reaction conditions: In aNilled glove box phenylacetylene (0.4 mmol), HBPin (1.2 mmol),
and 5 mol % poly(vba) are stirred vigorously at°@0for 16h in1 mL solvent.” Crude'H NMR
analyzel for product yield using C#Br. as the internal standard.
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As seen inTable 3.3 more polar solvents such as methanol and acetonitrile
solubilized the polymer, however decreased converSfoin less polar solvents such as
tetrahyrofuran and octandhe polymer catalygperformed well for the hydroboration
The polymer was dispersed in octane to make a heterogeneous mixture, however was not
soluble. The polymer insolubility lead to the titration of the polymer to assess the number
of active accessible sites for future studies, which was estimated at roughly 80 mol%.
Due to the amount of site accessibility despite the heterogeneity of the polymer in
reaction, octane was chosen as the solvent to continue mechanistic studies. ésatienti

previously,the ease of recoverability and recycle tests will be discussed later.

3.6 Mechanistic studies of the hydroboration of phenylacetylene with

pinacolborane

Previous literature has suggested the uncatalyzed hydroboration mechanism
proceeds through 4membered transition state, with amarkovnikov placement of the
boron specie$-19619776198 Recent Lewisacid catalysts have been propdsto proceed

via a 4membered concerted mechanism as Wet%2°! The majority of transitiormetal

catalyzed hydroboration mechanisms proceed via oxidative additioe dbtion source,

or in the Lewisacid catalyzed mechanism, alkyne coordinationh® ¢atalyst®® To

begin probing the mechanism, the first step began with individually introducirsgridié
molecule catalyst surrogate, benzoic acid, with phenylacetylene and pinacolborane, as

shown inFigure 3.14
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1. Condensation
OH + HBPin _ - 2. Adduct Formation
3. Hydrolysis

No Reaction

2. Adduct Formation

o o
., 0-BPin
©)\0H +  HBPin Q)L
-H
2 2

3. Hydrolysis

H;O +  HBPin HOBPIn (BPin),0

-Hz -H; 3

Figure 3.14: Possible scenarios for the generation of the activatiagiep for the
hydrdooration ofphenylacetylene with HBPin as the boron source.

Above n Figure3.14, there was evidence of reaction with HBPin (1 eq.) and
benzoic acid (1 eg.) at 3 in anhydrous octane to yield isolated benzoic anhydride
indicating the benzoic acidundegoes reaction ith HBPin in the acidcatalyzed
hydroboration. The formation of benzoic anhydride introduces an equivalent of water to
the system, which promotes side reactions with HBPin. Once the formation and isolation
of benzoic anhydride was sedurther kinetic’B NMR experimentsvere conducted in
an inert atmospher® detect all the boronatecid specieshrouglout the reaction, such

as the possible structwrshown above.
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3.6.1 NMR studies of intermediate species

38 36 34 32 30 28 26 24 22 20 18 16 ‘ 1‘4 ’ 1‘2 '
B NMR Chemical Shift (ppm)

Figure 3.15: 1B NMR analysis of 1:1 ratio of benzoic acid with HBPin over 24 h-in d
octane at 30C (20 min red, 5 h in green, 24 h in blue). The peak at 28.13 ppm
corresponds to HBPin.

Above inFigure 3.15the spectrum yielded peaks a&2.88and 2814 ppm in (*H-
decoupled)!’B NMR in d-octane at 30°C over timewhen prepared in an inert
atmosphere to minimize observation of structBirédhe peak aR8.14 ppm is associated
with unreacted HBPinwhile the new pealat 22.98 ppm has been hypothesized to be
structure2 in Figure 3.14 The proposed structur2 is shown abovehased on aimilar
proposedstructure using a phosphoric acidabgt and the detection of %2 The RO-B
bond shift is reported at 22.13 ppsupporting the €1-B bond formation at 22.98 ppm,
as well as an evolution ofjas seen itH NMR as a singlet at 4.7 pp(figure 3.2.2°3

A similar experiment was carried out using benzoic anhgdadd the!!B NMR
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spectrumwhich displayedonly unreacted HBPifFigure 3.4, indicatedthata proton is
necessary for the proposed struct2ite form in solution After 24 h, there was near full

consumption of the HBPin peak at 28.14 ppm to 22.98 ppm.

bt by

3‘7 3I5I3‘3‘31‘2‘9I2I7‘2‘5‘2I3‘2I1I19‘1‘7I1I5‘1I3I1‘l";)8"76;‘5
1B NMR Chemical Shift (ppm)

Figure 3.16: 1B NMR analysis of 1:1: ratio of benzoic acid:HBPin:phenylacetylene over
24 h ind-octane at 30C (20 min blue, 5 h in green, 24 h in red).

After complete consumption of HBPiIn, 1 ed.phenylacetylene was added to the
NMR tube under nitrogen, and analysis' NMR did not show a shift change in boron
species present; rather, the appearance of a slight shoulder that has been associated with
small amounts of structu@(Figure 3.14)was noted Structure2 is not disrupted by the
addition of phenylacetylene, bupotential hydrolysis with additional HBPins

hypothesized taleavethe adductipon introduction of water, which is produced from the
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dimerization of two benzoic acid molecuf@Analyzing the poly(vba) under these same

1:1 conditions, the spectra displayed unreacted HBPin peak at 28.14 ppm, as well as the
appearance @, likely due to the small amount of water adsorbed on the polgfgure

3.3). Analyzing the reaction over time did not display a peak at 22.98 ppm, attributed to
the nonproductive siteoccupation analogous to structi@én Figure 3.14 however this

is likely due to the insolubility of the polymer in octane

3.6.2 Determnation of Kinetic Isotope Effects

The kinetic isotope effect can be useful in identifying a reaction mechanism
through determination of a bosmteaking or rehybridization step. FroMB NMR
studies, an intermediate structure producedvien the solubleatalyst and HBPin were
introduced, while there was no reaction detected spectroscopically with introduction of
phenylacetylene to benzoic acid. A potential alternative pathway for the hydroboration of
phenylacetylene to occur would be through deprotonatfaie alkyne by the calyst,
similar to a Lewisacid catalyzed hydroboratid®’ The formed specieswvould be
trappable, and detected by NMR. The lack of detectable interaction of the alkyne and acid
catalyst leadhe KIE studies to confirm a rehybridization of the Cfdg)bond as the key
step in the cycle. The kinetic isotope effect was measured byarmmp of initial rates
(up to 15% conversion) for the hydroboration of both phenylacetylene and
phenylacetylenel, measured in 2 separate vessels. KIE determination using labelled
phenylacetylene would facilitate a pathway to product formation throughddseaking
step or a rehybridization sté{.In two separate vessels, under typical reaction conditions

with 5 mol% of poly(vba) and HBpin at 3C, comparison of the relative initial rates of
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the two reactions yielded amverse secondary deuteriukinetic isotope effect of

0.50(3).

A H
7 Boi
+  HBpin 5mol% poly(vba) X P
30 °C, anhydrous octane H
_ D H
7 Bpin
+ HBpin 5 mol% poly(vba) Xy P
30 °C, anhydrous octane D

KIE = 0.50(3) at 30 °C (2 separate vessels)

Figure 3.17: Determination of theleuteriumkinetic isotopeeffect for thehydroboration
of phenylacetylene anphenyacetylened with HBPin as théoronsource angoly(vba)
as the catgkt.

Table 3.4: KIE determination for the hydroboration of phenylacetylene using HBpin in
the presence of poly(vba) at 3D using octane as the solvent

Run Raten, Ms? Ratep, Ms? kn/kp (KIE)
1 7.06 x 10 1.34 x 10 0.53
2 7.16 x 16 1.41 x 10 0.51
3 6.47 x 10° 1.36 x 10 0.48

Overall KIE = 0.50(3)

This value typically implies the bond breaking is remote from the reactant
substitution site; commonly this arises from the teltjzation of the laelled site in the
reaction, supporting the hypothesized mechanistic pathway with tmenmbered
concerted hydroboration reaction, over addition to the catalyst via bond bré&king.

Because the -8tyryl-BPin-d did not have any deuterium scrambling, the source xof H
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evolution points to the adduct formani of the HBPiracid interaction (structurg), not
deprotonation of the alkyne. Observedtih NMR is the appearance of a broad singlet
around 7.40 ppm, associated with a proton split by a deuterium, as well a complete
disappearance of vinyl peaks at 6/ 2dm with protorproton splitting. This confirms
there is no scrambling of the deuterium atom, and confirms the KIE is a rehybridization

of the C(sp)H to aC(sp)i H.

3.6.3 Determination of RactionOrdersthrough Methods of Initial Rates

Next, finding the reaan orders with regard to the reactants and catalyst for the
hydroboration of phenylacetylene with HBPin using poly(vba) were determined using the
method of initial rates, as shown below Table 35, with the goal of understanding
pathways alluded to ifrigure 3.14 whether the addition of the boron source to the
catalyst, alkyne coordination, or a concerted mechanism is the twiioitarg step of

the catalytic reaction.

Table 3.5: Determination of the RatLaw of the Hydroboration of Phenylacetylene with
HBPiIn

< >—: +  HBPin poly(vba) . ©/\/ BPin
30°C, octane

[phenylacetylene] [HBPIn] [caf Initial rate (M/s)
0.40 M 0.40 M 0.025 M 1.9(6) x 10°
0.40M 0.40 M 0.05 M 6.5(8) x 1
0.40 M 0.40 M 0.075 M 8.3(6) x 1¢°
040 M 0.40 M 0.10 M 1.3(0) x 1¢*
0.40M 0.80 M 0.10 M 9.1(5) x 1
0.40 M 1.20 M 0.10 M 4.1(7) x 10°
0.80 M 0.40 M 0.10 M 4.2(2) x 1
1.20 M 0.40 M 0.10 M 1.2(7) x 16°
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Figure 3.18: Invers firstorder dependence on the initial rates for the formation of 2
styrl-BPin on the concentration of HBPin (A) and phenylacetylene (B).-&iicsr
dependence on the initial rate for the formation-sfy2yl-BPin on the concentration of
the acid catalst (C).

The observedeactionorders found were firsbrder with respect to the poly(vba)
catalyst Figure 3.18 C) and inverse firsbrder dependence on HBPin as well as
phenylacetylene. &h reactants have-a integer, indicating there is equal inhibit by
both reagerstin the reactionPotential over addition to active sites or ditecking can
lead to inverse firstorder dependence for reactani® explore the possibility of site
blocking with phenylacetylene, initial rates were tested with gotaific cyclic alkyne, 4

ethynylcyclohexene.
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Table 3.6: Determination of initial rate of the Hydroboration eéthynylcyclohexene

with HBPin in octane at 30C (up to 15% yield)
Initial Rate, Ms*

[alkyne] | [HBPin] | [cat] Trial 1 Trial 2 Trial 3 Average

04 M 0.4M | 0.056M| 1.99x10" [1.96x10'| 1.69x 10" | 1.88 x 1¢

The alkyne retains similar electronics to the aromatic ring, but is not a planar
molecule and faster initial rates were se€able 36). We hypothesize lenylacetylene,
as a planar molecule, lays flan the catalyst surfacend has the ability to sterically
hinder available sites.This may be facilitated by i stacking between the aromatic
ring in phenylacetylene and the poly(vb@heinverse behavior of HBPimay alludeto
the nonproductive structur2 depicted inFigure 3.14 or activesite occupation due to
adduct formation. KIE studies demonstrate a rehybridization of the alkyne with the
HBPin as a key step, which could be impedgdthe increased concentration of either
substrate interacting with the catalyst and blocking active ditethere is an over

addition or site blocking of one reactant, the rate of product formation would decrease.
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Figure 3.19: lllustrative site inhibition due to over adsorption of species to active sites
and steric site blocking, leading to inversactionorder dependence of the
hydroboratiom of phenylacetylene witHBPIn.

lllustrated in Figure 3.19are the possible site inhibitiostructures from each
reactant on the acid polymer. The insolubility of poly(vba) in octane likely depresses
formation of structure 2, which forms over extended reaction times, as seen in
Figure 3.15. Due to the extended times necessary for complete consumption of HBPIn,
the product release and catalyst turnover is not completed inhibited by the minimal
formation of structur@. The polyner, as seen if'B NMR in Figure 3.3 introduces a
small amount of water to the system due to the hydrophilicity of the polymer. The water
introduces hydrolysis of HBPin, thus for extendedction times, 3 equivalents of HBPIn

is necessary for quantitaéwields.
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Figure 3.20: Reaction profiles for the hydroboration of phenylacetylene with HBPin
using benzoic acid (black), benzoic anhydride (red), and poly(vba) (blue) as catalysts.

In Figure 3.20 theoverall reaction profile displays similar activity with both the
homogeneous benzoic acid and the heterogeneous poly@baioic anhydride was
used to test the role of hydrogbonding as part of the mechanisihis initial catalyst
has the potential tbe cleaved into active benzacid in the presence of trace water
which explains the activity seen, albeit with slowatesthan benzoi@cid. A previous
study investigated a similar principle with methyl benzoate under similar reaction
conditions, ancho activity was detecteld! An alternative small moleculeatalys with
similar acidity were tested to understand the role of the acidic proton; however, the slight
depression of catalytiactivity was observedTable 3.). Bromoph&ol blue performed
the hydroboration with limited product yield@he acidity of the proton is similar to

benzoic acid, flanked by two electranthdrawing bromines The structure of
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bromophenol blue is a stericaldemanding system, with the polymer dgsa having
perhapssimilar steric encumbermerithe acidity of the catalyst does play a role in the
hydroboration of alkynes with HBPin, based on the results obtained here and a prior
study that motivated this work, as shown in the hypothesized cych beligure 3.21

The proton likely polarizes the alkyne, which is then poised for coordination with HBPiIn
in solution. If the proton were tightly associated with the catalyst, polarization of the
alkyne would not occur and the catalytic cycle would nioe falace.

o R
[ 0 H
3 Z

t release
O~ OH
Alkyne activation

produc

0
o) == H

H—B

4-membered
transition state

Figure 3.21: Proposed catalytic pathway for the hydroboration of phenylacetylene with
HBPin using poly(vba).

Applying the acid strength, KIE studies, and rate orders of reactants and catalyst,
a proposed catalytic pathway is depicted abovEigure 3.21 The cycle begins through

polarization of the alkyne by the proton, to promoteraebered transition state upon
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coordination with HBPin Kigure 3.21 2 )0 This concerted step is supported by the
inverse KIE which dictates a rehybridization as the rate determining step. Once the
product has been formed, the alkene is less polarized by the acid and released to generate
product and regenerate the catalyst. The proton is most likely associatedendtialyst
because of the nonpolar reaction solvent, which is not likely to stabilize charge
formation. The acidity of the proton impacts how available the proton is for polarization
of the alkyne. If the acid is too weak, the proton will not intestaingly with the
alkyne'®! The data suggest productive catalysis comes fromalkjohe interactiorl ,0

with acid-acid interactiorlikely inhibiting the reaction. This anhydride formation can be
limited using the poly(vba) catalystnder conditions where it is sparingly soluble,
relative to use of homogeneous benzoic aéidid-HBPin interactions also likely do not

lead to productive catalysis, forming side prod2ietnd liberating H, removing catalyst

from thecycle. Despiteits inhibiting kinetic effect, excess HBPin is need to achieve a
high yield of the desired product due to the side reactions that can occur, consuming this

reagent to form produc#dand3.
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3.7 Substituent scope of hydroboration of substituted alkynes witpinacolborane

Table 3.7: Substituent effect of alkyne in hydroboration with pinacolbdténe

5 mol% poly(vba) B(pin)
R—==—R, + HBPin R1/\(
octane, 30 °C, 16h R,
1 CHzBrz 2
B B(pin)
N pin) B(pin) A
Oy
Rs
2i,27%
2a R3 = -OMe, >99% 29,54%
2b R; = -t-butyl, >99%
2¢c R3 =-H, >99% B(pln B(pin)

2d R; = -F, >99%
2e R; = -CO,Me, >99%

)\/©/\(B(pm 2h, >99% 21, <10%

(pin)B ~_B(pin)

2fb 43% 2k, 68%

JReaction conditions: Under an inert atmosphere ppNenylacetylene (0.4 mmol), HBPin (1.2
mmol, 3 eq.), and 5 mol% poly(v) were added to a 3 mLwiti octane(1 mL) and CHBr; as
the internal standard at 3Q stirring vigorously for 16 h . All yields were determined by crude
H NMR analysis”5 eq. HBPin used.

The robustness of the catalyst was tested with a variety of substituted alkynes.
Both electrordonating and withdrawing substituted alkynes were very active under these
conditions. Donation into the aryl ring facilitated the reaction by pgshlectron density
into the alpha carbon to the aryl ring and promoting-mwatikovnikov additiort®’
Aliphatic alkynes were less activader reaction conditions compared to aromatic likely
due to lack of donation from the ring and further substitutions as seer2gvéthd 2K.
Turning to internal alkynes, this catalyst was not as active, as s&g@rabg?2j. It is not
uncommon for internadlkynes to have a higher activation energy barrier compared to
terminal, as well as sterically encumbered. Poly(vba) demonstrated high activity for the

hydroboration of various alkynes under mild reaction conditions.
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3.8 Recycle studies of poly(vba)

Table 3.8: Recycle studies of poly(vba) for the hydroboration of phenylaceifene

// .
. . _BPin
+ HBPin 5 mol% poly(vba)
30 °C, octane, 16 h

CH»>Br,
Entry Catalyst Yield %°
1 5 mol % poly(vba) >99
2 5 mol % recycled poly(vba) >99
3 5 mol % recycled poly(vba) 97

[from entry 2]
¥ Reaction conditions: Under an inert atmospherepfpNenylacetylene (0.4 mmol), HBPin (1.2
mmol, 3 eq.), and 5 mol% polyfa) were added to a 3 mL vialith octang(l mL) and CHBr; as
the internal standard at 3Q stirringvigorously for 16 h? All yields were determined by crude
'H NMR analysis.

Lastly, the catalyst is insoluble under reaction conditions with octane, and ease of
recoverability was explored. The polymer catalyst was recycled at least 3 times with no
redwction of reactivity. Entry 1 infable 3.8began with 100 mg of poly(vba) and 80 mg
were recovered for Entry #yhich was run at 4/5 scal&he recycled polymer was easily
filtered with copious washes of hexane and dried to be reused. The polymer catalyst
appears to have no structural changes ftBhiNMR (Figure 3.12andFigure 3.13. Once
reused for a second time, the yield e$tryl-BPin has decreased slightly to 97%, with
60 mg of catalyst recovered. The catalyst possessed robust activity through three

recycles, and negligible loss of reactivity.
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3.9 Conclusions

The solid polymeric acid catalyst demonstrated robust activity with a variety of
substituted alkynes, as well as multiple successful recycles. The catalyst has
demonstrated performance comparablethie homogeneous catalyst, with improved
understanding of the mechanistic pathway and catalyst design. The identification of a
benzoic acieBpin adduct to occupy active sites, along with thorough kinetic studies have
identified the site adsorption of phéagetylene as key in product formation and release,
thus regenerating the active sites for further reactivity. The KIE studies support a
concerted hydroboration mechanism through the rehybridization of the labelle@IZ(sp)
bond of phenylacetylene. Througln combination of both KIEreaction orders of
reactants and catalyst, ahB NMR studies, a proposed catalytic cycle for the -acid
catalyzed hydroboration was formed. This study provides a platform for further catalyst

development utilizing polymer struges as the basis foeterogenearcatalysts.

8C



CHAPTER 4.

HYBRID PYRROLIDINE P OLYMER BRUSH ON SILI CA-
SUPPORTED SULFONIC ACID MATERIAL AND ITS

APPLICATIO N IN CASCADE CATALYSI S

4.1 Introduction

Many investigations over the past decade have focused on more efficient
chemical processes in attempts to streamline synthetic mefliddsone example, many
researchers have soughtdarry out multiple reactions in one pot, eliminating the need
for some work up steps and chemical separations. To facilitate this, researchers have
sought to develop multicompartment catalysts, or materials that contain different
catalysts in distinct zas within a solid material. These can be thought of as a distinct
class of bifunctional catalysts. Invoking inspiration from biological systems, whereby
large numbers of catalytic transformations occur simultaneously in distinct locations
within a cell, atalyst compartmentalization in specific active pockets or zones is an
important step in facilitating orgot, multistep reactions using opposing or incompatible
catalysts. There have been many examples ofsgitated catalytic materials containing
multiple distinct types of active sites, including examples based on solid

supportd?%208209210 g splgels?t+?12 and most recently polymet&i213214113215216217
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Polymeic structures such as soluble hyperbranghegmersor dendrimers 213

as well as micelles?*?

all provide attractive supports for nanoscale reactors with
encapsulation of various catalytic speciesold support previously employedor many
acid-base reactions has been mesoporous silica. Though silica supported catalysts have
performed wellin allowing for siteisolation208218219220221222 there aredrawbacks to
known methods of creating niifilinctional catalysts based on mesoporous silica
materials. For example, typical methods do not allow for precw®rol of the
placement okey functionaliies on thesilica surface Grafting of organosilanes to the
silica surface and eoondensatiorof the organosilane with a silica precursor, such as
tetraethyl orthosilicate (TEOSYe the two main methoagdely usedfor functionalizing
these supportith specific, catalytically active sité€8 Both typically result in a random
distribution of active species on the silica surface.

In contrast to traditional mesoporous silica materiatsylaid structurehat could
offer an enhancedegree of unability and alternate routes to achieve site isolation is a
polymer brush These materials amade ofindividual polymerchains tethered by one
chain end to a solid interfad&*??4225> A SjOy surfaceis the most common substrate from
which controlled polymerizations havweeen employed to create wedkifined polymer
brusheg?6227228229230  gychpolymer brushes can be synthesized through a variety of
methods A widely used techique for brush synthesis has been surfadgated
reversble additionfragmentation chantransfer polymerization or Sl
RAFT 2312322333923440 | this work, this technique was chosen to buildcatalyst
designed to have the acid the pores of thenesoporoussilica supportwith a basic

moiety polymerized on the exterior of thmesoporous silica particles to create a
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bifunctional catalyst. The two incompatible species are site isolatedisaica twestep
reaction cascade igeadily achievable,with the ultimate goabeing the synthesis of
comgdex chromeneswith the addition ofa third, base catalyzedtep Many cascades
demonstrate site isolation with two separately catalyzed steps, and the necessity to extend
cascades to three steps begins to address the synthesis of more complex moleceles in
pot with less separation cost and time. The use of a polymer brush catalyst for site
isolation can incorporate multiple catalysts in two or even three domains if designed with
an addedevel complexity based on use bfock copolymer brushes. To datijs first
generation of polymer brush catalyst has been used for thetépaascade, and activity

has been demonstrated for the addition of the third base catalyzed step, working towards

toward synthesizing complex molecules in one pot

4.2 Experiments

4.2.1 Synthesis of coondensed MCMsSH-CTAB support

The procedure was adapted from a previoushontep literaturé®® To a 1L
round bottomflask, 2.0 g of CTAB and 7.0 mL of aqueous sodium hydroxide (2.0
mol/L) weredissolved into 480 mL of water at 8C with stirring; 10.0 mL of TEOS
(44.0 mmol) and 190.6L (1.0 mmol) of 3mercaptopropyltrimethoxysilane wetieen
injected into the solution with vigorous stirringfter 1 h stirring, 1.0 mL of additicad
TEOS was injected to the solution with continued vigorous stirring. After 2 h, the
producedsolid was sparated by hot filtration, washed with excess water, dried &€ 75
under vacuum overnightTo ensure selective functionalization of the external surface of

the mesoporous silica, the-amde solid containing the template, CTAB, was analyzed
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by nitrogen physisorption to confirm the template was inside mesoporous channels and
blocking the pores. The support is labelled as MEMICTAB, with a BET surface area
of 17 nf /g. Owing to the CTABblocked pores, the pore volume is less than 03/gm

as shown in Table 4.3.

4.2.2 Thiol oxidation of MCMSHCTAB support

Adapted from previous literature procedut&€ the cocondensed MCNMSH-
CTAB support was dispersed in 30 %@ in H2O (50 mL) at 60°C for 6h. The
resulting oxdized materigl known as MCMSQO:H, was characterizedby nitrogen
physisorption to confirm the template CTAB renwdninside the mesoporous channels,
with a BET surface area of 75 %y and blocked pores (pore volume issléhan 0.1

cnlg), as shown iable 4.3

4.2.3 RAFT chain transfer agestlanesynthesis

In a 50 mL roud bottom flask,0.100 g (0.274 mmol, leq.) of-2
(dodecylthiocarbonothioylthie2-methylpropanoic acidwas dissolved in anhydrous
CHCls. Slowly, 1.2 eq. (0.329nmol) of oxalyl chloridewas thenadded under Ar. The
solutionwas stirred and monitored by TLC (1EtOAc:Hex) over the course oft2until
the reactiorwas complete. Theesulting solution was removed by notaevaporation to
yield the acid chloride produ& 'H NMR ( U, -32p (PH, F 3.4 Rz5CH;-
CH,-S-C=S), 1.77 (s, 6H-:S-C(CHs)2-COCI), 1.701.66 (t, 2H, J= 7.3 Hz,-CH2-CHx-S
C=S), 1.391.25 (m, 18H, ChCoH1s- CH,-CH-S-C=S), 0.890.86 (t, 3H, J= 6.2 Hz,
CHs-CoH1s- CH2-CH,S-C=S) ! The solid2 was then dissoled in anhydrous toluene, and

1.05 eq. (0.288 mmol) of 3aminopropyltriethoxysilane (APTES) was added. The
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reaction was stirred under argon for 24 h af@Q@ith a reflux condenser. The resulting
product3 was first filtered to remove rekial salt and yielded a yellow oil (0.1%3

98%).

4.2.4 Synthesis of (§)(1-(Tert-Butoxycarbonyl)Pyrrolidir2-yl)Methyl) Acrylamide

o)
w LiAH,_ OA _ BocO TsCl

N THF OH -

H EtsN/CH,Cl N pyridine

1 2 3
NaN3 PPh3 O/\ t\l\ O/\
Boc Boc H,O/THF Et3N/CHCI3 H o
4 5 7

Figure 4.1: General synthesis of bagayrrolidine acrylamide monomer.

4.2.4.1 (S)y2-Pyrrolidinemethanio2)

(S)-Prolinol was synthesized according to an adafitecature procedure. At 0
°C, a solution of kproline (5 g, 43.4 mmol) was stirred with anhydrous THF (100 mL)
under Ar. LiAlHs ( 3 eq.) was weighed out in air, and slowly added to theisnluthe
solution was stirred vigorously and allowed to warm to room temperature. Next the
solution was refluxed for 24 h. The solution was then cooled in an ice bath, and slowly
neutralized with cold MeOH and DI-B. The solid was filtered from solutioand the
filtrate was condensed by rotary evaporatiotyitgdd a light yellow thick oil (4.0 g, 91
%). 'H NMR (300 MHz, CDCl) i 3.50 (m, 1H), 3.29 (m, 2H), 2.92 (m, 1H), 2.85 (m,

1H), 1.85 1.65 (m, 3H), 1.41 (m, 1H).
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4.2.4.2 (S}1-(Tert-butoxycarbonyl2-pyrrolidinemethanolJ)

Product3 was synthesized according to previously reported literdtfi@i-tert-
butyl decarbonate (8.64 g, 39.6 mmol) was added to a solutiorpadlinol (4.0 g, 19.8
mmol) andtriethylamine (8.28 mL, 59.4 mmol) in dichloromethane &C0 The reaction
was stirred vigorously overnight at room tempemtdihe resulting solution was washed
with saturated NaHCg@and brine. The organic layer was dried over Mg%@6d the
solvent removed by tary evaporation to give (S)(tert-butyoxycarbonyh2-
pyrrolidinemethanol (95 %) as a white sofil. NMR (300 MHz,CDCl) i 4.84-4.64 (m,
1H), 4.063.72 (m, 1H), 2.08L.94 (m, 2H), 1.84..70 (m, 2H, 3.723.30 (m, 4H), 1.60

1.50 (m, 1H, 1.47 (s, 9Htert-butyl).

4.2.4.3 (S)}2-[(4-Toluenesulfonyloxynhethyllprrolidine-1-carboxylic acid tert-butyl

ester ﬂ!

The preparation gfroduct4 was adapted from previous literatdfé(S)-1-(Tert
butoxycarboni)-2-pyrrolidinemethanol (7.56 g, 37.6 mmol)awdissolved in excess
pyridine (40 mL) and cooled toC. p-Toluenesulfonyl chloride (8.6 g, 45.1 mmol) was
added and the mixture slowly turned dark pink, and stirred & @vernight. The
reaction wagliluted with ethyl acetate (200 mL). The mixture was washed with 1 M HCI
(3 x 100 mL), saturated NaHG@®3 x 100 mL), and brine (2 x 100 mL). The organic
layer was dried over N8Oy andthe solvent removed by rotary evaporation to yield- (S)
2-[(4-toluenesifonyloxy)methyl]pyrrolidine 1-carboxylic acidtert-butyl ester (75 %) as

a light pink oil.H NMR (300 MHz, CDCJ) {i 7.78 (d, 2H,J = 4.05 H3, 7.427.28 (m,
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2H), 4.223.76 (m, 2H), 3.48.22 (m, 21, 2.021.70 (brm, 4H), 1.561.14 (s, 9Hert-

butyl).

4.2.4.4 (9)-2-(Azidomethylpyrrolidine-1-carboyxlic acid tert-butyl ester 6)

The synthesis offpduct5 was adapted fromrpviously reported literaturé® (S)-
2-[(4-Toluenesulfonyloxy)methjpyrrolidine-1-carboxylic acid tert-butyl ester (10 g,
28.2 mmol) was dissolved in DMF (100 mL). Sodium azide (5.5 g, 84.6 mmol) was
added to the mixture and the reaction was heated ®C@5r 24 h.The reaction was
cooledto room temperature and dilutedth diethyl ether (50 mL). The organic phase
was washed with water (4 x 100 mL) and brine (100 mL). The organic phase was dried
over NaSQ: and concentrated down by rotary evaporation to give-2{(S)
(azidomethyl)pyrrolidinel-carboyxlic acidtert-butyl ester (70 %) as a colorless oiH
NMR (300 MHz, CDC4) U 4.103.80 (m, 1H), 3.68.40 (m, 3H), 2.141.76 (m, 4H),

1.47 (m, 9Htert-butyl).

4.2.4.5 (S}1-(Tert-butoxycarbonyl2-aminomethylpyrrolidine §)

Product 6 was adapted form previously reported literattife. (S)-2-
(Azidomethyl)pyrrolidinel-carboxylic acidtert-buyl ester (4.46 g, 19.7 mmol) was
dissolved in THF (100 mL) andater (10 mb). Triphenylphosphine (10.3 g, 39.4 mmol)
was added and the mixture refluxed for 24 hours. The organic solvent was removed under
reduced pressure and the resulting solid was dissolved in diethyl ether (100 halL).
solution was extracted, anding 1 M HCI the aqueous layavas acidified tca pH of 1.

The aqueous layer was washed with diethyl ether (4 x 100 mL) and the pH was then

raised to 13 using 1 M NaOH solution. The product was extrastedlichloromethane
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(2 x 100 mL) and the organic layecembined andlried using Ne&SQs and concentrated
to give (S)1-(tert-butoxycarbonyhR2-aminomethylpyrrolidine (85 %) as a light yellow
oil. *H NMR (300 MHz, CDCJ) (i 3.90-3.65 (m, 2H), 3.6(8.25 (m, 2H), 2.98.60 (m,

2H), 2.051.75 (m, 4H), 1.47 (m, 9Hert-butyl).

4.2.4.6 (SH(1-(Tertbutoxycarbonxylpyrrolidin-2-ylYmethyl) Acrylamide 7)

The fnal monomer7 was synthesized according #® previously reported
literature 236 (S)-1-(tert-butoxycarbonyh2-aminomethylpyrrolidine (3.3@), 16.7 mmol)
and triethylamine (39 mL, 25.1 mmol) were dissolved in anhydrous dichloromethane
(50 mL), andthe solutionwas stirred at 0°C under Ar atmosphere. Acryloyl chloride
(2.61 mL, 20.0 mmol) was slowly added dropwise to the solution, analings stirred
at 0°C for 7h. The reaction was monitored by T@til completion. The resulting
solutionwas concentrated down, areldissolved in ethyl acetate. The solution was kept
overnight at @C to precipitate triethyamine hydrochloridand filtration was then carried
out to remove the salts. The filtrate was concentratedrencesidugourified by column
chromatography (silica gel/ethyl acetate) to gitlee bocpyrrolidine acrylamide
monomer(70 %) as a colorless solitH NMR (300 MHz, CDCE) (i 6.385.80 (m, 2H),
5.60 (d, 2H, J = 5.10 Hz4.203.85 (m, 2H), 3.58.00 (m, 4H), 2.14..60 (m, 4H), 1.47

(m, 9H, tertbutyl).

4.2.5 PolyBocpyrrolidine acrylamide)polymer silanesynthesis

The poly(bocpyrrolidine acrylamide)silane was synthegied through a typical
RAFT procedureand usedn thefi g r atod i anpgp 0.688 g df monomer (2.7 mmol,

50 eq.), 0.030 gnodifiedCTA (0.54 mmol, 1 eq.), 0.001 g AIBN (0.0054 mmol, 0.1
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eg.), 4 mL of DMF, and trioxane as the intersi@ndardvas dissolve@nd sonicateth a

10 mL Schlenk flask Five freeze, pump, thaw cycles were performed on the reaction
solution. The reaction was purged with argon and vigorously stirred for 8 @t 8be
polymerization was monitored B NMR until 60% conversion. The resulting solution
was dialyzed in a XDa bag, in THF. The dialyzed solution was removed by rotary
evaporation yielding a light yellow oil (0.480 g, 70%). The resulting polymer was

analyzed byhloroform GPC to givé/, = 2800 g/mol with a b 1.24.

4.2.6 General grafting procedure

The grafting procedure was adapted from previous literdflife. start,0.500g of
MCM-SO:H-CTAB was dried overnight at 108C. under reduced pressure. The silica
was then stirred vigorously imhydrous toluene under a flow afgon and taken into the
glove box. Thepoly(bocpyrrolidine acrylamide)silane (0.200 mL) was added to the
solution via micropipette. The reaction was stirred at room temperature for 8 h, then
heated to 80C for an addional 24 h. The reaction mixture was allowed to cool, and
filtered and washed with 100 mL of toluene, 100 mL hexanes and 100 mL of ethanol.
The functionalized MCMSO:H-CTAB was dried overnight at 108 to yield MCM-

SOsH-bocpyrrotgt functionalizecat aloading of0.57 mmol N/g silicasupport

4.2.7 General 2step cascade reaction procedure

In a pressure tube, 0.25 mmol (1 eq.Yofitrobenzaldehyde dimethylacet@l30
mmol (1.2 eq.) of malononitrile, and 40 mg of M@talystwere combinedwith 1 mL
of anhydrous CECN and 2 eq. bD. The reactiorwas heated to 90C for 48 h. The

resulting solution washen allowed to cool to room temperature, and thesCN and
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H2>O were removed by vacuum. The solutias dissolvedn DMSO-d, filteredthrough
aplug of silica gel and 0.25 mmol DMF addeBinally, 'H NMR was used to determine

theyield (%).

4.2.8 Optimization of aciecatalyzed deacetalization

Table 4.1:Control reactions of sulforiacid catalyzed deprotection of 4
nitrobenzaldehyde dimethylacetal

o~ o
/©)\0/ acid /©)LH
—_—
O,N O,N
1 2
Entry Catalyst Yield 2°

1 -- 0

2 MCM-41 (40 mg) 0

3 MCM-SH 0

¥Reaction conditions: 0.25 mmol of compouhih 1.0 mL anhydrous CI}€N at 90°C for 48 h.
® Yield % was determined by NMR.

4.2.9 Optimization of baseatalyzed Knoevenagel and Michael addition

Table 4.2: Control reactions of baseatalyzed Knoevenagel and Michael additidn
(o]

o
0 4
CN

/©)(H base m o
> >
CN
O,N NC“YCN  ON

2!

2 3
Entry Catalyst
1 -
2 MCM-41 (40 mg)
3 Proline 32
4* MCM-Pyrrolidine 88
5 MCM-pyrrolidine-gt 88

¥ Reaction condions: 4nitrobenzaldehyded(25 mmol), catalyst (5 mol%) in anhydrous O
(1 mL) at rt for 24h® The yield % was determined Bt NMR; 0.25 mmol DMF was used for
internal standard:10 mol% catalyst
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4.3 Materials Characterization

Table 4.3:Nitrogen physisorption of mesoporous silica catalysts

Catalyst BET surface | Pore volume
area (mf/gsio2) (cm®/g)

MCM-SHCTAB 17 -

MCM-SH 686 0.21
MCM-SG:H-CTAB 75 0.08
MCM-SG:H 820 0.50
MCM-SO:H-CTA-CTAB 320 0.16
MCM-SGsH-t-butyl 780 0.33
MCM-SO:H-bocpyrrotm-CTAB 300 0.07
MCM-SO:H-pyrrol-m 765 0.35
MCM-SO:H-bocpyrrotgt CTAB 320 0.09
MCM-SO:H-pyrrol-gt 740 0.30

Table 4.4:Elemental analysis of mesoporous silica catalysts

Catalyst EACwWt% |EANwt% |EASwt%
MCM-SH 2.57 -- 1.2
MCM-SO:H 1.55 -- 0.43
MCM-SQOsH-t-butyl 4.77 -- 0.38
MCM-SO:H-COOH 4.27 - 0.37
MCM-SGsH-COCI 6.96 0.72 0.35
MCM-SOsH-bocpyrrotm 6.76 1.17 0.36
MCM-SO:H-pyrrol-m 4.5 0.97 0.31
MCM-SO:H-CTA 3.94 0.46 0.92
MCM-SQO:H-pyrrol-gt 3.66 1.32 0.31
MCM-SQ:H-pyrrol-gf 5.37 0.80 0.87
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Figure 4.2:'H NMR spetra of vinyl protons in RAFPolymerization ofoly(boc
pyrrolidine acrylamideyilane(t = 0, red; t = 18 h, blue).

Table 4.5:*H NMR vinyl protonintegratim values derived fromi§ure 4.2spectra

Integration*
Spectra
Ha Hp Hc
t=0 1.00 1.05 1.02
t=18h 0.26 0.28 0.25

*Integration of proton peaks with respect to 1;8i6xane (5.14 ppm)

92




Figure 4.3: TEM images of corehell mesoporous silica catalystpport referred to as
MCM-SO:H-CTAB is removed from the porésr imaging.
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4.4 Results and Discussion
4.4.1 Design of aciebase polymer brush catalyst

The design of the hybrid polymer brush material began with identifying key
catalytic species for each step and incorporaticthe catalytic sites in different zones
the support. In manyascade reactions, proof of siselation is demonstrated through an
acidbase cascade due to the inherste annihilation that would occur otherwiséhe
acidic and basic moieties wereparated by utilizing a rigid support for the encapsulation
of the acidic catalyst, while a flexible polymer brush provided a tunable platform for
incorporation of thebaseon the external surface of the silica particl€sgether these
two species couldgsticipate in distinct steps of the proposed reaction cascade without

fear of quenching

o]

o IoI NH,
oy

: ) O
o]
o~ 0
- { base
/@)\0 acid /@)’LH base CN >
o,N O,N NCTCN  ON
1 2 3

@fl o

C ) g
0" ~Oo

Figure 4.4:3-Step cascade reaction catalyzed by aisitéated aciebase polymer brush.

The cascaéd chosen incorporates both a strong acid and basie,the basic

moiety performingtwo separate steps in the cascdBmure 4.4, while requiring a
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catalyst structure that accommodates a large final maecthe catalyst designed
accounted fothe sizeof boththe starting materiadnd final produgtthrough performing

the acetalbleprotection step in the pores of the silioajth the resulting 4
nitrobenzaldehyde material condensing with malononitrile in Kaoevenagel
condensation. The product of this reaction can then reaet Mighael addition to yield

a large chromena the polymer brush domain, outside the silica pores, where it might
otherwise be sterically hindered within the mesopores of theasilice sze of the
resulting productequired the dsign ofa bifunctional material withan acidc moietyin

the interiorpores and basic moiety, which is providedexcesson the exterioof the

catalyst
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Figure 4.5 General syntheses of three hybrid sulfesdod

catalysts.

Above in Figure 4.5, the general synthetic paths to three different site isolated
catal ysts
me t h o difterertiatethe brush structures from a molecularly functionalized gsttal
To begin the synthesis of the acidic support, theawdensation method was employed,
which incorporates a functional organosilane throughout the entire structure in the initial
stages of the synthe$tsin this study,(3-mercaptopropytriethoxysilane was chosen,
which was further oxidized to create a strong sulfonic acid in mesoporous-MChs

the silica support. Exposed thiol groupstbe exterior of the support would likely inhibit
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the polymerization of the polymer brush on the outer surface in further steps, so a thin,
porous silica shell layer was added to prevent thiol exposure and potential quenching of
the polymerization procest previous literature, a mesoporous silica support combined
both acids and bases for a cascade reaction, and-atmrestructure was synthesized to
avoid quenching of the two functionaliti&S. Applying a thin shell layer of silica onto
the acid functionalized support successfully preventegnghing of the RAFT
polymerization, asvell as providedabare exterior silica surface to further functionalize.
Once thecoreshell structure was synthesized, the strong acid was exposed
through oxidation of thehiol to a sulfonic acid using hydrogen peroxfdeNitrogen
physisorption was conducted on each material after modification to analyze for residual
surfactant in the pores, which is importaat preventing the interior of the silica from
modification in subsequent polymerization grafting steps that are designed to target
only the external surface of the silica particles. The low concentration of thiol
incorporation into the silica materiptoved challenging to assess its presence through IR
or solid state NMR. Therefore, the thiol oxidation was quantified through titrating the
material with sodium hydroxideThe resulting numbepf acid groups titrated was
compared with the mole percent fsulincorporated into the structure from elemental
analysis, which gave 0.10 mmol SKYg silica support by titration vs. 0.125 mmol S/g
silica support by elemental analysi$ie material referred to #CM-SO:H was carried
through as the catalyst supptwt the three catalysts with the added thin layer of silica,
as observed in TEM (Figure 4.3). Prior to oxidation, MSM exhibited a surface area

of < 20 nf/g and posbxidation, the MCMSQO:;H material displayed a surface area of 75
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m?/g, confirming the preenceof most of thepore blocking agent, CTABT@ble 4.3, still

in the pores

Grafting to- gt Grafting From- gf

Q0 -
? ? ds RAFT Agent .@ 5 RAFT Polymerization
.@ B —_— -

toluene, 80 °C, 24 h Q 50 Q ,80°C

toluene, 100 °C, 24 h

MCM-SOzH
MCM-SO3H-bocpyrrol-gt MCM-SO3H-bocpyrrol-gf

RAFT Agent: idine:
g Boc pyrrolidine: o poly(boc pyrrolidine acrylamide): <)

Q= (EtO)gsiME%sis(/\)\ﬂ Q= \)ku/\iﬁ;c
Figure 4.6: General preparation grotectedMCM-SOsH-pyrrol brush catalystéwvith
CTAB).

Once the support has been modified with the strong acid functionality, the next
step in the catalyst synthesis was to modify the exterior of thefaealionalized silica
with the basic catalyst. The second and third steps of the cascade include a Knoevenagel
and Michael addition, both which are catalyzed by a base. The inclusite sttond
additional basic step benefits from excess base incorporated to the catalyst structure,
which can be easily integrated with polymeric chains functionalizing the exterior of the
catalystt. SIRAFT was chosen as the polymerization technique becabse
polymerization method has a high tolerance to functional groups, and there is no metal
initiator, which eliminates the potential for residual metal species in the material. The two
general approaches for brush synthesis are shown abo¥égumne 4.6 known as
Agrafting fromd and f#dAgraft i)mwgrafingacompletee Agr

pol ymer <chain to t he .)sammdnly anchors @ Specedto theng f r
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surface of the support and the polymerization occurs from the imibatohain transfer

agent on the surface. The nAgrafting fromo
polymer brushes on the surface of the substrate, as the steric hindrance of grafting a
polymer chain to a surface becomes a challenge. The choice of RiAdin transfer

agent (CTA) is critical for the polymerization process and dependent on the monomer
structure?®’

For the dAgrafti ng-RAFT procéss maogeds dyyaanthoringt h e
the CTA to the sudce via the R group or the Z grotidMost commonly the R group is
anchoredlikely becauseahe carboxylic acid end groymovides a functional handle for
further modification. As showmiFigure 4.6the R group of the CTA was modified to an
acyl chloride which coupled to-@minopropyltriethoxysilanghat was grafted to the
surface of the silicacid supporto a 0.3 mmoICTA/g silica supportTable 4.4. Once
the modifed CTAcsilane was grafted to the exterior of MEBD:H-CTAB, the next step
was polymerization with the acrylamide monomeig(re 4.).2%¢In a previous report, a
prolinefunctionalized magnetic nanoparticle was an efficient base catalyst for the
Knoevenagel and Michael additiatepsof the plannedcascade, thus we syntimesd an
analogous monomer for the basic brusiigs.

The two methods of polymerizationahin in Figure 46 were optimized for each
met hod. F o r fromoh emefitghroadf,t ipnogl y mer i zati on condi
h, at 70°C using AIBN as the radical source in DMF. The polymerization demonstrated
an induction period of about 12 h, which m®t uncommon for SRAFT2%° The
polymerization was monitored by liquith NMR for the decrease of vinyl proton peaks,

and the polymerization was quenched in liquidagen and exposed to déinroughout the
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reaction The material was further washed with copious amounts of water, methanol, and
chloroform to remove unreacted monomer or polymer formed in solution.

Using the bogyrrolidine acrylamide monomer with the madd CTA and
AIBN as the initiator, the polymerization waarried outfor 8 h, approaching a similar
length polymecchains y nt hesi zed with the thadCMSOHiIi ng f r
CTAB surface. Grafting the polymer chain required additional heatingeatehded
reaction times on previously dried MGBIOsH-CTAB. The grafting chain density was
expected to be |l ower compared to thw@m Agraf
analysis, which showed @3nmol N/gMCM-SOsH-pyrrol-gt. In a final step,d expose
the basic moietyand remove the structure directing agent, CTAfring of the samples
in acidic methanolvas performedThe resulting materialwere then neutralized with

sodium bicarbonate ardtied overnight on the high vacuum line.

0O, ) 0. OH Q cl 0O, Cl B 0O, NH o] NH
JAN C‘)ﬁf NH
2 HCI in MeOH
DY L I L O
gj-OMe

si-OMe si-OMe si-OMe NaHCOj in MeOH
0 O OH O O OH 0 O OH 0 O OH 0 O OH
N I B I B L N I B I

MCM-SO;H-bocpyrrol-m-CTAB MCM-SOzH-pyrrol-m

Figure 4.7: General preparation of MCMOsH-pyrrol molecular catalyst.

The third catalystvas a material containingraolecularbasic actre site grafted
on the external surface of the mesoporous silica, as dembtace inFigure 4.7 The
molecular pyrroleshould havethe same basicity as thanalogous polymechain, to
evaluate the impact of placing the basic catalyst inlyper phase in high density, vs. as

isolated base sites on the external surface of the mesoporous silicalkelislynthesis
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began with a protected carboxyhkcid silanethat was gnthesizedfollowing literature
procedure$? andgrafted onto thesame batch ofo-condensed MCMSOsH-CTAB with

the thin additional layer of sda to ensure continuity of support structure with all three
catalysts Next, thecarboxylic acid was exposed viaermaldeprotection, and reacted
with oxalyl chloride to yield the active acyl chloride. The acryl chlondas then
converted to the protesd pyrrolidine via substitution using the amine functionalized
monomer. The finakilane isthen deprotected to yield the acrylamide pyrrole that is

analogous to the monomer structure offibymerchains.

4.4.2 Catalyst structure effects on ileBase cascade reaction

The array of catalytic materials wasti@ipatedto perform with varying catalytic
efficiency, depending on the final structure of the materials, as influenced by the
synthetic pathways usedhe exploration oftascade reactions began with substituted
chromenes as the target, due to the complexity of the structure, and demonstration of
threesteps in one potrdm asimplestarting material like 4itrobenzaldehyddimethyl
acetal. The acidatalyzed deacetalizah reaction conditions have been knowo be
highly dependent orhe amount of water presefit'”-and control reactions were carried
out to demonstrate no background conversion alzservedwith the MCM41 silica
support Table 4.1 and Table 4.2~or the deacetalization, extended reaction times were
needed to reach completion with the molecular MG&&H-pyrrol-m. This is
hypothesized to be due to diffusion limitations associated with transport of the reagent
into the interior of the mesoporous suppard not necessarily due to steric hindrance
associated with the polymer layer because long reaction times were nedessmth

the MCM-SQOsH-pyrrol-m and MCMSGQO:H-pyrrol-gt catalysts. In testing the materials
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for the Knoevenagel and Michael additioes, shorter reaction times were needed for
the basic steps, where the needed active sites are more exposed to the reagents. There was
no background conversion observed with the M@M silica support, and minimal
conversion when proline was used as a Mifimmal, homogeneous acid/base catalyst
(Table 4.2. The notable observation with the control testing of the-batsdyzed steps

was the need for an additional 5 mol% MEN:H-pyrrol-m based on amine content to
achieve the same conversion as the brusalystt MCMSO:H-pyrrol-gt. in the 24 h
reaction time. The MCMSO:H-pyrrol-gt. catalyst incorporates more amine active sites
per gram of silica because of the brush structure synthesized, demonstrating the utility of
a polymer brush catalyst structure wergrafting single molecular units. The activity for
both steps with the two ba$enctionalized catalysts was encouraging for further

extending the cascade to including a third step in the full three step cascade.

Table 4.6:2-step cascade reaction#hitrobenzaldehyde dimethyl acetal to 2
benzylidenemalononitrife?

- o)
- - CN
/@)\0 acid /@JLH base \CN
O,N O,N NC”NCN  ON
1 2 3
Entry Catalyst Conv.1 (%) | Yield 2(%) | Yield 3 (%)°
1 MCM-SH -- -- --
2 MCM-SOsH 100 -- --
3 MCM-pyrrol -- -- --
4 MCM-SO:H-pyrrol-m 96 31 65
5 MCM-SO:H-pyrrol g.t. 97 27 70

# Reaction caditions:4-nitrobenzaldehyded(25 mmol),2 eq. DI HO, catalyst(5 mol%acid) in
anhydrous CECN (1 mL) at90°C for 72 h. ® The yield % was determined Big NMR; 0.25
mmol DMF was useds aninternal standard.
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To begin testing the activity of the bifunctional materials in both the acid and base
catalyzed stepstogether, we began with a twabep cascade reaction of- 4
nitrobenzaldehyde dimethyl acetal teb@nzylidenemalononitrile. The reaction with a
control MCM-SH catalyst that was devoid of intentionally added acid or base sites did
not show any activity towdrthe conversion of, as shown in Entry ITable 4.6 Next,
using MCM-SQ;H with no basidunctionality, theravas full conversion of to 2, and no
further reactivity in the base catalyzed reaction, as exgpettth introduction of the
bifunctional materials, both reactions proceeded to full conversion of the starting
compoundl to 2, andfurther 70 % yield of 3. Both catalysts demonstrating similar
conversion t@ is possibly due to the delayed conversiod &b 2. The acid deprotection
takes 48 h to reach completion, and the conversi@ioflependent on the diffusion &f
to the exterior of the particle, and then reacting with the basic moieties. Hypothesized
longer reaction times could facilitate highesnversion of2 to 3 using the brush or
molecularcatalyst. However, addition&inetic dataare neededo elucidate the activity
of the molecularcatalystversus the brush systeniBhe MCM-SO:H-pyrrol-gt has an
amine content of 0.57 mmol N/g MGBG:H-pyrrol-gt, and the MCMSG:H-pyrrol-m
has an estimated 0.69 mmol N/g MEBO:H-pyrrol-m. Though the brush catalyst has a
slightly reduced number of amine sites per gram of silica support, it is hypothesized that
the brush structure allows the amines more nmigbihi solution, as opposed to the 2
carbon alkyl chain of the molecular species. ThoughMtd-SO:H-pyrrol-gt likely has
sparely grafted amine chains, compared to the molecular catalyst, the freedom of mobility
of those chains in solution could facilgathe similar conversions @ to 3 in the base

catalyzed Knoevenagel condensation. The
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the twostep cascadéndicate the two catalysts have active sites that are relatively
isolated and active for this cascadevith additional cascade reaction optimization

necessary for the addition third bassalyzed Michael addition.

4,5 Conclusiors

The rational design of polymer brush material comprised of a strong acid in the
mesopores othe support, and polymerization of a basic moiety off the external surface,
forming polymerbrushes, catalyzea two-step acetal deprotectidfnoevenagel cascade
reaction with the potential for a third step. From reactions usingM8&1-SOsH-
pyrrolidine-gt versus MCMSQOsH-pyrrolidinem, there was a need for more molecular
active sites to readfne same conversion as the catalyst containing the brushes. The acid
catalyzed deacetalization needed longer reaction times to reach completion, hypothesized
to be due b steric constraints of the nomres and diffusion limitations within the
support. Théasic catalyst efficiently catalyzed both Knoevenagel and Michael additions,
needingadditional molecular catalyst to enhance the reaction Tdte.acid and base
moieties demonstrated activity for both steps in the cascade, asswveffective site
isolation of each type of active sit&his work demonstrates thatility of the brush

structure and thapplication of the hybrid materials in future catalytic cascades
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CHAPTER 5.

C(SP’)i H MONOARYLATION CA TALYZED BY A
COVALENTLY CROSS -LIN KED REVERSE MICELLE -

SUPPCRTED PALLADIUM CATAL YST

This project was completed with assistance from DiChéen Lee on both synthesis and
catalytic reactions. The double tail micelle was synthesized by DEhkn Lee for
reaction optimization andH NMR for crude product analysi®arts of this chapter are
reproduced from ©@&.pHetd,; YWCJ B., Joneg B.eNbelectile.
C(sp) 1 H monoarylation catalyzed by a covalently criisged reverse micelle

supported palladium catalygtdvSynthCatal2017, 359, 361136170

5.1 Background

Development of methods for direct insertion of HC bonds has attracted
substantial attention over the past two decades due to the abundance of these bonds.
Unfortunately, the typical C($)j H bond is highly inert and thermodynamicaltalsie,
requiring eloquent catalytic strategies to activate the bond compared to converitidnal C
functionalization method€?42 Transitic-metatcatalyzed directed iG activation has
been extensively explored by installing powerful directing
groups243244245246247,248249250251252 ganq the scope of the transformations can be further
expanded ttough the incorporation of ligands into the

catalysigt692532564256256257258259.260261 Recent studies of specific ligand design for
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coordination with palladium have proved to be critical for HCactivation, and
advanageously require less synthetic sté{isTuning the coordination environments of
palladium catalysts with various ligands has been used to selectively activate different
types of C(sp)i H bonds.

One of the first examples of Pd@tptalyzed C(sPi H arylation was reported in
2005, where pyridine acted as a directing group. Considering)Qfsarylation could be
directed by a pyridine moiety, it was reasoned that bidentate coordination between the
active palladium center and an aminoquinoline species would benefit the reaction
specificity?%? Later, the reaction was honed for specific monoarylation employing
substituted aryl iodides not requiring steric bulk, such as abtgyt group, which
allowed fa further functionalization strategies. The Yu group employed anatural
amino acid starting material with excess amounts of aryl iodides, and identified 2
picoline as a ligand for selective monoarylation using homogeneous palladium(ll)
trifluoroacetate®°

While homogeneous Pd catalysts have been widely used if)iG{sarylation,
relatively high catalyst loadings are often required to obtain good yields in thes§iC(sp
H activation/G C bondforming reactions, since the catalysts are prone to decomposition
under harsh reaction conditions. One way to enhance the turnover numbers (TONs) and
beter utilize the ligand and metal species is to recover and recycle these components.
However, in many cases, reuse of homogeneous transition metal catalysts remains a
significant challenge. We have recently demonstrated the feasibility of reuse of Pd(ll)
combi ned wi t-dentateupyrslinerigamdse and have shown that the catalyst,

both ligand and metal, can be recovered and recycled, modestly improving the TON.
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Using soluble polymeric supports with tailorable structures, we also demonstrated that
the supported Pd species could impart altered (relative to the homogeneous catalyst)
selectivity trends using several model substréte®ther types of supported catalysts
have also been utilized ini@ activation, with use of metal organic framework (MOF)
supported Pd&%4?% and Pdnanoparticles embedded in various supptht®’ as
examples. A particularly attractive support that has not yet been explored for Pd catalysts
in Ci H activation reactions is a micelle, which has classically been employed with both
homogeneous and heterogeneous catalysts that can exploit this unique
microenvironment®8269270 byt also can provide a very tunable and recoverable catalytic
platform. Solvated micelles have been used as transition metal catalyst supports, for
example coordinating palladium inside the micelle core fo¥ Gond formation and CC

bond formation; however, the use of a micelle foHGactivation has not been reported

to this point?’*?72 In this work, we demonstrate the use of micelles as a reusaipersu

for Pd-catalyzed CH monoarylation reactions as an initial example, and subsequently a
crosslinked, reverse micellar design with tunable spatial constraints around the
supported ligands used to bind palladium that imparts selectivity by restticéirgpace
around the metdlgand complex. Previous reports have used ligand control for achieving
monoarylation versus diarylation selectivify,and the micelle support creates a well

defined catalytic nanoenvironment that can be reused with high selectivity.



5.2 Experiments

5.2.1 General preparation of crodinked micelle (DM)

B // H (o] H,0 in Heptane/CHCl3 %égﬁ'
CiaH250 A~ Br/_f J<: 5 mol% photoinitiator
]@ N~ — . CiaHas0 N hv irradiation, 12 h m _
___hviradiation, 12h )
CyaH2s0

PN i
CHe C1aHp50 —/ LLH — self polymerization =
e

B 2 pB TR
surfactantA[\Ijar surfactant B O ﬁ}géﬁ%?%%

cross-linked micelle (DM)

e

;

-Br

Figure 5.1: Typical preparation of crodsked micelle.

Water (5.7 L, 0.30 mmol) AWHSmga@ead t o
mmol) and surfactarB (50 mg, 0.06 mmol) in heptane (3.0 mL) and CE(@.1 mL).
The mixture was handhaken and sonicated at room temperature to give an optically
clear solution. After addition of 2@methoxy2-phenylacetophenones (mol%), the
mixture was irradiated in a Rayonet photoreactor for ca. 12 h untilvimy$it protons in
surfactantsvere onsumed. The organic solvents were removed by rotary evaporation
and the residue was washed by chilled methanol to give a yellowish powerg}5a

Figure 51.
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5.2.2 General immobilization of ligand in crodimked micelle (DML)

cross-linked micelle (DM) micelle-supported ligand (DML)
o1
- N
‘ —
Me N

Figure 5.2: Immobilization of ligand in crosBnked micelle.

4-Amino-2-methylpyridine (14 mg) was added into micelle (100 mg) solution in
CHCI; and stirred at 56C for 48 h. The organic solvent was removedacuq and the
residue was washed byld methanol to remove unreacteehdhino2-methylpyridine.

The final light brown powder will be obtained by drying under vac(ieigure 5.3.

5.2.3 General arylation procedure

Substrate (0.05 mmol), Pd(TFA(0.01 mmol), ligand (0.02 mmol), and AGOs
(0.075 mmol) were weighed out open to air and placed in a pressure tube (5 mL) with a
magnetic stir bar. The aryl iodide (0.15 mmol), TFA (0.01 mmol), and solvent (0.3 mL)
were added. The reaction vessel was sealedtla mixture was first stirred at room
temperature for 10 min and then heated to 100 °C for 20 h with vigorous stirring. Upon

completion, the reaction mixture was cooled to room temperature. All yields were



determined by analysis of the cruti¢ NMR (CDCk) spectrumusing CHBr; as the

internal standard

5.2.4 General micelle recycling procedure

Substrate (0.4 mmol), Pd(TFAJ0.08 mmol), ligand (0.16 mmol), and AgOs
(0.6 mmol) were weighed out open to air and placed in a pressure tube (5 mL) with a
magnetic 8r bar. The aryl iodide (1.2 mmol), TFA (0.08 mmol), and solvent (2.4 mL)
were added. The reaction vessel was sealed and the mixture was first stirred at room
temperature for 10 min and then heated to 100 °C for 20 h with vigorous stirring. Upon
completion, the reaction mixture was cooled to room temperature. Reaction mixture is
then filtered through a pad of silica gel with ethyl acetate, and chloroform to filter Agl
and AgCGQ:s solid species from solution, while the micelle and products passed through.
All yields were measure via cruld NMR using CHBIr; as the internal standariext,
the solvent was evaporated and the remaining solid was washed with cold MeOH, to
remove reaction products and reactants and precipitate the recycled micelle. The solid

micdle was analyzed b{H NMR, and dried overnight for further experiments.
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5.2.5 Initial Micelle loading optimization of Pd catalyzed C{§{ Monoarylation

Table 5.1 Initial Micelle Loading in Pd catalyzed C&p H Monoarylatiord

Pd(TFA),
H NPhth 20 mol% ligand @\/’{Phth
\H(\CONHNF TFA, Ph-I, Ag,COs, g CONHArg
1 Cyclohexane )
Arg = 4-(CF3)CqF 4 100 °C, 20h
NH
ligand = hz
Me” "N*
4
' Pd : Selectivity’
Ligand (Mol%) : o
1 - 33 33:0 100
2 4 <10 N.D. N.D.
3 DM-5 (20 N.R. N.D. N.D.
mg)
4 DML -3 (20 25 25:0 100
mg) 10 15
5 DML-3(15 43 412 95:5
mg)
6 PML (10 65 58:7 89
mg)
7 DML-5 (5 37 37:0 100
mg)

@Substrate (0.05 mmol), Pd(TFAP.005 mmol), ligand (0.01 mmol), and A5 (0.075 mmol)

were weighed out open to air and placed in a pressure tube (5 mL) with a magnetic stir bar. The
aryl iodide (0.075 mmol), TFA (005 mmol), and solvent (0.3 mL) were added. The reaction
vessel was sealed and the mixture was first stirred at room temperature for 10 min and then
heated to 100 °C for 20 h with vigorous stirring. Upon completion, the reaction mixture was
cooled to roomemperature’ All yields were determined by analysis of the crédeNMR

(CDCls) spectrunusing CHBEr» as the internal standard
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5.2.6 Pd Catalyzed C(shi H Monoarylation Optimization

Table 5.2:Optimization of Pd catalyzed C&p H Monoarylation

Pd(TFA
Ny NPhth 20 mo(l% |ig)fand @\/’;‘\Phth
jH/\CONHArF TFA, Phl, AG,CO,. > CONHArE
1 Cyclohexane 2
Ar’: = 4-(CF3)CGF4 100 OC’ 20h
i g NH,
igand = N
Me/(l\lj
4
a . Pd Ph-I
Entry Ligand  10106)  (equiv.)
1 -- 59 56:3 95
2 4 20 15 10 10:0 100
3 DML-5(10 52 48:4 92
__________________ M

4 -- 41 41:0 100
5 4 10 30 <10 N.D. N.D.

6 DML-5 (10 23 23:0 100
__________________ M)
7 -- 63 61:2 97
8 4 20 3.0 17 17:0 100
9 DML -5(10 99 83:17 83
__________________ L
10 TML-5(10 55 51:4 93

mg)
20 3.0
11 TML-5(13 48 44:4 92
mg)

@Substrate (0.05 mmol), Pd(TFAP.01 mmol), ligand (0.02 mmol), and A20s (0.075 mmol)

were weighed out open to a@ind placed in a pressure tube (5 mL) with a magnetic stir bar. The
aryl iodide (0.15 mmol), TFA (0.01 mmol), and solvent (0.3 mL) were added. The reaction vessel
was sealed and the mixture was first stirred at room temperature for 10 min and theroheated t
100 °C for 20 h with vigorous stirring. Upon completion, the reaction mixture was cooled to

room temperatur@ All yields were determined by analysis of the criideNMR (CDCk)
spectrunusing CHBr» as the internal standard
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5.2.7 Solvent Screen of Pd chtaed C(sf)i H Monoarylation

Table 5.3:Solvent Optimization of Pd Catalyzed C(sp3) Monoarylatior?

NPhih
Hj/“CONHA¢
H

1
Arg = 4-(CF3)CeF 4

20 mol% Pd(TFA),
DML (10 mg)

3.0 equiv. Ph-I, 20 mol%TFA,
1.5 equiv. Ag,CQO3, solvent
20 h, 100 °C

Qe
CONHArg

2

Entdry ‘ Sol ven Yeild (%) 2:3 Selectivity

1 Cyclohexane 99 83:16 84
CyclohexantbMF _

2 8/1) 34 34:0 100
Cyclohexan#tOH ,

3 (8/1) 80 73:7 91
CyclohexanéCH_CN

4 3 82 75:7 91

(8/1)
5 Toluene 23 23:0 100
6 DCE 21 21:0 100

& Substrate (0.05 mmol), Pd(TFA(0.01 mmol), ligand (0.02 mmol), and A20Os (0.075 mmol)

were weighed out open to air and placed in a pressure tube (5 mL) with a magnetic $tiebar.

aryl iodide (0.15 mmol), TFA (0.01 mmol), and solvent (0.3 mL) were added. The reaction vessel
was sealed and the mixture was first stirred at room temperature for 10 min and then heated to
100 °C for 20 h with vigorous stirring. Upon completion, teaation mixture was cooled to

room temperature® All yields were determined by analysis of the crutte NMR (CDCk)
spectrunusing CHBTr» as the internal standard
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Figure 5.3: Absorption spectra of DMb, DML-5, recycled DML5, and homogeneous
ligand in chloroformW,= [H20]/[surfactnat] = 5.
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Figure 5.5:'H NMR spectra of surfactant A (blue) and surfact B (red) before irradiation
in CDCls, and after irradiation to yield crude micelle (purple). After the micelle is
formed, the solvent is removed by rotaray evaporation and washed with cold MeOH,
providing pure micelle (green).
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Figure 5.6:*H NMR spectra of ligand immobilization withmicelle core. Micelle DM
in CDCl before ligand immobilization (blue). Next, ligand is immobilized leading to
crude DML (red), and further washed with cold MeOH and pure DML is obtained
(green).
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Table 5.4:Elemental analysis of fresh and resued DHIL

Entry N wt% Pd wt%
Before F' monoarylation 5.27 0
Table 5.8 entry 3 3.63 3.63
Table 5.8 entry 5 3.63 4.77
Table 5.8 entry 7 1.3r 3.25

b)

T T T T
2 [ppm]

Figure 5.7:'H NMR (in CDCb) of a) recycled and b) fresh DM& from first run Pél

catalyzed C(sp) i H monoarylation.
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5.3 Results and Discussion
5.3.1 Micelle Design and Effects on C(spB)Monoarylation

) NPhth 20 mol"/:wFid(TFA)z whth O
B +

CONHArE -

\H(\ A— T CONHArg

1 Ag,CQ,, cyclohexane
Arr = 4(CF5)CoFs 100°C, 20 h 2

Figure 5.8: Pd-Catalyzed C(s)i H Monoarylation

The design of the catalytic micelle began with identification of key properties to
tune, such as the alkyedsity of surfactant taif€>?"3 size of the hydrophilic cor&2and
ligand functionalization within that core. After exploiting thgdhophilic head group and
hydrophobic alkyl tail, the resulting micelles were interfacially cilodsed to provide
thermal stability?®® necessary for the Pehtalyzed C(sf)i H monarylation shown above
in Figure 5.8 In classic micelles, there is dynamic mixing of surfactant and internal
contents of the core, whereas the cilodsed core of our micelles restricts the internal
catalytic core and support from mixing contents, and helps retain ghedliand

palladium for future reuse.
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Figure 5.9: General preparation of creBeked micellesupported ligand.

As seen above ifrigure 5.9 polymerizable surfactant B with functionalizable
doubk-tail surfactantA, or (not pictured) a functionalizable triple tail analogue were
dissolved in a 1:5 ratio oA:B. This ratio allows the surfactants to crtis& on their
own, rather than add any additional crosslinker, and ensures surféctamnid B
polymerize together, limiting the setfolymerization of surfactar®, which would occur
if the ratio were larger. SurfactaAt was designed and synthesized to contain a benzyl
bromide functional handle within the core for further substitution wihmino 2
methylpyridine used as the ligand in the Cfs@ monoarylation. The micelles then self
assembled in HD and heptane, and were crdis&ed using a photoinitiator at 365 nm to
create DM, the doublil micelle. The functionalizable benzyl bromide wasstiibted
with amine containing ligand moieties to form the dotthiemicelle with ligand (DML)
and further coordinated in situ with a palladium precursor to yield the precatalyst. Next,
optimization of the reaction conditions with various amounts of DMable 5.},
palladium and aryl iodide was completddble 5.2.

The first generation of the cresked micelle provided a tunable platform for

catalyst designand the first example of micelipported Pd(Iicatalyzed C(spiH
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monoarylation. The initial tunable property of the micelle explored was the surfactant
alkyl density of surfactar8. The alkyl density played a significant role in the catalytic
activity of the micell€?”® altering the number of hydrophobic tails covalently bound to a
hydrophilic head group between two and three. The seconénbyaf the micelle to be
evaluated was the size of the catalytic core. In the synthesis of the catalytic micelle,
various amounts of water were introduced in the first stépgofre 5.9t0 vary the size of

the micelle core, known a#b. The combination of assorteédo values paired with
different numbers of alkyl hydrophobic tails potentially allows for size selectivity as well

as creation of a diffusive barrier for substrates and products.



Table 5.5: Micelle-supported ligands with variousd&nd micelle shell in Rdatalyzed
C(sp)) i H arylatior??

} NPhih 20 mom/;,V1 PLd(TFA)z @\(f{:hth O
B +
CONHAr -
\H(\ Ph_ll TFA ! CONHATF

Arp = 4—(1CF3)CBF4 Aggﬁ?}?{ :édzog Tlxane 2
Entry | Micelle-Ligand | Wo | Yield (%) | 2:3 | Selectivity (%)
1 DML 0 20 20:0 100
2 DML 2 24 24:0 100
3 DML 5 99 83:17 83
4 DML 10 76 66:10 87
5 TML 2 24 24:0 100
6 TML 5 55 51:4 93
7 TML 10 52 49:3 94
8 TML (48h) 10 65 61:4 94

dReaction conditions: substrate (0.05 mmol), Pd(LHpalladium(ll) trifluoroacetate] (0.01

mmol), DML/TML (10 mg), AgCOs (0.075 mmol), TFA (0.01 mmol), iodobenzene (0.15

mmol), and cyclohexane (0.3 mL) were added. The reaction vessel was sealed and the mixture
was stirred at room temperature for 10 min and then heated f€X6020 h with vigorous
stirring.®) The yield percentage and ratios of 2 and 3 were determintd IiIR using CHBr»

as the internal standard.

Table 5.5 displays the catalytic results highlighting the optimized micelle shell
and core structure, which is comprised of a 1:5 ratio of surfagtamt B with differing
core diameters, denot&tb. The double tail micelle supported ligand (DML) maintained
the proper amphiphilic characteristics to form the initial dynamic micelle in solution, and
further provided a stable reverse crbisked micelle. Enties 1, 2, and 5 all had small

Wo, and corresponding low yields of monoarylated product 2. A larger core\Myith5
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or 10, appeared to allow for an increase in conversion of starting material, displaying the
necessity for a core large enough to accomneodtarting materials and product. There
was not a large difference in selectivity with core sizes 5 or larger, which was
unexpected. We anticipated with the larger core, product 2 would have the opportunity to
interact with the palladium catalyst and certvto the diarylated product 3 more readily;
however, this was not observed.

The triple tail micelle supported ligand (TML) displayed lower yields across
variousWp, with a higher selectivity. Unfortunately, TMl\b = 10 with extended reaction
time did notdisplay significantly increased yield. This may be associated with the thick
hydrophobic shell the TML possessed, while increased yield was demonstrated with the
DML. The thick shell imparted a restriction on transport properties of substrates into the
core, highlighted with the extended reaction time needed tavdtho diffusion into the
core (Table 5.5below, entries 7 and 8), but no appreciable increased yield was observed
after 48 hours. The DML hydrophabshell is less crowded, with double tails compared
to triple, and therefore we hypothesize it presented a more penetrable barrier to the active
micelle core. After the examination of both the micelle core size and hydrophobicity of
the micelle shell, theDML micelle with Wo = 5 was carried through for further

exploration in the C(s) H monoarylation.
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5.3.2 Micelle-Ligand structure and impact on C&pH Monoarylation

Table 5.6:Micelles with various pyridindased ligands in Pdatalyzed C(sp3H

arylation®P
Me Me OMe
DML DML’ e DML"
Entry | Micelle-Ligand | Wo | Yield (%) | 2:3 | Selectivity (%)
1 DML 5 99 83:17 83
2 DML 6 5 55 50:5 91
3 DMLOG6 (4] 5 73 64:9 88
4 DMLG6G6| 5 26 26:0 100

@Reaction conditions: substrate (0.05 mmol), Pd(EF#glladium(ll) trifluroracetate] (0.01

mmol), DML / DML 6 / DML 6 6.CQ; (0.075 mmal),, TFAN@.01 mmol), iodobenzene
(0.15 mmol), and cyclohexane (0.3 mL) were added. The reaction vessel was sealed and the
mixture was stirred at room temperature for 10 min and then heated %6 16020 h with

vigorous stirring®The yield percentage and ratios2xind3 were determined byH NMR using
CHyBr; as the internal standard.

In previous studies, the ligand in DMOdble 5.5 was used to carry out the

C(sp)i H arylation homogeneoush? and selectivity trends for produtrelative to3

were alsostudied with a linear polymer supported ligand, which provided a platform for

improvement®® The DML micelle withWo = 5 produced a selectivity of 84% for the

monoarylated product after 20 h; however, incorporation of a different ligand in the

mi cell e

its similar electronic structure to the original ligand DML, but also providing added steric

constraints inside the core. With a slightly bulkier ligand in the core, we hypothesized

cor e

coul

d
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this would help force the newly formed prodacout of he core, leading to increased
selectivity for monoarylation. As has been seen with previous re3dttss activity for

C(sp)i H monoarylation is highly sensitive to the ligand, and decreased yield of product
2was oObserved with the sterically more hini
to probe the effect of different electronics arouhd pyridine ligand, incorporating a

strong electron donating groumrtho- to the pyridine nitrogen, while maintaining a
similar steric influence to DML. The addit
reduced yield, and correspondingly high seléistiwas observed. In contrast to the
homogeneous case, the incorporation of all ligand cases did not increase the amount of
diarylated produc8,*®® supporting the benefit of a spatially constrained catalytic pocket

for improved selectivity by elimination of bulkier products. To this end, it appears the
micelle core provided a valuable steric iiation for the prevention of the formation of

the diarylated product. Previously, an optimal balance of sterics and electronics for the
ligand-controlled C(sf)i H arylation was demonstrated through the evaluation of
multiple ligands, varying both sterics electronicg9254274275 This particular C(sf)i H

arylation was exceptionally sensitive to the ligand present, as seen in the homogeneous

case, so the decreased yield for4optimal ligands was not entirely unexpecté#®

5.3.3 Substrate Scope of Reatalyzed C(spi H arylation using DME5

Having identified a suitable micelle e&yst structure with (i) two alkyl tails and a
core size large enough to accommodate both starting material and product, and (ii) the
proper ligand to promote monoarylation, which produced encouraging activity with the
model substrate, further investigatiof substrate substituent effects was conducted. The

catalytic micelle showed excellent activity and selectivity with both electron donating
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and withdrawing substituents present on the iodobenzene partneoahtremeta, and

para-positions, as preséed below iffable 5.7

Table 5.7:Substrate scope of the ®edtalyzed C(s})i H arylation using DME5?P

NPhth

o
\K\CONHArF
Ho 4

AFF = 4-(CF3)C6F4

=
Z CONHAr

2a,; 0-OMe, 93% [99%]
2a; m-OMe, 99% [83%]

20 mol% Pd(TFA);
DML-5

Ar-l, TFA,
Ag>CO3, cyclohexane
100°C, 24 h

S NPhth
MeO,C+- P :
CONHArg

2b, 0-CO,Me, 68% [85%)
2b, m-CO,Me, 87% [86%)]

= NPhth
R P :
CONHAI’F

H
2

R CONHArg

2¢qR = H, 94% [87%]
2¢, R = Me, 81% [77%]

2b3 p-CO;Me, 88%, [86%)]

CONHArg

2d 95% [77%]

2ay p-OMe, 99% [77%]

Z CONHA

2e, 0-F, 86% [99%]
2e, m-F, 99% [77%]
2e; p-F, 99% [74%]

CONHAr:

2f, R = Cl, 99% [84%]
2f, R = Br, 99% [80%)]
2y R = CF, 86% [86%)]
2f, R = NO,, 65% [91%)]
2f5 R = CN, 70% [99%)]

?Reaction conditions: substrate (0.05 mmol) Pd(Tf#glladium(ll) trifluoroacetate] (0.01

mmol), DML-5 (10 mg), AgCOs (0.075 mmol), TFA (0.01 mmol), iodobenzene (0.15 mmol),

and cyclohexane (0.3 mL) were added. The reaction vessel was sealed and the mixture was stirred
at room temperature for 10 min and then heated t6d@®6r 20 h with vigorous 8ting. ®The

yield percentage and ratios 2aind3 were determined b{H NMR using CHBr; as the internal

standard.

The monoarylation proceeded in high yields and selectivities for both
electronwithdrawing and electrodonating substituentsn the aryl iodide with the

micellesupported ligand and palladium. The selectivity can be highlighted in
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products2ai and 2ex (as seen infable 5.7. These two coupling partners have
second substitutionsrtho- to the active iodo group, imparting an increase in
selectivity. Notably, the same selectivity is not seen withpghe- substituted
compound®as and2es that are electronically similar. Interestingly, this selectivity
pattern has not been observedhwather Pecatalyzed monoarylation reactions; in
fact, conversely, the yield is typically decreased waittho- substitutions due to
steric hinderanc€’® Both 2az and 2es had excellent yields of 99% and similarly
decrased selectivities of 77 and 74%. The high reactivity of bothp#re- and
metasubstituted aryl iodides contributed to the decreased selectivity toward
monoarylation. This selectivity at thertho-position is hypothesized to be an
electronicallyinfluenced steric effect within the micelle core. A previously
reported heterogeneous polymer supfdrincorporated a polar, hydrogen
bonding amide backbone to increase the concentration of polar substrates in the
nonpolar solvent, and we can extrapolate similar activity trends within the polar,
crosslinked micelle coe. The reduced freedom of movement for the ligands
within the micelle core is hypothesized to create an active catalytic pocket, filled
with potential hydrogetfbonding partners. Hypothesized within the active pocket,
the coordinated palladium complex iertally encouraged to interact with the
starting materials and coupling partners. The substrates that participate in
hydrogenbonding within the core, such @s and 2e, have increased selectivity

for ortho-substituted aryl halides, presumably due to bgdrbonding capability

near the active substitution, drawing the starting material toward the Pd active site.

These substitutions are electronically favored abtiieo-/para- positions because
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of the electron donating behavior of the methoxy, as welklagt electron
withdrawing butortho-/para- activation for the fluoresubstituted starting material,
such that we speculate facilitation of reactivity near the active site of substitution.
Alternatively hypothesized, the micelle core concentration i higd theortho-
substitution encumber the stacking of molecules more so compared parthe
substituted aryliodides, thus accommodating the smaller space and increased
diarylated product. Similar activity is not observed 2brcompounds, because the
carbonyl group can weakly coordinate to Pd(ll), which promotes the sedddd C
insertion to give more diarylated product. Therefore, similar selectivity trends are
not seen with methyl ester aryl iodides. Generally, stronger elewitbhdrawing
functionality added to the substrate decreased the yield slightly; however the
selectivity remains high, as seen in compoutfd This tolerance for many
functional handles on the starting materials, paired with excellent yields, has the
potential to be exploited in ¢hfuture with CH activation. Overall, this micelle
supported palladium catalyst showed high tolerance for both electron withdrawing
and donating groups, as well as selectivity toward monoarylated products in all

cases.
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5.3.4 Recyclig Studies of DMI5

Table 5.8:Recycling DML-5 in PdCatalyzed C(sPi H arylatiorf®<

Pd(TFA),
l:}IF’hth DML-5 NPhth
" conmAr 2-iodoanisole, TFA, ~conHar *
H Ag2CO3, cyclohexane OMe H
1 100°C, 20 h 2
AI’F = 4-(CF3)CBF4
. Pd(TFA)2 : om) b ity (OA)0
Entry Micelle (mol% Yield (%)° | Selectivity (%)
1 DM-5 0 68 >99
2 DML-5 20 N.RS N.D.¢
3 DML-5 0 93 >99
4 Recycled DML:5 from 20 11 >99
entry 3
5 Recycled DML:5 from 0 77 >99
entry3
6 Recycled DML:=5 from 20 N.R. N.D.
entry 4
7 Recycled DML:=5 from 0 52 >99
entry 5

@Reaction conditions: substrate (0.4 mmol) Pd(THpalladium(ll) trifluoroacetate] (0.08

mmol), DML-5 (80 mg), AgCOs (0.6 mmol), TFA (0.08 mmol),-®bdoani®le (1.2 mmol), and
cyclohexane (2.4 mL) were added. The reaction vessel was sealed and the mixture was stirred at
room temperature for 10 min and then heated te®@Cdor 20 h with vigorous stirring’The

yield percentage and selectivity in bracketsendgtermined byH NMR using CHBr; as the

internal standard® NR = no reaction? ND = not determined.

Realizing the micellsupported Pd has a high compatibility and selectivity with
multiple functional handles similar to the homogenemaction, recycled micelle was
explored for catalytic activity as one way to enhance the total TON. The rrsogiport
alone (without added ligand L), showed activity, reaching 68% vyield of monoarylated
product, which is expected due to the potentiaPidrcoordination with the amide groups

of the crosdinked core. Next, the micelle with immobilized ligand (DM was run

127



under standard reaction conditions, and subsequently recycled as s€ahlan5.8
enties 5 and 7. The micelle catalyst was successfully reused'HadMR (Figure 5.7

in its asrecovered form, as well as with fresh palladium added, which yielded
dramatically different results. Recycled nlieewith no added palladium showed
drastically reduced activity, producing 11 % of prodRctvhile with fresh Pd added it
yielded 77%. This demonstrated that the supported ligand was successfully recycled,
albeit not robustly after multiple run§gble 58, entries 6 and 7). Elemental analysis of
the recycled micelleTable 58, entry 4) showed residual palladium, and the UV/vis
spectrum of used DMI5 has charactegiics of both the micelle and palladium pres&nt
(Figure 5.}, but only at a 1.5 mol% loading, which explains its very low productivity in
asrecovered form. Also from elemental analysialfle 5.4, there was a decrease in
nitrogen content over multiple cycles, which was likely due to the displacement of the
initial bromide counter ions in the amide crdis&ed core with free iodide ions from
excess aryl iodidén solution, causing the micelle core to become more crowded with
larger counter ions present. The recycle of the micelle demonstrates the ability to reuse
the ligand, without the metal, which is not unexpected with a weakly coordinated
monodentate ligandnd fixed micelle core. For entry 5 irable 5.8 there is a notable
decrease of yield, giving similar performance to entry 1Table 5.8 A possible
explanation for this observation is the spatial constraints and limited mobility of the
ligand within the micelle core could reduce the capability for bidentate coordination of
Pd with two ligands, thus forcing the Pd to coordinate weakly with the amide cross
linkages, thereby reducing the probability for metal recycle. Another possible explanation

is that the monodentate ligand allows for coordination of other species in reaction
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solution with the ligand, and as the reaction progresses and starting materials are
corsumed, other reactants take the place of the previously coordinated starting material

or metal?”’

5.4 Conclusion

The present work demonstrated a micslipported ligand used for Ratalyzed
C(sp)iH monoarylation. The micelle was designed and synthesized with tunable
properties that can be further enhahder future use with CH activation, as well as
other reactions that benefit from spatial constraints of a catalytic pocket. Specifically, one
can imagine creation of active pockets with multiple functional sites operating
congruently. The micellsupporéd ligand imparted a selectivity unseen by previous
polymersupported Paatalyzed C(s})i H arylation reactions, and was reused a second
time. Enhanced recyclability is expected using systems that exploit multidentate ligands,

reducing loss of metal frotme designed microenvironments.



CHAPTER 6.

SUMMARY AND FUTURE D IRECTIONS

6.1 Summary

A summary of this dissertation with the main conclusions is broken down by

chapters and presented below:

Chapter 1

An introduction into various polymer architectures was discysséth the
applications varying widely. The focus of this thesis on catalytic polymers was addressed
in concert with the benefits to using these materials as catalyst supports. Key aspects of
each reaction studied in this work, along with the corresponatihgner designs, were

discussed. The current state of research within each of the topical areas was discussed.

Chapter 2

Cooperative catalysis of the aldol condensation wihittbbenzaldehye and
acetone was demonstrated with a linear polymer backbpmibesized from weakly
acidic and basic monomer units in a controlled polymerizatisimg various sequences
incorporating the weak acid and base monomers displayed an optimized ratio of acid and
base units which was 1:1. As well, when a block copolyrtrectire was synthesized,

the site isolation of each catalytic moiety depressed activity as exp&beedystem was
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optimized in cosolvents to assist solubilization of the polymer, though the polymer in
unprotected form was insoluble under most conditioAs a result, only some of the

active sites were displayed to the solution, and when these sites were quantified, it was
determined that the catalyst was as active as the benchmark mesoporous silica materials.
As a first generation of polymer supportedoperative catalyst, the key features
addressed were spatial placement of acid and base species, the strength of cooperative
partners on single polymer chains, as well as the overall polymer structure as a platform

for the next generation of catalysts, aishould seek to improve the polymer solubility.

Chapter 3

A solid acid polymer catalyst was utilized for the hydroboration of substituted
alkynes using pinacolborane as the first known demonstration of a polymer
organocatalyst applied for this chemistKjinetic isotope effect studiealluded to a
rehybridization of the alkyne as being involved in the rate limiting step, and a reaction
order analysis using the initial rates method displayed-dinc¢r dependence on the
catalyst concentration and intetiagly, inverse firstorder dependence on both starting
materials.}’B NMR studies found evidence of a boracid structure formed over time,
inhibiting the availability of active sites, while the phenylacetylene may sterically
encumber the catalyst upowlarization by the acidic proton of the acid cataly®ith
these pieces of data, a proposed mechanistic pathway of a polarized alkyne coordinating
with a free HBPin to form -Btyryl-BPin in a concerted-thembered transition state was
hypothesizedThe c#alyst provided robust activity with a variety of substituted alkynes,

and was reused 3 times without loss of product yields.
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Chapter 4

A polymer brush structure has been utilized to performstef cascade reaction
with the proposal of a'8step Threesupport structures were tested for activity in the
acidbase cascade: MCI8OG:H-pyrrol gt, MCM-SO:H-pyrrol gf, and MCMSGOsH-
pyrrol m. AGto and A fp representi gr aft ed too0o and ngrafted
synthesizing polymer brush structures, aficho represents the molecular base
functionalized on the exterior surfadeGr af t i ng t oo approach al |l c
to be functionalized on the surface, however lower grafting densities are seen due to the
sterics of the c¢hai nsfgrahighdar dessityfofgpolyankertchainsgg f r o
on the exterior because a small propagating agent/initigtafted first. RAFT
polymerization was employed to polymerize the basic monomer, and the molecular
support has an analogous structure to the mononhter.cacade reaction is an aeid
catalyzed deacetalization ofmitrobenzaldehyde dimethylacetal and a besalyzed
Knoevenagel condensation to yield benzylidenemalononitrile. The design of the material
incorporated an acid econdensed in the pores of the n@m@us silica support, with
basic moieties polymerized in chains on the exterior of the support to accommodate a
smaller product from the acueprotection, which was performed in the pores in the
center of the catalyst particle, to a larger product irbtligsh layer on the outer portion of

the catalyst.

Chapter 5

CiH functionalization research has grown exponentially over the past two

decades as a tool in organic synthesis. Using expensive homogenous catalysts is one
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drawback to the current chemistry,dademonstrating a supported metal complex could
ease the cost and viability of these chemistries in industry if the ligand and/or the metal
could be recovered and recycled. In this study, a reverselorksd polymer micelle

was functionalized with an dne ligand in the core and loaded with palladium to
perform a C(sf)i H monoarylation of an unnatural amino acid with substituted aryl
iodides. The micelle support imparted a selectivity towatbo-substitded aryl bdides,

with high yields for most submtes. The micelle was reused and recycled two times.
However, it needed additional palladium for the subsequent reactions to run with high
efficiency. While the catalytic improvement was modest, this was the first application of
a micelle support for TH functionalization and provides tanableplatform for future

applications.

6.2 Future Directions

6.2.1 Polymeric Cooperative catalysts

Results from the second chapter of this dissertation demonstrated that a polymer
with a soluble backbone might benefit tbeoperativity, and require a lower catalyst
loading. The polymer catalyst synthesized in this work was highly functionalized, with a
functional group on each monomer, which likely reduced solubility due to hydrogen
bonding. A future catalyst design couldtorporate a spacing unit to potentially decrease
the likelihood of hydrogeibonding interactions among monomers and polymer chains. It
is hypothesized that the less dense packing of these polymer chains would hopefully
address the solubility problem agM Lastly, the weak acid monomer unit used in this

work is prone to oxidatioh’® The reduction of acidity once the oxidation has occurred
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deactivates the catalyst and reuse is no longer possible. As discussepter 2, the
ideal acidity for cooperativity mimics the acidity of surface silah®lsA monomer
synthesis that maintains the acidity of the weak acid, but doexidieowould be ideal

for future generations of cooperative polymers.

6.2.2 Extending Polymer Brush Catalysts foS8p Cascade Reactions

The extension of the cascade to incorporate three steps would improve the
efficacy of such complex catalysts, which regquextraordinary justification for their
synthesis and use. The tandem dmade cascade employed in this work has been
demonstrated on various support structdféand the extension to include the synthesis
of a larger molecule would extend this concept. The incorporation of a third step requires
an added level of design to be consaderFor the polymer brush structure, the chains
were synthesized so that excess basic active sites would be accessible to perform a
second and third transformation. From the success of thetipocascade, it is suspected
that the additional third step igable, and can be achieved with additional work and

testing.

These brush materials not only serve as platforms for organocatalytic cascades,
but the incorporation of supported metal catalysts to perform organometallic cascades
and variations of both org&c and metatatalyzed transformations. Such cascades should
incorporate steric considerations for starting materials versus products, and the
hydrophobicity and hydrophilicity of the reactafts.As more works is done and as
effective multtcompartment cascade catalysts are developed, design principles for such

structures might be achieved. Such design principles with cascade catalysis would be of
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immense importance, and the polymer brushfgla has the tunable properties needed

to address the complex system requirements.
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APPENDIX A. KINETIC EXPERIMENTS WITH POP -COOH IN
HYDROBORATION OF PHE NYLACETYLENE WITH

PINACOLBORANE

A.1 Background on Porous Organic Polymers

For backgrand on POPs, please see Chapter 2.

A.1.1 Porous Organic Polymer synthesis

The synthesis of this POP is siarito Chapter 2:

In a 250 mL pressure tubBVB (2.0 g),benzoic acid monome# (68 mmol), 50
mL THF, AIBN (0.20 mg) and 1 mL deionized water wetieread vigorously for 24 h at
100 °C. The resulting solid was washed with copious amounts of THF, and dried over
night at 100°C under reduced pressure. The resulting porous organic polymer was

characterized by nitrogen physisorption, XPS, and elemerdablsis

13¢



A.1.2 Porous Organic Polymer Characterization

| ! 1 ! I ! | ! |
525 530 535 540 545
Binding Energy (eV)
Figure A.1: XPS O1s scan of COCROP.

From XPS oxygen scans, there was about 3 mol % oxygen detected in the sample.
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Figure A.2: Nitrogen physisorption isotherm of PAFROOH.

BET Surfacearea recorded was 64C/gropwith a pore volume of 0.7 city

A.1.3 Porous Organic Polymer Catalyst Performance

Table A.1: Catalytic Activity of the PORCOOH catalyst in the hydroboration of

phenylacetylene with HBPt

5 mol % POP-COOH
octane, 16 h, 30 °C

_H2

©/\/8Pin

Catalyst

Yield %°

PORCOOCH

70

FReaction conditions: Under an inert atmosphere nfpNenylacetylene (0.4 mmol), HBPin (1.2
mmol, 3 eq.), and 5 mol% catalyst were added to a 3.5 miwitialoctang(1 mL) and CHBr; as
the inernal standard at 3 stirring vigorously for 16 h®2)All yields were determined by crude

'H NMR analysis.
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Applying this solid catalyst to the hydroboration of phenylacetylene with
pinacolborane, there was a noticeable decrease in product yield edmpathe other
catalystsat 70 %over the course of 16 h. The kinetics of this catalyst compared to both
the poly(vba) and homogeneous case were much slower. Due to the fixed support
structure, we have attributed the depressed activity to the sidecpfodmations being

more prevalent with a surface structure that allows for more accessible sites.



APPENDIX B. CRUDE 'H AND C SPECTRA FOR TABLE 3.7
SUBSTRATE SCOPE OF HYDROBORATION OF SUBSTITUTED

ALKYNES USING PINACO LBORANE
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