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ABSTRACT

The oxidative cross-coupling of carbon-hydrogen (C-H) and nitrogen-
hydrogen (N-H) bonds to form carbon-nitrogen (C-N) bonds is an important synthetic
advance, as amine and amide functional groups are ubiquitous in biologically active
molecules. This technique is orthogonal to conventional amination techniques, which
rely on electrophilic nitration/reduction strategies or metal catalyzed coupling of pre-
functionalized arenes.

This dissertation’s main focus is on the development of oxidative methods for
constructing N-arylamines and amides via tandem C-H/N-H bond activation and

increasing synthetic efficiency for total synthesis of an inhibitor of botulinum

neurotoxin via direct C—H functionalization.

The first manuscript, “Metal-Free Intermolecular Oxidative C-N Bond
Formation via Tandem C-H and N-H Bond Functionalization,” is focused on the
development of a novel intermolecular oxidative amination reaction, a synthetic
transformation that involves the simultaneous functionalization of both an N-H and a
C-H bond. The process, which is mediated by an I(IIl) oxidant and contains no metal
catalysts, provides a rapid and green method for synthesizing protected anilines from
simple arenes and phthalimide.

The second manuscript, “I(IlT)-Mediated Regioselective C-H Bond Amination
of 2-Arylpyridine Derivatives,” is focused on the development of a novel, useful and
economical process for the direct amination of 2-phenylpyridine derivatives. This
process requires cheap and commercially available copper triflate and works for a

variety of different 2-phenyl- pyridine derivatives.



The third manuscript, “Increasing synthetic efficiency via direct C-H
functionalization: formal synthesis of an inhibitor of botulinum neurotoxin,” is
focused on designing an efficient scheme for the synthesis of one of the best known

inhibitors of botulinum neurotoxin serotype A (BoNTA). The synthetic route involves

two palladium catalyzed C—H functionalization reactions, formally activating three C—

H bonds.
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PREFACE

The following research has been presented in manuscript format according to
guidelines of the Graduate School of the University of Rhode Island. The entire
dissertation is divided into three manuscripts.

The formation of carbon-carbon (C-C) bonds via the oxidative cross-coupling
of two carbon-hydrogen (C-H) bonds has recently become a field of intense interest
and has resulted in the discovery of numerous novel synthetic methods. The analogous
technology for the oxidative cross-coupling of C-H and nitrogen-hydrogen (N-H)
bonds to form carbon-nitrogen (C-N) bonds would also be an important synthetic
advance, as amine and amide functional groups are ubiquitous in biologically active
molecules. However, a relatively small amount of work has focused on the
development of oxidative methods for constructing N-arylamines and amides via

tandem C-H/N-H bond activation.

The majority of literature in this field describes the insertion of nitrenoid
intermediates into C-H bonds, mediated by transition metal catalysts. Cu and Pd-
catalyzed reactions, as well as metal-free conditions, have also been recently explored,
but these methods are limited to the intramolecular synthesis of carbazoles, oxindoles
and diazapenones. The only reported examples of intermolecular oxidative amination
involve azole-type heterocycles and proceed by attack of an amine nucleophile on the
substrate’s imine moiety. The ability to oxidatively couple phthalimide to
unfunctionalized arenes is a useful method for synthesizing anilines that is orthogonal
to conventional amination techniques, which rely on electrophilic nitration/reduction

strategies or metal catalyzed coupling of pre-functionalized arenes. Phthalimide, in

vil



particular, is an ideal starting point for the development of the aforementioned
oxidative amination technology. It is commercially available, inexpensive, easy to
handle and, once coupled, it can be readily converted to a primary amine, which can
be further derivatized. Additionally, various N-arylphthalimides have recently been

shown to have anti-cancer activity.

The first manuscript, “Metal-Free Intermolecular Oxidative C-N Bond
Formation via Tandem C-H and N-H Bond Functionalization,” is focused on the
development of a novel intermolecular oxidative amination reaction, a synthetic
transformation that involves the simultaneous functionalization of both an N-H and a
C-H bond. This process, which is mediated by an I(IIT) oxidant and contains no metal
catalysts, provides a rapid and green method for synthesizing protected anilines from
simple arenes and phthalimide. This work has been presented as a poster session at the
244™ ACS National Meeting & Exposition (Philadelphia, PA, August 2012) and this
paper has been published in J. Am. Chem. Soc. 2011, 133, 19960-19965.

The second manuscript, “I(IIT)-Mediated Regioselective C-H Bond Amination
of 2-Arylpyridine Derivatives,” is focused on the development of a novel and
economical process for the direct amination of 2-phenylpyridine derivatives. This
process requires cheap and commercially available copper triflate and works for a
variety of different 2-phenylpyridine derivatives. This work has been presented as a
poster session at the 246™ ACS National Meeting & Exposition (New Orleans, LA,

April 2013) and this manuscript is in preparation for publication.
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The third manuscript, “Increasing synthetic efficiency via direct C-H

functionalization: formal synthesis of an inhibitor of botulinum neurotoxin,” is
focused on the design of an atom efficient scheme for the total synthesis of an
inhibitor of botulinum neurotoxin serotype A (BoNTA). The synthetic route involves
two palladium catalyzed C—H functionalization reactions and can be used to generate a
library of other substrates by modifying the reactants in the scheme. This work has

been published in Chem. Comm. 2011, 47, 4679 — 4681.

X



TABLE OF CONTENTS

ADSETACT ...ttt e b et b e st b e ab e et e st s i
ACKNOWIEAZEIMENES ......eeeeiiiiieiieciiee et et e e e e e te e e ereeeenneeeennes v
DediCatION. .. ettt e vi
PrEfaACE ..ot vii
Table Of CONENLS ....coueiiiiiiiieeeet et sttt et ebee e X
LSt OF TADIES ...ttt xii
LISt O FIGUIES ..enevieeiie ettt ettt e et e e e ebe e e e e e enaneesnseeeennes x1ii
LSt OF SCREMES ...t st X1v
LSt Of SPECIIUMIS ...eoeviieiie ettt ee e ae e etaeeenbeeenaeeennees XV

Manuscript 1

Metal-Free Intermolecular Oxidative C-N Bond Formation via Tandem C-H and N-

H Bond Functionalization................oiiiiiii e 2
ADSETACT ..ttt ettt et e b et e et 2
INEEOAUCTION ...ttt ettt st e st sbe e st e eaee e 2
Results and DISCUSSIONS .......eeiuiiiiiiiiiiiieiieei ettt e eaeees 3
CONCIUSION .ttt ettt ettt e st e bt e e be e e e e e e 16
EXperimental SECHION .........eeiiiiiiiiieciie ettt aaeesane e o eenees 17
RETRIEIICES ...ttt ettt e e e 75
Manuscript 2

I(IIT)-Mediated Regioselective C-H bond Amidation of 2-Arylpyridine derivatives.. 79
ADSIIACE ...ttt ettt sae e 79

TETOUCTION e e e e e e e e e e e e e e e e e e e e e e aaeeeeeeenenanaans 79



RESUILS ANA DISCUSSIONS ettt eeeeeeeeeee e et e e e e e e e eeeeeeeeaeeeeeeeeaeaaaaeeeeeeeneeannaaens 83

CONCIUSION ..ttt ettt ettt s bt et e st e et e saeeeaee 91
EXperimental SECHION ........ciiiiiieiiieciie ettt e e e 92
RETEIEIICES ...ttt et e 128
Manuscript 3

Increasing Synthetic Efficiency via Direct C-H Functionalization: Formal Synthesis

of an Inhibitor of Botulinum NeurotoXin..........ccceecueeiieiiiinieniieieeeeeeeeeeee e 133
ADSETACT ..ottt ettt et £ e e an 133
INELOAUCTION ...ttt ettt e e e es 133
Results and DISCUSSIONS .......eeiuiiiriiiiiiiiieeiiesie ettt e eneenes 134
CONCIUSION ..ttt ettt et e st e e e e as 140
ExXperimental SECHION ......c.ceviiiiiiiie ettt eaee e nes 141
RETOIONCES. . oot 168
Appendix I Common Abbreviations and Symbols ...........cccceeeeviiieiiiieiiiienies v 170

xi



LIST OF TABLES
TABLE PAGE

Manuscript 1

Table 1. Discovery of the intermolecular oxidative amination............c.cccceeevveeeveeennnenn. 5
Table 2. Substrate scope of the intermolecular oxidative amination ...............ccc.eeeueen. 9
Table 3. ComMPEtitioN TEACTIONS. . .vvute ettt et ette et et e et eeeeeeeneenee e 11
Manuscript 2

Table 1. Discovery of the Regioselective Amination of 2-arylpyridine derivatives.... 84

Table 2. Substrate scope of the Regioselective Amination of 2-arylpyridine

ETIVALIVES. . . ettt e 87
Table 3. Competition REACIONS. .....c.eeieieiieeiiieeiieeiieece e e e 88
Table 4. Initial Optimization StUAIES .........eeeviieeiiieeiieciieeeee e e e 99

xii



LIST OF FIGURES

FIGURE PAGE
Manuscript 1

Figure 1. Examples of high-value molecules containing anilines............c.ccceeoeevieenene 3

Figure 2. Kinetic analysis of oxidative amination reaction with various amounts of

PhI(OAc), (oxidant) and phthalimide...........cccoeoiieeiiieniiieiieee e 12
Manuscript 3
Figure 1. Structure of thiophene-indole BONTA inhibitors ..........ccocceeviiiiiiniiinneene 134

xiil



LIST OF SCHEMES

SHCEME PAGE
Manuscript 1

Scheme 1. Oxidative amination of substituted arenes .........c..cccoceeveerieinieniieeneenieene. 7
Scheme 2. Two possible mechanisms for the oxidative amination ..........c..cccceeueee. 13
Scheme 3. Resonance structures of the aryl radical cation explain the observed
TEEIOSCIECHIVITIES ... vvreitieeiiieeitieeitee ettt e eteeeebeeesiaeeessreeeseeeesaeesnsaeeanseeensseesnsseeensseennnnes 15

Scheme 4. Formation of substitution products corroborates the intermediacy of arene

TAAICAL CALIONS ...ttt ettt e b e st e e st e e 16
Manuscript 2
Scheme 1. Kinetic ISotope Effect........ccovviiiiiiiiiie et 89
Scheme 2. Proposed Mechanism for the Regioselective Amination .............cccceeuueee. 90
Manuscript 3

Scheme 1. Comparison-synthetic schemes for constructing arylated heterocycles...135
Scheme 2. Oxidative arylation of N-alkyl protected indole............................. 137

Scheme 3. Synthetic scheme for BONTA inhibitor 1.........ccccoveeviiiiniieiiieeieeee. 138

Xiv



LIST OF SPECTRUMS

SPECTRUM

PAGE

Manuscript 1

Spectrum 1. "H-NMR 0f COMPOUNT 2.........eeeereeeereeereeeeeeeeeeeeeeeee e 19
Spectrum 2. >C-NMR 0f COMPOUNA 2 ..o 20
Spectrum 3. "H-NMR 0f COMPOUNT 3......cvueeereeeeeeeeeeeeeeeeeeeeeeeeeeee e 22
Spectrum 4. >C-NMR 0f COMPOUNA 3 ......eveereeereeeeeeeeeeeeeeee oo 23
Spectrum 5. "H-NMR 0f COMPOUNT 5.......vuveeeeeeeeeereeeeeeeeeeeeeeeeeeeeee e 25
Spectrum 6. >C-NMR 0f COMPOUNA 5 ... 26
Spectrum 7. "H-NMR 0f COMPOUNA ..o e e 28
Spectrum 8. >C-NMR 0f COMPOUNA 6 ........veeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 29
Spectrum 9. "H-NMR 0f COMPOUNT 7o eeee s 31
Spectrum 10. PC-NMR 0f COMPOUNA 7 ..o 32

Spectrum 11.
Spectrum 12.
Spectrum 13.
Spectrum 14.
Spectrum 15.
Spectrum 16.
Spectrum 17.

Spectrum 18.

TH-NMR 0f COMPOUNA ... 34
BC-NMR 0f COMPOUNT 8 ... 35
TH-NMR 0f COMPOUNA 9. 37
BC-NMR 0f COMPOUNA D ... 38
TH-NMR 0f Compound 10..........c.oueueeereeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeenae 40
BC-NMR 0f COmPound 10 .........oveereeeieeeeeeeeeeeeeeeeeeeeeeeeeee e 41
TH-NMR 0f Compound 11 .....c.oueueeeeeeeeeeeeeeeeeeeeeeeeeeeee e 43

BC-NMR 0f COMPOUNA 11 ..o 44

XV



Spectrum 19.

"H-NMR of Compound 14 and 15..........ccccooerveereeeeeeeeeeeeeceseseeeeen 46

Spectrum 20. *C-NMR of Compound 14 and 15.........ooeweeeeeeeeeeeereeeeeeeeeeeeseeeenen. 47
Spectrum 21. "H-NMR 0of Compound 16..............ovuveereerereereeeeeeeeeeeeeeeeeseeeereeeseenen. 49
Spectrum 22. *C-NMR 0f COmpound 16 ..........o.oeueeereeeeeeeeeeeeeeeeeeeeeeeeeeeeeereseeeeeen. 50
Spectrum 23. "H-NMR of Compound 12 and 13 ........ocoveeveeeeeeeeeeeeereeeeeeeeereeeeenen. 52
Spectrum 24. *C-NMR of Compound 12 and 13..........ooeweeveeeeeeeeereeeeeeeeereeeeenen. 53
Spectrum 25. "TH-NMR of Compound 17,18,19..........ovevueeeeeeeeeeeeeeeeeeeeeeeeereeeeenen. 55
Spectrum 26. *C-NMR of Compound 17,18,19 ........ovuveeeeeeeeeeeeeeereeeeeeeeeeeeeeeeeen. 56
Spectrum 27. "H-NMR 0of Compound 21 ...........o.oeurverreeeeeeeeeeeeeeeeeeeeeeeseseeseseeseenan. 59
Spectrum 28. *C-NMR 0f Compound 21 .........o.ovueeeereeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeenen. 60
Spectrum 29. "H-NMR 0of Compound 22............c.ovurvueeeeeereeeeeeeeeeeeeeeeeeeesseeesesseseenon. 62
Spectrum 30. PC-NMR 0f COompound 22 ..........c.oouveeeeeeeeeeeeeeeeeeeeeeeeeeesseeeseseseeenen. 63
Spectrum 31. "H-NMR 0of CompPound 23...........o.oeurveereeeeeeeeeeeeeeeeeeeseeeeeeeeeeesseseenan. 65
Spectrum 32. PC-NMR 0f Compound 23 .........o.oeurveereeeeeeeeeeeeeeeeeeeeseeeeeeeeeereeeseeenen. 66
Spectrum 33. "H-NMR 0of Compound 24..............oorveereeeeeeeeeeeeeeeeeseeeeeeseeeseseeseenan. 68
Spectrum 34. PC-NMR 0f COmPOUNA 24 .......oveereeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 69
Manuscript 2

Spectrum 1. "H-NMR 0f COMPOUNT 28...........ovreeeereeereeeeeeeeeeeeeeeeeeeeeeeeeeeee e 97
Spectrum 2. >C-NMR 0f COMPOUNA 28..........vreeeereeereeeeeeeeeeeeeeeeeeeeeeeeeeee e 98
Spectrum 3. "H-NMR 0f COMPOUN 8..........veveeeeeeeeeeeeeeeeeeeeeeeeeeeeereees s 104
Spectrum 4. PC-NMR 0f COMPOUNA 8 ........veereeeeeeeeeeeeeeeeeeeee e e 105
Spectrum 5. "H-NMR 0f COmpPound 10.............ooovrveeeereeeeeeeeeeeeeeeeeeeeeeeeeseseeeees 108
Spectrum 6. >C-NMR 0f Compound 10 ............c.oveveeeereeeeeeeeeeeeeeeeeeeeeeseeresreeees 109

XVi



Spectrum 7. "H-NMR 0f COMPOUNd 11........vivieeeeeeeeeeeeeeeeeeeeeeeeeeeeereee e 111

Spectrum 8. PC-NMR 0f Compound 11 .........o.oouovueieeeeeeeeeeeeeeeeeeeeeeeeeeeeseseseaes 112
Spectrum 9. "H-NMR 0f Compound 12............ooovumeeeereeeeeeeeeeeeeeeeeeseseseeeresseneees 114
Spectrum 10. *C-NMR 0f Compound 12 ..........cooeveereeeeeeeeeeeeeeeeeeeeeeeeseseeseaees 115
Spectrum 11. "H-NMR of Compound 13...........oo.vwueeeevereeeeeeeeeeeeeeeeeeeeseseeesesrseees 117
Spectrum 12. PC-NMR 0f Compound 13 .........ooeoveeieeeeeeeeeeeeeeeeeeeeeeeseeeseeeseseeseeees 118
Spectrum 13. "H-NMR of Compound 14...........oooevueemereeeeeeeeeeeeeeeeeeeeeeeeereseseees 120
Spectrum 11. C-NMR 0f Compound 14 .........cooeeeeemeeeeeeeeeeeeeeeeeeeeeeeeeeseeereseseees 121
Spectrum 15. "H-NMR 0of COmPOUNd 15.........ouovieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseseeeaes 123
Spectrum 16. *C-NMR 0f Compound 15 .........oooveeveeeereeeeeeeeeeeeeeeeeeeeeeeseeeresrseeees 124
Manuscript 3

Spectrum 1. "H-NMR 0f COmPound 13...........o.ovuevmeeeeereeeeeeeeeeeeeeeeeeseeseeeeseseseaes 143
Spectrum 2. PC-NMR 0f Compound 13 .........c.ooueeumeeeeereeeeeeeeeeeeeeeeeeeeseseeereseeeeees 144
Spectrum 3. "H-NMR 0f COMPOUNd 15.........ouieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseee e 146
Spectrum 4. >C-NMR 0f COmMPOUNd 15 ......ooviveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee s 147
Spectrum 5. "H-NMR 0f COMPOUNd 16...........o.overeeeeeeeereseeeeeeeeeeeeeeeeeeeeeene s 149
Spectrum 6. >C-NMR 0f COmMPOUNA 16 ..........eveeeeeeereeeeeeeeeeeeeeeeeeeeeeeeese e 150
Spectrum 7. "H-NMR 0f COMPOUNA 17........ovveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeese e 152
Spectrum 8. PC-NMR 0f COmPOUNd 17 ........oueueeereeeeeeeeeeeeeeeeeeeeeeeeeeseeeesesveeeens 153
Spectrum 9. "H-NMR 0f COmPOUnd 18..........o.vueveeeeeeeeeeeeeeeeeeeeeeeeeeerseeeseseeeees 156
Spectrum 10. *C-NMR 0f Compound 18 ..........c.ooriueeereeeeeeeeeeeeeeeeeeeerseeesesreseees 157
Spectrum 11. "H-NMR of Compound 19............oowuvueeemeeeeeeeeeeeeeeeeeeeereseeerseseees 160
Spectrum 12. *C-NMR 0f Compound 19 ..........o.oooieeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeereseeeees 161

Xvii



Spectrum 13. "H-NMR 0of Compound 20..............oooveevereereeeeeeeeeeeeeseeserseesesseseeees 163
Spectrum 14. *C-NMR 0f Compound 20 ............ooeveevereereeeeeeeeeeeeeeeeeereseeeresreseaees 164
Spectrum 15. "H-NMR 0of COmPound 21...........oo.vvueveevereeeeeeeeeeeeeeeeeserseeeseseeeeees 166
Spectrum 16. *C-NMR 0f Compound 21 .........ooeeveevreeeeeeeeeeeeeeeeeeeeeeseeereseeseees 167

XVviii



MANUSCRIPT 1
Published in J. Am. Chem. Soc. 2011, 133, 19960-19965.
Metal-Free Intermolecular Oxidative C-N Bond Formation via Tandem C-H and N-H
Bond Functionalization
Abhishek A. Kantak, Shathaverdhan Potavathri, Rose A. Barham,

Kaitlyn M. Romano and Brenton DeBoef *

Corresponding author:
Prof. Brenton Deboef
Department of Chemistry,
University of Rhode Island,
Kingston, Rhode Island 0288]1.

bdeboef@chm.uri.edu



Manuscript 1

Metal-Free Intermolecular Oxidative C-N Bond Formation via Tandem C-H
and N-H Bond Functionalization
Abstract

The development of a novel intermolecular oxidative amination reaction, a
synthetic transformation that involves the simultaneous functionalization of both an N-
H and C-H bond, is described. The process, which is mediated by an I(II) oxidant
and contains no metal catalysts, provides a rapid and green method for synthesizing
protected anilines from simple arenes and phthalimide. Mechanistic investigations
indicate that the reaction proceeds via nucleophilic attack of the phthalimide on an
aromatic radical cation, as opposed to the electrophilic aromatic amination that has
been reported for other I(IIT) amination reactions. The application of this new reaction
to the synthesis of a variety of substituted aniline derivatives is demonstrated.

Introduction

The formation of carbon-carbon (C-C) bonds via the oxidative cross-coupling of two
carbon-hydrogen (C-H) bonds has recently become a field of intense interest and has
resulted in the discovery of numerous novel synthetic methods." The analogous
technology for the oxidative cross-coupling of C-H and nitrogen-hydrogen (N-H)
bonds to form carbon-nitrogen (C-N) bonds would also be an important synthetic
advance, as amine and amide functional groups are ubiquitous in biologically active
molecules (Figure 1). However, a relatively small amount of work has focused on the
development of oxidative methods for constructing N-arylamines and amides via

tandem C-H/N-H activation. The majority of literature in this field describes the



insertion of nitrenoid intermediates into C-H bonds, mediated by transition metal
catalysts.” Cu and Pd-catalyzed reactions, as well as metal-free conditions, have also
been recently explored, but these methods are limited to the intramolecular synthesis
of carbazoles, oxindoles and diazapenones.”” The only reported examples of

intermolecular oxidative amination involve azole-type heterocycles and proceed by

Oy NH

on #°
i OH

Rhazinilam A
microtubule poison

Aripiprazol
antipsychotic

H

FR900482
anti-tumor antibiotic

OMe H

e
H,N N NH ‘©\ @ ‘}
n
o N o
Me H Me
Mauveine A Polyanilines
purple dye conducting polymers

Figure 1. Examples of high-value molecules containing anilines

attack of an amine nucleophile on the substrate’s imine moiety.®’ Herein, we disclose
a novel intermolecular reaction that oxidatively constructs the C-N bond of

phthalimide-protected anilines via the tandem activation of N-H and C-H bonds.

Results and Discussion

Reaction Discovery. We recently discovered that heating a solution of phthalimide (1)
and PhI(OAc); in benzene provides the phthalimide-protected aniline (2) in an 88%

yield (Table 1, entry 4). We initially explored the potential of Cu(I)/(Ill)-catalysts to
3



perform this oxidative amination, but quickly realized that a metal catalyst was not
necessary.” We are confident that trace metals are not the cause of the transformation,
as reactions performed in new, acid washed flasks were similar in both yield and rate
to those performed in old flasks. Furthermore, reagents from different commercial

sources perform similarly.

While optimizing the process, we quickly discovered that the best conditions
employed microwave heating and 2.5 equivalents of the I(Ill) oxidant,
phenyliodine(IIT) diacetate (PIDA). Less than two equivalents of PIDA did not allow

the reactions to proceed to completion (compare entries 2 and 3).

Importantly, we found that the arene substrate does not need to be in large excess (i.e.
solvent) for the intermolecular oxidative amination reaction to occur. This is in stark
contrast to many of the oxidative arylation reactions that have been previously
studied.® As shown in Table 1, entry 9, acetonitrile was used as the solvent and the
concentration of the arene substrate was lowered to a near-stoichiometric level (1.5
equiv). Under these conditions, the yield for the amination of benzene dropped from
88% to 51%, but we hypothesized that this was due to the volatility of the arene. This
was verified by the reaction of the less volatile substrate, p-xylene, which provided an

80% yield (Scheme 1A).



0
catalyst
i Y e (LD
oxidant S
2

1 (solvent)

Oxidfmt Solvent Teamp. Time Yiel[(cl]
(equiv) [C] _[h] [%o]
1 1211]?51; PhH 145" 12 26
2 IZIIDS[; PhH 145 3 28
3 lngO/; PhH 145 3 45
4 IZ;I?S? PhH 145 3 88
5 lgDS[; PhH 120 3 no reaction
6 lngS/; TFE 145 3 13
7 123);)& DMF 145 3 4l
8 lgDS[; DMSO 145 3 no reaction
9 1:;1?5;& MeCN 145 3 51
10 ZCSS) MeCN 145 3 31
11 (2)2(?51;6 MeCN 145 3 no reaction
12 (23 ?) MeCN 145 3 no reaction
13 I(){_F(ﬁ PhH 145 3 51
14 (1111;?) PhH 145 3 decomposition
15 IE{F(;? PhH 100 3 Trace
16 I(){_F(ﬁ PhH 25" 3 0
17 I(){_F(ﬁ TFE 145 3 3.5
18 I(){_F(ﬁ MeCN 145 3 3.5

Table 1. Discovery of the intermolecular oxidative amination'



[General reaction conditions: 1 (0.68 mmol), oxidant (1.5 - 2.5 equiv), benzene
(1.5 equiv or solvent), solvent (4 mL), microwave heating. PIDA = phenyliodine(III)
diacetate, PIFA = phenyliodine(Ill) bis(trifluoroacetate), NCS = N-chloro-
succinimide, IBX = 2-iodoxybenzoic acid, Oxone = potassium peroxymonosulfate,
TFE = 2,2,2-trifluoro-ethanol. ™Oil bath. “!Yield of isolated product after column

chromatography. 'GC yield calculated using dodecane as internal standard.

Other solvent and oxidant combinations proved to be less effective. In particular,
2,2,2-trifluoroethanol (TFE), a solvent that has been shown to be particularly
compatible with I(II) mediated arene substitutions provided a minimal yield (entry 6).
The fluorinated derivative of PIDA, phenlyiodine(Ill) bis(trifluoroacetate) (PIFA),
proved to be too harsh of an oxidant for these reactions. Any loading of the oxidant in
excess of 1 equiv resulted in a complex mixture of products. Lowering the reaction
temperature and altering the co-solvent, also failed to provide the desired anilne 2

(entries 13-18).

To determine whether the arene that participated in the oxidative amination originated
from the benzene solvent or the oxidant, a crossover experiment was performed
(Scheme 1B). When toluene was used as the solvent and PhI(OAc), was the oxidant,
the reaction did not produce any N-phenylphthalimide (2). Rather, an inseparable
mixture of regiomers arising from the oxidative amination of the sp>-hybridized C-H
bonds of toluene was observed (3). This confirmed our hypothesis that the source of
the aryl group that forms the new C-N bond was the solvent, not the phenyl group that

resides on the oxidant.



LS Ph-I(OAG), o Me
H Me (2.5equiv)
N=H + D/ _— N
Me' MeCN (solvent)
o 145 °C (MW) o Me

1 1.5 equiv 3 hrs.

5, 80% yield
Excess arene is unnecessary.

B &% Ph-I(OAc), o

H Me (2.5equiv) —, Me

N-H + @’ —_— N—=\ 7

145 °C (MW)

1 (o) (solvent) 3 hrs. © 3

70% yield
HoN-NH,
Arene substrate couples to imide. MeCN /H;0
Ph-NPhth is not observed.
— /Me

HaN=y

4, 0:m:p = 10:6:5

Scheme 1. Oxidative amination of substituted arenes

Cleavage of the phthalimide protecting group allowed for the determination of the
regiomeric ratios by comparison to the commercially available toluidine isomers.
Interestingly, the major product of the reaction was o-toluidine (4). Amination of the

sp>-hybridized C-H bonds was not observed.

Substrate Scope. In addition to benzene, toluene and p-xylene, a variety of other
simple arenes could be oxidatively coupled to phthalimide (Table 2). Sterically
encumbered arenes (6) and those that contain electron-withdrawing groups (7-11)
were oxidatively aminated, albeit at reduced yields. Like toluene, monosubstituted
and asymmetrically disubstituted benzenes produced mixtures of protected aniline

products (10-19). Electron-rich heterocycles, such as furan, decomposed under the



reaction conditions, and electron-poor heterocycles, such as benzoxazole failed to

produce any aminated products.

The regioselectivity of these amination reactions appears to be slightly directed by
electronic factors. For example, p-methylanisole was 50% more likely to be aminated
at the position ortho to the larger, but more electron donating, methoxy group (15).
Likewise, both the ortho and para-positions of toluene were 67% more likely to be
aminated than the meta-position. The only exception to this rule was the amination of
p-tert-butylanisole (16), where the size of the tert-butyl group prevented ortho-

amination.

Other amine sources, in addition to phthalimide, were also investigated. Succinimide
also provided very good yields of oxidative amination products (20), while pyrrolidin-
2-one performed the oxidative amination reaction, but resulted in a poor yield (16%,
21). N-Tosylamide and pyrrolidine failed to oxidatively aminate benzene. These data
led us to conclude that the requirements for the amine coupling partner were two-fold:
1) the N-H bond must be relatively acidic (phthalimide pKa = 8.3) and 2) the amine
coupling partner must be secondary, preferably a cyclic imide. In keeping with these
requirements, other imides with acidic N-H bonds performed the oxidative amination
reaction, albeit in lower yields (22-24). Surprisingly, acyclic imides, such as
diacetamide, N-acetylanilines and hetercycles such as indole and benzimidazole

produced only trace amounts of products.



Variation of Benzene-Derived Substratel?]

PhthN—@

2
88% yield

20% yield

=M
PhthN—@ €

Me Me, Me
PhthN PhthN Me
Me Me Me
5 elbl
90% vyield 43% yield
E F5;C
PhthN—@ PhthN
F CF3
8 9
53% yield 24% yield

Cl

PhthN_Q_C' cl. cl

s 10 PhthN—@
70% yield 73% yield 44
(o:m:p =10:6:5) (10:11 =3:1)
Me PhthN
PhthN—@—Me Me OMe
Me, Me MeO
12 PhthN_@ 14 PhthN
80% yield 13 70% yield 15 Me
(12:13 = 3:4) (14:15 = 2:3)
MeO Me, e
NPhth
PhthN PhthN'@_Me Me
17 19 Me
16le] PhthN
56% yield 75% yield 18 Me
only isomer (17:18:19 = 4:3:4)
Variation of Amide Substratelc!
o) o) o)
©:4‘<N-Ph E:iN-Ph dN-Ph
o) o
2 20 21
88% yield 83% yield 16% yield
o)
o) 9.0
¢ S
N=-Ph -Ph ,
O,N Q N=Ph
o 5 S
22 23 24
40% yield 27% yield 27% yield

Table 2. Substrate scope of the intermolecular oxidative amination
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) 1 (0.68 mmol), PhI(OAc), (2.5 equiv), 4 mL of arene substrate, 145 °C
(microwave), 3 hrs. ™ 1 (0.68 mmol), PhI(OAc), (2.5 equiv), Arene substrate ( 1.5
equiv. ), 4 mL of acetonitrile, 145 °C (microwave), 3 hrs. [) Amide substrate (0.68

mmol), PhI(OAc), (2.5 equiv), 4 mL of benzene, 145 °C (microwave), 3 hrs.

Competition and Kinetic Studies. Competition studies were performed to explore the
mechanism of the novel process (Table 3). In all cases, the amination of electron-rich
arenes was favored. In particular, the competition between p-xylene and p-
difluorobenzene shows a dramatic preference for the amination of the electron rich p-

xylene substrate (entry 2).

The kinetic isotope effect (KIE) of the reaction was assessed using a competition
experiment between equimolar amounts of benzene and benzene-ds. The near-unity
KIE of 1.03 implies that C-H bond breaking is not involved in the rate-determining
step of the reaction. This is also a stark contrast with the literature describing
oxidative arylation processes for forming C-C bonds, where C-H bond breaking is
often rate limiting, as indicated by large KIEs.” The KIE of the reaction involving
equimolar amounts of phthalimide and phthalimide-d was observed to be 0.98, which

indicates that the cleavage of the N-H bond is also not rate-limiting.

10



o

H _
o N Phl(OAc), 1

Ar-H R - o
N=-H ! ! ﬂ’ + PhthN-Ar,
Ho~,  145°C (MW) o]
; 9 + @ 3hrs. _@
N A
Arz-H RZ \ ,\R1
o PhthN-Ar,
[a] [a]
Al‘]-H Al‘z—H

PhthN-Ar; PhthN-Ar;

1 p-xylene benzene 71 29
p-difluoro-

2  p-xylene 96 4
benzene
p-difluoro-

3 benzene 86 14
benzene

Table 3. Competition reactions

[ Mole fractions determined by GC/MS.

Kinetic analysis of the oxidative amination provided more mechanistic clues. The
reaction rate was unaffected by changing the concentration of the arene but was
dependent on the concentration of the both oxidant and phthalimide. Both reagents

demonstrated first-order dependencies (Figure 2).
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¢ 2.0 equiv phthalimide
-0.5 1

-1 A 1.0 equiv phthalimide (lead reaction)

-1.5

In[1]

1] 50 100 150 200
Time (min)
0 - ¢ 1.25 equiv oxidant
4 4 B 5.0 equiv oxidant
2 A 2.5 equiv oxidant (lead reaction)
-3
—
-
L
£ 4
-5
-6
-7
(1] 50 100 150 200
Time (min)

Figure 2. Kinetic analysis of oxidative amination reaction with various amounts of

PhI(OAc), (oxidant) and phthalimide.

The preference for imides and electron-rich arenes is consistent with two possible
mechanisms (Scheme 2). The first involves the in situ formation of a PhI(OAc)(NR»)
species (25 and 26), which is highly electrophilic, functioning essentially as an R,N"

equivalent.'” Electrophilic aromatic substitution then forms the desired C-N bond (2)

12



(Scheme 2A)."" Alternatively, a single electron transfer may occur, forming an ion pair
with the arene substrate and the I(III) reagent. The radical cation 27 could then
undergo a nucleophilic attack by phthalimide (or its anion), giving rise to the desired
product (3, Scheme 2B). Kita has previously described such a mechanism for
oxidative reactions between arenes and soft nucleophiles such as b-diketones and
TMS-N;.'? N-centered radicals have also been proposed in I(III) mediated C-N
forming reactions,"” but they are not likely to be involved in the reactions shown in

Table 1. The weaker C-H bonds of the methyl group of toluene were not aminated, as

one would expect for reactions involving N-centered radicals.

A
= o o
Phi(OAc),
N-H ——— N—Il—Ph
OA
1 o 25 O c
" g
®
-Q_Me y ——  Ph—I—N
electrophilic
para-3 aromatic ©0Ac O 2%
(pred/cted major product) substituion
?AC Me , ?
/_P?-I--\": & N
I c Ph--OAc O
—> )
OAc o
Me,
o [e]
OAc
\ / . 1
o,m,p-3 ..;"Ph o »
(predicted mixture of regiomers) OAc

Scheme 2. Two possible mechanisms for the oxidative amination
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Proposed Mechanism. Based these data, a mechanism involving electrophilic
aromatic substitution (EAS) seems unlikely, as the ratio of products obtained from the
oxidative amination of toluene (3) are not indicative of the expected EAS
regioselectivity (Scheme 2A). While the ortho and para- aminated products were
somewhat favored in the reaction of arenes containing electron donating groups,
reactions operating via SpAr mechanisms tend to form little, if any, meta-substituted
products. Alternatively, PhI(OAc), could oxidize the electron-rich arene substrate to a
radical cation (27), and nucleophilic attack on such a radical cation should be
relatively non-regioselective (Scheme 2B). The consequent radical intermediate (28)
could then be oxidized to form a Wheland-type arenium ion. These two individual
oxidation steps may indicate why two equivalents of PhI(OAc), are required to
achieve complete conversion. The fates of the reduced iodine intermediates are less
clear, but the two other by-products that are observed in all of these reactions are
iodobenzene and phenyl acetate. Consequently, we hypothesize that a single electron
transfer mechanism is operating in these oxidative amination reactions. This
hypothesis is supported by the observation that the reaction was partially inhibited by
BHT and completely inhibited by TEMPO, common radical inhibitors. Our hypothesis
is supported by the prior work of Kita, who has extensively shown that arene radical
cation intermediates such as 27 are formed by the action of I(IIl) oxidants and can be
directly observed by EPR spectroscopy.'? It should be noted that Cho and Chang have
recently proposed an electrophilic mechanism for the same reaction described herein.”
This hypothesis was supported by the observation of 25 by mass spectrometry. In

comparing our data with those of Kita and both Cho and Chang, it seems likely that
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several I(III) species are simultaneously present in solution. However, we reason that
the observed regioselectivites for aminations of monosubstituted arenes that were
observed by both us and Cho and Chang are best explained by the intermediacy of a

radical cation intermediate (27).

Me Me e
O->° QO ©
=
27a ® 271 27¢ 27d

o 0

Most stable resonance forms
lead to ortho and para products

Scheme 3. Resonance structures of the aryl radical cation explain the observed

regioselectivities.

Furthermore, the unique regioselectivities that were observed in the oxidative
amination of toluene (o:m:p = 10:6:5) corroborate the intermediacy of an aromatic
radical cation (Scheme 3). The yields of ortho and para-aminated products, which
arise from the nucleophilic attack on resonance forms 27b and 27¢, are statistically
equivalent. This seems plausible as both contain a tertiary radical and a secondary
carbocation. Additionally, reactions with p-methylanisole and p-fert-butylanisole (28)
not only produced the aforementioned aminated products (14-16), but substitution
products, arising from SnyAr-type attack on the tertiary cation intermediate (29b)
followed by ejection of the methoxide leaving group (30), were also observed

(Scheme 4).
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OMe o OMe Me other
° possible
resonance
structures
28
: léo
(o)
o]
o] :
'
: | N
o OMe o
30, 10% yield
16, 56% yield

Scheme 4. Formation of substitution products corroborates the intermediacy of arene
radical cations

Conclusion

In conclusion, the ability to oxidatively couple phthalimide to unfunctionalized arenes
is a useful method for synthesizing anilines that is orthogonal to conventional
amination techniques, which rely on electrophilic nitration/reduction strategies or
metal catalyzed coupling of pre-functionalized arenes. Phthalimide, in particular, is an
ideal starting point for the development of the aforementioned oxidative amination
technology. It is commercially available, inexpensive, easy to handle and, once
coupled, it can be readily converted to a primary amine, which can be further
derivatized. Additionally, N-arylphthalimides like those shown in Table 1 have
recently been shown to have anti-cancer activity.'* Future work in our laboratory will
be dedicated to the mechanistic study and application of this unique method for

constructing C-N bonds.
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Experimental section

Reagents

Substrates including phthalimide, 4-nitrophthalimide, 3,4,5,6-tetrachlorophthalimide,
napthalimide, saccharin, succinimde, potassium phthalimdie, 2-pyrrolidinone,
benzene, p-xylene, o-xylene, m-xylene, toluene, 1,4-difluorobenzene, 1,2-
dichlorobenzene, 4-methylanisole, pentamethylbenzene, pentalfluorobenzene were
purchased from Sigma Aldrich and Fisher Scientific. lodobenzene diacetate was
purchased from Acros Chemicals. Flash chromatography was performed on Silicycle
silica gel (60A, 40-63 um). All reagents were stored under an inert atmosphere before

use.

Instrumentation

Reactions were carried out in a CEM Discover microwave. GC/MS analysis was
carried out on an Agilent Technologies 6890 GC system fixed with a 5973 mass
selective detector. NMR spectrum were acquired using a Bruker Avance 300MHz

spectrometer.
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Synthesis of 2-phenylisoindoline-1, 3-Dione (2)

—)

o

2
A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol) in 4 mL of benzene was microwave heated at 145 °C for 3
h. The excess solvent from the mixture is removed at reduced pressure and the crude
product was purified by column chromatography to give pure 2 (0.133 g, 88 %). The
NMR spectrum matched with that of previously published."

Ry-Value: Hexane/Ethyl acetate (8:2 v/v) = 0.31.

"H NMR (400 MHz, CDCl3): § = 7.39-7.53 (m, 5H), 7.80 (dd, J = 5.4 Hz, 2.8 Hz,
2H), 7.96 (dd, J= 5.6 Hz, 3.2 Hz, 2H).

BC NMR (100 MHz, CDCLy): § = 123.7, 126.5, 128.1, 129.1, 131.7, 134.4, 167.30.

LRMS EI (m/z): [M+] calc’d for C;4HoNO, 223.06, observed 223.10 m/z.
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Synthesis of 3

0im:p=10:6:5
A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol) in 4 mL of toluene was microwave heated at 145 °C for 3
h. The excess solvent from the mixture is removed at reduced pressure and crude
product was purified by column chromatography to give pure 3 (0.1071 g, 70 %, o: m:
p = 10:6:5). The isomers were identified by comparing with known NMR spectrum. '
Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.2.

"H NMR (300 MHz, CDCL): & =2.21 (s, 3H), 2.41 (s, 1H), 2.42 (s, 2H), 7.18 — 7.43

(m, 10H), 7.80 (dd, J= 5.4, 3.1 Hz, 5H), 7.92 — 7.99 (m, 4H).
13C NMR (75 MHz, CDCLy): § = 18.06, 21.23, 21.42, 123.70, 123.72, 123.78, 126.47,
126.89, 127.29, 128.73, 128.95, 129.07, 129.47, 129.80, 130.57, 131.17, 131.48,

131.80, 132.02, 134.33, 134.35, 136.55, 138.20, 139.15, 167.37.

LRMS EI (m/z): [M+] calc’d for C;4HoNO, 237.08, observed 237.10 m/z.
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Synthesis of 2-(2, 5-dimethylphenyl) isoindoline-1, 3-dione (5)

(o]

A magnetically stirred solution of Phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol) in 4 mL of p-xylene was microwave heated at 145 °C for 3
h. The excess solvent from the mixture is removed at reduced pressure and the crude
product was purified by column chromatography to give pure 5 0.1535g (90 %)
Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.19.

"H NMR (300 MHz, CDCL): 6 = 2.16(s, 3H), 2.36 (s, 3H), 7.17-7.28 (m, 3H), 7.80
(dd, J=6 Hz, J=3 Hz, 2H), 7.97 (dd, J= 3 Hz, J= 3 Hz, 2H).

BC NMR (75 MHz, CDCL): § = 17.56, 20.83, 123.74, 129.15, 130.29, 130.37,
130.95, 132.05, 133.27, 134.29, 136.72, 167.47.

LRMS EI (m/z): [M+] calc’d for C;¢H;3NO, 251.09, observed 251.10 m/z.
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Synthesis of 2-(2, 3, 4, 5, 6-pentamethylphenyl) isoindoline-1, 3-dione (6)

[o]

6
A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol), pentamethyl benzene (0.3 g, 2.048 mmol) in 4 mL of
acetonitrile was microwave heated at 145 °C for 3h. The excess solvent from the
mixture is removed at reduced pressure and the crude product was purified by column
chromatography to give pure 6 (0.0846 g, 43 %).
Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.23.
"H NMR (300 MHz, CDCl;): § = 2.06-2.26 (m, 15H), 7.79 (dd, J = 3 Hz, 3 Hz, 2H),
7.97 (dd, J=3 Hz, 3 Hz, 2H).
BC NMR (75 MHz, CDCly): & = 15.51, 16.81, 17.04, 123.76, 126.99, 131.77, 131.97,
133.57, 134.26, 136.9, 167.81.

LRMS EI (m/z): [M+] calc’d for C;9H;9NO, 293.14, observed 293.15 m/z.
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Synthesis of 2-(perfluorophenyl)isoindoline-1,3-dione (7)

A F

A magnetically stirred solution of Phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol), in 4 mL of pentafluorobenzene was microwave heated at
145 °C for 3h. The excess solvent from the mixture is removed at reduced pressure
and the crude product was purified by column chromatography to give pure 7 (0.04 g,
20 %).

Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.18.

"H NMR (300 MHz, CDCly): 6 = 7.87 (dd, J = 3 Hz, J = 3 Hz, 2H), 8.01 (dd, J =3
Hz, J=3 Hz, 2H).

BC NMR (75 MHz, CDCly): & = 123.89, 123.91, 124.35, 124.5, 125.82, 128.13,
131.69, 134.62, 134.88, 134.95, 135.05, 138.27.

LRMS EI (m/z): [M+] calc’d for C;4Hs FsNO, 313.02, observed 313.0 m/z.
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Synthesis of 2-(2,5-difluorophenyl)isoindoline-1,3-dione (8)

0 F

8
A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol) in 4 mL of 1, 4-difluorobenzene was microwave heated at
145 °C for 3h. The excess solvent from the mixture is removed at reduced pressure
and crude product was purified by column chromatography to give pure 8 (0.0917 g,
53 %).
Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.19.
"H NMR (300 MHz, CDCl;): 6 = 7.12-7.26 (m, 3H), 7.82 (dd, J = 3 Hz, J = 3 Hz,
2H), 7.98 (dd, /=3 Hz, J =3 Hz, 2H).
BC NMR (75 MHz, CDCL): § = 116.00, 116.30, 116.64, 124.10, 128.44, 131.77,
134.67, 166.06, 167.22.

LRMS EI (m/z): [M+] calc’d for C;4H7F,NO, 259.04, observed 259.1 m/z.
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Synthesis of 2-(2, 5-bis (trifluoromethyl) phenyl) isoindoline-1, 3-dione (9)

o F3C

o CF;
9

A magnetically stirred solution of Phthalimide (0.1g, 0.68mmol), (Diacetoxyiodo)
benzene (0.55 g, 1.7mmol), in 4 mL of 1,4-bistrifluoromethylbenzene was microwave
heated at 145 °C for 3h. The excess solvent from the mixture is removed at reduced
pressure and crude product was purified by column chromatography to give pure 9
(0.2441 g, 24 %).

Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.2187.

"H NMR (300 MHz, CDCls): 6 = 7.22-7.26 (m, 1H), 7.67 (s, 1H), 7.82-8.02 (m, 5H).
BC NMR (75 MHz, CDCly): &= 123.89, 124.25, 127.18, 128.13, 129.00, 130.48,
131.72, 134.63, 134.82, 138.27, 166.66.

LRMS EI (m/z): [M+] calc’d for C;¢H7 FNO, 359.0, observed 359.0 m/z.
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Synthesis of 2-(3, 4-dichlorophenyl) isoindoline-1,3-dione (10)

(¢} Cl

A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol) in 4 mL of 1,2-dichlorobenzene was microwave heated at
145 °C for 3 h. The excess solvent from the mixture is removed at reduced pressure
and crude product was purified by column chromatography to give pure 10 (0.1118 g,
56 %).

Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.19.

"H NMR (300 MHz, CDCls): §=7.37 (dd, J= 8.6, 2.4 Hz, 1H), 7.58 (d, J= 8.6 Hz,
1H), 7.64 (d, J= 2.4 Hz, 1H), 7.86 — 7.79 (m, 2H), 7.98 — 7.94 (m, 2H).

BC NMR (75 MHz, CDCLy): & = 124.01, 125.53, 128.16, 130.70, 131.05, 131.43,
132.12, 133.02, 134.77, 166.63.

LRMS EI (m/z): [M+] calc’d for C;4H7F,NO, 291.0, observed 291.0 m/z.
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Spectrum 16. °C NMR of Compound 10

Synthesis of 2-(2,3-dichlorophenyl)isoindoline-1,3-dione ( 11)

Cl Cl

11
A magnetically stirred solution of Phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol) in 4 mL of 1,2-dichlorobenzene was microwave heated at
145 °C for 3 h. The excess solvent from the mixture is removed at reduced pressure
and crude product was purified by column chromatography to give pure 11 (0.034 g,
17 %).
Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.09.
"H NMR (300 MHz, CDCly): & =7.27-7.4 (m, 2H), 7.59-7.62 (m, 1H), 7.83 (dd, J =
3,3 Hz, 2H), 7.99 (dd, J =3 Hz, 3 Hz, 2H).
BC NMR (75 MHz, CDCLy): & = 124.11, 127.71, 128.97, 131.32, 131.49, 131.75,
132.32, 134.35, 134.66, 166.37.

LRMS EI (m/z): [M+] calc’d for C;4H7F,NO, 291.0, observed 291.0 m/z.
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Synthesis of 14 and 15

o 9 Heco
OCH; 5
15

o
14

14:15-2:3
A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol) in 4 mL of 4-methylanisole was microwave heated at 145
OC for 3 h. The excess solvent from the mixture is removed at reduced pressure and
crude product was purified by column chromatography to give a mixture of 14 and 15
(0.1287 g, 70 %, 14:15 = 2:3).

Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.1714.

"H NMR (300 MHz, CDCl3): § = 2.13 (s, 2H), 2.34 (s, 3H), 3.78 (dd, J= 9.6, 2.1 Hz,
6H), 6.75 (d, J = 2.5 Hz, 1H), 6.95 (d, J = 8.4 Hz, 2H), 7.07 (s, 1H), 7.20 — 7.30 (m,

3H), 7.76-7.82 (m, 4H), 7.91 — 7.99 (m, 4H).
13C NMR (75 MHz, CDCL): § = 17.15, 20.40, 55.45, 55.91, 112.02, 113.85, 115.65,
119.75, 123.66, 123.80, 128.29, 130.38, 131.16, 131.70, 131.96, 132.24, 134.10,

134.36, 153.22, 158.27, 167.30, 167.53.

LRMS EI (m/z): [M+] calc’d for C;4HoNO, 267.09, observed 267.10 m/z.
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Synthesis of 2-(5-tert-butyl-2-methoxyphenyl) isoindoline-1,3-dione (16)

O H;CO

o

16
A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol), 1-tert-butyl-4-methoxybenzene (0.22 g, 1.359 mmol) in 4
mL of acetonitrile was microwave heated at 145 °C for 3 h. The excess solvent from
the mixture is removed at reduced pressure and crude product was purified by column
chromatography to give pure 16 (0.117 g, 56 %).

Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.11.

"H NMR (300 MHz, CDCl3): 6 = 1.29-1.32 (m, 9H), 3.77 (s, 3H), 6.98 (d, J = 9 Hz,
1H), 7.25 (m, 1H) 7.44 (dd, J = 3 Hz, 3 Hz, 1 H) 7.77 (dd, J = 3 Hz, 3 Hz, 2H), 7.94
(dd, J=3 Hz, 3 Hz, 2H).

BC NMR (75 MHz, CDCly): & =31.42, 34.17, 55.87, 111.64, 119.51, 123.61, 126.98,
132.29, 134.06, 143.74, 153.05, 167.55.

LRMS EI (m/z): [M+] calc’d for C;9H;9NO3 309.14, observed 309.12 m/z.
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Synthesis of 12 and 13

eravallergs

12:13 = 3:4
A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol) in 4 mL of o-xylene was microwave heated at 145 °C for 3
h. The excess solvent from the mixture is removed at reduced pressure and crude
product was purified by column chromatography to give a mixture of 12 and 13
(0.1333 g, 80 %, 12:13 = 3:4).

Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.22.

"H NMR (300 MHz, CDCly): & = 2.08 (s, 3H), 2.31 (s, 5H), 2.35 (s, 3H), 7.23 — 7.28

(m, 7H), 7.76 — 7.81 (m, 4H), 7.93-7.98 (m, 4H).
13C NMR (75 MHz, CDCL): § = 14.67, 19.55, 19.91, 20.45, 123.67, 123.77, 124.16,
126.28, 127.76, 129.12, 130.29, 130.48, 131.00, 131.88, 132.06, 134.29, 135.13,

137.07, 137.66, 138.43, 167.57.

LRMS EI (m/z): [M+] calc’d for C;4HoNO, 251.09, observed 251.10 m/z.
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Synthesis of 17, 18, 19

>0 o

(o}

19

A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene
diacetate (0.55 g, 1.7mmol) in 4 mL of m-xylene was microwave heated at 145 °C for
3 h. The excess solvent from the mixture is removed at reduced pressure and crude
product was purified by column chromatography to give a mixture of 17, 18 and 19
(0.128 g, 75%, 17:18:19 = 4:3:4).

Ry-Value: Hexane/Ethyl acetate (9:1 v/v) = 0.1666.

"H NMR (300 MHz, CDCL3): & = 2.17 (s, 9H), 2.38 (s, 7H), 7.32 — 6.99 (m, 11H),
7.76 — 7.84 (m, 6H), 7.92 — 8.00 (m, 6H).

BC NMR (75 MHz, CDCLy): & = 17.94, 18.09, 21.21, 21.31, 123.73, 123.79, 124.52,
127.65, 127.85, 128.45, 128.49, 129.48, 130.16, 131.91, 132.07, 134.26, 134.33,
136.16, 136.86, 138.93, 139.50, 167.55.

LRMS EI (m/z): [M+] calc’d for C;4HoNO, 251.09, observed 251.10 m/z.
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Synthesis of 1-phenylpyrrolidine-2,5-dione (20)

\ O

20
A magnetically stirred solution of succinimide (0.10 g, 1.009 mmol), iodobenzene
diacetate (0.81 g, 2.522 mmol), in 4 mL of benzene was microwave heated at 145 °C
for 3 h. The excess solvent from the mixture is removed at reduced pressure and the
crude product was purified by column chromatography to give pure 20 (0.0982 g, 83
%). The NMR spectrum matched with that of previously published."

Ry-Value: Hexane/Ethyl acetate (1:1 v/v) = 0.44.

"H NMR (400 MHz, CDCL): § = 2.9 (s, 4H), 7.28 (d, J = 7.2 Hz, 2H), 7.39-7.4
(m,1H), 7.49-7.5 (m,2H).

“C NMR (100 MHz, CDCl3): § = 28.4, 126.4, 128.6, 129.2, 131.8, 176.2.

LRMS EI (m/z): [M+] calc’d for C;o0Ho NO, 175.06, observed 175.10 m/z.
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Synthesis of 1-phenylpyrrolidin-2-one (21)

SN

21
A magnetically stirred solution of 2-pyrolidinone (0.10 g, 1.1749 mmol),
(Diacetoxyiodo) benzene (0.95 g, 2.937 mmol), in 4 mL of benzene was microwave
heated at 145 °C for 3h. The excess solvent from the mixture is removed at reduced
pressure and the crude product was purified by column chromatography to give pure
21 0.0303 g (16 %)

Ry-Value: Hexane/Ethyl acetate (1:1 v/v) = 0.45.

"H NMR (300 MHz, CDCl): 6 = 2.16 (m, 2H), 2.61 (t, J = 15 Hz, 2H), 3.87 (t, J =
15 Hz, 2H), 7.15-7.62 (m, 5H).

BC NMR (75 MHz, CDCly): & = 18.03, 32.77, 48.79, 119.94, 124.50, 128.81, 139.35,
174.26.

LRMS EI (m/z): [M+] calc’d for C;oH;; NO,, 161.08, observed 161.10 m/z.
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Synthesis of 5-nitro-2-phenylisoindoline-1, 3-dione (22)

e}

)

e}

ON
»

A magnetically stirred solution of S5-nitroisoindoline-1,3-dione (0.10 g, 0..5220

mmol), iodobenzene diacetate (0.42 g, 1.30 mmol), in 4 mL of benzene was

microwave heated at 145 °C for 3h. The excess solvent from the mixture is removed

at reduced pressure and the crude product was purified by column chromatography to

give pure 22 (0.0557 g, 40 %).

Ry-Value: Hexane/Ethyl acetate (8:2 v/v) = 0.33.

"H NMR (300 MHz, CDCL3): 6 = 7.26-7.55 (m, 5H), 8.17 (d, J = 9Hz, 1H), 8.68 (d, J

= 6Hz, 1H), 8.78 (s, 1H).

BC NMR (75 MHz, CDCL): 8= 119.21, 125.04, 126.36, 128.75, 129.35, 129.62,

133.13, 151.82, 164.93.

LRMS EI (m/z): [M+] calc’d for C14HgN,O4 268.05, observed 268.0 m/z.
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Synthesis of N-phenyl-1,8-naphthalimide (23)

A magnetically stirred solution of 1,8- naphthalimide (0.10 g, 0.507 mmol),
iodobenzene diacetate (0.41 g, 1.267 mmol), in 4 mL of benzene was microwave
heated at 145 °C for 3 h. The excess solvent from the mixture is removed at reduced
pressure and the crude product was purified by column chromatography to give pure
23 (0.0356 g, 27 %).

Ry-Value: Hexane/Ethyl acetate (7:3 v/v) = 0.34.

"H NMR (300 MHz, CDCl3): ¢ = 7.32-7.59 (m, 5H), 7.78-7.83 (m, 2H), 8.28 (d, J =
9 Hz, 2H), 8.66 (d, J= 6 Hz, 2H).

BC NMR (75 MHz, CDCLy): § = 122.81, 127.05, 128.61, 128.73, 129.42, 131.64,
134.30, 135.41, 164.39.

LRMS EI (m/z): [M+] calc’d for C;sH;; NO,, 273.08, observed 273.10 m/z.
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Spectrum 31. "H NMR of Compound 23
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Spectrum 32. °C NMR of Compound 23

Synthesis of N-phenyl-1, 1-Dioxo-1, 2-benzothiazol-3-one (24)

o}

N
/@
S

A
™0

24

A magnetically stirred solution of 1,1-dioxo-1,2-benzothiazol-3-one (0.10 g, 0.546
mmol), iodobenzene diacetate (0.44 g, 1.365 mmol), in 4 mL of benzene was
microwave heated at 145 °C for 3 h. The excess solvent from the mixture is removed
at reduced pressure and the crude product was purified by column chromatography to
give pure 24 (0.037 g, 26 %).

Ry-Value: Hexane/Ethyl acetate (7:3 v/v) = 0.26.

"H NMR (300 MHz, CDCls): 6 = 7.55 (s, 5H), 7.87-8.01(m, 3H), 8.15 (d, /=9 Hz,
1H).

BC NMR (75 MHz, CDCly): § = 120.75, 121.25, 125.65, 127.16, 128.69, 128.75,
129.94, 130.13, 134.49, 135.12, 137.56, 158.40.

LRMS EI (m/z): [M+] calc’d for C13Hy NO3S, 259.03, observed 259.0 m/z.
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Spectrum 33. '"H NMR of Compound 24
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KIE experiments

1) Benzene and benzene-d;

(e}
PhI(OAc),
(2.5 equiv)
NH + - - N
MW 145°C . 3
o +

A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene

[¢]

diacetate (0.55 g, 1.7mmol) with equimolar amounts of benzene (2 mL, 22.5 mmol)
and benzene-ds (2 mL, 22.5 mmol) was microwave heated at 145 °C for 3 h. The
reaction was then cooled, and an aliquot was removed and analyzed by GC/MS.
GC/MS Conditions: J & W Scientific DB-1, capillary 25.0m x 200um x 0.33pm, 1.3
mL/min, 40 °C, hold 0.50min, 12 °C/min to 320 °C, hold 6.0min.

kH/kD = 103

2) Phthalimide and phthalimide-d

o) o
Ar-H
PhI(OAc),
NH + N-D (2 5 equiv)
MW 145 “C 2h
o] o

A magnetically stirred equimolar mixture of phthalimide (0.05 g, 0.339 mmol) and

phthalimide -d (0.05 g, 0.339 mmol), iodobenzene diacetate (0.27 g, 0.849 mmol) with
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4 mL of benzene was microwave heated at 145 °C for 2 h. The reaction was then
cooled, and an aliquot was removed and analyzed by GC/MS.
GC/MS Conditions: J & W Scientific DB-1, capillary 25.0 m x 200 pm x 0.33 pm,
1.3 mL/min, 40 °C, hold 0.50 min, 12 °C/min to 320 °C, hold 6.0 min.
kn/kp = 0.98
Kinetic experiments

1) Order in oxidant
The order in the oxidant iodobenzene diacetate was determined by studying the
conversion of starting material (1) with three different iodobenzene diacetate
concentrations. A magnetically stirred solution of phathimide (0.10 g, 0.68 mmol),
iodobenzene diacetate (0.85 mmol, 1.7 mmol or 3.4 mmol) in 4 mL of benzene was
microwave heated at 145 °C for 3 h. The reaction was monitored over a time interval
of 30 min. The conversion of starting material (1) from time t = 0 min to time t =180
min was calculated by GC-MS using dodecane as an internal standard. A log plot of
concentration of (1) versus time gave a straight line indicating the first order

dependence on oxidant.

0 - & 1.25 equiv oxidant
-1 - H 5.0 equiv oxidant

A 2.5 equiv oxidant (lead reaction)

-2
-3 .\’\’\,

In[1]

o 50 100 150 200
Time (min)
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2) Order in Substrate
The order in the substrate (1) was determined by studying the conversion of starting
material (1) with varying amounts of (diacetoxyiodo)benzene. A magnetically stirred
solution of phthalimide (0.68 mmol or 1.4 mmol), (diacetoxyiodo)dbenzene
(1.7mmol) in 4 mL of benzene was microwave heated at 145 °C for 3 h. The reaction
was monitored over a time interval of 30 min. The conversion of starting material (1)
from time t = 0 min to time t =180 min was calculated by GC/MS using dodecane as
an internal standard. A log plot of concentration of 1 versus time gave a straight line

indicating the first order dependence on substrate 1.

¢ 2.0 equiv phthalimide

-1 4 A 1.0 equiv phthalimide (lead reaction)

In[1]

(1} 50 100 150 200
Time (min)
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Competition experiment

Phl(OAc),
ArH (2.5 equiv)

+ 50
Ar-H MW 145°C,3h

NH +

PhthN-Ar o

+

o

o
PhthN-Ar'

N—Ar

N—Ar'

A magnetically stirred solution of phthalimide (0.10 g, 0.68mmol), iodobenzene

diacetate (0.55 g, 1.7 mmol) with equimolar amounts of Ar-H (2.0 mL) and Ar’-H (2.0

mL,) was microwave heated at 145 °C for 3 h. The reaction was then cooled, and an

aliquot was removed and analyzed by GC/MS.

Entry Ar-H Ar-H PhthN-Ar PhthN-Ar-
1 p-Xylene benzene 71% 29%

2 p-Xylene p-difluoro-benzene 96% 4%

3 benzene p-difluoro-benzene 86% 14%

The ratios of the products were determined by GC/MS.
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Phthalimide Deprotection

[}
NHZNH , H,O
N N——NH,
MeCN, Hz()
rt, 45 min
o}

N-Hydrazine hydrate (0.15 g, 4.5 mmol) and 3 mL of water was added to a solution of

N-phenyl phthalimide (0.10 g, 0.45 mmol) in 5 mL acetonitrile. The mixture was
stirred for 45 min at room temperature until TLC shows the complete conversion of N-
phenylphthalimide. An aliquot was removed from the reaction mixture and analyzed

by GC/MS."”
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Manuscript 2

I(II)-Mediated Regioselective C-H Bond Amination of 2-Arylpyridine
Derivatives

Abstract

A new approach for the direct amination of 2-pheynlpyridine derivatives using bis
phthalimide hypervalent iodane and copper triflate was developed. A series of
different 2-pheynlpyridine derivatives are shown to undergo amination with up to 88
% vyield. Mechanistic investigations indicate that the reaction proceeds via an
intramolecular phthalimide anion transfer from a Cu(I) co-ordinated intermediate on
an aromatic cation radical generated by a single electron transfer from the aryl ring of
2-aryl pyridine substrate.

Introduction

Over the past decade new advances in transition metal catalyzed C-H functionalization
have provided efficient strategies for the construction of C-C and C-heteroatom
bonds.' Contemporary research in the field of C-H activation has devoted an extensive
amount of work to the development of novel methodologies for the construction of
C-N bonds.C-N bonds are ubiquitous in pharmaceuticals and other high value,
biologically active molecules. Being a new and relatively unexplored field, synthetic
routes for direct amination of arenes are rare, and researchers are only now beginning
to scratch the surface.” Recent literature examples in the field involve the addition of
nitrene intermediates into allylic and benzylic C-H bonds.> Moreover, most of the

examples of intermolecular directed aminations involve some form of palladium
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catalysis.* Recently, quests to discover highly efficient, economical, and
environmentally benign methods for C-N bond formation have led to advances in
copper mediated and copper catalyzed C-H amination.” Yu and coworkers reported a
C-N bond formation process using stoichiometric copper acetate (Eq 1). *Similarly,
Nicholas and associates reported a copper catalyzed C-N bond formation process;
however this required the incorporation of additives and extremely harsh conditions
(Eq 2).° Likewise, Li reported a copper catalyzed direct amidation of 2-

phenylpyridine (1) with acetanilide through a cross dehydrogenative coupling (CDC)

1 equiv Cu(OAc), (1)
H TsNH,, MeCN NHTs
_—
Z "N air,130°C,24 h ~ IN .
| ~ 749%
1
Cu(OAc), (20 mol %) (2)
H R-NH,, DMSO, anisole NHR
»
Z N 1atmofo,te0cash [ N es
NS NS
1

Recently, we and others have reported metal free intermolecular oxidative C-N bond

pI‘OCGSS.7

formation processes. Though these reactions provide high yield of amination products,
the regioselevtivity appears to be directed by electronic factors (Eq 3).* ** * In

addition , Hartwig, reported a palladium catalyzed amination reaction to sterically

control the regioselectivity.’
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PhI(OAc), o)
2 S equiv —
145 °C( MW ), ™~
MECN,3hrs 0
70 % (o:m:p 10:6:5)
Our initial approach to aminate 2-phenylpyridine substrates using our reported
I(IIT) mediated metal free oxidative amination process were not successful.® Recently,

Muniz has reported a variety of novel hypervalent iodine (III) reagent for metal free

intermolecular allyic amination and di-aminiation of alkenes (Eq 4).10

NTs,
(NTsp), _ Dom NTs,
©/\ |(NT32)2 ©)\/ (4)
rt, 14 hrs
92 %

Furthermore, diaryl iodonium salts have been used by the Sanford group to
acetoxylate C-H bonds in presence of catalytic palladium;'' and by the Gaunt group to

arylate C-H bonds in the presence of catalytic copper (Eq 5)."

HN'LO Cu(OTf),, (10 mol % ) HNJ\\O

Ph,lOTf
T
DCE, 70 °C 48 hrs Ph

70 %

()
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As a result, we synthesized a phenyliodine (III)bis[phthalimidate] containing

iodine-nitrogen (I-N) bond (Eq 6)."

o
S CH,CN ) éz (6)

[
@—l’COOCF” + ®kOy —> @—I Ph-I{NPhth),
\COOCFg 12 hrs room temp. \ o

o) N
o 70%

(2 equiv)

This new Ilodane (2) was subjected to both metal-free and catalytic
palladium/copper conditions with 2-arylpyridine substrates. We hypothesized that 1)
Iodane could be used to generate electrophilic amine moieties which could react non-
selectively with arenes and 2) regioselectivity can be achieved by using selective
metalation of specific Cay-H bonds using a transition metal catalyst. Our results
proved fruitful, and lead us to conclude that a metal was necessary to facilitate C-N
bond formation. Herein, we report a novel method to selectively aminate 2-phenyl

pyridine substrate using the lodane and copper triflate (Eq 7).

o
Cu(OTf), (1 equiv)
H . Ph1(NPhth), > N (7)
o
PN DCE, 80 °C 48 hrs AN
) 2 x
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Results and Discussion

Our initial investigation began by heating a solution of phthalimide, 2-
phenylpyridine (1), and iodobenzene diacetate (PIDA) in acetonitrile at elevated
temperatures in a microwave. However, we determined that PIDA was not able to
assist the amination of pyridine derivative. As a result, the incorporation of catalytic
palladium, along with PIDA or iodobenzene bis(trifluoroacetate) (PIFA), was also
explored. While progress was made and amination was observed, this methodology
still did not facilitate amination with acceptable yields (See SI, Table 4).

Thus, we concluded that either a different catalyst or different hypervalent iodine
reagents, which are serving as our oxidant, were required. These theories lead to the
construction of the bis-phthalimide iodane (2), to replace our original nitrogen source,
phthalimide. A control experiment was conducted where this iodane, along with with
2-phenyl pyridine (1), was heated without any catalyst or oxidant. This experiment did
not yield the desired aminated product (3). The next step was to use either an oxidant
or metal catalyst to achieve the required amination. Initial experiments had shown that

oxidants like PIDA and PIFA had no effect on the amination reaction.
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o
Catalyst
H 4+  Phi(NPhth), - N>©
0,
2 N (25 equiv)  DCE 80°C48hrs AN 4

X 2 X
4 5
Entry | Catalyst (equiv.) Yield (%)
1 No catalyst 0
2 copper(IDtriflate (0.25) | 47™
3 copper(ID)triflate (1) 711!
4 copper(IDtriflate (1) 88!
5 copper(Il)fluoride (1) 5
6 copper(IT)acetate (1) 12
7 copper(I)chloride (1) 6
8 copper(IT)chloride (1) 5
9 copper(I)bromide (1) 9
10 copper(IT)bromide (1) 5
11 copper(I)sulfate (1) 5
12 Copper(I)nitrate (1) 5
13 copper(I)cyanide (1) 5

Table 1. Discovery of the Regioselective Amination of 2-arylpyridine derivatives."”

[a] General reaction conditions: 4 (0.146 mmol), 2 (0.365 mmol), catalyst (0.25-1
equiv), DCE = dichloroethane (4ml), heated in a vial in an oil bath for 48 hrs. [b]
Yield of isolated products after column chromatography. [c] GC yield calculated using

calibration curve method..
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As a result, we elected to screen metal additives and discovered that copper (II)
triflate showed higher amounts of amination products when compared to the
previously successful experiment with palladium acetate. It is worth noting that
freshly prepared iodane exhibited higher yields in comparison to salts left exposed to
atmospheric conditions. We theorize this is a result of atmospheric moisture
hydrolyzing the iodane (2). Low equivalents of copper triflate, reduced reaction time,
and decreasing the temperature also showed a reduction in reaction yield. (See SI,

Table 4).

Encouraged by our initial screening with various amounts of copper triflate, we
further explored the potential of Cu(I)/(IT) catalysts to determine if higher conversions
of arene substrates could be obtained. Dichloroethane was determined to be the
preferred solvent, and copper acetate and copper chloride provided the aminated
product along with acetylated and chlorinated byproducts of 2-arylpyridine substrate
(4) (Table 1, entries 6,7). This was observed by GC/MS. When determining the
stoichiometric necessity for the iodane an interesting pattern was observed. Since the
salt acts as both our nitrogen source as well as oxidant, it has to be used in excess as
reactions ran with equimolar quantities showed lower yields (See SI, Table 1).
Optimized conditions required heating the iodane (2), 2-arylpyridine substrate (4) and
1 eq. (relative to the 4) of copper triflate in dicholoethane at 80 °C for 48 hrs on a
hotplate. Amination was exclusively observed at the ortho position, relative to the

pyridine substituent to yield (5) and was confirmed via COSY NMR.
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Substrate scope

Table 2 shows a variety of 2-phenyl pyridine substrates that could be aminated
using our novel reaction conditions. Substrates with electron withdrawing functional
groups (9-11) exhibited diminished yields in amination when compared to substrates
with electron rich groups. First, substrates containing different phenyl-substituted
groups were screened. 2—toylpyridine (5) showed the highest yield as compared to the
methoxy derivative (7).

A chlorinated derivative (10) showed a substantially lower yield as compared to its
competitive halogen counterpart, fluorine (9). The aminated product was also
observed when the aldehyde derivate (11) was subjected to our reaction conditions;
albeit at reduced yields. This is a promising result as aldehydes can be easily
converted into a carboxylic acid and can be used to obtain the carboxy aminated
product. Substitution on the pyridine side of the substrate also provided the required
products in moderate to high yields (12-14). Additionally, the process also works with

a bis-saccharin iodane, to yield the expected aminated product (15).
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83 %

NPhth

37%

NPhth
SN

13
34 %

NPhth

41 %

NPhth
SN
NO,

14
27 %

Table 2. Substrate scope of the Regioselective Amination of 2-arylpyridine

derivatives.™

[a] General reaction conditions: 2-arylpyridine substrate (0.146 mmol), 2 (0.365

mmol), Cu(OTf), (0.146 mmol), DCE = dichloroethane (4ml), heated in a vial in an

oil bath for 48 hrs.
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Competition and kinetic studies

To elucidate the mechanism of this novel reaction, competition studies were
conducted using a mixture of equimolar amounts of two different pyridine substrates
in the lead reaction. In most of the cases, amination of electron rich pyridine substrates

was more favored over electron poor pyridine substrates.

Cu(OTf), (1 equiv)
. H  Ph--{NPhth),(2.5 equ LV) NPhth  + NPhih
~~N ZN DCM, 80°C, 48 hr: N\ Z™N
X ! [ ! X NS

(equimolar mixture )

Py-Ar;-H Py-Ar,-H Py-Ar,-NPhth Py-Ar,-NPhth
Py-Ar;- | Py-Ar;- | Py- Py-
H H Arq- Ar,-

NPhth | NPhth

R, R; (%)™ | (%)™
1 H Me 42 58
2 | H F 92 8
3 | Me F 94 6

Table 3. Competition Reactions.

[a] Mole fractions determined by GC/MS
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Kinetic Isotope Effect

Cu(OTf), (1 equiv)

D H . Ph-I-{NPhth),(2.5 eq uz) D NPhth  + PhthN H
Z N DCM, 80 °C, 48 hrs z IN z |N
) N N
16 17 3

Scheme 1. Kinetic Isotope Effect.
The kinetic isotope effect was also studied using an intramolecular competition
between a C-H bond and C-D bond in 2-phenyl pyridine. An observed KIE of 1.15
shows that C-H bond cleavage is not involved in the rate determining step of the

reaction.

Proposed mechanism

A number of insights were obtained from the experiments carried out for
determination of the reaction mechanism. The deuterated substrate (16) did not show
any isotope effect. This rules out the possibility of copper catalyzed fuctionalization
reactions, wherein significant isotope effects are usually observed. Thus we propose a
radical cation pathway (Scheme 2) to explain the data obtained from our mechanistic

studies.
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20

3

Cu(OTf), + Ph-I-(NPhth), ——=
2
”—NPhth
NPhth
Cu —OTf

NPhth OTf
Cu —OTf + Ph- I NPhth
18 19

u —NPhth

1

_Z

NPhth + Cu’ gth
Z~N
~ |

Scheme 2. Proposed Mechanism for the Regioselective Amination.

Copper triflate reacts with the iodane (2) to generate (18) and (19). We have been
successful to isolate and confirm (19) by NMR and GC/MS (see SI). Thus, we propose
that (18) reacts with 2-pheynlpyridine (1) to generate the Cu(Il) co-ordinated to
pyridine intermediate (20). A single electron transfer (SET) from the aryl ring to the
co-ordinated Cu(II) generates the radical cation intermediate (21). Homolytic
Cleavage of Cu-N bond and subsequent intramolecular anion transfer from the Cu (I)
intermediate generates the ortho-aminated product (3). Competition studies show that
the reaction is much favored by an electron donating group on the aryl ring as

compared to an electron withdrawing group on the aryl ring. Thus a SET from the aryl

90




ring with electron donating group will be much faster than that from an aryl ring with
electron withdrawing group. Thus SET step has to be the rate limiting step in this
reaction.
Conclusion

In conclusion, we have developed a novel, useful and economical process for the
direct amination of 2-phenylpyridine derivatives. This process requires cheap and
commercially available copper triflate and works for a variety of different 2-phenyl-
pyridine derivatives. Additionally, the process also works with a bis-sachhrain iodane
and thus future endeavors aim to synthesize such novel iodanes with various other
amine sources in order to further extend this process. Future work in our laboratory
will focus on studying the mechanistic insights and application of this method to

heterocyclic intermediates.
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Experimental Section

Substrates , Reagents and Catalysts.

Potassium phthalimide, saccharin, sodium methoxide, (PIFA) Phenyliodine
bis(trifluoroacetate), (PIDA) Iodobenzene diacetate, methanol, (ACN) acetonitrile,
(DCM) dichloromethane, (DCE) dichloroethane, copper triflate, palladium acetate
and other copper catalysts were purchased from Sigma Aldrich and Fisher Scientific.
Flash chromatography was performed on Silicycle silica gel (60A, 40-63 pm). All

reagents were stored under an inert atmosphere before use.

Preparation of different 2- aryl pyridine derivatives from literature procedures.

O/
F
Yo
~or Y Oy O A
NS ™ DN NS S ~ ]
1 4 4a 4b 4c 4d
Cl CHO
D
-~ " °N
Z Z =N | N B I
N N | P x
I I P =
\ >
F NO,
4e 4f F i
4g 4h 4i 16

Substrates 1, 4, 4f were purchased from Sigma Aldrich. Other remaining substrates

4a,4b, 4c, 4f,4g,4h were prepared via Suzuki coupling using a literature procedure.'

Substrate 4¢ was prepared by literature procedure.” 4i was prepared via Suzuki
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coupling using a literature procedure.'® Substrate 16 was prepared by literature
procedure."’

Instrumentation

Microwave reactions were carried out in a CEM Discover microwave. Flash
chromatography was performed using CombiFlash®Rf 200. GC/MS analysis was
carried out on an Agilent Technologies 6890 GC system fixed with a 5973 mass
selective detector. NMR spectrum were acquired using a Bruker Avance 300MHz

spectrometer.
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Synthesis of phenyliodine(III) bis(phthalimidate) Ilodane (2)

< :}— Ph-I-(NPhth)
\ o ’

A mixture of (4.5 g, 1.04 mmol) phenyliodine(III) bis(trifluoroacetate) and potassium
phthalimide (3.7 g, 2.0 mmol ) in 100 mL of acetonitrile is stirred at 40 °C in an oil
bath for 12 h. The off white precipitate is collected, washed with acetonitrile and dried
under vaccum to obtain (3.6 g, 70 %) of the phenyliodine (III) bis(phthalimidate)
Todane (2). The NMR matched with the one published in literature.'®

"H NMR (300 MHz, (CD3),S0): 7.84 (s, 5H), 7.76 (s, 3H), 7.69 — 7.64 (m, 1H), 7.53
—7.32 (m, 3H), 7.21 (d, J= 7.8 Hz, 1H).

HRMS EI (m/z): [M+] calc’d for C14HoINO, [M—Phthalimidate] © 349.9672, 349.1

observed m/z
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Synthesis of sodium-saccharin (4i)

0O

In a dry round bottom flask, a mixture of saccharin (0.25 g, 1.36 mmol) and sodium
methoxide (0.073 g, 1.36 mmol) in 10 mL of methanol under nitrogen atmosphere is
refluxed for 25 minutes in an oil bath. After the reflux is finished the flask is cooled
and then the excess solvent is removed under pressure to get a white solid 4i (0.26 g,
92.83 %)

LRMS EI (m/z): [M+] calc’d for C;H4sNNa3;O3S 205.1663, observed 206.0 m/z.

Synthesis of phenyliodine(III) bis(saccharin)lodane (2a)

2a

A mixture of (0.27 g, 0.633 mmol) phenyliodine(Ill) bis(trifluoroacetate) and
sodium saccharin (0.26 g, 1.267 mmol in 100 mL of acetonitrile is stirred at 40 °C

in an oil bath for 12 h. The white precipitate is collected, washed with acetonitrile and
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dried under vaccum to obtain (0.234 g, 65%) of the phenyliodine(III) bis(saccharin)
Iodane (2a).

"H NMR (300 MHz, (CD3),SO): & 8.00 — 7.95 (m, 1H), 7.68 — 7.64 (m, 3H), 7.62 —
7.57 (m, 9H).

BC NMR (75 MHz, (CD;),SO): § 166.80, 144.13, 133.62, 130.43, 130.30, 129.87,
127.85, 125.35,121.36, 117.97, 116.95.

LRMS EI (m/z): [M-succinimide+] calc’d for and C;3HoINO5S 386.9342, observed

387.91 m/z.
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Spectrum 2. °C NMR of Compound 2a

0 0T 0z 0€ 0% 0s 09 0L 08 00T  OTT 02T  OST  ObT  OST 09T  OLT
1 i 1 1 1 1 i 1 1 1 1 1 1 1 i 1 1 1 1 i 1 1
90+30°6-
00+30°0 » T rimnni
1
90+30°G
£0+30°T
£0+36°T
£0+30°2
£0+35°2
£0+30°€
£0+36°€
e
£0+30°%- ¢
£0+36p- 0
£0+30°5 /4
, ‘z,_ O
\m ~ Z
£0+35°5 0..0 N,
o=
£0+30°9 o)
£0+35°9
£0+30%
7 S |
e e = =
£0+357 FRHERNE888 ® &
OOVWWROWDLO = (s3]
NMNGONUINO WRN w o




Initial Optimization Studies

(0]
H Conditions
+ Ph-I{(NPhth), g N
Z N Z N &
| ~ ]
3

> 2

(1 equiv.)

Entry | Conditions Yield
3 (%)

1 2(1eq.),PIDA (2.5eq.), ACN, 145°C (MW), 3h -

2 2(1leq.),PIFA (2.5¢eq.), ACN, 145°C (MW), 3h -

3 2 (1eq.), Pd(OAc), (25 mol %), ACN , 145 °C (MW), 3h 13

4 2 (1eq.), Cu(OTf), (25 mol %), DCM, 70 °C , 48 h 47

5 2 (2.5eq.), Cu(OT), (25 mol %), DCM, 70 °C , 48 h 63

6 Fresh salt 2 (1 eq.) , Cu(OTf), ( 25 mol %), DCM, 70 °C , 48 h | 80

7 2(2.5¢eq.), Cu(OTf), (100 mol %), DCE, 70 °C ,48 h 87

Table 4. Initial Optimization Studies

General procedure for Regioselective C-H Bond Amination of 2-Arvlpvyridine

Derivatives

To a solution of the appropriate 2-arylpyridine (1 eq.) in 1,2-dichloroethane (4 mL)
was added the appropriate iodane (2.5 eq.) and Cu(OTf), (1 eq). The reaction was
stirred for the 48 h at 80 °C in an oil bath before dilution with DCM (30 mL) and
washing with saturated sodium bicarbonate solution (30 mL). The aqueous phase was

extracted further with DCM (25 mL) and the combined organic layers were dried over
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sodium sulphate and the excess solvent was removed under pressure. The crude
residue was purified by flash column chromatography to obtain the pure aminated
product.

This general procedure was followed for synthesis of 3,5,6,7,8,9,10,11,12,13,14,15.

Synthesis of 2-(2-(pyridin-2-yl)phenyl)isoindoline-1,3-dione (3)

NPhth

Substrate 1 was subjected to the general procedure. After purification by column
chromatography, 3 was obtained (91 mg, 87%). The NMR matched with the one
published in literature."

Ry-Value: Hexane/Ethyl acetate (3:2 v/v) = 0.29.

"H NMR (300 MHz, CDCl;): & 8.29 (ddd, J=4.9, 1.8, 0.9 Hz, 1H), 7.84 (dd, J = 5.4,
3.1 Hz, 2H), 7.76 — 7.71 (m, 3H), 7.65 (td, J = 7.9, 2.1 Hz, 1H), 7.59-7.54 (m, 2H),
7.47 (dt,J=17.9, 0.9 Hz, 1H), 7.44-7.40 (m, 1H), 7.07 (ddd, J=7.6, 4.9, 1.2 Hz, 1H).

LRMS EI (m/z): [M+] calc’d for CioHi2 N2O> 300.0899, 300.11 observed m/z.

100



Synthesis of 2-(5-methyl-2-(pyridin-2-yl)phenyl)isoindoline-1,3-dione (5)

NPhth

Substrate 4 was subjected to the general procedure. After purification by column
chromatography, 5 was obtained (40.2 mg, 88 %). The NMR matched with the one
published in literature."”

Ry-Value: Hexane/Ethyl acetate (7:3 v/v) = 0.29.

"H NMR (300 MHz, CDCl3): & 8.26 (ddd, J=4.8, 1.9, 1.0 Hz, 1H), 7.84 (dd, J = 5.5,
3.1 Hz, 2H), 7.72 (dd, J = 5.5, 3.1 Hz, 2H), 7.62 (td, J = 7.8, 1.7 Hz, 2H), 7.48 — 7.35
(m, 2H), 7.22 (d, J= 1.1 Hz, 1H), 7.03 (ddd, J=17.5, 4.9, 1.2 Hz, 1H), 2.46 (s, 3H).
LRMS EI (m/z): [M+] calc’d for C;0H14 N,O> 314.1055, 314.19 observed m/z

Synthesis of 2-(3-methyl-2-(pyridin-2-yl)phenyl)isoindoline-1,3-dione (6)

NPhth

101



Substrate 4a was subjected to the general procedure. After purification by column
chromatography, 6 was obtained (13.1 mg, 40 %). The NMR matched with the one
published in literature."

Rys-Value: Hexane/Ethyl acetate (7:3 v/v) = 0.3.

"H NMR (300 MHz, CDCls): 5 8.38 (ddd, J = 4.8, 1.7, 1.0 Hz, 1H), 7.83-7.75 (m,
4H), 7.68 (td, J = 7.7, 1.8 Hz, 1H), 7.5 -7.45 (m, 2H), 7.37-7.33 (m, 1H), 7.31 (d, J =
7.8 Hz, 1H), 7.14 (ddd, J = 7.6, 4.9, 1.0 Hz, 1H), 2.06 (s, 3H)

LRMS EI (m/z): [M+] calc’d for CooHi4N>O» 314.1055, 314.19 observed m/z

Synthesis of 2-(5-methoxy-2-(pyridin-2-yl)phenyl)isoindoline-1,3-dione (7)

4b was subjected to the general procedure. After purification by column
chromatography, 7 was obtained (22.1 mg, 50%). The NMR matched with the one
published in literature."”

Rys-Value: Hexane/Ethyl acetate (7:3v/v) = 0.24.

"H NMR (300 MHz, CDCl;): § 8.49 (d, J = 4.9 Hz, 1H), 8.33 — 8.29 (m, 1H), 8.04 —
7.67 (m, 4H), 7.60 — 7.48 (m, 2H), 7.14 (d, J = 8.4 Hz, 1H), 7.05 — 6.99 (m, 2H), 3.82
(s, 3H).

LRMS EI (m/z): [M+] calc’d for C,0H14 N>Os 330.1005, observed 330 m/z
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Synthesis of 2-(3-methoxy-2-(pyridin-2-yl)phenyl)isoindoline-1,3-dione (8)

o NPhth
Z N
|
8

Substrate 4c was subjected to the general procedure. After purification by column
chromatography, 8 was obtained (59.2 mg, 45 %).

Ry-Value: Hexane/Ethyl acetate (7:3 v/v) = 0.26.

"H NMR (300 MHz, CDCLy):, 8.23 (dd, J = 4.7, 1.7 Hz, 1H), 7.96 — 7.91 (m, 1H),
7.85(dd, J=5.5, 3.1 Hz, 2H), 7.74 (dd, J = 5.5, 3.1 Hz, 2H), 7.61 (td, J= 7.7, 1.9 Hz,
1H), 7.48 — 7.43 (m, 1H), 7.13 — 7.08 (m, 2H), 6.94 (d, J=2.7 Hz, 1H), 3.89 (s, 3H).
BC NMR (75 MHz, CDCl; ): § 167.72, 160.32, 136.63, 134.01, 132.14, 131.37,
130.68, 128.82, 127.95, 126.79, 126.76, 123.62, 122.44, 121.64, 115.51, 55.61.

LRMS EI (m/z): [M+] calc’d for C0H14 N2Os  330.1005, 330 observed m/z
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Spectrum 3. "H NMR of Compound 8
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Synthesis of 2-(5-fluoro-2-(pyridin-2-yl)phenyl)isoindoline-1,3-dione (9)

F

NPhth

Substrate 4d was subjected to the general procedure. After purification by column
chromatography, 9 was obtained (16 mg, 37 %). The NMR matched with the one
published in literature."

Ry-Value: Hexane/Ethyl acetate (7:3 v/v) = 0.23

"H NMR (300 MHz, CDCls): § 8.28 (ddd, J=4.9, 1.8, 0.9 Hz, 1H), 7.88 — 7.83 (m,
2H), 7.78 — 7.61 (m, 4 H), 7.44 (dt, J = 7.9, 1.1 Hz, 1H), 7.31 (dd, J = 8.3, 2.5 Hz,
1H), 7.17 (dd, /= 8.7, 2.6 Hz, 1H), 7.08 (ddd, J=17.5, 4.8, 1.1 Hz, 1H).

LRMS EI (m/z): [M+] calc’d for C1oH; FN,O, 318.0805, 318.01 observed m/z
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Synthesis of 2-(5-chloro-2-(pyridin-2-yl)phenyl)isoindoline-1,3-dione (10)

Cl

NPhth

Substrate 4e was subjected to the general procedure. After purification by column
chromatography, 10 was obtained ( 106.5 mg, 41 %).

Ry-Value: Hexane/Ethyl acetate (7:3 v/v) = 0.26

"H NMR (300 MHz, CDCl3): § 8.27 (ddd, J=4.8, 1.9, 0.9 Hz, 1H), 7.85 (dd, J = 5.5,
3.1 Hz, 2H), 7.78 — 7.72 (m, 2H), 7.70 — 7.62 (m, 2H), 7.55 (dd, J = 8.3, 2.1 Hz, 1H),
7.45 (dd, J=17.3, 1.5 Hz, 2H), 7.08 (ddd, /= 7.7, 4.9, 1.2 Hz, 1H).

BC NMR (75 MHz, CDCl; ): § 167.29, 156.01, 149.37, 137.02, 136.83, 134.91,
134.19, 131.94, 131.43, 130.75, 130.36, 129.74, 123.73, 122.66, 122.35.

LRMS EI (m/z): [M+] calc’d for C;9H;;CIN,O, 334.0509, 334.15 observed m/z
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Synthesis of 3-(1,3-dioxoisoindolin-2-yl)-4-(pyridin-2-yl)benzaldehyde (11)

CHO

NPhth

Substrate 4f was subjected to the general procedure. After purification by column
chromatography, 11 was obtained (69.3 mg, 40 %).

Ry-Value: Hexane/Ethyl acetate (7:3 v/v) = 0.2

"H NMR (300 MHz, CDCl;): § 10.11 (s, 1H), 8.35 — 8.30 (m, 1H), 8.10 (dd, J = 7.9,
1.7 Hz, 1H), 7.95 — 7.92 (m, 2H), 7.87 (dd, /= 5.5, 3.0 Hz, 2H), 7.76 (dd, J = 5.5, 3.1
Hz, 2H), 7.69 (dd, J = 7.7, 1.8 Hz, 1H), 7.53 (d, J = 8.0 Hz, 1H), 7.14 (ddd, J = 7.6,
4.8, 1.2 Hz, 1H).

BC NMR (75 MHz, CDCL): & 190.67, 167.30, 155.80, 149.51, 143.88, 136.99,
134.28, 131.92, 131.73, 131.36, 130.72, 130.03, 127.92, 123.79, 123.04, 122.92.

LRMS EI (m/z): [M+] calc’d for C,0H2N,O3 328.0848, 328.04 observed m/z
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Synthesis of 2-(2-(5-fluoropyridin-2-yl)phenyl)isoindoline-1,3-dione (12)

NPhth

Substrate 4g was subjected to the general procedure. After purification by column
chromatography, 12 was obtained (152.1 mg, 83 %).

Rys-Value: Hexane/Ethyl acetate (7:3 v/v) = 0.2.

"H NMR (300 MHz, CDCl;): § 8.14 (d, J = 2.8 Hz, 1H), 7.87 — 7.84 (m, 2H), 7.76 —
7.73 (m, 2H), 7.69 (dd, J=5.7, 3.4 Hz, 1H), 7.57 (dd, J= 5.7, 3.4 Hz, 2H), 7.52 — 7.47
(m, 1H), 7.41 (dd, /= 6.0, 3.2 Hz, 1H), 7.36 (dd, J = 8.5, 2.8 Hz, 1H).

BC NMR (75 MHz, CDCL): & 167.63, 153.21, 137.59, 137.29, 134.32, 134.17,
132.65, 131.97, 130.37, 130.16, 129.59, 123.78, 123.67, 123.60, 123.53.

LRMS EI (m/z): [M+] calc’d for C1sH; FN,O, 318.0805, 318.11 observed m/z
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Synthesis of 2-(2-(5-fluoropyridin-2-yl)-5-methylphenyl)isoindoline-1,3-dione (13)

NPhth

13

4h was subjected to the general procedure as described above. After purification by
column chromatography, 13 was obtained (66.6 mg, 34 %).

Ry -Value: Dichloromethane = 0.81.

"H NMR (300 MHz, CDCL3): & 8.11 (d, J = 2.9 Hz, 1H), 7.87 (td, J = 5.6, 3.0 Hz,
4H), 7.76 (td, J = 5.3, 3.0 Hz, 4H), 7.58 (d, /= 7.9 Hz, 1H), 7.37 (dd, J = 8.7, 2.6 Hz,
2H), 7.22 (d, J= 1.8 Hz, 1H), 2.46 (s, 3H).

BC NMR (75 MHz, CDCL): § 167.99, 156.67, 139.98, 137.50, 137.19, 134.66,
134.34, 134.13, 132.64, 132.01, 130.70, 130.46, 130.16, 129.30, 123.65, 123.62, 21.12

LRMS EI (m/z): [M+] calc’d for C0H;3FN,O, 332.0961, 332 observed m/z
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Synthesis of 2-(2-(5-nitropyridin-2-yl)phenyl)isoindoline-1,3-dione (14)

NPhth
~N

NO,
14

41 was subjected to the general procedure as described above. After purification by
column chromatography, 14 was obtained (36.3 mg, 27%).

Ry-Value: Dichloromethane = 0.69

"H NMR (300 MHz, CDCly): § 9.11 (d, J = 2.7 Hz, 1H), 8.47 (dd, J = 8.8, 2.6 Hz,
1H), 7.87 (dd, J= 5.4, 2.9 Hz, 2H), 7.80 — 7.76 (m, 3H), 7.71 (d, J = 8.9 Hz, 1H), 7.65
(td, /=6.7, 1.9 Hz, 2H), 7.48 (dd, J= 7.3, 1.9 Hz, 1H).

BC NMR (75 MHz, CDCL): & 167.43, 162.70, 144.64, 136.26, 134.46, 134.35,
132.05, 131.78, 131.02, 130.69, 130.38, 129.87, 129.66, 123.85, 123.63, 122.96.

LRMS EI (m/z): [M+] calc’d for C19H1N304 345.075, 345.02 bserved m/z
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Synthesis of 2-(2-(5-nitropyridin-2-yl)phenyl)isoindoline-1,3-dione (15)

0.0

»

3
O
o No

|
NS

15

Substrate 2a was subjected to the general procedure as described above. After
purification by column chromatography, 15 was obtained (10.5 mg, 88 %).

Ry-Value: Hexane/Ethyl acetate (7:3 v/v) = 0.14.

"H NMR (300 MHz, CDCl): § 8.49 (dt, J = 4.9, 1.4 Hz, 1H), 8.07 (dd, J= 6.8, 1.7
Hz, 1H), 7.94 — 7.81 (m, 4H), 7.70 — 7.58 (m, 5H), 7.14 (ddd, J = 6.7, 4.8, 2.1 Hz,
1H).

BC NMR (75 MHz, CDCL): & 156.29, 149.50, 141.04, 137.84, 136.37, 134.82,
134.25, 131.63, 131.13, 130.96, 129.89, 126.02, 125.56, 123.00, 122.38, 121.23.

LRMS EI (m/z): [M+] calc’d for C;9H;1N3O4 336.0569, 336.11 observed m/z
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Spectrum 16. °C NMR of Compound 15

Kinetic Isotope Effect
Cu(OTf), (1 equiv)
D H o, Ph-I-(NPhth),(2.5 equz) D Nphtn  + PhthN H
Z> N DCM, 80 °C, 48 hrs ~ IN N\
16 17 3

To a solution of 16 (0.0179 g, 0.114 mmol) in 1,2-dichloroethane (4 mL) was added
the 1odane 2 (0.142 g, 0.286 mmol) and Cu(OTf), (0.041 g, 0.114 mmol). The reaction
mixture was stirred for 48 h at 80 °C in an oil bath. The reaction was then cooled, and
an aliquot was removed and analyzed by GC/MS.

GC/MS Conditions: J & W Scientific DB-1, capillary 25.0m x 200um x 0.33pm, 1.3
mL/min, 40 °C, hold 0.50min, 12 °C/min to 320 °C, hold 6.0min.

kH/kD = 115
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Competition experiment

R1 Rz R1 R2
Cu(OTf), (1 equiv)
Ph-I-(NPhth),(2.5 equiv]

+ H (NPhia(2:5 equ ) NPhth -+ NPhth
Z N Z N DCM, 80 °C, 48 hrs z IN Z N
N ! NS ! X _ !
(equimolar mixture )
Py-Ar,-H Py-Ar,-H Py-Ar,-NPhth Py-Ar,-NPhth

To a solution of equimolar amounts of Py-Ar;-H (leq.) and Py-Ar:-H (leq.) in 1,2-

dichloroethane ( 4 mL) was added the iodane 2 (2.5 eq) and Cu(OTf), ( 1 eq.). The

reaction was mixture was stirred for the 48 h at 80 °C in an oil bath. The reaction was

Py-Ar,-NPhth (%)"

Py-Ar;-H | Py-Ar;-H | Py-Ar;-NPhth (%)™
R; R,
1 H Me 42 58
2 H F 92 8
3 Me F 94 6

then cooled, and an aliquot was removed and analyzed by GC/MS.

[a] Mole fractions determined by GC/MS
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Calibration Curve

o)

H Catalyst
+  Ph-I-(NPhth), . N
0,
AN (25equiv)  DCE. 80°C48hrs AN

[9)

™ ! 2 SN
5

The pure product 5 was isolated by column chromatography. Known Concentrations
in ppm for (1-100% yield) were prepared in DCE. The plot of various concentrations
against their area under the curve from GC-MS spectrum generates the calibration

curve.
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Manuscript 3

Increasing Synthetic Efficiency via Direct C-H Functionalization: Formal

Synthesis of an Inhibitor of Botulinum Neurotoxin

Abstract

A new and efficient scheme for the synthesis of one of the best known inhibitors of
botulinum neurotoxin serotype A (BoNTA) is reported herein. The synthetic route
involves two palladium-catalyzed C-H functionalization reactions, formally activating

three C-H bonds.

Introduction

Botulinum neurotoxin serotype A (BoNTA) is a protein produced by a spore-
forming bacteria called Clostridium botulinum. It is the world’s most poisonous
protein having a median lethal dose of approximately 1 ng/Kg.' The toxin is
associated with numerous food-borne illnesses and is a potential bioweapon.
Consequently, the synthesis of small molecule inhibitors of BoNTA is of high
importance.”® Previous work has shown that devleopment of BONTA inhibitors is
particularly challenging because the enzyme-substrate interface is unusually large.
Recently, Pang computationally docked potential inhibitors into the zinc
endopeptidase active site of BONTA and then synthesized and tested the best drug
candidates (Figure 1).*” The best inhibitors consisted of two heterocyclic halves: a
2-phenlyindole and a 2-phenylthiophene (1, Ki = 15uM).° Further computational
and synthetic studies recently showed that further elaboration of the 2-aryl
thiophene moiety provided increased BoNTA inhibition (2, Ki = 5.4uM).*
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zinc { 60

chelator

— enhances|
2-aryl-thiophene solubility
®NH,
1 R=H, K;=15uM
2 R=0H, K;=5uM

Figure 1 Structure of thiophene-indole BONTA inhibitors
Results and Discussion

In general, two synthetic strategies can be envisioned for the synthesis of these aryl
substituted heterocycles (Scheme 1): the biaryl bond could be synthesized via an
organometallic coupling or the heterocycle could be constructed via annulation of an
aryl-substituted linear substrate. Pang and co-workers employed both of these paths
by cyclizing a 2- alkylaniline to form the 2-arylindole substructure and by arylating a

2-bromothiophene in a Suzuki reaction.’
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Scheme 1 Comparison of synthetic schemes for constructing arylated

heterocycles
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Contrastingly, Itahara developed a method for oxidatively coupling
heteroarenes such as indoles, pyrroles and furans with benzene in the early 1980’s.*'°
These original reactions required superstoichiometric amounts of palladium acetate.
We and others have recently developed catalytic methods for directly arylating
heterocycles involving either one or two C-H functionalizations.''"® These methods
offer the benefit of greater step economy by using readily available hydrocarbon
starting materials.'”"'® Herein, we present a novel method for synthesizing inhibitor 1
using two key palladium catalyzed C-H activation steps.

We have recently shown that electron-rich aromatic heterocycles and benzene-
derived arenes can be oxidatively cross-coupled by palladium catalysis. For
example, both we and the Fagnou group have shown that N-acetylindoles can be
regioselectively coupled with benzene at either their 2- or 3-position depending on

1923 We have extended this

the nature of the oxidant chosen for the reaction.
methodology to include N-alkylindoles, a considerably more challenging class of
compounds due to their tendency to decompose in the oxidative reaction
conditions. In particular, we have found that N-alkylindoles bearing electron-
withdrawing groups provide high levels of regioselectivity, favoring the 2-aryl-
product.'® Consequently, 1 appeared to be an ideal target for the application of our
oxidative coupling technology.

We commenced our study by attempting the oxidative arylation of the

butylphthalimide protected ester indole 13, but low regioselectivity was observed

(14; 3:1, 2-Ph:3-Ph), and the two regioisomers were inseparable by flash
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chromatography (Scheme 2).

H
m N-Br(CH,),NPhth mH
MeO,C H +BuokK  MeO,C N
12 DMF, 0 °C 13 \\\\‘
58%

NPhth
10 mol% Pd(OAc),,

AgOAc (3 equiv)
PivOH, 120 °C (MW) H
90%

1%
MeO,C N

14
(3:1, 2-Ph:3-Ph) NPhth

Scheme 2 Oxidative arylation of N-alkyl protected indole

However, selective oxidative arylation of the SEM-protected indole 15,** using
catalytic palladium acetate (PdOAc;) and silver acetate (AgOAc) as an oxidant,
afforded 16 in a good yield with a 9:1 regioselectivity favoring arylation at the
indole’s 2-position, and these regiomers could be separated via flash
chromatography. The optimal conditions contained a slight excess of AgOAc (3
equiv) compared to pivalic acid (PivOH, 2.5 equiv), which likely prevents the acid-
promoted oxidative decomposition of the indole substrate and products (Scheme

3).19
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Alkaline hydrolysis of 16 afforded the free acid 17 in a good yield. In situ
conversion of 17 to the acid chloride, followed by Friedel-Crafts acylation, as
described by Pang,’ was attempted, but the desired ketone was not observed. Later,
the acid chloride was reacted with the anion of methyl-3-thiopheneacetate to afford
the desired product 18 in a modest 38% isolated yield. The isomer which is
coupled at the thiophene’s 2-position (proximal to the ester), was isolated as a
minor product (6% yield). We attribute the selectivity favoring the desired product
to steric factors (Scheme 3).

In an effort to expand our methodology to form biaryl C-C bonds by activating
two C-H bonds, we initially attempted to oxidatively couple benzene to thiophene
18 using our earlier optimization studies as a guide,'”* but the starting material
failed to convert. This may be the result of the ability of the thiophene to
deactivate the palladium catalyst via coordination of its sulfur atom. However,
using Mori’s conditions, the C-H bond of the thiophene 18 was selectively arylated
using both palladium and silver catalysts and iodobenzene as the arene source.”
The SEM protecting group of compound 19 was cleaved by treatment with
tetrabutylammonium fluoride (TBAF) in DMF to afford 20 and subsequent N-
alkylation was carried out with N-(4-bromobutyl)-phthalimide in the presence of
potassium tert-butoxide to afford the N-alkylindole 21. Finally, the BoNTA
inhibitor 1 was synthesized following the procedure of Pang by treating 21 with
excess hydroxylamine, which simultaneously converts the methyl ester and

phthalimide to hydroxamic acid and amine, respectively (Scheme 3).*
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Conclusion

In conclusion, we have developed a novel synthetic route for the synthesis of an
inhibitor of botulinum neurotoxin serotype A (BoNTA). The 4.6% overall yield is
nearly identical to that which was reported by Pang, but the step economy of the
overall synthesis has been increased due to the incorporation of reactions which do
not rely on prefunctionalized starting materials; rather the biaryl C-C bonds were
directly formed from the C-H bonds of simple arenes and heteroarenes. It should
also be noted that the C-H functionalizing reactions are two of the highest yielding
steps in this synthesis. While our initial attempts to form biaryl C-C bonds with
thiophene-type substrates such as 18 were not successful, efforts in our laboratory
are currently focused on expanding our oxidative coupling methods to encompass
these and other classes of heteroarenes for application to the synthesis of more

high-value targets.
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Experimental Section

Reagents

Substrates, including methylindole-6-carboxylate, 2-(trimethylsilyl)ethoxymethyl
chloride, pivalic acid, n-butyllithium, N-(4-bromobutyl)-phthalimide, oxalylchloride,
methyl-3-thiopheneacetate, silver nitrate, potassium fluoride, bis-(triphenylphosphine)
palladium (II) chloride, n-tetrabutylammoniumfluoride and n-bromobutylpthalimide.
All the oxidants used were purchased from Acros Chemicals. Flash chromatography
was performed on Silicycle silica gel (60A, 40- 63 pm). All reagents were stored
under an inert atmosphere before use.

Pd(OAc);

Pd(OAc), was obtained from Precious Metals Online (http://www.precmet.com.au/).
Upon receipt, it was then dried under vacuum at 100°C for approximately 6 hours.
Instrumentation

Reactions were carried out in CEM Discover Microwave. GC/MS analysis was carried
out on an Agilent Technologies 6890 GC System fixed with a 5973 Mass Selective

Detector. NMR spectrum were acquired.
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Representative Procedures

Synthesis of methyl-1-(4-(1,3-dioxoisoindolin-2-yl)butyl)-1H-indole-6-carboxylate

(13)

A\

MeO.C N

13 (CH2)4NPhth

To a solution of potassium tert-butoxide (0.143g, 1.28mmol) in 3mL of DMF at 0°C
was added a solution of methylindole-6-carboxylate (0.1g, 0.57mmol) in 1mL of DMF
and the reaction mixture is stirred for 15min. After stirring for 15mins add a solution
of N-(4-bromobutyl)-phthalimide (0.264g, 0.93mmol) in ImL DMF and stirring is
continued for 6h. The mixture was diluted with 40mL of water and extracted with
three 40mL portions of ethyl acetate. The combined organic extracts were washed
with two portions of 40mL of water and dried with anhydrous magnesium sulfate.
After filtration, the solvent is removed at reduced pressure and crude product was
purified by column chromatography to give pure 13 0.124g (58%), Ry -Value:
Hexane/Ethyl acetate (7:3 vAv) = 0.26, '"H-NMR (300 MHz, CDCl;): § = 1.68 (m,
2H), 1.88 (m, 2H), 3.69 (t, °J =3.0 Hz, 2H), 3.91 (s, 3H), 4.21 (t, °J =6.0 Hz, 2H), 6.49
(d, °J =3.0 Hz, 1H), 7.60-7.82 (m, 7H),8.06 (d, *J =3.0 Hz, 1H), *C-NMR (75 MHz,
CDCly): 0 =25.94,27.53,37.16, 45.85, 51.94,101.65, 111.66, 120.37, 120.51, 131.11,
131.96, 132.21, 133.39, 135.18, 168.18, 168.37, LRMS EI (m/z): [M+] calc’d for

C22H20N204 376.41, observed 376.20 m/z.
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Synthesis of 1-[2-(trimethylsilyl)-ethoxymethyl]-indole-6-carboxylate (15)

MeO.C

15 SEM

To a solution of potassium hydroxide (0.105g, 1.88mmol) in 6mL of DMF at 0°C was
added a solution of methylindole-6-carboxylate (0.3g, 1.71mmol) in 2mL of DMF and
the reaction mixture is stirred for 15min. After stirring for 15mins add a solution of 2-
(trimethylsilyl)ethoxymethylchloride (0.285g, 1.71mmol) in 2mL DMF and stirring is
continued for 4h. The mixture was diluted with 40mL of water and extracted with
three 40mL portions of ethyl acetate. The combined organic extracts were washed
with two portions of 40mL of water and dried with anhydrous magnesium sulfate.
After filtration, the solvent is removed at reduced pressure and crude product was
purified by column chromatography to give pure 15 0.309g (59%), Ry -Value:
Hexane/Ethyl acetate (9:1 v/v) = 0.20, "H-NMR (300 MHz, CDCl;): § = 0.00 (s, 9H),
0.95 (t, °J=8.28 Hz, 2H), 3.54 (t, °J = 8.07 Hz, 2H), 4.01 (s, 3H), 5.60 (s, 2H), 6.63 (d,
3J =3.15 Hz, 1H), 7.39 (d, °J =3.21 Hz, 1H), 7.70 (d, *J =8.34 Hz, 1H), 7.90 (dd, *J
=8.31 Hz, *J = 1.26 Hz, 1H), 8.31 (s, 1H), “C-NMR (75 MHz, CDClL): 6 = 0.00,
19.15, 53.44, 67.51, 77.08, 104.26, 113.74, 122.00, 122.71, 125.26, 132.63, 134.17,
137.18, 169.53, LRMS EI (m/z): [M+] calc’d for C;sH23NO3Si 305.14, observed

305.10 m/z.
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Synthesis of 2-phenyl-1-[2-(trimethylsilyl)-ethoxymethyl]-indole-6-carboxylate

W,

SEM

(16)

MeO.C

16
A magnetically stirred solution of 1-[2-(trimethylsilyl)-ethoxymethyl]-indole-6-
carboxylate (0.064g, 0.21mmol), palladium acetate (0.0047g, 0.021mmol), silver
acetate (0.104g, 0.63mmol), 2,2-dimethylpropanoic acid (0.053g, 0.52mmol) in SmL
of benzene was microwave heated at 120°C for 3h. After evaporation of the solvent,
the mixture was diluted with 40mL of water and extracted with three 50mL portions of
ethyl acetate. The combined organic extracts were washed with two portions of 40mL
of brine followed by two portions of 40mL of water and dried with anhydrous
magnesium sulfate. After filtration, the solvent is removed at reduced pressure and
crude product was purified by column chromatography to give pure 16 0.078g (97%),
Ry -Value: Hexane/Ethyl acetate (9:1 v/v) = 0.24, "H-NMR (300 MHz, CDCL): § =
0.00 (s, 9H), 0.94 (t, °J =8.37 Hz, 2H), 3.58 (t, °J = 8.16 Hz, 2H), 4.01 (s, 3H), 5.56 (s,
2H), 6.69 (s, 1H), 7.52-7.71 (m, 6H), 7.91 (dd, °J =8.28 Hz, *J = 1.20 Hz, 1H), 8.33 (s,
1H), “C-NMR (75 MHz, CDCl): § = 0.00, 19.30, 53.44, 67.56, 104.84, 114.03,
121.51, 123.27, 125.16, 130.10, 130.14, 131.00, 133.48, 138.67, 146.32, 169.24,

LRMS EI (m/z): [M+] calc’d for C,,H,7NO3S1 381.18, observed 381.20 m/z.
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Synthesis of 2-phenyl-1-[2-(trimethylsilyl)-ethoxymethyl]-indole-6-carboxylic acid

Iy,

SEM

(17)

HOOC

17
A magnetically stirred solution of 2-phenyl-1-[2-(trimethylsilyl)-ethoxymethyl]-
indole-6-carboxylate (0.073g, 0.19mmol) and 50% w/w aqueous sodium hydroxide
(0.030, 0.38mmol) in 6mL of DMSO was stirred for 2h at room temperature. The
mixture was diluted with 40mL of water and extracted with three 60mL portions of
ethyl acetate. The combined organic extracts were washed with two portions of 40mL
of water and dried with anhydrous magnesium sulfate. After filtration, the solvent is
removed at reduced pressure and crude product was purified by column
chromatography to give pure 17 0.063g (90%), Ry -Value: Hexane/Ethyl acetate (7:3
vA) = 0.32, '"H-NMR (300 MHz, CDCls): § = 0.00 (s, 9H), 0.92 (t, >J =8.37 Hz, 2H),
3.60 (t, °J = 8.16 Hz, 2H), 5.57 (s, 2H), 6.67 (s, 1H), 7.52-7.73 (m, 6H), 7.99 (dd, *J
=8.28 Hz, *J = 1.20 Hz, 1H), 8.33 (s, 1H), “C-NMR (75 MHz, CDCL): 6 = 0.01,
19.30, 67.61, 74.32, 104.96, 114.74, 121.59, 123.78, 130.14, 131.00, 133.23, 134.14,
139.02, 147.35, HRMS ESI (m/z): [M+Na] calc’d for C,;H,5NO3Si 390.16, observed

389.96 m/z.
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Synthesis of methyl-5-(2-phenyl-1-[2-(trimethylsilyl)-ethoxymethyl]-indole-6-

carbonyl)thiophen-3-yl)acetate (18)

A magnetically stirred solution of 2-phenyl-1-[2-(trimethylsilyl)-ethoxymethyl]-
indole-6-carboxylicacid (0.560g, 1.52mmol) and oxalyl chloride (0.967g, 7.61mmol)
in 10mL of dry dichloromethane was stirred for 2h at room temperature. The solvent
was removed at reduced pressure, reaction mixture was re-diluted in 10mL of dry THF
and cooled at -78 °C. The cooled reaction mixture is transferred using a canula to a
magnetically stirred solution of methyl-3-thiopheneacetate (0.261g, 1.67mmol) and n-
butyl lithium (0.312g, 5.01mmol) at -78 °C.After stirring the reaction mixture for 2h,
the solvent was removed under reduced pressure and the mixture was diluted with
40mL of water and extracted with three 60mL portions of ethyl acetate. The combined
organic extracts were washed with two portions of 40mL of water and dried with
anhydrous magnesium sulfate. After filtration, the solvent is removed at reduced
pressure and crude product was purified by column chromatography to give pure 18
0.292g (38%). Ry -Value: Hexane/Ethyl acetate (10:1 v/v) = 0.20, "H-NMR (300

MHz, DMSO-dy): § = 0.00 (s, 9H), 0.82 (t, >J =8.37 Hz, 2H), 3.46 (t, °J = 8.16 Hz,
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2H), 3.51 (s, 2H), 4.05 (s, 3H), 5.71 (s, 2H), 7.72 -8.03 (m, 10H), 8.50 (s, 1H),
BC-NMR (75 MHz, DMSO-dg): § = 0.02, 18.55, 53.66, 66.90, 74.18, 105.50, 114.74,
119.17, 123.38, 125.93, 129.70, 129.97, 130.33, 131.04, 131.96, 136.27, 141.04,

168.19
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Synthesis of methyl (2-phenyl-5-(2-phenyl-1-[2-(trimethylsilyl)-ethoxymethyl]-

indole-6-carbonyl)thiophen-3-yl)acetate (19)

o]

A magnetically stirred solution of methyl-5-(2-phenyl-1-[2-(trimethylsilyl)-
ethoxymethyl]-indole-6-carbonyl)thiophen-3-yl)acetate (0.067g, 0.132mmol),
PdCl,(PPhs), (0.009g, 0.013mmol), potassium fluoride (0.0015g, 0.026mmol), AgNO3
(0.0022g, 0.013mmol) in 3mL of iodobenzene and 2mL of DMSO was microwave
heated at 120°C for 3h. After evaporation of the solvent, the mixture was diluted with
40mL of water and extracted with three 60mL portions of ethyl acetate. The combined
organic extracts were washed with two portions of 40mL of brine followed by two
portions of 40mL of water and dried with anhydrous magnesium sulfate. After
filtration, the solvent is removed at reduced pressure and crude product was purified
by column chromatography to give pure 19 0.059g (77%), Ry -Value: Hexane/Ethyl
acetate (9:1 vv) = 0.45, "TH-NMR (300 MHz, CDCL3): § = -0.01 (s, 9H), 0.86 (t, °J
=8.37 Hz, 2H), 2.78 (s, 2H), 3.50 (t, °J = 8.16 Hz, 2H), 3.95 (s, 3H), 5.51 (s, 2H), 6.64
(s, 1H), 6.98 (m, 1H), 7.26-7.65 (m, 11H), 7.86 (dd, >J =8.28 Hz, *J = 1.20 Hz, 1H),
8.28 (s, 1H), *C-NMR (75 MHz, CDClLy): ¢ = -0.01, 17.87, 40.15, 51.94, 66.10,

72.88, 103.41, 112.59, 120.05, 121.83, 125.16, 128.67, 129.56, 129.88, 132.06,
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137.73, 145.11, 168.07, HRMS ESI (m/z): [M+H]" calc’d for C34H3sNO,4SSi 581.21,

observed 582.37 m/z.
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Synthesis of methyl (2-phenyl-5-(2-phenyl-1-H-indole-6-carbonyl)thiophen-3-

yDacetate (20)

A magnetically stirred solution of methyl-(2-phenyl-5-(2-phenyl-1-[2-(trimethylsilyl)-
ethoxymethyl]-indole-6-carbonyl)thiophen-3-yl)acetate (0.160g, 0.275mmol), tetra-n-
butylammoniumfluoride (0.386g, 1.47mmol), DMF (3mL), and ethylenediamine
(1.5mL) was microwave heated at 80 °C for 3h. The mixture was diluted with 40mL
of water and extracted with three 60mL portions of ethyl acetate. The extract was
washed successively with dilute hydrochloric acid (IN) and 10% sodium bicarbonate
solution and after the extract was dried, the solvent was removed in vacuo. The
residue was purified by column chromatography to give pure 20 0.097g (78%), Ry -
Value: Hexane/Ethyl acetate (8:2 v/v) = 0.26, '"H-NMR (300 MHz, CDCL;): 6 = 3.95
(s, 3H), 6.87 (s, 1H), 7.38-7.84 (m, 14H), 8.20 (bs, 1H), *C-NMR (75 MHz, CDCL):
0 = 52.09, 100.14, 112.80, 120.16, 121.40, 125.51, 128.27, 129.16, 131.52, 136.02,
167.94, HRMS ESI (m/z): [M+2H]*" calc’d for C,5H,NO3S 226.77, observed 227.08

m/z
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Spectrum 13. "H-NMR of Compound 20
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Synthesis of methyl 2-(5-(1-(4-(1,3-dioxoisoindolin-2yl)butyl)-2-pheny-1H-indole-

6-carbonyl-2-(3-phenyl)thiophen-3-yl)acetate (21)

To a solution of potassium tert-butoxide (0.018g, 0.16mmol) in 4mL of DMF at 0°C
was added a solution of methyl (2-phenyl-5-(2-phenyl-1-H-indole-6-
carbonyl)thiophen-3-yl)acetate (0.038g, 0.084mmol) in ImL of DMF and the reaction
mixture is stirred for 15min. After stirring for 15mins add a solution of N-(4-
bromobutyl)-phthalimide (0.035g, 0.12mmol) in ImL DMF and stirring is continued
for 10h. The mixture was diluted with 40mL of water and extracted with three SO0mL
portions of ethyl acetate. The combined organic extracts were washed with two
portions of 40mL of water and dried with anhydrous magnesium sulfate. After
filtration, the solvent is removed at reduced pressure and crude product was purified
by column chromatography to give pure 21 0.033g (61%), Ry -Value: Hexane/Ethyl
acetate (8:2 v/v) = 0.20, "TH-NMR (300 MHz, CDCl3): 6 = 1.48 (m, 2H), 1.69 (m,
2H), 3.49 (t,°J = 6.8 Hz, 2H), 3.95 (s, 3H) 4.28 (t, °J = 7.0 Hz, 2H), 6.54 (s, 1H),
7.43-7.81 (m, 17H), 8.11 (s, 1H), ®C-NMR (300 MHz, CDCly): ¢ = 22.57, 27.23,
37.15, 43.38, 51.97, 102.83, 112.25, 120.09, 121.02, 123.06, 123.24, 128.52, 128.69,
129.30, 131.88, 131.96, 132.45, 133.95, 136.61, 144.54, 168.20, 168.29, HRMS ESI

(m/z): [M+H]" calc’d for C40H3,05N»S 652.76, observed 653.24 m/z
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AcOH
AgOAc
bs
BoNTA
BoNT
n-Buli
Bz

CDCl;
((CD3),CO)
CO,Me
Cu(OAc)
Cu(OTH),
PC-NMR
DMSO-ds
DMF
DMSO

d

dd

EtOAc
FG
GC/MS

"H-.NMR

Appendix I: Common Abbreviation and Symbols

acetic acid

silver acetate

broad singlet

botulinum nerurotoxic inhibitor A
botulinum nerurotoxic inhibitor
n-butyllithium

benzyl

deuterated chloroform

deuterated acetone

carboxylate group

copper acetate

copper triflate

carbon nuclear magnetic resonance
deuterated dimethylsulfoxide
dimethylformamide
dimethylsulfoxide

doublet

doublet of doublets

ethylacetate

functional group

gas chromatography/ mass spectrometry

proton nuclear magnetic resonance
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HRMS ESI
LRMS EI
MOM

Me

MW

MHz

MeO

NaOH
NPhth
Pd(OAc),
PivOH
PhH

Phl

SEM

SEMCI

TBAF
TLC
TMS

Tos

high resolution mass spectrum electrospray ionization
low resolution mass spectrum electron impact
methoxymethyl

methyl

microwave

megahertz

methoxy

multiplet

sodiumhydroxide

phthalimide

palladium acetate

pivalic acid

benzene

iodobenzene

retention factor

singlet

(trimethylsilyl)ethoxy methyl
(trimethylsilyl)ethoxy methyl chloride
triplet

tetra-n-butylammoniumfluoride

thin layer chromatography
trimethylsilane

tosyl
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