
 

 

 
 
 
 
 
 
 
 

ABSTRACT 
 

Tridentate Nitrogen Ligands Derived from 2,6-bis-Hydrazinopyridine (BHP):  
Preparation and Study of the 2,6-bis-Hydrazonopyridines, 2,6-bis-Pyrazolylpyridines, 

and 2,6-bis-Indazolylpyridines. 
 

Nathan C. Duncan, Ph.D. 
 

Mentor: Charles M. Garner, Ph.D. 
 
 

 The development of ligands for asymmetric catalysis has been a focal point in our 

research group.  Tridentate nitrogen ligands have been used in a variety of asymmetric 

catalytic reactions.  Of these, the 2,6-bis-pyrazolylpyridine class of ligands has found 

only limited use, due to difficulties in the normal synthetic route that limit the synthesis 

of ligands with bulky chiral groups attached to the pyrazole rings.  The chiral derivatives 

that have been used in catalysis have shown modest to poor results, due in part to 

limitations in the synthesis of these ligands that prevent the development of bulky, chiral 

ligands.   

A new synthetic route has been developed using 2,6-bis-hydrazinopyridine 

(BHP).  This route allows for a facile, one-pot synthesis of 2,6-bis-pyrazolylpyridines 

that is not limited by the bulkiness of the groups that become attached to the pyrazole 

ring.  The primary focus of this research has been the development of new chiral 2,6-bis-

pyrazolylpyridines and an investigation into the limitations of steric bulk on chelation 

ability in this class of ligands.  For this purpose, several novel chiral ligands have been 



 

 

synthesized.  The effect of sterics and electronics on the regioselectivity of the formation 

of the pyrazole ring was also studied in order to develop more regioselective routes to 

this class of ligands.  The new bulky pyrazolylpyridine ligands that have been 

synthesized using this route have also been tested for the ability to sucessfully coordinate 

a transition metal.  This study lead to a better understanding of the limitations the size of 

the substitutents attached to pyrazole ring have on the ligands’ ability to chelate metals. 

While BHP was developed primarily for the synthesis of the 2,6-bis-

pyrazolylpyridine class of ligands, its use has now been expanded to the synthesis of 

other classes of tridentate-nitrogen ligands, many of which would be diffiuclt or 

impossible to synthesize through any other route.  Using this new methodolgy, the 

syntheses of two novel classes of ligands, each with unique properties, the 2,6-bis-

hydrazonopyridines and 2,6-bis-indazolylpyridines, have now been accomplished.  The 

previously unknown 2,6-bis-indazolylpyridine class of ligands is offers the possibility to 

synthesize more robust catalysts than is possible using the bis-pyrazole ligands because 

of the electronic nature of the indazole ring. 

  



Page bearing signatures is kept on file in the Graduate School. 

Tridentate Nitrogen Ligands Derived from 2,6-bis-Hydrazinopyridine (BHP):  
Preparation and Study of the 2,6-bis-Hydrazonopyridines, 2,6-bis-Pyrazolylpyridines, 

and 2,6-bis-Indazolylpyridines. 
 

by 
 

Nathan C. Duncan, B.S. 
 

A Dissertation 
 

Approved by the Department of Chemistry and Biochemistry 
 

___________________________________ 
David E. Pennington, Interim Chairperson 

 
Submitted to the Graduate Faculty of  

Baylor University in Partial Fulfillment of the  
Requirements for the Degree 

of 
Doctor of Philosophy 

 
 

 
Approved by the Dissertation Committee 

 
___________________________________ 

Charles M. Garner, Ph.D., Chairperson 
 

___________________________________ 
Kevin G. Pinney, Ph.D. 

 
___________________________________ 

Robert R. Kane, Ph.D. 
 

___________________________________ 
Kevin K. Klausmeyer, Ph.D. 

 
___________________________________ 

Gerald B. Cleaver, Ph.D. 
 
 

Accepted by the Graduate School 
May 2009 

 
___________________________________ 

J. Larry Lyon, Ph.D., Dean 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © 2009 Nathan Duncan 
 

All rights reserved 



 

iii 

 
 
 

TABLE OF CONTENTS 
 
 
LIST OF FIGURES v 

 
LIST OF TABLES vii 

 
LIST OF SCHEMES viii 

 
LIST OF ABBREVIATIONS xii 

 
ACKNOWLEDGMENTS xv 
 
CHAPTER ONE:  Introduction 1 

 
Background 1 

 
Chirality 2 
 
Asymmetric synthesis and catalysis 12 
 
Tridentate nitrogen ligands and their use in catalysis 23 

 
CHAPTER TWO:  2,6-bis-Hydrazonopyridines 32 

 
Introduction 32 
 
Synthesis of 2,6-bis-hydrazonopyridines 33 
 
Discussion and conclusions 37 

 
CHAPTER THREE:  2,6-bis-Hydrazinopyridine and 2,6-bis-(3’,5’-

Diphenylpyrazolyl)pyridine Ligand Studies 42 
 
Introduction 42 
 
Synthesis of metal complexes of 1, 5, and 6 43 

 
Discussion 47 

 
 



 

iv 

 

CHAPTER FOUR:  Electronic Effects in the Reaction 1,3-Diaryl-1,3-Diketones  
 with 2-Hydrazinopyridine and 2,6-bis-Hydrazinopyridine 53 

 
Introduction 53 
 
Background 54 
 
Synthesis of para-substituted dibenzolylmethanes 58 
 
Reactions with 2-hydrazinopyridine 59 
 
Reactions with 2,6-bis-hydrazinopyridine 62 
 
Conclusions 66 

 
CHAPTER FIVE: Synthesis of Chiral 2,6-bis-Pyrazolylpyridines 67 

 
Synthesis of chiral 2,6-bis-pyrazolylpyridines 67 

 
CHAPTER SIX: 2,6-bis-indazolylpyridines 87 

 
Introduction 87 
 
Synthesis of 2,6-bis-indazolylpyridines 90 

 
CHAPTER SEVEN: Materials and Methods 97 

 
General section 97 
 
Synthesis of 2,6-bis-hydrazonopyridines 98 
 
Synthesis of metal complexes of 6 101 
 
Electronic effects in the regioselectivity of pyrazole formation: 103 
 
Synthesis of chiral 2,6-bis-pyrazolylpyridines 108 
 
Synthesis of 2,6-bis-indazolylpyridines: 131 

 
APPENDICES: 135 

 
Appendix A: Selected NMR Spectra 136 
 



 

v 

Appendix B: Selected X-ray structures  221 
 
REFERENCES: 233 

 
 
 

LIST OF FIGURES 
 
 
Figure 1.1.  Nonsuperimposable mirror images. 3 

 
Figure 1.2.  Stereoisomers of tartaric acid. 4 

 
Figure 1.3.  Enantiomeric pairs of pharmaceutical drugs. 5 

 
Figure 1.4.  A chiral crown ether used for resolution of ammonium salts 10 

 
Figure 1.5.  β-cyclodextrin. 10 

 
Figure 1.6.  Proposed active species in Sharpless-Kastuki asymmetric epoxidation. 19 

 
Figure 1.7.  Example of a Chinchoa alkaloid used in the Sharpless asymmetric…. 21 

 
Figure 1.8.  Metal center chirality. 23 

 
Figure 1.9  Pyridine-bis(oxazoline) (Pybox) ligand. 24 

 
Figure 1.10  2,2’:6,2”-terpyridine (terpy). 24 

 
Figure 1.11.  2,6-bis-pyrazolylpyridine. 25 

 
Figure 1.12.  Chiral pyrazolylpyridine used in asymmetric cyclopropanation. 26 

 
Figure 1.13.  Chiral pyrazolylpyridine used in asymmetric epoxidation. 27 

 
Figure 1.14.  Ruthenium pyrazolylpyridine hydrogenation catalyst. 28 

 
Figure 1.15.  Iron and cobalt pyrazolylpyridine olefin polymerization catalysts. 28 

 
Figure 3.1.  X-ray structure of BHP-cobalt complex. 45 

 
Figure 3.2.  X-ray structure of 6-CuCl2. 48 

 
Figure 3.3.  Partial X-ray structure of the iron (II) complex of 6. 49 

 



 

vi 

Figure 3.4.  X-ray structure of 6-RhCl3. 50 
 

Figure 3.5.  Portion of X-ray structure of the palladium (II) complex of 6. 51 
 

Figure 4.1.  Log (9/10) vs ∆σp
+ 62 

 
Figure 4.2.  Log (inherent selectivity) vs ∆σp

+ for the reactions of 8a-h with 1 65 
 

Figure 4.3.  Combined plot for the reactions of 8a-h with 2-hyrdazinopyridine and… 66 
 

Figure 5.1.  X-ray structure of cobalt (II) complex of 26. 77 
 

Figure 5.2.  X-ray structure of β-pinene 3-carboxylic acid (34). 80 



 

vii 

 
 
 

LIST OF TABLES  
 
 
Table 3.1.  Summary of chelation observations with 5 and 6. 47 

 
Table 4.1.  Designation of compounds a-h. 59 

 
Table 4.2.  Product ratios obtained from the reaction of 8a-h with 2-hydrazino... 61 

 
Table 4.3.  Product ratios obtained from the reaction of 8a-h with 1. 64 

 
  



 

viii 

 
 
 

LIST OF SCHEMES 
 
 
Scheme 1.1.  Synthesis of diisopinocamphyl borane from (+)-α-pinene.   13 
 
Scheme 1.2.  Asymmetric cyclopropanation using a chiral Cu (II) complex. 15 
 
Scheme 1.3.  Stoichiometric asymmetric reduction of acetophenone.  16 
 
Scheme 1.4.  Synthesis of chiral oxazaborolidine used in the CBS reduction. 16 
 
Scheme 1.5.  Catalytic CBS reduction of acetophenone.    17 
 
Scheme 1.6.  Catalytic CBS reduction of acetophenone using methyl... . 17 
 
Scheme 1.7.  Mechanism of the CBS reduction.     18 
 
Scheme 1.8.  Sharpless-Katsuki asymmetric epoxidation.    19 
 
Scheme 1.9.  Mechanism of the Sharpless-Katsuki asymmetric epoxidation… 20 
 
Scheme 1.10.  Mechanism of the Sharpless asymmetric dihydroxylation reaction. 22 
 
Scheme 1.10.  Synthesis of 2,6-bis-pyrazolylpyridines through the nucleophilic… 25 
 
Scheme 1.12.  Synthesis of 2,6-bis-pyrazolylpyridines from BHP.   29 
 
Scheme 1.13.  Synthesis of BHP.       30 
 
Scheme 1.14.  Transformations possible using BHP     31 
 
Scheme 2.1.  Synthesis of 2,6-bis-iminopyridine ligands.    32 
 
Scheme 2.2.  Synthesis of 2,6-bis-hydrazonopyridine ligands.   32 
 
Scheme 2.3.  Synthesis of 2, 6-bis-(alkyl)hydrazinopyridines.   33 
 
Scheme 2.4.  Attempted synthesis of 2,6-bis-hydrazonopyridines   34 
 
Scheme 2.5.  Attempted trapping of 2,6-bis-hydrazopyridines by in situ reduction. 35 
 
Scheme 2.6.  Synthesis of bis-hydrazones from 2-halo-benzaldehydes.  36 



 

ix 

 
Scheme 2.7.  Synthesis of bis-hydrazone from 2-bromoacetophenone  36 
 
Scheme 2.8.  Syntheses of bis-hydrazones from chiral ketones   37 
 
Scheme 2.9.  Possible mechanism for hydrazone formation from ketones… 38 
 
Scheme 3.1.  Synthesis of BHP-based aza-crown ether.    42 
 
Scheme 3.2.  Synthesis of ligands       43 
 
Scheme 3.3.  Possible mode of reduction of copper by BHP.   45 
 
Scheme 3.4.  Synthesis of metal-complexes of tetraphenyl ligand 6.  46 
 
Scheme 3.5.  Hydrolysis of metal-complexes of 6.     47 
 
Scheme 4.1.  The Paul-Knorr pyrazole synthesis.     53 
 
Scheme 4.2.  General mechanism of pyrazole formation.    54 
 
Scheme 4.3.  Enol-keto tautomerization in 1,3-diketones.    54 
 
Scheme 4.4.  Enol-keto tautomerization in substituted dibenzoylmethanes.  55 
 
Scheme 4.5.  Representation of dibenzoylmethanes using the RAHB model. 56 
 
Scheme 4.6.  Synthesis of diketones 8a-h.      59 
 
Scheme 4.7.  Reaction of 8a-h with 2-hydrazinopyridine.    60 
 
Scheme 4.8.  Reaction of diketones 8a-h with 1.     63 
 
Scheme 5.1.  Proposed synthesis of chiral dibenzoylmethane derivatives.  68 
 
Scheme 5.2.  Synthesis of 14 from 6.       68 
 
Scheme 5.3.  Synthetic route to “tethered”pyrazolyl pyridines.   69 
 
Scheme 5.4.  Synthesis of cycloheptanone derivative from bibenzylcarboxylic … 70 
 
Scheme 5.5.  Synthesis of chiral pyrazolyl pyridine 15.    71 
 
Scheme 5.6.  Synthesis of chiral diketone 16.     72 
 



 

x 

Scheme 5.7.  Synthesis of chiral pyrazolyl pyridine 17 from 1 and 16.  72 
 
Scheme 5.8.  Palladium/copper catalyzed synthesis of alkynone 18.   73 
 
Scheme 5.9.  Synthesis of 17 from alkynone 18 and 1.    73 
 
Scheme 5.10.  Synthesis of alkyne 20 from campholic acid.    73 
 
Scheme 5.11.  Synthesis of alkynone 21 from 20 and benzoyl chloride.  74 
 
Scheme 5.12.  Synthesis of myrtenoyl chloride (22) from (-)-myrtenal.  74 
 
Scheme 5.13.  Synthesis of enyne 23 from (-)-myrtenal.    75 
 
Scheme 5.14.  Synthesis of alkynone 24 from 22 and 23.    75 
 
Scheme 5.15.  Four possible initial addition from 1 to 24 leading to complex… 76 
 
Scheme 5.16.  Synthesis of 3-benzoylnopinone (25).     76 
 
Scheme 5.17.  Synthesis of chiral pyrazolylpyridine 26 from 25.   76 
 
Scheme 5.18.  Synthesis of myrtenal derivatives 27 and 28.    78 
 
Scheme 5.19.  Reaction of 27 and 28 with organocuprates    79 
 
Scheme 5.20.  Synthesis of myrtanal (31) and myrtanoic acid (32).   79 
 
Scheme 5.21.  Formation of pinyl Grignard and reaction with electrophiles. 80 
 
Scheme 5.22.  Synthesis of carboxylic acid 34.     80 
 
Scheme 5.23.  Synthesis of methyl ketone 35.     81 
 
Scheme 5.24.  Isomerization of 34 to 36 and 35 to 37 on silica gel.   81 
 
Scheme 5.25.  Reaction of pinyl Grignard to form 38, 39, and 40.   82 
 
Scheme 5.26.  Reaction of pinyl Grignard to form 41.    82 
 
Scheme 5.27.  Reactions of 39 and 40 to form carboxylic acids as 1,3-diketone… 83 
 
Scheme 5.28.  Synthesis of 47 and 48 from 46.     84 
 
Scheme 5.29.  Attempted synthesis of a chiral 1,3-diketone from 47 and 49. 84 



 

xi 

 
Scheme 5.30.  Synthesis of 50, 51, and 52 from (-)-menthol.   85 
 
Scheme 5.31.  Synthesis of 1,3-diketone 53 from 51 and 52.    86 
 
Scheme 5.32.  Attempted synthesis of chiral bis-pyrazolylpyridine from 53. 86 
 
Scheme 6.1.  General synthesis of indazoles.      87 
 
Scheme 6.2.  Proposed mechanism of indazole formation in excess hydrazine… 88 
 
Scheme 6.3.  Hydrazone isomer consideration in indazole synthesis.  89 
 
Scheme 6.4.  Synthesis of 2,6-bis-indazolylpyridine by nucleophilic aromatic… 90 
 
Scheme 6.5.  Attempted synthesis of 2,6-bis-indazolylpyridine (54) from 2. 91 
 
Scheme 6.6.  Synthesis of 2,6-bis-indazolylpyridine (54) by FeCl3 catalysis. 92 
 
Scheme 6.7.  Synthesisof 2,6-bis-indazolylpyridine (54) using CuI catalysis. 93 
 
Scheme 6.8.  Synthesis of 2,6-bis-(3’methyl)indazolylpyridine (55)   94 
 
Scheme 6.9.  Synthesis of 56 by the reaction of pinyl Grignard with…  94 
 
Scheme 6.10.  Oxidation of 56 to ketones 57 and 58.    95 
 
Scheme 6.11.  Synthesis of ketone 60 from menthylmagnesium chloride.  95 
 
Scheme 6.12.  Preparation of 2-bromophenylmagnesium chloride.   96 
 
Scheme 6.13.  Reaction of 2-bromophenylmagnesium chloride with myrtenal. 96 
 
Scheme 6.14.  Proposed synthesis of chiral 2,6-bis-indazolylpyridines.  96 
  



 

xii 

 
 
 

LIST OF ABBREVIATIONS 
 
 

Å    angstroms 

Ac    acetyl 

BHP    2,6-bis-hydrazinopyridine 

nBu    normal butyl 

tBu    tertiary butyl 

Cat.    catalytic 

De    diastereomeric excess 

DME    dimethoxyethane 

DMEDA   N,N’-dimethylethylenediamine 

DMF    N,N-dimethyl formamide 

DMS    dimethyl sulfide 

DMSO   dimethylsulfoxide 

ee    enantiomeric excess 

et    ethyl 

Et2O    diethyl ether 

EtOAc   ethyl acetate 

EDG    electron donating group 

EWG    electron withdrawing group 

g    grams 

GC    gas chromatography 



 

xiii 

GC/MS   gas chromatography/mass spectroscopy 

h    hours 

L     liters 

LDA     lithium diisopropylamide 

M     molarity (mol/L) 

m     moles 

Me     methyl  

Me2N     dimethylamino  

MS     mass spectroscopy 

NBS     N-bromosuccimide 

NMP     N-methylpyrollidinone 

NMR     nuclear magnetic resonance 

OMe     methoxy 

ON    overnight 

PCC    pyridinium chlorochromate 

PDC    pyridinium dichromate 

ppm    parts per million 

Ph    phenyl 

RAHB   resonance assisted hydrogen bonding 

Rf    retention factor 

RT    room temperature 

rt    retention time 

TEA    triethylamine 



 

xiv 

THF    tetrahydrofuran 

TLC    thin layer chromatography 

TMEDA   N,N, N’,N’-tetramethylethylenediamine 

TMP    tetramethyl piperidine 

TFA    trifluoroacetic acid 

TsOH   toluene sulfonic acid 

  



 

xv 

 
 
 

ACKNOWLEDGMENTS 
 
 

I would like to express extreme gratitude to my advisor, Dr. Charles Garner, for 

his invaluable encouragement, supervision and useful suggestions throughout this 

research work. His moral support and continuous guidance enabled me to complete my 

work successfully. I am also profoundly thankful to the members of my committee, Drs. 

Gerald Cleaver, Bob Kane, Kevin Klausmeyer, and Kevin Pinney, for their time, insight, 

and indispensable ideas throughout this study.  

 
I am grateful for the funding of the Welch Foundation, allowing me to investigate 

and complete my research with priceless outcomes.  Grant AA-1395 has allowed me to 

focus on my research as a research assisant, and also has provided some funds to allow 

me to travel to conferences. 

 
I also would like to convey sincere appreciation to all the members of the Baylor 

Chemistry Department who have contributed to this project along the way. First and 

foremost, my group members and undergraduate researchers, Henry Fisher, Sheree Allen, 

Eric Bauch, Tiffany Turner Hayden, Nelson Van Der Velde, Tim Nguyen, Adam Gann, 

and Harry Shen. Additionally, this research would not have been possible without the 

assistance of key members of Baylor University: Cody Carson and Fernando Hung for 

determining the X-ray structures of many of my compounds, and Dr. Kevin Chambliss 

for his support and encouragement during my search for a Post-Doc position. 

 



 

xvi 

I am especially indebted to my wife, Katie, for her love, support, and 

understanding through the past five years.  I also wish to thank my family: my parents, 

Dr. & Mrs. Sam Duncan, and my sister, Kathleen Duncan, for their encouragement and 

constant assistance during my study.  I am also thankful to my Junior and High School 

Chemistry instructor, Mrs. Lynn Millikan, who is responsible for my love of the science, 

and author of the profound beliefs that guided me about the direction of my thesis from 

the beginning.  

 
 



 

1 

 
 
 

CHAPTER ONE 
 

Introduction 
 
 

Background 

 
Chirality plays an important role in the investigation of living systems and the 

development of new technology.  Because many important biological processes rely on 

chiral interactions, each enantiomer of a substance may have drastically different 

biological effects.1  These effects may be as simple as different odors in the enantiomers 

of essential oils from plants, or as severe as the differing toxicities of the different 

enantiomers of certain pesticides to some aquatic organisms.2  Even on the most basic 

level, life as we know it depends on chiral molecules.  All of the sugars found in nature 

are of one stereoisomer.  Virtually all of the chiral amino acids that are found in proteins 

are of one enantiomer, thus the proteins and enzymes that they make up are chiral.  The 

overall shape an enzyme folds into is vital to its function.   DNA can exist as either the 

right-handed or left-handed helix, as dictated by the chiral sugar backbone.   Since 

chirality is practically everywhere in biological systems, it is not surprising that careful 

consideration is necessary in the pharmaceutical industry when synthesizing chiral drugs. 

Chirality is also important in certain non-biological systems, such as the 

development of charge-transfer compounds for use in light emission or absorption in 

electronic components.  In nonlinear optical materials, for instance, nonlinear optical 

effects are usually observed only when using a material that is noncentrosymmetric 

(asymmetric).  Molecular chirality is one way to add the necessary element of asymmetry 
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to the crystal structure of these compounds.  This has been demonstrated using synthetic 

materials such as helicenes, or derivatives of naturally occurring chiral compounds such 

as sugars and amino acids.  Asymmetry in the crystals allows for the transfer of energy in 

the form of excited electrons to occur by preventing the molecules from arranging in a 

manner that would cancel out the individual dipole moments of molecules and quench 

fluorescence.3,4 

Obtaining one specific enantiomer of a substance is an important task, and there 

are two basic ways to accomplish this: separate one desired enantiomer away from the 

undesired one, or synthesize only the desired one.  Usually, it is much more efficient if 

only the desired enantiomer is synthesized, and this is the way biological systems usually 

behave.  Asymmetric catalysis is a very important way to synthetically create one 

enantiomer of a particular substance.  Since many organic reactions can be catalyzed 

using transition metal complexes, the use of chiral ligands allows for the creation of a 

chiral environment for the reaction to take place, and thus impact the optical purity of the 

product.  Chiral compounds may contain many chiral centers, such as are found in many 

natural products, and the total synthesis of natural products relies on being able to form 

the chiral centers effectively and in the right configuration.5   

 
Chirality 

Chirality, or “handedness”, is a property of a molecule’s orientation in three-

dimensional space.  If a molecule is chiral and non-racemic, it is said to be optically 

active and it will rotate plane polarized light.  This property, called optically activity, is 

exclusive to chiral compounds or chiral arrangements of molecules in a substance.   In 

general, for a molecule to be chiral, it must contain at least one chiral center.  Most 
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commonly in organic molecules, this will be a compound that contains a tetrahedral 

carbon with four different groups attached to it.  This element of asymmetry gives the 

compound its properties as a chiral molecule.  This molecule is non-superimposable on 

its mirror image in three dimensional space.  (Figure 1.1) A chiral compound and its 

mirror image are called enantiomers.  Pure enantiomers will each rotate plane polarized 

light to the same degree but in opposite directions.  When the rotation is clockwise, this 

rotation is defined as (+) or dextro, and counter-clockwise rotation is defined as (-) or 

levo.  In a mixture that is racemic (containing an equal amount of two enantiomers), no 

rotation of plane polarized light is observed because the rotation of each enantiomer 

cancels the other out.  Enantiomers are otherwise identical in physical properties such as 

melting point, boiling point, infrared and UV-vis spectra, NMR, etc.  In most chemical 

reactions, enantiomers behave identically, with the exception of reactions with other 

chiral molecules.  In fact, unless the molecule is placed in a chiral environment, the 

properties of each enantiomer are identical.5   

 

 
Figure 1.1. Nonsuperimposable mirror images. 
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 In molecules that have multiple chiral centers, each individual chiral center is 

independently assigned as R or S by the Cahn-Ingold-Prelog system.  In a molecule with 

two chiral centers, since each chiral center can be R or S, there are a total of four possible 

stereoisomers.  When considering one specific stereoisomer, only one of the other three 

can be its mirror image and so only one is the enantiomer.  The other two are non-mirror 

image stereoisomers which are also called diastereomers.  A compound containing two 

or more chiral centers but also containing an internal plane of symmetry is achiral and 

optically inactive.  This diastereomer is called a meso compound.  One example of this is 

the three stereoisomers of tartartic acid.  (Figure 1.2)5   

 

 

Figure 1.2. Stereoisomers of tartaric acid. 
 
 

Since living systems depend on chirality for function and molecular recognition, 

different enantiomers of a compound can have drastically different biological effects. 

This effect is seen in drug discovery and development where not only the choice of 

enantiomer but also the optical purity of a compound can affect the viability of a new 

drug candidate.   One example is the non-steriodal anti-inflammatory drug (NSAID) 

naproxen, commonly known under the Aleve brand name.  While the S-(+) enantiomer is 

a potent COX inhibitor and thus useful for treating pain and inflammation, the R-(-) 

enantiomer demonstrates very little COX inhibition and much higher liver toxicity.6  

While naproxen is administered as an optically pure substance, ibuprofen, another 
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common drug of this class, is administered as a racemic mixture and the liver converts 

the less effective R-(-) enantiomer to the useful S-(+) enatiomer.7   

 

 

Figure 1.3. Enantiomeric pairs of pharmaceutical drugs. 

 
The antibiotic ethambutol has two stereogenic centers, and while the S,S 

enantiomer is potent and useful for the treatment of tuberculosis, the R,R-enantiomer 

causes blindness.8  One of the most notorious drugs, thalidomide, was administered as a 

racemic mixture for the treatment of morning sickness in pregnant women.  While the R-

enantiomer demonstrated the desired properties, the S-enantiomer is a potent tetratogen 
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and thus was responsible for the many birth defects caused by this drugs use (Figure 1.3).  

These examples demonstrate the need for considering chirality in drug discovery and the 

need to be able to efficiently obtain the desired enantiomer a single mirror image.6  

 
Optical Purity  

 

 While living organisms are extremely efficient in enantioselective synthesis, 

standard laboratory conditions produce racemates.  Thus, in order to obtain one 

enantiomer of a specific substance, there either needs to be a way to separate the 

enantiomers of a racemate and only get a 50% maximum yield, or the reaction conditions 

need to be such that one enantiomer is formed preferentially over the other.  The former 

is referred to as resolution and the latter as asymmetric synthesis.5 

Therefore, it is important to be able to quantitatively ascertain the optical purity of 

a substance.  For instance, if a drug is approved for use as one pure enantiomer, then 

there must be analytical techniques to prove not only the chemical purity of the 

substance, but also the optical purity.  Several different analytical techniques are 

available which allow the optical purity of a substance to be determined.  Some of these 

techniques physically separate the two enantiomers and others do not.5 

The traditional measure of optical purity was based on the measurement of the 

optical rotation.  Since enantiomers will rotate plane polarized light to a specific degree, 

and each enantiomer will have an optical rotation of equal magnitude but opposite 

direction, this is a useful technique for the crude determination of optical purity.  Optical 

purity is expressed in terms of enantiomeric excess or % ee.  Enantiomeric excess is 

defined as the percent excess of one enantiomer over the racemate.  Therefore a mixture 

that contains 75% one enantiomer and 25% of the other is said to have a 50% ee.  This 
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can be measured directly by optical rotation, designated as [α], only if a pure sample of 

an enantiomer is available whose observed rotation that is defined as [α]o.  By dividing 

the observed rotation for a sample ([α]obs) by the [α]o, the optical purity can be 

determined such that:5 

 

 The main drawback to this technique is that in order to have valid data, the [α]o  

must be accurately known for the compound being studied.  The observed rotation of a 

can be concentration dependent.  Thus, a sample that is enantiomerically pure may have 

an observed rotation at certain concentration that is not equal to a reported value for [α]o.  

It has also been shown that some non-racemic mixtures of two enantiomers do not follow 

change in observed rotation that is linear to the relative proportions of each individual 

enantiomer.  This observation by Horeau became known as the Horeau effect.9  In 

addition, it has also been shown that other non-chiral impurities in a sample can affect the 

observed rotation, such as the addition of acetophenone to samples of 1-

phenylethanol.10,11   

Therefore, other techniques must be used in order to determine the optical purity 

of a substance in order to validate the optical rotation.  Chiral chromatography is the most 

useful method for this determination.   Because chiral chromatography physically 

separates the enantiomers from each other and then detects them individually, it is 

possible to get an extremely accurate measurement of the quantity of each enantiomer in 

a mixture. This process is usually limited to very small quantities, making this a much 

more useful analytical technique, but not a widely used preparatory technique.  In order 

to accomplish chiral chromatography, chiral molecules are incorporated into a stationary 
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phase of a column for either gas or liquid chromatography.  These molecules interact 

differently with each enantiomer of a chiral substance, and thus the two enantiomers are 

separated on the column.  This technique is useful for determining the enantiomeric 

purity of a chiral compound, especially when the absolute optical rotation is not 

known.5,12 

Another technique which allows for the analytical resolution of enantiomers, but 

not the physical separation of the two is using chiral shift reagents in NMR spectroscopy.  

In this method, a chiral ligand lanthanide complex is added to an NMR sample of a non-

optically pure substance.  Lanthanides are known to change the chemical shift of 

compounds that form coordinate bonds to them such as alcohols, carbonyl groups, 

amines, etc.  If the lanthanide complex used contains an enantiopure chiral ligand, this 

complex can shift the peaks of two enantiomers of a substance to a different degree, thus 

allowing the enantiopurity of a mixture of enantiomers to be determined.5,13 

 

Chiral Resolution 

 

Aside from chiral chromatography, which may be used preparatively as well as 

analytically, there are other ways of separating the enantiomers of chiral compound.  The 

first is by mechanical separation.  This method was first described by Louis Pasteur in his 

studies on the different crystalline form of tartaric acid.  He found that the different 

enantiomers of a racemic mixture of sodium ammonium tartrate crystallized separately 

and formed non-superimposable crystals which could be separated from each other with 

tweezers.  While this method is effective for this particular racemic mixture, it is a 

tedious process and a rare case because the vast majority of racemates do not behave in 

this fashion.5   
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 The second and most common method for chiral resolution is by the formation of 

diastereomers.  While enantiomers have all of the same physical properties, such as 

melting point and boiling point, etc., diastereomers do not.  Thus, the separation of 

diastereomers is much more easily accomplished, typically by chromatography or 

recrystallization.  One of the most common chiral resolutions is the resolution of a 

racemic carboxylic acid with an optically active amine base or the resolution of a racemic 

amine base with an optically active carboxylic acid.  This process uses simple acid-base 

chemistry and allows the formation of two diastereomers of conjugate acid/base salts.  

These diastereomers are usually separated by fractional recrystallization, and since the 

chemistry is easily reversible, allows for the recovery of the optically purified enantiomer 

from the racemate as well as recovery of the resolving agent.   This process has also been 

applied to forming diastereomers from racemic alcohols by conversion to esters, and 

many other conversions.  When resolving large amounts of a compound, this method is 

usually the most preferred.5,14  

 Similar to chromatography and the formation of diastereomers for chiral 

resolution is the use of chiral recognition agents.  In this process, a chiral host molecule is 

used that preferentially binds with one enantiomer of the racemic guest molecules.   One 

example is the use of a chiral crown ether to separate a racemic ammonium salt using a 

liquid-liquid extraction technique.  While the crown ether can form a host-guest complex 

with either enantiomer, one complex usually has a lower thermodynamic energy and thus 

at equilibrium one enantiomer is significantly enriched over the other.  This process is 

useful in that the chemistry involved is reversible and both the chiral host and the 

enriched enantiomer of the guest molecule are able to be recovered.5,15 (Figure 1.4)  
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Figure 1.4. A chiral crown ether used for resolution of ammonium salts. 
 
 

Another chiral host which has found wide use in chromatography separations are 

the cyclodextrins.  These glucose macrocycles have a specifically shaped cage which is 

chiral on the inside due to the chiral centers on the individual glucose monomers.  The 

cavity will interact with each enantiomer of a chiral compound differently, thus allowing 

for the resolution of two enantiomers.  Since no chemical bonds are broken or formed in 

this process, it is reversible and allows for the reuse of the host molecules for subsequent 

separations.  Our group has been focusing on the development of modified cyclodextrin 

molecules with higher thermal stability for use in capillary GC columns to expand the 

growing field of chiral chromatography.5,16 (Figure 1.5) 
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Figure 1.5. β-cyclodextrin 
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 Some of the other techniques for chiral resolution are based on the different 

enantiomers reacting at a different rate with a chiral reagent.  This process is called 

kinetic resolution and often results in the preferential destruction/conversion of one of the 

enantiomers over the other.  This process may be carried out biochemically, where a 

bacterium digests one of the enantiomers of a substrate but not the other, or sometimes by 

the use of a particular enzyme instead of an entire living organism.  Synthetically, certain 

chiral catalysts will react with one enantiomer of a substrate over another, resulting in the 

conversion of one to a new compound which can be separated using achiral techniques.  

In these situations, the other enantiomer is either destroyed or not used.5,17 

 It is possible, however, under certain circumstances to interconvert one 

enantiomer to the other.  This process is dependent on the use of a chiral auxiliary that 

has a specific interactation with one enantiomer of a racemic mixture that allows it be 

selectively epimerized.  If this process is very highly favored for one enantiomer and not 

for the other, over time the concentration of the less reactive enantiomer is increased, and 

the more reactive enantiomer is used up.  In order for this to occur, the two enantiomers 

must interact differently with the chiral auxiliary and they must be able to be 

interconverted under the experimental conditions.  The major drawback to this method is 

that in order to even consider it, the chiral center to be converted must be epimerizable.  

If an epimerizable chiral compound is used, such as one with a chiral center that is α to a 

carbonyl and enolizable, then an appropriate chiral auxillary must be chosen that will 

have a specific interaction with one enantiomer of the racemate that allows epimerization, 

and a specific interaction with the other that prevents epimerization.  The process of 
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sorting these variables is usually more difficult than using one of the other previously 

mentioned methods.5,18,19 

 Of the different methods of chiral resolution available, chiral chromatography and 

related host/guest interactions are among the most powerful because they allow for the 

separation of enantiomers without chemical modification of either.  Thus, no 

diastereomers have to be formed that then need to be later reconverted back to initial 

compound.5 

 

Asymmetric Synthesis and Catalysis 

 

 

Asymmetric Ssynthesis   

Aside from being able to separate enantiomers of a given substance, it would be 

preferable in synthesis to selectively synthesize one enantiomer of a given compound 

rather than to rely on resolution techniques to separate two enantiomers.  While chiral 

resolution is useful and has its place, it often means the loss of at least 50% of a given 

material, and in the synthesis of a compound with multiple chiral center-forming steps, 

this would cause a massive waste of undesirable enantiomers/diastereomers to be formed 

and separated.  Thus, it is important for chemists to be able to selectively form a desired 

enantiomer of a compound.  The field of asymmetric synthesis has exploded in the last 25 

years due largely to availability of analytical techniques with which to test the 

enantioselectivity of a given reaction. 

 Chiral synthesis can be employed in many different ways.  When using an 

optically active starting material, the presence of existing chiral centers may influence the 

stereoselectivity of subsequent chiral center-forming steps.  This is referred to as 
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diastereoselectivity.  Reactions in which the substrate is chiral and the existing chiral 

centers mediate the formation of new chiral centers are one example of a stoichiometric 

chiral synthesis because the chiral induction is derived from a stiochiometric amount of a 

chiral auxiliary, in this case the substrate itself.5,20 

 The stoichiometric chiral auxillary need not be a part of the substrate, though.  For 

example, hydroboration with Brown’s diisopinocamphyl borane can be used in the 

hyrdoboration/oxidation of an achiral alkene, with good stereoselectivity, but the 

drawback is that for every one chiral alcohol formed from the achiral alkene, two 

molecules of isopinocampheol are formed and must be separated from the desired 

product (Scheme 1.1).21   

 

 

Scheme 1.1. Synthesis of diisopinocampheol from (+)-α-pinene. 

 
Asymmetric Catalysis 

 Aside from using stoichiometric chiral reagents to synthesize chiral molecules, a 

large amount of attention has been focused at developing catalytic methods to create 

optically enriched or optically pure products from achiral and prochiral substrates.  

Catalysis offers an alternative to using large amounts of chiral reagents in a reaction, thus 

eliminating large amounts of side products that have to be separated from the reaction 

mixture. Ideally, a catalyst can be used repeatedly with little loss of activity, as opposed 

to a stoichiometric reagent which can be used once.  The development of catalytic 

alternatives for asymmetric synthesis has proven to be one of the most important areas for 

research in synthesis.  This was further proven in 2001 when K. Barry Sharpless, William 
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K. Knowles and Ryoji Noyori received the Nobel Prize in chemistry for some of the 

pioneering work in this area.  There is no one catalyst that can do every kind of chiral 

transformation that a chemist could want , in fact any given catalyst is usually only suited 

for one specific transformation, so with all of the possible reactions that require these 

tools, there are a wide variety of areas where existing methodology can be improved 

upon.    

 The initial discovery that lead to the study of asymmetric catalysis was by Ryoji 

Noyori was in an attempt to discover more about the nature of the highly reactive 

intermediates involved in the copper-catalyzed decomposition of α-diazoketones.  It was 

known that this decomposition selectively produced cyclopropanes, whereas simple 

radical-mediated decomposition lead to complex mixures of non-selective products.  It 

was unknown at the time whether there was a covalently-bonded active methylene 

carbene fragment intermediate or whether the reaction proceeded through a fast charge 

transfer complex without the formation of an active organocopper species.  In order to 

gain evidence for the carbene intermediate, the Noyori group proposed using an optically 

active copper catalyst using a simple chiral ligand.  If the reaction did proceed through 

the carbene intermediate, then some amount of chiral induction would be observed.1,22   

The use of 1 mol % of the catalyst was tested in the reaction between ethyl 

diazoacetate and styrene gave both the cis and the trans isomers of 2-

phenylcyclopropanecarboxylate, and chiral induction was observed in both isomers, but 

only to less than 10% ee.  Even though this result did not show a very large degree of 

stereoselectivity, it did show that transition metal complex can be used catalytically in 

order to obtain optically active products from achiral reagents1,23 (Scheme 1.2). 
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Scheme 1.2. Asymmetric cyclopropation using a chiral Cu(I) complex. 

 
One of the next milestones in asymmetric catalysis was William Knowles’ 

modification of Wilkinson’s homogeneous hydrogenation catalyst by the replacement of 

the triphenylphosphine ligands with chiral phosphine ligands.  This initial result only 

gave up to 15% ee, but lead to the development of bidentate diphosphine ligands which 

allowed for much higher enantioselectivity, even up to 99% ee.24  Many similar methods 

were developed using the BINAP ligand for homogeneous asymmetric hydrogenation on 

olefins as well as carbonyl compounds to give compounds with high optical purity.  

Although many of these methods use molecular dihydrogen for the reduction, 

homogenous asymmetric catalysis methods have been extended to transfer hydrogenation 

as well.5, 25   

  The Corey-Bakishi-Shibata (CBS) reduction is effective in the stereoselective 

reduction of prochiral ketones to chiral alcohols and uses a ligand coordinated borane as 

the reduction source.  This provides an alternative to using stoichiometric quantities of a 

chiral borohydride for the reduction of ketones.  This method uses a chiral 

oxazaborolidine as a ligand for borane.  Borane itself can slowly reduce ketones and 

aldehydes, but in the presence of the oxazaborolidine the reduction is extremely fast.  
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Corey, Bakishi and Shibata first demonstrated that the requisite α-amino alcohol can be 

converted to the oxazaborolidine by reaction with excess borane.  Ligand-coordinated 

boranes had been used by Itsuno in the reduction of ketones by using one equivalent of an 

amino alcohol such as valinol with two equivalents of borane to give reduction of ketones 

with 10-73% ee.  Numerous amino alcohols were screened, but a derivative of valine that 

was reduced to the amino alcohol showed an improvement in the enantioselectivity of the 

reduction of acetophenone to 94% ee.26 (Scheme 1.3) 

 

 

Scheme 1.3. Stoichiometric asymmetric reduction of acetophenone. 

 
It was found that the ratio of borane to amino alcohol greatly affected the 

enantioselectivity of the reaction.   At the time, it was not known what the reactive 

intermediate was, but Bakishi and Shibata of the Corey group were able to isolate and 

characterize a different oxazaborolidine from a proline-derived amino alcohol.26  (Scheme 

1.4) 

 

 

Scheme 1.4. Synthesis of chiral oxazaborolidine used in the CBS reduction. 
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While the oxazaborolidine itself does not reduce acetophenone, one equivalent 

along with one equivalent of borane rapidly reduces acetophenone and gives an 

enantiomeric excess similar to what Itsuno had demonstrated in previous studies.  These 

results lead the Corey group to postulate that a catalytic process was possible.  By doing 

the reduction of acetophenone with a slight excess of borane and only 2.5-5% mol of the 

oxazaborolidine, a near quantitative conversion of the alcohol was obtained in 97% ee.26   

(Scheme 1.5) 

 

 

Scheme 1.5. Catalytic CBS reduction of acetophenone. 

 
In order to increase the stability of the catalyst, the B-methyl substituted ligand was 

synthesized from the same requisite amino alcohol but with methane boronic acid.  This 

new ligand gives higher enantioselectivity in the reduction reactions, and is an air stable 

compound, unlike the borane-derived oxazaborolidines.  This new ligand is also formed 

under much milder conditions than the high pressure/high temperature conditions 

required for the reaction with borane to take place26 (Scheme 1.6). 
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Scheme 1.6. Catalytic CBS reduction of acetophenone using methyl oxazaborolidine. 
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This reaction is thought to occur by the coordination of the borane by the Lewis 

basic nitrogen in the oxazaborolidine.  This coordination increases the Lewis acidity of 

the boron, which leads to favorable conditions for hydride transfer from boron.  After the 

transfer takes place, the oxazaborolidine can reversibly release the borate salt of the 

alcohol and then coordinate an unreacted molecule of borane, or the complex of the 

oxazaborolidine with the boron alkoxide can react directly with a new molecule of borane 

to regenerate the active species with release of the alkoxide. 26  (Scheme 1.7) 

 

 

Scheme 1.7. Mechanism of the CBS reduction. 

 
The first major breakthrough in catalytic asymmetric oxidation was the Sharpless-

Kastsuki asymmetric epoxidation.   This reaction was significant in the area of catalytic 

asymmetric synthesis because it allowed both enantiomers of an epoxide from an allylic 



 

19 

alcohol to be formed in high yield and optical purity.  The reaction proved to be useful on 

a wide variety of allylic alcohol substrates and used relatively cheap reagents to achieve 

these results.  The enantioselectivity is derived from the choice of ligand, in this case 

diethyltartrate.  Since both enantiomers of diethyl tartrate are easily obtainable, using one 

or the other reverses the enantiomer of epoxide that is obtained.  Thus, not only is 

stereoselective synthesis possible, but so is control over which enantiomer is obtained1, 

5,27,28 (Scheme 1.8). 

 

 

Scheme 1.8. Sharpless-Kastuki asymmetric epoxidation. 

 
 The catalytic species in this reaction results from a 1:1 complex of tartrate-to-

titanium that forms a dimeric complex.   This complex has been characterized by X-ray 

crystallography and NMR has suggested that this the predominant form in solution 

despite the possibility and the presence of other species.27 (Figure 1.6) 

 

 

Figure 1.6. Proposed active species in Sharpless-Kastsuki asymmetric epoxidation. 
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Sharpless has maintained that the mechanism proceeds through a single titanium 

center in the dimer.  In this mechanism, the axial positions on the titanium are 

cooridinated by one molecule of the allylic alcohol and one molecule of tBuOOH.  The 

hydroperoxide anion is activated by the titanium when the two oxygens in the peroxide 

act as a bidentate ligand, forming a highly reactive transition state.  In this transition state, 

the hydroperoxide anion is brought into close proximity to the alkene and the terminal 

peroxy oxygen is transfered to the alkene with the release of tert-butoxide. The 

enantioselevity is determined by the tartrate esters that remain coordinated to the 

equatorial positions of the dimeric complex.29  (Scheme 1.9) 

 

 

Scheme 1.9. Mechanism of Sharpless-Kastsuki asymmetric epoxidation reaction. 

 
Similarly, the Sharpless asymmetric dihydroxylation allows for the stereoselective 

synthesis of 1,2-diols from alkenes.  This well-known reaction uses catalytic osmium 

(VIII) coordinated by a chiral ligand.  Unlike the Sharpless-Kastsuki asymmetric 

epoxidation, this reaction does not require an internal directing group attached to the 
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olefin and thus may be carried out on completely unfunctionalized olefins.  The reaction 

of OsO4 with olefins to produce diols had been known for a long time, but the high cost 

of osmium and the difficultlies associated with reoxidation prevented this from becoming 

a useul synthetic tool.  Criegee had noticed in his early work that adding pyridine as a 

ligand for the stoichiometric osmylation reactions caused a dramatic increase in reaction 

rate.  Initial work by the Sharpless group to develop a catalytic route for osmylation 

showed that pyridine-based chiral ligands were ineffective.  Instead, chinchoa alkaloid 

esters were used as the ligand for the reaction N-morpholine oxide was used as the 

reoxidant.  This initial system was able to produce diols with decent 

enantioselectivity.26,30 (Figure 1.7) 

 

 

Figure 1.7 An example of a Chinchoa alkaloid used in the Sharpless asymmetric 
dihydroxylation reaction. 
 

The reaction has two catalytic cycles, one that gives high enantioselectivity and 

one that gives very low enantioselectivity.  The first cycle involves the reactive ligated 

osmium tetraoxide.  The diol produced in the first step can compete with the chinchoa 

alkaloid ester as a ligand, and the diol-ligated osmium can be re-oxidized to the osmium 

(VIII) oxidation state, which, while it can perform the dihydroxylation reaction, does so 

with much less enantioselectivity than when the osmium is ligated by the chinchoa 

alkaloid.28,29 (Scheme 1.10) 
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Scheme 1.10. Mechanism of Sharpless asymmetric dihydroxylation reaction. 
 

The reaction was further developed to improve the enantioselectivity by a slow 

addition of the alkene.  Slow addition of the alkene allowed for more complete hydrolysis 

of the osmate ester, thus partially bypassing the secondary cycle.  The use of potassium 

ferricyanide as the oxidant in a solution of 1:1 water: t-butanol allows for even better 

suppression of the secondary cycle because the reaction occurs in a two phase system, 

where-by the reoxidation of osmium occurs in the aqueous phase.  The addition of 

organic sulfamides increases the rate of osmate ester hydrolysis, even in substrates that 

exhibit sluggish hydrolysis, thus not only increasing the overall reaction rate, but also the 

overall enantioselectivity because the secondary cycle is further suppressed.26, 28, 29 

In addition to these well-known examples, asymmetric catalysis has been applied 

to a wide spectrum of reactions including, but not limited to, reductions, oxidations, 

epoxidations, aziridations, cyclopropanations, dihydroxylations, aminohydroxylations, 

addition to carbonyl compounds, aldol reactions, Diels-Alder reactions, allylic 

aminations, Heck reactions, conjugate additions, ester formation, and epoxide ring-

opening, to name a few.5   
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 In order for an asymmetric catalyst to be useful synthetically, it needs to be able 

to not only produce one stereoisomer preferentially over another, but also increase the 

rate of reaction to get to the desired product.  Thus, there is a kinetic element to consider 

in catalysis.26  

 In these catalysts, the chirality can be dependent on the ligand only, the 

coordination of ligands around a metal center only, or both.  The majority of these rely on 

the use of optically-active ligands in order to achieve chiral induction.  Metal derived 

chirality can be more difficult to achieve because it involves control of achiral ligands in 

three-dimensional space around the metal center.   When the metal complex contains 

multiple ligands, the arrangement of them around a single metal can lead to chirality, 

such as the enantiomers dervived from the coordination of three ethylenediamine ligands 

around a cobalt (II) cation.5 (Figure 1.8) 

 

 

Figure 1.8. Metal center chirality. 

 

Tridentate Nitrogen Ligands and their use in Catalysis 

 
 Basis for this Research   

The use of an opticall pure chiral ligand will usually determine the orientation 

around the metal center, forming a single optical isomer of ligand-metal complex.  As can 

be expected, the choice of chiral ligand plays a crucial role in the efficiency of the overall 
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catalyst.  A variety of asymmetric catalytic reactions use tridenatate ligand-metal 

complexes.  Of these, the pyridine-bis(oxazoline), or Pybox, class of ligands have been 

used in several different reactions such as aldol reactions, reductions of ketones, 

silylcyanations, cyclopropanations, aziridinations, epoxidations and epoxide ring-

opening, allylic oxidations, Diels-Alder, hetero Diels-Alder, 1,3-dipolar additions, 

polymerizations of alkenes and alkynes, as well as other addition and substitution 

reactions. 31,32,33,34 (Figure 1.9) 

 

N

N N

O O

R R  

Figure 1.9. Pyridine-bis(oxazoline) (Pybox) ligand 

 
 The 2,2’: 6,2”-terpyridine (terpy) class of ligands exhibits strong coordination 

with a wide variety of transition metals, a good quality for potential ligands, but the 

preparation of these ligands is not simple and very few chiral derivatives have been 

described.35,36  These ligands have found a variety of uses as analytical probes due to the 

conjugation of the polyaromatic system which has shown sensitive spectral changes due 

to changes in the chemical environment around the ligand metal complex.37,38  (Figure 

1.10) 

 

 

Figure 1.10. 2,2’: 6,2”-terpyrdine (terpy). 
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 The 2,6-bis-pyrazolylpyridine class of ligands is a good intermediate system 

between the Pybox ligands and the terpyridine ligands.  The synthesis of these ligands is 

much simpler and straightforward, as in the synthesis of the Pybox ligands, but the 

polyaromatic system allows for stronger metal coordination, which could provide for 

more robust catalysts.39 (Figure 1.11) 

 

N

N N N

N  

Figure 1.11. 2,6-bis-pyrazolylpyridine. 

 
 The typical synthesis of this class of ligands has been accomplished through a 

nucleophilic aromatic substitution reaction of a 2,6-dihalopyridine with the sodium or 

potassium anion of a pyrazole.  This route provides an extremely regioselective synthesis 

of the ligand.  When the pyrazole has two different substituents in the 3 and 5 positions, 

the smaller group ends up selectively on the 5’ position the bis-pyrazolylpyridine.39 

(Scheme 1.11) 
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Scheme 1.11. Synthesis of 2,6-bis-pyrazolylpridines through the nucleophilic aromatic  
substitution of a pyrazole anion with a 2,6-dihalopyridine. 

 

 2,6-bis-pyrazolylpyridines have found use as ligands in only a few transition 

metal-mediated reactions.  Due to the limitations of the synthetic methods to create this 
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class of ligands, very few chiral examples have been reported.  One of the earliest chiral 

examples, synthesized from a menthyl-derived fused pyrazole and related analogues, was 

demonstrated to be useful in the rhodium (III) catalyzed cyclopropanation reactions with 

diazoketones and alkenes.  While some degree of stereoselectivity (80-85% ee) was 

observed, very little cis/trans (roughly 1:1) selectivity was reported.  The same ligands 

were also used for cyclopropanation catalyzed by copper (I), and better cis/trans 

selectivity (roughly 1:2) was observed, with much lower enantioselectivity (12-50% ee).  

Interestingly, the major stereoisomer produced using the rhodium catalyst was the 

opposite enantiomer that was obtained using the copper (I) catalyst, due possibly to the 

ligand acting in a bidentate fashion with copper (I), changing the overall symmetry of the 

catalyst and complicating the selectivity of the reaction.40 (Figure 1.12) 

 

 

Figure 1.12. Chiral pyrazolylpyridine ligands used in asymmetric cyclopropanation. 

 
 2,6-bis-pyrazolyl-pyridine ligands have been used in the stoichoimetric 

asymmetric epoxidation of alkenes using an oxo-ruthenium (IV) complex. In  this case 

the ligand used was a fused-ring pyrazole derived from camphor.   While this reaction is 

not catalytic, moderate enantioselectivities (30-50% ee) with good cis/trans selectivites 

(up to 91% cis) were observed.  The major drawbacks to this particular reaction are that 

an excess of chiral ruthenium (IV) complex is required and the ruthenium-mediated 

epoxidation of alkenes is not a concerted reaction, allowing of some loss of 
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stereoselectivity due to the radial intermediate.  This mechanism also allows for over-

oxidation of the products, leading to aldehydes.  The results do show that these ligands 

can be used in processes such as epoxidation.41 (Figure 1.13) 

 

 

Figure 1.13. Chiral pyrazolylpyridine used in asymmetric epoxidation. 

 
 2,6-bis-pyrazolylpyridine ligands have also been used as ligands in achiral 

catalysis.  A complex of the 2,6-bis-3’,5’dimethylpyrazolylpyridinewith ruthenium (II) 

and an additional triphenylphosphine ligand has been used for the reduction of ketones.  

Initially, it showed strong activity as a transfer hydrogenation catalyst to a large number 

of aryl and alkyl ketones, showing turnover frequency numbers up to 5880 h-1.  Many 

substrates were quantitatively reduced, while other substrates, particularly benzo fused 

cyclopentanone and cyclohexanone dervivatives, were hardly reduced at all give yields 

around 40% and turnover frequencies between 7-38 h-1.42  This same ligand was tested as 

a hydrogenation catalyst using H2 as the hydrogen source.  At between 20 and 50 atm. of 

H2, high yields were obtained, except on the substrates that give poor results under 

transfer hydrogenation conditions.  In some of these cases, the yield when using sluggish 

ketones could be improved by lowering the pressure and increasing the time.  On the 

other hand, the yield from other ketones was improved with an increase of both pressure 

and time.  The acetyl pyridines also give poor results using this catalytic system as well, 

but this may be due to some substrate binding to the metal, preventing effective catalysis.  
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While a number of the subtrates tested were prochiral ketones, no asymmetric 

hydrogenation has been reported using chiral 2,6-bis-pyrazolylpyridine ligands43 (Figure 

1.14). 

 

NN N

NN Ru

ClPh3P Cl  

Figure 1.14.  Ruthenium pyrazolylpyridine hydrogenation catalyst. 

 
The iron and cobalt (II) complexes of 2,6-bis-(3’,4’,5’trimethylpyrazolyl)pyridine 

and an iron (II) complex of 2,6-bis-pyrazolylpyridine have been used in the 

polymerization of ethylene.  The iron catalysts were much more active and the catalyst 

from the 2,6-bis-pyrazolylpyridine had a 22% greater activity than the trimethyl species.  

By comparision, the cobalt complex was much less active in the polymerization reaction, 

producing similar molecular weights of polyethylene, but in much lower yield (4.3 g/h 

for 2,6-bis-pyrazolylpyridine iron (II) chloride, 2.7 g/h for 2,6-bis-(3’,4’,5’-

trimethylpyrazolyl)pyridine iron (II) chloride, and  0.7 g/h for 2,6-bis-(3’,4’,5’-

trimethylpyrazolyl)pyridine cobalt (II) chloride)44 (Figure 1.15). 

 

 

Figure 1.15. Iron and cobalt pyrazolylpyridine olefin polymerization catalysts. 

 
All of these ligands were synthesized using the traditional nucleophilic aromatic 

substitution route.  The major drawback to this method is that when the 5’ substituent is 
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larger than a methyl group, the reaction fails to give any product.  The more hindered the 

ligand is, the lower the yield from this synthesis.  Thus, the Garner group developed and 

alternate route to this class of ligands.  By using 2,6-bis-hydrazinopyridine (BHP, 1), the 

ligand can be synthesized from the Paul-Knorr condensation of the bis-hydrazine with 2 

equivalents of a 1,3-diketone.  This method allows for the synthesis of more hindered 

ligands that are impossible to synthesize using the nucleophilic aromatic substitution 

route39, 45,46,47  (Scheme 1.12). 

 

 

Scheme 1.12. Synthesis of 2,6-bis-pyrazolylpyridines from BHP. 

 
In order to make this route possible, the synthesis of BHP had to be accomplished 

first.  Previous literature had mentioned use of this compound but had given no 

experimental information about the synthesis or purification of the compound.48,49,50  The 

synthesis of BHP through the reaction of 2,6-difluoropyridine with excess hydrazine 

allows for a high yield of the desired compound mixed with the hydrofluoride salt of the 

excess hydrazine.  After neutralization of the salt with aqueous base, the free base can be 

recrystalized as the dihydrate.  (Scheme 1.13)  BHP decomposes rapidly while in solution 

upon exposure to air, but the solid form is relatively stable in air and can be weighed out 

and handled with very little complications as long it is returned to nitrogen atmosphere 

fairly quickly.44, 45   
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Scheme 1.13. Synthesis of BHP. 

 
Novel Tridentate Nitrogen Ligands Synthesized from BHP.  

The lack of a variety of chiral 2,6-bis-pyrazolylpyridine ligands demonstrates not 

only the limitations of the nucleophilic aromatic substitution route for this class of 

ligands, but it also hinders the widespread investigation and application of this class of 

ligands in asymmetric catalysis.  One major problem with the chiral pyrazolylpyridine 

ligands that have been previously used in catalysis is that they all have chiral equal to, but 

not further than the 3’ position on the pyrazole and therefore more distanced from the 

metal center.  Using the BHP route, it is possible to synthesize 2,6-bis-pyrazolylpyridines 

of ever increasing complexity and steric bulk, possibly leading to more effective chiral 

ligands in catalysis.  The primary goal is to synthesize ligands that contain chiral groups 

in both the 3’ and 5’ positions on the pyrazole ring, adding the chirality closer to the 

metal-binding site. 

In addition to being able to synthesize the 2,6-bis-pyrazolylpyridine ligands, it is 

also conceivable that BHP could be used in the synthesis of a wide variety of ligand 

systems that could a variety of applications from catalysis to separations to chemical 

probes.  Bis-hydrazones could be obtained from the reaction of BHP with a simple 

aldehyde or ketone.  These hydrazones may be reduced to the hydrazines or further 

substituted hydrazines might be obtained throught N-alkylation.  Neither of these classes 

of ligands have been previously reported.  It is also possible that ligands synthesized from 
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alkylated BHP would have a greater thermal and air stability and could possibly form 

neutral ligand-metal complexes under basic conditions. 

Aside from forming the pyrazole ring off of BHP, we have focused on attempting 

to form other heterocyles from BHP as well, such as the indazole ring system.  The 

indazole ring system has more conjugation than the pyrazole ring system and the extra 

aromatic ring can donate some electron density into the five member ring, possibly 

allowing for strong metal chelation and more robust catalysts.  This will be explored to 

demonstrate the synthesis of chiral and achiral members of this new class of ligand. 

It is also possible that two or more BHP molecules may be linked by alkyl chains to form 

aza-crown ether type compounds that may be useful for chelation and separation of ions 

from aqueous media.  This class of compounds has not been previously reported either, 

thus the synthesis of BHP may lead to further and further development of new systems 

beyond the original goal of a shorter route to 2,6-bis-pyrazolylpyridines. (Scheme 1.14) 

 

 

Scheme 1.14. Transformations possible using BHP. 
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CHAPTER TWO 
 

2,6-bis-Hydrazonopyridines 
 
 

Introduction 

 
 2,6-bis-iminopyridines have been demonstrated to be useful ligands in catalysis, 

particularly in homogeneous hydrogenation51 and olefin polymerization.52  While these 

ligands are easily synthesized from 2,6-bis-carbonylpyridine derivatives and a primary 

amine, the imine compounds are easily hydrolyzed, a problem under moist reaction 

conditions.  (Scheme 2.1) Using BHP, the synthesis of 2,6-bis-hydrazonopyridines would 

allow for the synthesis of more water-stable and possibly more robust ligands for these 

transformations.(Scheme 2.2) 

 

 
 

Scheme 2.1. Synthesis of 2,6-bis-iminopyridine ligands. 
 
 

 
 

Scheme 2.2. Synthesis of 2,6-bis-hydrazonopyridine ligands. 
 
 

 The reduction of the hydrazones to the substituted hydrazines would allow for an 

easy route to substituted BHP compounds that could act as ligands.  This method would 
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provide bis-mono-alkylated hydrazinopyridines without over-alkylation.  These ligands 

could be useful because of the potential to form neutral complexes under basic 

conditions. (Scheme 2.3) 
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Scheme 2.3. Synthesis of 2,6-bis-alkylhydrazinopyridines 

 
 

Synthesis of 2,6-bis-Hydrazonopyridines 

 The synthesis of BHP also prompted an investigation into the synthesis of 2,6-bis-

hydrazonopyridines.  The bis-hydrazones would have the advantage of the being able to 

be synthesized from two equivalents of a ketone and one equivalent of BHP.  These 

compounds could not be synthesized from any other route in any appreciable yield.  The 

synthesis of chiral bis-hydrazones could be accomplished through a direct reaction with 

commercially available chiral ketones and aldehydes.   Initially, it was thought that the 

reaction of BHP with a ketone would be so facile that a solution of BHP in a solvent such 

as methanol would yield crystals of bis-hydrazone by simply layering a solution of a 

ketone in methanol on top carefully and allowing slow diffusion.  This method was tested 

using cyclohexanone and cyclopentanone and both yielded dark solutions that are 

indicative of BHP decomposition.  The reaction with cyclopentanone was tested again, 

this time by heating a solution of BHP in ethanol and adding the ketone at the elevated 

temperature.  After the heat was removed, the solution cooled and a small amount of 

water was added until a precipitate started to form.  The reaction was heated again until 



 

34 

everything dissolved, and was allowed to cool and placed in the freezer.  The crystals 

formed were determined to be BHP by 1H NMR. 

A variety of ketones were tested using standard hydrazone forming conditions 

(EtOH, cat. H+, reflux) but all failed to yield any product that could be isolated by 

recrystallization or chromatography.  (Scheme 2.4)  These ketones included 

cyclopentanone, cyclohexanone, nopinone, carvone, camphor, fenchone, and 6-

methoxytetralone.  The product mixtures were practically insoluble in most deuterated 

solvents except for DMSO-d6.  Occasionally, the 1H NMR spectra of the crude reaction 

mixture showed what could be interpreted as a bis-hydrazone, but this could not be 

verified by any other means.  In the cases where the reaction mixture yielded a crystalline 

product, it was determined to be BHP.  At this point, it appeared that the reaction could 

be in an equilibrium that favored the hydrolysis of the hydrazone, thus giving back 

reactants rather than a hydrazone product. 

 

 
Scheme 2.4. Attempted synthesis of 2,6-bis-hydrazonopyridines 

 
 If the reaction was in equilibrium, it was thought that the hydrazone might be 

trapped in situ by performing the reaction in ethanol with 2 equivalents of sodium 

cyanoborohydride.  (Scheme 2.5) This reagent is known to reduce imines while not 

reducing ketones or aldehydes.  Initially, it seemed that this route would provide evidence 

for hydrazone formation and lend further credence to the possibility of an easily 

hydrolyzed hydrazone that decomposes upon work up.  The final product mixture 
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however, gave intractable mixtures of viscous semisolid that were not able to be 

chromatographed and showed no evidence in the NMR of the desired product.  This 

technique was attempted on camphor, fenchone, nopinone, and acetophenone without 

success. 

 

 

Figure 2.5. Attempted trapping of 2,6-bis-hydrazonopyridine by in situ reduction. 

 
After several attempts to produce a single crystal of dihydrazone for X-ray 

analysis to confirm that a reaction had taken place failed, this project was largely 

abandoned.  When another project required the isolation and purification of 2-halo-

benzaldehyde dihydrazones of BHP, different conditions were tested.  The reaction can 

be carried out in THF with catalytic acid or in benzene with catalytic toluene sulfonic 

acid and a Dean-Stark trap to yield a near quantitative conversion of BHP to the 2-6-bis-

2’-halobenzaldehyde dihydrazones 2 and 3 (halo = F, Br).  (Scheme 2.6) These products 

were able to be purified by chromatography on silica gel using 15% 

EtOAc/2%TEA/Hexane solvent system.  The bis-hydrazones are readily soluble in 

hexanes, ethanol, and chlorinated solvents.  The NMR spectra show different chemical 

shifts on both the pyridine ring and the requisite aldehyde protons, showing further 

evidence of a chemical reaction.   
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Scheme 2.6. Synthesis of bis-hydrazones from 2-halo-benzaldehydes. 

 
Using the substituted benzaldehydes, the hydrazone products were obtained and 

were able to be subjected to water work-up without detriment to the yield of the product.  

This allows for better purification of the product since any unreacted BHP or BHP 

decomposition products will dissolve into the water rather than into a much less polar 

organic solvent such as methylene chloride, diethyl ether, or ethyl acetate. 

The reaction of BHP and 2-bromoacetophenone in THF with catalytic acid 

yielded no product, but the reaction in benzene with catalytic toluene sulfonic acid and a 

Dean-Stark trap not only yielded a quantitative conversion of dihydrazone 4, but also a 

purer product than was obtained with the benzaldehydes. (Scheme 2.7)   

 

 

Scheme 2.7. Synthesis of bis-hydrazones from 2-bromoacetophenone. 

 
This reaction was tested with (+)-nopinone, which showed pure hydrazone 5 by 

1H NMR with chemical shifts representative based on the results with 2-fluoro and 2-
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bromobenzaldehyde.  The crude dihydrazone is exceedingly soluble in hexanes and 

ethanol and recrystallization was unsuccessful from either solvent.  The reactions of BHP 

with (-)-fenchone and (+)- camphor gave no product using this route.  (Scheme 2.8) 

 

 

Scheme 2.8. Syntheses of bis-hydrazones from chiral ketones. 

 
The reaction of BHP with camphor is inhibited by the sublimation of camphor 

away from the reaction media, thus limiting the reaction.  Under sealed-tube reaction 

conditions, the product appeared to be possibly present by NMR, but was contaminated 

by the presence of excess ketone.  Chromatography was unsuccessful and 

recrystallization proved fruitless in the purification of dihydrazone.  

 

Discussion and Conclusions 

An effective synthetic route for the synthesis of 2,6-bis-hydrazonopyridines from 

BHP has been established.  While this method has been effective for some ketones and 

aldehydes, these hydrazones have not been tested as ligands and thus it is unknown 
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whether these new compounds will be useful in catalysis.  This new synthesis has been 

successfully applied to the use of chiral ketones, but excessively hindered ketones fail to 

react under these conditions. 

The primary limitation to this approach is the insolubility of BHP in benzene.  

Reactions with BHP usually require the use of a protic solvent such as ethanol or a polar 

solvent, such as THF or DMF.  BHP decomposes at around 80oC, thus at the refluxing 

temperature of benzene, the thermal decomposition of BHP is competing with its limited 

solubility in benzene, and the high degree of steric hinderance around the carbonyl in 

fenchone greatly limits its reactivity, thus preventing the reaction with BHP.   

 The synthesis of 2,6-bis-hydrazonopyridines from ketones is much less 

straightforward than was initially expected.  The initial addition of the hydrazine to the 

ketone is most likely highly reversible in the presence of water, thus the reaction may be 

in an equilibrium between the hemiaminal intermediate and a mixture of BHP and 

starting ketone, unless conditions are employed in which water is driven from the 

reaction.  (Scheme 2.9) By utilizing Dean-Stark conditions in benzene, it is possible to 

drive the reaction toward product, but in the case of extremely hindered ketones, it is 

difficult to drive the reaction forward. 

 

 

Scheme 2.9. Possible mechanism for hydrazone formation from ketones with removal of 
water. 
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Because of this, the initial attempts most likely never formed a hydrazone rather 

than a hydrazone that was easily hydrolyzed.  Hydrazones are much less susceptible to 

hydrozlysis than simple imines so this makes hydrolysis in the reaction unlikely.  The 

ketones do require much harsher conditions to drive water out of the reaction and force it 

to proceed, but this is not uncommon in hydrazone synthesis.  The NMR spectra of these 

initial reactions did often show integrations that could be interpreted as being the correct 

product, but what was most likely seen was a mixture of the two unreacted reagents in 

one proton spectrum of BHP and 2 equivalents of a ketone or aldehyde. This also 

explains the lack of appreciable change in chemical shift in either reactant.  The likely 

main reason why this explanation went overlooked is the fact that in DMSO-d6, the 

terminal amine hydrogens in BHP have a chemical shift of 3.99 compared to 3.33 for 

water.  When the concentration of water in DMSO is high, the hydrogen bonding 

between the amines and the water causes an averaging the signal so that only a broad 

peak between 3.5-3.7 ppm is seen.  When dry DMSO is used, and the ratio of water:BHP 

is around 1:1, distinct signals at 3.99 and 3.33 are seen.  The NMR spectra that were run 

on most of the initial reactions were done using DMSO that was not totally anhydrous.  

Given that no compounds of this type had been reported previously, it was unclear as to 

what chemical shift changes could be expected in the bis-hydrazones. The new reaction 

conditions gave a product that could be dissolved in CH2Cl2, hexanes, Et2O, EtOH, or 

CDCl3.  These products contained the pyridine ring resonances, unlike the products 

obtained in the previous reaction conditions when subjected to a water work-up. 

Since the initial goal was synthesize new chiral bis-hydrazones to use as chiral 

ligands in catalysis, aldehydes were excluded from the initial studies.  Only when a 
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hydrazone intermediate was required for another synthesis, was the formation of a 2,6-

bis-hydrazonopyridine observed.  This lead to a more in depth study of this new class of 

compounds and eventually to a method for synthesizing, purifying, and characterizing  

2,6-bis-hydrazonopyridines from ketones and a chiral bis-hydrazone from BHP from a 

chiral ketone as originally intended. 

The 2-fluorobenzaldehyde dihydrazone can be chromatographed by GC/MS and 

the 1H NMR and 13C NMR show markedly different chemical shifts than either of the 

starting materials.   The terminal amine protons from BHP are no longer present, the 

aldehyde proton moves upfield from 10.3 ppm to between 7.9-8.2 ppm as an imine C-H 

and the proton on the nitrogens attached to the pyridine ring move downfield from 7.01 

ppm to 8.30-8.20 ppm.  The shift of these protons is not as dramatic in the ketone derived 

hydrazones, with the N-H protons shifted downfield to 7.25-7.35 ppm. 

 Since a method has now been established for the effective synthesis of 2,6-bis-

hydrazonopyridines, these new compounds need to be tested in order to determine how 

they behave as ligands for transition metals and if they can be used in catalysis.  

Although some of these compounds can be purified by recrystallization, the crystals 

obtained are powdery and have yet to yield a crystal suitable for X-ray crystallography in 

order to further study the structure of this class of compounds in more detail. 

 The synthesis of 2,6-bis-hydrazonopyridines in high yield and purity also opens 

the door to the possibility of reducing the isolated hydrazones back to the hydrazines, 

allowing for the synthesis of bis-monoalkylated BHP ligands.  While this has yet to be 

tested, the synthesis of these N, N’ disubstituted hydrazines should be able to act as 
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ligands and should be more stable than BHP itself, since the coumpounds cannot readily 

lose N2, a likely mode of BHP decomposition..
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CHAPTER THREE 
 

2,6-bis-Hydrazinopyridine and 2,6-bis-(3’,5’-Diphenylpyrazolyl)pyridine Ligand Studies 
 
 

Introduction 

 
 While 2,6-bis-hydrazinopyridine can potentially be employed in the synthesis of a 

wide variety of ligand classes,  BHP itself can act as ligand for transition metals and this 

ability of BHP to coordinate transition metals has an impact on whether or not other 

systems based off of BHP may be good ligands.   For instance, macrocyclic aza-crown 

ethers might be useful as extractants for cations from aqueous media into an organic 

phase.   These could be potentially synthesized by alkylating two molecules of BHP with 

a bifunctional electrophile, such as 1,2-dibromoethane, in order to connect the two 

molecules at the terminal amines by an alkyl chain tether.  (Scheme 3.1) 

 

 

Scheme 3.1. Proposed synthesis of BHP-based aza-crown ether. 

  
2,6-bis-pyrazolylpyridine ligands can be used as terpyridine analogues, but are 

much easier to synthesize, especially given the new route developed employing BHP.  

Most of the 2,6-bis-pyrazolylpyridine ligands studied to date have been synthesized using 

the nucleophilic aromatic substitution route, thus these ligands lacked any groups in the 

5’ position on the pyrazole ring larger than a methyl group.17  Since the new route allows 
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for the synthesis of pyrazolylpyridine ligands with much bulkier substituents, it was 

unknown how the bulkiness of these groups would affect the ability of the ligand to 

chelate metal cations.  Two such ligands are 2,6-bis-(3’,5’diphenylpyrazolyl)pyridine 

(6)24 and 2,6-bis-(3’,5’di-tert-butylpyrazolyl)pyridine (7)23 (Scheme 3.2).  These were 

synthesized from BHP using commercially available dibenzolylmethane and 2,2,6,6-

tetramethyl, 3,5-heptanedione.  Both ligands can be synthesized in high yield (95 - 97%) 

from BHP, and both can be purified by column chromatography as well as by 

recrystallization.  While the X-ray structure of 2,6-bis-3’,5’di-tert-butylpyrazolylpyridine 

had been previously reported, it was still not clear whether the 5’ substituents in either 

case would be too bulky to allow chelation of a metal cation.23   

 

 

Scheme 3.2. Synthesis of ligands. 

 
Synthesis of Metal Complexes of 1, 5, and 6 

 Since nothing was previously known about the synthesis, purification and 

characterization of metal-complexes of BHP (1), a variety of methods were attempted in 

order to isolate a chelate with a transition metal.  Initially, nickel (II) acetate was used in 

degassed methanol under N2.  From this system, no crystals were recovered and there was 

no visible evidence of any coordination taking place based on color change or 

precipitation.  It was thought that the acetate was acting either as competing ligand or that 

the acetate was making the complex too organic-soluble, preventing crystallization. 
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 In order to try to overcome this, the same procedure was tested using zinc (II) 

chloride as the metal.  In this case, a purple solution resulted.  Again, recrystallization 

was not possible and no solid was obtained by the removal of the solvent.  The addition 

of ether to a methanol solution of the reactants gave a flocculent white solid that became 

a liquid again upon the evaporation of ether.  This solid was not able to be isolated by 

filtration. 

 This procedure was repeated with manganese (II) sulfate, which gave a pink 

colored solution.  The removal of the solvent produced a reddish solid that could be 

isolated, but subsequently decomposed during an attempted recrystallization.  In one 

variation of the general procedure, an ethanol solution of cobalt (II) chloride was added 

to a refluxing ethanol solution of BHP under N2.  As the blue-colored cobalt solution was 

added, an immediate color change to dark green was noted, along with the formation of a 

pale green precipitate.  The addition of more ethanol did not dissolve the solid and the 

green solid rapidly decomposed upon exposure to air during filtration.  Although BHP is 

air sensitive, as a solid it can be handled in air without significant decomposition.  These 

apparent complexes of BHP are much more air sensitive than the ligand itself.   

 The same reaction conditions were tested again on cobalt (II) chloride, and also 

on chromium (III) chloride and copper (II) chloride.  The chromium reaction produced a 

dark green precipitate.  Rather than attempt a filtration of this, water was added dropwise 

to the refluxing ethanol reaction until all the precipitate dissolved.  The reaction was 

allowed to cool to room temperature, followed by further cooling in the freezer.  Rather 

than forming crystals, the product powdered out of solution and subsequent 

recrystallizations were unsuccessful.   
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 The addition of an ethanol solution of copper (II) chloride to a solution BHP gave 

an instant reaction that produced a black powder with the visible release of gas, 

presumably N2.  This reaction most likely reduced the copper, which is possibly what was 

occurring with the other metals upon exposure to air.  Since copper is more easily 

reduced, the reaction takes place without the need for oxygen as an oxidant (Scheme 3.3). 

 

NHN NH

NH2 NH2

2 CuCl2
2N2(g) + 2Cu0(s) + 4HCl

1  
Scheme 3.3. Possible of mode of the reduction of copper by BHP. 

 
 Applying the recrystallization procedure to the reaction of BHP and cobalt (II) 

chloride gave very dark green, nearly black crystals.  The solvent was mostly removed by 

cannula, and the crystals were submitted for X-ray analysis.  The X-ray structure revealed 

two BHP ligands coordinating one cobalt (II) cation in an octahedral fashion.  (Figure 

3.1) 

 

 

Figure 3.1. X-ray structure of BHP-cobalt complex. 
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In order to study the chelation ability of 6, and 7, a variety of readily available, 

transition metal chlorides were used.  The metals used were chromium (III), manganese 

(II), iron (II), iron (III), cobalt (II), nickel (II), copper (I), copper (II), zinc (II), ruthenium 

(III), molybdenum (III), rhodium (III), palladium (II), cadmium (II), platinum (II), and 

cerium (III) (Scheme 3.4).  

 

 

Scheme 3.4. Synthesis of metal complexes of tetraphenyl ligand 6. 

 
A solution of each ligand in CH2Cl2 was used in a 1:1 ratio in order to test for 

chelation.  The first test was the appearance (or lack thereof) of a marked color change.  

The 2,6-bis-3’,5’-di-tert-butylpyrazolylpyridine ligand showed no color change or 

precipitation with any of the transition metals tested.  The 2,6-bis-

3’,5’diphenylpyrazolylpyridine ligand showed a color change for manganese, iron, 

cobalt, copper (I), copper (II), rhodium, and palladium.  Zinc and cadmium also showed 

precipitation, without the presence of a marked color change. (Table 3.1)  

The next test was by the isolation of a crystal of the complex formed for X-ray 

analysis.  The solution of metal salt and ligand were concentrated by rotary evaporation.  

The solid obtained was dissolved in CH2Cl2, and filtered through celite.  The filtrate was 

subjected to vapor diffusion of ether into the CH2Cl2 solution.  After several days, the 

solution was poured off any crystals grown and submitted for X-ray analysis.  Again, the 
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di-tert-butyl ligand failed to yield any crystals of metal-ligand complex, but the di-phenyl 

ligand yielded crystal structures for manganese (II), iron (II), cobalt (II), nickel (II), 

copper (II), zinc (II), rhodium (III), and palladium (II).  All of these complexes can be 

hydrolyzed by the addition of neutral, basic, or acidic water. (Scheme 3.5) 

 
Table 3.1. Summary of chelation with with 6 and 7. 

Metal 
Chloride 

Color 
change 
with 6 

Precipitate 
with 6 

Crystals 
from 6 

Color 
change 
with 7 

Precipitate 
with 7 

Crystals 
from 7 

Cr (III) No No No No No No 
Mn (II) No No Yes No No No 
Fe (II) Yes Yes Yes No No No 
Fe (III) Yes Yes Yes No No No 
Co (II) Yes No Yes No No No 
Ni (II) No No Yes No No No 
Cu (I) Yes No No No No No 
Cu (II) Yes No Yes No No No 
Zn (II) No Yes Yes No No No 

Mo (III) Yes Yes No No No No 
Ru (III) Yes Yes No No No No 
Rh (III) Yes Yes Yes No No No 
Pd (II) Yes Yes Yes No No No 
Pt (II) No No No No No No 
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Scheme 3.5 Hydrolylsis of metal-complexes of 6. 

 
Discussion 

The structure of the complexes from manganese (II), cobalt (II), nickel (II), 

copper (II), and zinc (II) all display five-coordinate geometry around the metal with the 
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chlorides still coordinated to the metal center, giving a neutral complex.  The phenyl 

rings attached at the 5’ positions on the pyrazole rotate out of plane with respect to the 

pyrazole ring by 30o to 50o.  The 3’ phenyl rings are not crowded by the pyridine ring and 

thus the dihedral angles between these phenyl rings and the pyrazoles usually range from 

2o to 20o.   (Figure 3.2) 

 

 

Figure 3.2. X-ray structure of 6-CuCl2. 

 
The crystal structure for iron (II) chloride was identical to that of iron (III) 

chloride.  In both cases, one iron atom was chelated by two molecules of ligand.  This di-

valent cationic complex was balanced by two FeCl4
- anions.  This was the only example 

where 6 produced a complex with two ligands surrounding one metal center, as was seen 

in BHP.  (Figure 3.3) While this 2:1 ligand to metal complex is not uncommon for 2,6-

bis-pyrazolylpyridines17, the retention of the chloride ligands and five coordinate 
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complex starting from iron (II) chloride was expected, as this was seen in the ethylene 

polymerization catalysts.22  The roughly octahedral complex is distorted, presumably due 

to the crowding by the phenyl rings attached the pyrazoles.  In this case, the dihedral 

angles of the 5’-phenyl rings are non-equivalent, with one being 92o, and the other being 

35o.  Despite this large difference, the attachment of the second ligand is done so that 

there is symmetry around the metal center.  The 3’-phenyl rings behave in a similar 

fashion, with one having a dihedral angle of 32o and the other 18o. 

 

 
 

Figure 3.3. Partial X-ray structure of the iron (II) complex of 6. 

 
The rhodium (III) complex also demonstrated six-coordinate geometry, with the 

retention of the chloride ligands, producing a neutral complex.  This complex also 

incorporates two molecules of dichloromethane into the crystal structure.  The dihedral 
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angles for the 3’-phenyl rings are approximately 38o, but the 5’-phenyl rings have 

dihedral angles appromately equal to 68o, larger than those seen in the five-coordinate 

compounds.  (Figure 3.4) 

 

 
 

Figure 3.4. X-ray structure of 6-RhCl3. 

The palladium (II) complex yielded a square-planar compound where two mono- 

ligand metal complex cations were complemented by a single square-planar Pd2Cl6
-2 

anion.  This complex also incorporates one molecule of water coordinated to the Pd2Cl6
-2 

anion.  This was the only square planar complex obtained and is the first square-planar 

tridentate palladium complex of a 2,6-bis-pyrazolylpyridine to be reported.  Previous 

complexes had only acted as bidentate ligands with other ligands occupying the other two 

coordination sites.53  The 5’-phenyl rings have dihedral angles very near to 90o at 82o and 

78o, and the 3’-phenyl rings have dihedral angles of approximately 48o.  (Figure 3.5) 
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Figure 3.5. Portion of X-ray structure of the palladium (II) complex of 6. 

 
 The ease of hydrolysis of these complexes is due to the high energy of solvation 

of the chloride anion.  The partition coefficient of the chloride anion makes it difficult to 

remove chloride from aqueous media into organic media.  Based on this effect, it was 

hypothesized that the use of a more organic-friendly anion would allow the separation of 

cations from aqueous media into organic solvent using ligand 6. 

 In order to test this hypothesis, a solution of CoCl2 in ethanol was made as in the 

previous experiment.  Two equivalents of ligand were added followed by two equivalents 

of ammonium hexafluorophosphate.  The addition of the ligand yielded a color change of 

the blue cobalt chloride solution to the green complex.  The addition of the 

hexafluorophosphate anion caused no change initially, but upon the addition of water, the 

organic phase turned red.  When water is added to the green cobalt complex with no 

hexafluorophosphate anion present, the ligand remains in the organic layer, but the metal 
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is extracted into the aqueous layer, as is noted by the loss of the green color of the 

complex and the aqueous layer becomes pink colored, indicative of hydrated cobalt 

chloride.  In the presence of hexafluorophosphate, however, the aqueous layer is not 

colored.  

 In order to test whether or not the cobalt cation could be extracted from an 

aqueous solution, one equivalent of cobalt chloride was dissolved in water and CH2Cl2 

was added.  Upon shaking, no change occurred, the pink cobalt chloride remained in the 

aqueous layer and the CH2Cl2 remained colorless.  Two equivalents of ammonium 

hexafluorophosphate were added and shaking revealed no partitioning of the pink cobalt 

into the organic phase.  Two equivalents of the ligand were added and upon shaking the 

color left the aqueous layer and the organic layer became colored red.  This procedure 

was tested again using copper (II) chloride dissolved in 3M HNO3 to see if the 

comptetion between the protonation of the ligand would prevent extraction of the copper 

(II) cation.  Copper was chosen for this study because the copper (II) solution is a more 

intense color of blue and easier to detect by the naked eye than the pink cobalt (II) 

solution.  The same procedure allowed for the extraction of copper (II) 

heaxfluorophospate into the organic solution even in the presence of 3M HNO3, 

demonstrating the coordinate covalent bonds formed are stronger than the basicity of the 

nitrogens in the ligand.. 
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CHAPTER FOUR 
 
Electronic effects in the reaction 1,3-diaryl-1,3-diketones with 2-hydrazinopyridine and 

2,6-bis-hydrazinopyridine 
 

 

Introduction 

 
 The pyrazole ring is a common component in many biologically active 

compounds54 and is present in many types of ligands, including the 2-pyrazolylpyridines 

and the 2,6-bis-pyrazolylpyridines.17, 23-26  The most common synthesis of the pyrazole 

ring system is the Paul-Knorr condensation of a 1,3-diketone with a hydrazine moiety.  

This reaction produces regioisomers when an unsymmetrical 1,3-diketone is used.  

(Scheme 4.1)  

 

 

Scheme 4.1. The Paul-Knorr pyrazole synthesis. 

 
The regioselectivity of this process is determined by a combination of steric and 

electronic factors.  A substituted hydrazine reacts first by the terminal amine nitrogen to 

form a hydrazone, followed by a second condensation reaction to form the aromatic 

pyrazole ring by eliminating another molecule of water.  (Scheme 4.2)  When the α-

substituents are significally different in steric bulk (i.e. Me vs. t-Bu) the hydrazine first 

reacts with the less sterically crowded carbonyl. 
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Scheme 4.2. General mechanism of pyrazole formation. 

 
Background 

The only study of the electronic effects in this reaction previously reported the 

reaction between various hydrazines and 1,3-diketones with one polyfluoroalkyl chain.  

1,3-diketones exist in solution with a much higher enol content than simple carbonyls.  In 

the case of unsymmetrical 1,3-diketones, two possible enols can exist, and both are in 

equilibrium with the 1,3-diketone form.  (Scheme 4.3)  

  

R1 R2

O O

R1 R2

O OH

R1 R2

OH O

 

Scheme 4.3. Enol-keto tautomerization in 1,3-diketones. 

 
In the case of 1,3-diketones with a poly-fluoroalkyl group attached to one 

carbonyl, it has been shown that the enol tautomer with the carbon-carbon double bond 

adjacent to the poly-fluoroalkyl group is formed nearly exclusively.  When a given 1,3-

diketone is reacted with different mono-substituted hydrazines, different hydrazines 

showed different regioselectivity.  This result was explained using hard/soft acid-base 

theory in that the more electron-donating a substituent on the hydrazine is, the softer it is 

as a nucleophile.  The softer the nucleophile, the more likely it is react first with the 

softer carbon-carbon double bond and form the pyrazole through a 1,4-addition process.  

On the other end, the more electron-withdrawing the group on the hydrazine is, the harder 

of a nucleophile it will be and thus it will prefer to react with the carbonyl group first and 
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form the pyrazole through an initial 1,2-adition process.  Many of these studies used a 

cyclic ketone with a linear α-polyfluoroacyl group, thus rendering each carbonyl 

sterically different regardless of the predominant enol tautomer.  These studies also failed 

to quantitate the electronic effects in any way that would explain the effect of changing 

the electron-donating or electron-withdrawing strength of the subtituents on the 1,3-

diketone.55,56   

 
Dibenzoylmethanes.   

In order to study the electronic effects in the regioselectivity of the pyrazole ring 

and eliminate steric effects completely, a series of para-substituted dibenzoylmethanes 

was synthesized.  Dibenzolylmethane exists exclusively in the enol tautomer in the solid 

state and in solution.  When the aromatic rings are unsymmetrically substituted, there are 

two possible enol tautomers, but they are in rapid equilibrium with each other.  (Scheme 

4.4)  This is evident by the broad enol H peak around 15-17 ppm in the 1H NMR 

spectrum.  There has also been evidence for the existence of a double-well potential 

energy diagram between the two structures, given that the enol proton is never found 

exactly between the two carbonyls, but rather in the crystal state the enolic double bond 

tends to favor the more electron-withdrawing group, as seen in the poly-fluoroalkyl 

diketones.  However CP/MAS 13C NMR shows no difference in the chemical shift 

between the two carbonyl carbons, suggesting that this rapid exchange can also occur in 

the solid state.57 
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Scheme 4.4. Enol-keto tautomerization in substituted dibenzoylmethanes. 

 
 These observations suggest that rather than describe dibenzoylmethane in terms of 

enol-keto tautomers, it would be more accurate to describe the bonding in 

dibenzoylmethane in a way that accounts for this fast equilibrium and thus nearly total 

delocalization of the pi electrons in the 1,3-diketone system.  Bertololasi described a 

series of substituted dibenzoylmethane compounds in terms of the resonance assisted 

hydrogen bond (RAHB) model.31  This model describes some of the phenomena seen in 

β-dicarbonyl compounds, particularly β-diketones.  The enolic structure is stabilized by 

the complimentary forces of intramolecular hydrogen-bonding and π delocalization.   

Evidence for this model includes the far downfield shift for the enolic proton in the 1H 

NMR between 15-18 ppm compared to 6-8 ppm for enols in α-diketones and short O---O 

distances between 2.43-2.56 Å compared to the 2.74 Å distance observed in ice crystals.  

This increased hydrogen bond strength allows for the rapid equilibration between the two 

possible enol tautomers in solution so that they cannot be distinguished on the NMR 

timescale except by careful temperature dependent methods.31  (Scheme 4.5) 

 

 

Scheme 4.5. Representation of dibenzoylmethanes using the RAHB model. 
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 Since the aromatic rings can be altered with various electron-donating and 

electron-withdrawing groups in the para-positions, strong resonance and inductive effects 

can be obtained without altering the steric bulk at either carbonyl carbon.  Para-

substituted benzene rings have been extensively studied in order to quantify the effect 

electronics play in a variety of reactions.  The simplest is the effect of EWG and EDG on 

the pKa of benzoic acids.  The log of the ratio of the equilibrium constant for the 

dissociation of the acid proton to the equilibrium constant for unsubstituted benzoic acid 

was plotted against a series of constants for each substituent (σ).  Whether the substituent 

is in a meta or a para postion affects the σ value.  These values were initially determined 

by the log of the ratio of the pKa of a substituted benzoic acid to benzoic acid.  Because 

an electron-donating group decreases the acidity of benzoic acid, the electron-donating 

groups have negative values and the electron withdrawing groups have positive values.32  

 Because an equilibrium constant is the ratio of reaction rate constants for a 

reversible process, the ratio of two reaction rates for an irreversible reaction can also be 

studied, such as in the rate of hydrolysis of benzoate esters.  If the reaction is influenced 

by electronic effects, the plot will give a straight line.   From the slope of the line, 

information about the reaction mechanism can be elucidated.  A positive slope, for 

instance, shows that the transition state of the reaction is facilitated by electron-

withdrawing groups.58 

 In the reaction of a substituted hydrazine with an unsymmetrical 1,3-diketone, the 

regioselectivity-determining step occurs in the formation of the initial adduct between the 

terminal amine and the carbonyl.  The ratio of the regio-isomers formed is directly rated 

to the ratio of the reaction rates between the terminal amine and each of the carbonyls.  
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Thus, it is possible to evaluate to study the reaction of the substituted dibenzoylmethanes 

with mono-substituted hydrazines on the basis of the product ratios alone.   

 

Synthesis of para-Substituted Dibenzolylmethanes 

The synthesis of substituted dibenzoylmethanes was first described by Barnes.  

This route was a three-step procedure where the first step is an Aldol condensation 

between an acetephenone and a benzaldehyde.  The chalcone formed is then brominated 

with Br2 to form the dibromide.  The dibromide is refluxed in sodium methoxide in 

methanol and following a water work-up, yields the 1,3-diketone.  Barnes published a 

large variety of 1,3-diaryl-1,3-diketones through this three step procedure, so this was the 

first route studied.59  Following this procedure, only very poor yields and low purity 

products were obtained.   

Instead, a modified Claisen condensation reaction was used with a substituted 

acetophenone and a substituted benzoate ester.  It was found that the nature of each 

reagent was critical to the success of the reaction.  When using an electron rich 

acetophenone and an electron deficient methyl benzoate, the reaction proceeds smoothly 

and near quantitative yields were obtained of the appropriate dibenzoylmethanes.   

When an electron rich methyl benzoate was used with an electron deficient 

acteophenone, the reaction either did not proceed at all or very low yields were obtained.  

Presumably, the electron deficient methyl benzoates make much stronger electrophiles 

and thus allow the reaction to occur.  The electron donating groups on the methyl 

benzoates reduce the reactivity and make the reaction not occur, even at reflux conditions 

over several days.   
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The electron donating groups (R1) used were dimethylamino and methoxy, while 

the electron-withdrawing groups (R2) used were trifluoromethyl and cyano.  Also 

included were unsubstituted acetophenone and methyl benzoate.  Using these groups, a 

series of eight para-substituted dibenzolylmethanes (8a-h) was synthesized.25 (Scheme 

4.6, Table 4.1).    

 

 

Scheme 4.6. Synthesis of diketones 8a-h. 

 
Table 4.1. Designation of compounds a-h. 

8 R1 R2 
a H CF3 
b H CN 
c OMe H 
d OMe CF3 
e OMe CN 
f  Me2N   H 
g  Me2N   CF3 
h  Me2N   CN 

 
 

Reactions with 2-Hydrazinopyridine 

 

 Diketones 8a-h were reacted with 2-hydrazinopyridine to form the 2-

pyrazolylpyridines.  2-hydrazinopyridine was used to establish a trend of regioselectivity 

between the 1,3-diketones when only one hydrazine moiety is present.  1,3,5-

triarylpyrazoles also constitute several important classes of biologically active 

compounds.  A common obstacle in the synthesis of potent biologically active pyrazoles 
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is the formation of regioisomers.28  To overcome this, carbonyl masking groups such as 

acetals and thioacetals are used to protect one carbonyl and insure the desired 

regioselectivity, but this adds several steps to the overall synthesis and sometimes adds 

additional challenges to the synthesis.  If the regioselectivity could be controlled 

electronically, this may avoid these extra steps.  2-pyrazolylpyridines are also an 

important class of bidentate ligands, especially given the ease of synthesis from 

commercially available 2-hydrazinopyridine.  It was not known whether the reaction 

would proceed with the initial adduct at the more electron-deficient carbonyl carbon, 

especially because previous studies using polyfluoroalkyl ketones showed that 2-

hydrazinopyridine reacted through a 1,2-addition which gave the initial adduct at the 

more electron-rich carbonyl.  It was thought that this result was due to the observable 

preference for the enol tautomer with the enol on the poly-fluoroalkyl side.30  The 

reactions were carried out using refluxing THF with catalytic trifluoroacetic acid to give 

a mixture of pyrazole isomers 9 and 10. (Scheme 4.7)   

 

 
Scheme 4.7. Reaction of 8a-h with 2-hydrazinopyridine. 

 
The product mixtures were studied using gas chromatography.  The ratios were 

also confirmed when possible by 1H and 19F NMR.  These product mixtures were also 
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able to studied by GC/MS, though there was no indication of which regioisomer was the 

major based solely on this data.  The mixtures were therefore partially recrystallized and 

studied by X-ray crystallography.  The exact crystal used in the diffraction experiment 

was isolated, dissolved in a minimum amount of solvent and injected in to the GC.  This 

allowed an X-ray structure to be correlated to a specific product peak.  This procedure 

was successful in three cases and showed a trend suggesting that the initial reaction did 

occur in all cases at the electron-deficient carbonyl, giving 9a-h as the major isomer in all 

cases.  (Table 4.2) 

 
Table 4.2. Products ratios obtained from the reaction of 8a-h with 2-hydrazinopyridine. 

8 R1 R2 9:10 log 9/10 

a H CF3 1.88:1 0.274 
b H CN 2.1:1 0.322 
c OMe H 2.35:1 0.371 
d OMe CF3 4.43:1 0.646 
e OMe CN 4.87:1 0.688 
f Me2N H 6.48:1 0.812 
g Me2N CF3 10.56:1 1.027 
h Me2N CN 13.58:1 1.133 

 

The product ratios were then correlated to the σp coefficients for the substituents 

by taking the log of the ratio of the product where the more electron-deficient carbonyl 

reacted first to the product where the more electron-rich carbonyl reacted first.  (Table 

4.2)  These log values were plotted against the σp coefficients, but since each diketone 

contains two para-substituents conjugated to both carbonyls, some consideration must be 

made for the effect both substituents have on the regioselectivity.  The EWGs effectively 

activate the adjacent carbonyl and the EDGs effectively deactivate the adjacent carbonyl 

so when the two are put together, the effect is additive.  Thus, instead of using simple σp 



 

coefficients, a new ∆σp value was used instead.  This value was calculated 

difference between the σp

Since the reaction at the carbonyl involves a developing carbocation at the electrophilic 

center, the σp
+ coefficients were used.  The plot of the resulting value

good correlation between the regioselectivity of the reaction and the strength of the EDGs 

and EWGs. (Figure 4.1) 

 

Figure 4.1. Log (9
 
 

Reactions with 2,6

 The eight diketones were then reacted with 2,6

was not known if the second reaction would be influenced by the result of the first 
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value was used instead.  This value was calculated 

p coefficient for the EWG and the σp coefficient for the EDG.  

Since the reaction at the carbonyl involves a developing carbocation at the electrophilic 

coefficients were used.  The plot of the resulting values showed a very 

good correlation between the regioselectivity of the reaction and the strength of the EDGs 

 

9/10) vs ∆σp
+

  for the reaction of 8a-h with 2-hydrazinopyridine.

Reactions with 2,6-bis-Hydrazinopyridine 

The eight diketones were then reacted with 2,6-bis-hydrazinopyridine (BHP).  It 

was not known if the second reaction would be influenced by the result of the first 

value was used instead.  This value was calculated as the 

coefficient for the EDG.  

Since the reaction at the carbonyl involves a developing carbocation at the electrophilic 

s showed a very 

good correlation between the regioselectivity of the reaction and the strength of the EDGs 

 

hydrazinopyridine. 

hydrazinopyridine (BHP).  It 

was not known if the second reaction would be influenced by the result of the first 
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reaction or not.  The reaction conditions were the same as for the reactions with 2-

hyrdazinopyridine, except that two equivalents of 1,3-diketone were used (Scheme 4.8).   

 

 

Scheme 4.8. Reaction of diketones 8a-h with 1. 

 
 Since all of the 2,6-bis-pyrazolylpyridines formed have a molecular weight above 

515 g/mol, GC using a standard HP-5 column was not possible.  A high temperature 

carborane-based column (SGE, 12 m, 0.22 mm I.D., 0.1µm film) was used instead and 

allowed the product mixtures to be analyzed.  When possible, 1H and 19F NMR were used 

to verify the product ratios but because of the large number of aromatic protons, the 

spectrum was very difficult to interpret.  In two cases, (OMe/CN and Me2N/CN), it was 

not possible to elucidate product ratios.  In the first case the three peaks were unresolved 

and the behavior in the NMR was too dynamic to provide any useful information 
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resulting in multiple peaks for an individual isomer.  In the second case, the product 

peaks had an extremely long retention time and only the major peak could be observed.  

The 1H NMR in this case also failed to provide any useful information that could be used 

to elucidate the ratio of the products. (Table 4.3) 

 
Table 4.3. Product ratios obtained from the reaction of 8a-h with 1. 

8 R1 R2 Ratio 11:12:13 Inherent Selectivity 
a H CF3 2.43:3.30:1 1.69 
b H CN 3.97:3.91:1 1.99 
c OMe H 7.22:5.72:1 2.69 
d OMe CF3 22.79:9.55:1 4.78 
e OMe CN N/A N/A 
f Me2N H 63.87:15.08:1 7.99 
g Me2N CF3 137.12:23.42:1 11.7 
h Me2N CN N/A N/A 

 

Determining the “inherent selectivity” from the product mixtures was done 

statistically.  The probability of the terminal amine reacting with the electron-

withdrawing group carbonyl first is defined as “x” and the probability of the reaction 

taking place first at the carbonyl attached to the electron-donating group is defined as 

“y”.  If the two individual reaction events are independent of each other, then the 

probability of both reactions occurring at the electron withdrawing group carbonyls will 

be equal to x2, the probability of one of each reaction type occurring is 2xy, and the 

probability of both reactions occurring at the electron-donating group carbonyl is y2, so 

that x2 +2xy +y2 = 1.  Thus, by analyzing the product mixtures in this fashion, x and y, 

the inherent selectivity coefficients for each individual reaction were obtained.  The 

inherent selectivity values were very similar to the ratio values for the products obtained 

with 2-hydrazinopyridine.  In the reaction of BHP with the Me2N/CN diketone, the 



 

observed product ratios should have been 185:27:1

peaks were not detected.  The small signal would be complicated by the peak broadening 

consistent with a long retention time.

The log of the ratio of x:y was plotted against the 

values for the reactions with 2

showed a nice linear correlation between regioselectivity and the magnitude of the 

coefficients.  It is also not surprising that the two plo

4.3) Thus, for the first time, the electronic effects in the regioselectivity of pyrazole 

formation were quantitatively studied.

 

Figure 4.2. Log (inherent selectivity) vs 
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ios should have been 185:27:1, which may explain why the minor 

peaks were not detected.  The small signal would be complicated by the peak broadening 

consistent with a long retention time. (Table 4.3) 

The log of the ratio of x:y was plotted against the ∆σp
+ in the same manner as the 

values for the reactions with 2-hydrazinopyridine were plotted.  The plot obtained 

showed a nice linear correlation between regioselectivity and the magnitude of the 

coefficients.  It is also not surprising that the two plots are nearly identical.  (

Thus, for the first time, the electronic effects in the regioselectivity of pyrazole 

formation were quantitatively studied. 

4.2. Log (inherent selectivity) vs ∆σp
+ for the reactions of 

 

which may explain why the minor 

peaks were not detected.  The small signal would be complicated by the peak broadening 

in the same manner as the 

hydrazinopyridine were plotted.  The plot obtained 

showed a nice linear correlation between regioselectivity and the magnitude of the ∆σp
+ 

ts are nearly identical.  (Figurest 4.2, 

Thus, for the first time, the electronic effects in the regioselectivity of pyrazole 

 
for the reactions of 8a-h with BHP. 



 

Figure 4.3. Combined plots for reactions of 

 

 The results of this study suggest that the regioselectivity in pyrazole formation 

with 1,3-diaryldiketones is dependent on the relative 

carbonyl rather than the position of the equilibrium of the enol tautomers.  Thus, based on 

this data, it cannot be determined whether or this reaction goes through a 1,2 or 1,4 type 

addition.  These results also suggest

of 1,3-diketones gives a better representation of 

dibenzoylmethanes than the model that correlates electron donating and withdrawing 

groups to the relative population of

recently been published.25
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4.3. Combined plots for reactions of 8a-h with 2-hydrazinopyridine and BHP.

Conclusions 

The results of this study suggest that the regioselectivity in pyrazole formation 

diaryldiketones is dependent on the relative electrophilicity of each individual 

carbonyl rather than the position of the equilibrium of the enol tautomers.  Thus, based on 

this data, it cannot be determined whether or this reaction goes through a 1,2 or 1,4 type 

.  These results also suggest that the resonance-assisted hydrogen bonding model 

diketones gives a better representation of what is observed for the series of 

dibenzoylmethanes than the model that correlates electron donating and withdrawing 

groups to the relative population of different enol tautomers in a sample.  

25

 

hydrazinopyridine and BHP. 

The results of this study suggest that the regioselectivity in pyrazole formation 

electrophilicity of each individual 

carbonyl rather than the position of the equilibrium of the enol tautomers.  Thus, based on 

this data, it cannot be determined whether or this reaction goes through a 1,2 or 1,4 type 

assisted hydrogen bonding model 

what is observed for the series of 

dibenzoylmethanes than the model that correlates electron donating and withdrawing 

  This work has 
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CHAPTER FIVE 
 

Chiral 2,6-bis-Pyrazolylpyridines 
 
 

Synthesis of Chiral 2,6-bis-Pyrazolylpyridines 

 
 The synthesis of chiral 2,6-bis-pyrazolylpyridine ligands using the BHP 

methodology allows for the synthesis of more sterically bulky ligands than can be 

synthesized through the traditional nucleophilic aromatic substitution route.  This route 

employs a two equivalents of a 1,3-diketone and BHP in THF with a catalytic amount of 

acid.  The crude pyrazolylpyridines can be purified by chromatography, recrystallization, 

or both.   The main limitation of this route, as discussed in Chapter Three, is that it allows 

for the synthesis of ligands bulky enough that the pyrazole rings are unable to be coplanar 

with the pyridine ring, preventing chelation of the transition metal. 

 Initially, attempts were made at the synthesis of chiral pyrazolyl pyridines 

patterned after of the tetraphenyl ligand, since the coordination ability of this ligand had 

already been demonstrated.  The introduction of chiral group at the 4’ position on the 

pyrazole was intended to influence the tilt of the phenyl rings on the 3’ position, and thus 

have an induced chiral environment at the site of metal coordination.  This synthesis was 

attempted two ways: via the synthesis of a chiral 2-substituted dibenzoylmethane, and via 

the reaction of a 4-metallated pyrazolylpyridine with a chiral electrophile.   

 The major focus of the synthesis of the chiral dibenzoylmethane derivatives was 

via an aldol reaction of the enolate of acetophenone with a chiral ketone.  (Scheme 5.1)  

Several ketones were tried.  Enolizable ketones simply did acid-base chemistry with the 
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enolate and only acetophenone self-aldol products were obtained.  In the case of non-

enolizable ketones, such as fenchone, no reaction occurred.  In order to increase the 

nucleophilicity of the acetophenone enolate, the cerium enolate was used.  The cerium 

enolate was generated either by adding a solution of the lithium enolate generated with 

LDA to a stirred suspension of dry CeCl3, or by the reaction of α-bromoacetophenone 

with NaI in the prescence of CeCl3, which  has been reported as a mild route to cerium 

enolates.60  Cerium enolates are supposed to be highly nucleophilic, but essentially non-

basic, so these reactions were expected to allow the aldol condensation with a chiral 

ketone to proceed61, but even these reactions failed to give any product with nopinone, 

camphor or fenchone.   

 

 
Scheme 5.1. Proposed synthesis of chiral dibenzoylmethane derivatives. 

 
 

 N-substituted pyrazoles react cleanly with NBS to give the 4-bromopyrazole in 

high yield.62  This reaction was tested on 2,6-bis-(3’,5’-diphenylpyrazolyl)pyridine and 

the 2,6-bis-(3’,5’-diphenyl,4-bromopyrazolyl)pyridine (14) was obtained quantitatively. 

(Scheme 5.2) 
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Scheme 5.2. Synthesis of 14 from 6. 
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This aryl bromide was reacted with magnesium in an attempt to generate a 

Grignard reagent, but this reaction did not proceed.  A lithium-halogen exchange reaction 

with t-butyllithium failed to give any of the 4-lithiopyrazole, but did reveal an interesting 

reaction with pyrazolyl pyridines, where only 2,6-bis-t-butylpyridine was obtained.   This 

is a rare example of pyrazole being a leaving group in an organic reaction and an example 

of the incompatibility of organolithiums with pyrazolylpyridine ligands.  Since neither 

route afforded a metalated pyrazole, there was no reaction with the chiral electrophiles 

and so no 4’-chiral pyrazolylpyridines were obtained. 

 In order to get induced chirality on the phenyl rings, it may not be necessary to 

have a chiral structure on the 4’ position of the pyrazole ring.  One such route was to 

tether the two rings on the dibenzolylmethane at the ortho positions such that the tether 

would be locked on one side of the pyrazole ring.  This would be enhanced if the α-

carbon on the diketone was alkylated so that in the pyrazole there was an additional 

element preventing free rotation of the benzene rings.  (Scheme 5.3) 

 

N NN

N N
RR

R = H, Me

O O

R
2 +

N NHHN

NH2 NH2

O

O O

R

OH

O

O

O

 

Scheme 5.3. Synthetic route to “tethered” pyrazolyl pyridines. 
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This synthesis was started using 2-bibenzylcarboxylic acid.  The methyl ester of 

this starting material was subjected to Friedel-crafts acylation conditions with propionyl 

chloride, but rather than isolating methyl 2’-propionyl-2-bibenzylcarboxylate, the starting 

ester did an intramolecular acylation to the ortho position of the other benzene ring, 

forming a dibenzofused cyclohepatanone.  It was found in the literature that the acid 

chloride of this carboxylic acid easily forms this cycloheptanone without the use of an 

additional Lewis acid.  (Scheme 5.4) This route was then abandoned due to these 

impediments and other possible problems that could arise further in the synthesis due to 

the resolution of the helical compounds. 

 

 

Scheme 5.4. Synthesis of cycloheptanone derivative from bibenzylcarboxylic acid methyl 
ester. 

 
 

Another focus for the synthesis of chiral ligands was based on the use of 

symmetrical chiral 1,3-diketones.   The first two target ligands were the 2,6-bis-3’,5’-

difencholylpyrazolylpyridine and 2,6-bis-3’,5’-dicampholylpyrazolylpyridine, which 

were synthesized from high optical purity fenchone and camphor13.  The reaction of BHP 

with the difencholyl diketone yielded the desired pyrazolyl pyridine (15) but the reaction 

with the dicampholyl diketone gave only starting material.  (Scheme 5.5) 2,6-bis-(3’,5’-
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difencholyl)pyrazolylpyridine is a viscous semisolid, and thus it was not possible to 

characterize by X-ray crystallography.  The ligand exhibits the same lack of 

complexation properties as the di-tert-butyl ligand, and so this further demonstrates the 

postulate that a pyrazolylpyridine ligand containing a quaternary carbon attached to the 5’ 

position of the pyrazole ring will be unable to chelate a metal cation. 

 

 

Scheme 5.5. Synthesis of chiral pyrazolyl pyridine 15. 

 
 This example lead to the investigation of the synthesis of new 1,3-diketones and 

1,3-diketone equivalents that contain tertiary α-carbons.  1,3-diketones were synthesized 

using a Claisen-like condensation reaction of an enolate of a methyl ketone with a 

carboxylic acid derivative such as an ester or acyl chloride.  Because the tetraphenyl 

ligand had been useful for the chelation of a variety of transition metals, the first target 

was make an unsymmetrical 1,3-diketone with a phenyl ring attached to one carbonyl and 

a chiral group attached to the other.  The diketone 16 was synthesized using the 

campholic methyl ketone13 and methyl benzoate. (Scheme 5.6) 
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Scheme 5.6. Synthesis chiral diketone 16. 

 
The reaction of 16 with BHP gave a good yield of a single pyrazolyl pyridine 

product, but this ligand was unable to chelate transition metals.  The ligand was 

sufficiently crystalline to allow X-ray crystallography confirmation of the structure which 

revealed that it was the 3’-phenyl-5’campholylpyrazole isomer (17).  Thus, the steric bias 

between the two carbonyls selectively places the more bulky group in the undesirable 

position. (Scheme 5.7) 

 

 
Scheme 5.7. Synthesis of chiral pyrazolylpyridine 17 from 1 and 16. 

 
  In order to try to circumvent this problem, alkynone 18 was synthesized in high 

yield using campholyl chloride and phenyl acetylene in a palladium/copper iodide 

catalyzed cross-coupling reaction.63   
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Scheme 5.8. Palladium/copper catalyzed synthesis of alkynone 18. 

This chiral alkynone was reacted with BHP to yield a single pyrazolylpyridine 

product by NMR.  TLC comparision with the product obtained from the 1,3-diketone and 

NMR comparision suggested that the same isomer had been formed in both cases, 

indicating that the reaction occurred via a 1,4-addition to the alkynone rather than the 

desired 1,2-addition.  (Scheme 5.9)   

 

N NHHN

NH2 NH2

+2

O
NN N

NN

1 18 17

Scheme 5.9. Synthesis of 17 from alkynone 18 and 1. 

 
The synthesis of the opposite alkynone was achieved through the reduction of 

campholic acid to the primary alcohol, followed by a PCC oxidation to aldehyde 19.  The 

aldehyde was converted to terminal alkyne 20 using a modified Corey-Fuchs 

homologation reaction64 in two steps.  (Scheme 5.10)   

 

Scheme 5.10. Synthesis of alkyne 20 from campholic acid. 
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 The terminal alkyne was cross-coupled with benzoyl chloride using the same 

reaction conditions as before.63  The reaction of the crude alkynone with BHP gave a 

poor yield so the crude alkynone was recrystallized, but decomposed to an unknown 

product during recrystallization.  (Scheme 5.11) 

 

 
 

Scheme 5.11. Synthesis of alkynone 21 from 20 and benzoyl chloride. 
 
 

 The synthesis of another chiral alkynone was achieved using commercially 

available (-)-myrtenal.  Following a litature procedure, this α,β-unsaturated aldehyde can 

be converted to the nitrile by dehydration of the oxime.  The nitrile is then hydrolyzed in 

basic hydrogen peroxide to get the carboxylic acid.34  Conversion to acyl chloride 22, for 

instance is achieved using oxalyl chloride in CH2Cl2 with a catalytic amount of DMF.  

(Scheme 5.12) 

 

O

H N

OH

CN

OH

O

NH2OH NaOAc

Ac2O NaOH
H2O2

O

Cl

(COCl)2

CH2Cl2,
cat DMF22

 

Scheme 5.12. Synthesis of myrtenoyl chloride (22) from (-)-myrtenal. 
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The aldehyde can also be converted in high yield to enyne 23 using the same 

modified Corey-Fuchs homologation reaction.64 (Scheme 5.13) 

 

 

Scheme 5.13. Synthesis of enyne 23 from (-)-myrtenal. 

 
The cross coupling reaction63 gives alkynone 24 in good yield.  TLC shows that 

while the alkynone can be chromatographed, some product does decompose on silica.  

This is indicated by the streaking of the compound on the plate and 2D TLC shows off 

diagonal spots that correspond to the alkynone and a lower Rf spot.  Fortunately, the 

alkynone is the least polar compound in the mix, and chromatography does allow for 

purification of the alkynone. (Scheme 5.14) 
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Scheme 5.14. Synthesis of alkynone 24 from 22 and 23. 

 
 The reaction of this alkynone with BHP gives a mixture of products that are 

inseparable by chromatography or recrystallization, and are probably due to the various 

possible reaction pathways due to the high degree of conjugated unsaturated bonds in the 

molecule. (Scheme 5.15) 
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Scheme 5.15.  Four possible initial additions from 1 to 24 leading to a complex mixtureof 
products. 

 
 

 The synthesis of chiral 1,3-diketones has been done with other non-symmetrical 

ketones, such as the acylation of nopinone by methyl benzoate to  give 3-

benzoylnopinone (25).  (Scheme 5.16) 

 

 

Scheme 5.16. Synthesis of 3-benzoylnopinone (25). 

 
Due to the steric hindrance on the cyclohexane ring, it was thought that this 1,3-

diketone would react selectively with the benzoyl group first, to give a 4,5 fused pyrazole 

with 3-phenyl group (26).  (Scheme 5.17) 

 

 

Scheme 5.17. Synthesis of chiral pyrazolylpyridine 26 from 25. 
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This ligand contains a tertiary carbon attached at the 5’ position on the pyrazole 

and is able to coordinate metals.  A cobalt complex of 26 was synthesized, and X-ray 

studies revealed that the cobalt was coordinated by two ligands in an octahedral fashion 

to give a dicationic complex that was balanced by two chloride anions.  (Figure 5.1)  This 

structure also confirmed the regioselectivity of the reaction of 25 with BHP to form 26.   

 

 

Figure 5.1. X-ray structure of cobalt complex of 26. 

 
This result gives further evidence to the postulate that a tertiary carbon can be 

tolerated in the 5 position the pyrazole without inhibiting the chelation of a metal.  Our 

previous studies had only included sp2 carbons in this positions and it was unknown if 

this was only tolerated in the tetraphenyl ligand because of the planarity of the benzene 

ring.  This compound was not tested for possible use in catalysis because the chirality 

was thought to be too far removed from the coordination site to have any effect on 

enantioselectivity. 

 In order to achieve the synthesis of symmetrical chiral 1,3-diketones with tertiary 

α-carbons, the focus was turned to pinene derivatives.  One series of compounds was 
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based off of the commercially-available myrtenal.  This α,β-unsaturated aldehyde can 

easily be converted to the nitrile and the carboxylic acid through the oxime65 and 

carboxylic acid derivatives such as methyl ester 27 or to methyl ketone 28 through the 

simple addition of methyllithium followed by reoxidation of the allylic alcohol by PCC, 

PDC, or MnO2.
66 (Scheme 5.18) 

 

 Scheme 5.18. Synthesis of myrtenal derivatives 27 and 28. 
 
 

The conjugate addition of Gilman and higher order cuprates to methyl ketone 28, 

give products in good conversion by GC, but are difficult to purify.  The addition of 

Me2CuLi gives the 1,4 addition product, which by GC appears to be one diastereomer of 

29, but the NMR suggests the presense of more than one isomer. The addition of the alkyl 

group almost certainly comes from the opposite side of the bridgehead, but the 

protonation of the enolate that is formed epimerizes the carbon that is α-to the carbonyl.  

The addition of Ph2CuLiCN  gives a similar result.  The methyl ester and nitrile are 

completely unreactive to conjugate addition by Gilman cuprates, and the higher order 

cyanocuprates even in the presence of Lewis acids such as BF3 and AlCl3.  It was then 

attempted to do the conjugate addition directly to the starting aldehyde, but this always 

lead to addition to the carbonyl.  Since conjugate addition could not be effectively 
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achieved, reduction of the carbon-carbon double bonds was attempted, but this too failed 

to give the proper products. (Scheme 5.19) 

  

 

Scheme 5.19. Reaction of 27 and 28 with organocuprates. 

 
Instead, myrtanol was synthesized by the hydroboration/oxidation of (-)-β-pinene.  

Myrtanol can be oxidized to myrtanal (31) by PCC, PDC, or Swern conditions, or to the 

carboxylic acid (32) using chromic acid.  This route avoids having to reduce a carbon-

carbon double bond.  The major hurdle with this route is the epimerization of the α-

carbon to the carbonyl during the oxidation steps.  Both diastereomers of the aldehyde are 

formed when using PCC, but chromic acid forms very little of the epimeric carboxylic 

acid.  (Scheme 5.20) 

 

 

Scheme 5.20. Synthesis of myrtanal (31) and myrtanoic acid (32) 

 
 An alternate route to the synthesis of complex chiral 1,3-diketones from (-)-β-

pinene involves the metalation of β-pinene with n-BuLi in the presence of TMEDA to 

form the allyllithium.67  Pinyllithium (33) reacts with electrophiles to give a mixture of 

regiomeric products.  This can be avoided by the conversion of the allyllithium to the 
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allyl Grignard reagent by the addition of MgBr2.  The allyl Grignard generally reacts 

regioselectively at the more substituted carbon.  This reaction is also stereoselective in 

that the electrophile always ends up in the equatorial position. (Scheme 5.21) 

 

 
Scheme 5.21. Formation of pinyl grigard and reaction with electrophiles. 

 
 The addition of carbon dioxide to the pinyl Grignard reagent yields the β-pinene 

3-carboxylic acid  (34) as a single diastereomer.  (Scheme 5.22) This carboxylic acid is a 

low melting crystalline solid that can be carefully recrystallized from hexanes.  Both X-

ray structure (Figure 5.2) and NMR reveal that the carboxylic acid group is in the 

equatorial position. 
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Scheme 5.22. Synthesis of carboxylic acid 34. 

 

 

Figure 5.2. X-ray structure of β-pinene 3-carboxylic acid  (34). 
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The addition of acetylaldehyde to the pinyl Grignard gives the secondary alcohol 

in a 1:1 ratio of diastereomers.  The oxidation of the secondary alcohol to methyl ketone 

35 produces only one diastereomer.  (Scheme 5.23)  

 

 
 

Scheme 5.23. Synthesis of methyl ketone 35. 
 
 

Both the methyl ketone and the carboxylic acid can be isomerized to the α,β-

unsaturated carbonyl compounds (36, 37) This can be easily accomplished by stirring 

with silica gel in either ethyl acetate or dichloromethane.  The isomerization is an 

equilibrium process which favors approximately 80% isomerization to the internal double 

bond.  The two isomers cannot be separated chromatographically or by distillation.  The 

isomerization is faster in EtOAc than in CH2Cl2 but the overall equilibrium is the same.  

The substrates were used as a mixture of isomers in reactions with organocuprates. 

Similar to the myrtenoic acid derivatives, the same problems with conjugate addition to 

the carboxylic acid derivatives were again encountered. (Scheme 5.24) 

 

Scheme 5.24. Isomerization of 34 to 36 and 35 to 37 on silica gel in EtOAc. 

 
The reaction of the pinyl Grignard with acetophenone yields two diastereomers of 

38 in roughly equal amounts while the addition of pinacolone yields a roughly 12:1 ratio 
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of two diastereomers of 39 and the reaction with pivaldehyde yields only one 

diastereomer of 40. (Scheme 5.25) These reactions are the basis of the synthesis of 

several more chiral 1,3-diketones.   This trend shows that when the two functional groups 

are significantly different in size, some degree of diastereoselctivity in the reaction is 

achieved.   

 

 

Scheme 5.25.   Reaction of pinyl Grignard to form 38, 39, and 40. 

 
This reaction was also performed on camphor and fenchone, in the hopes of 

forming a single diastereomer of 41.  The Grignard fails to act nucleophilically on 

camphor and instead acted as a base to form the camphor enolate.  Fenchone, which 

cannot form an enolate does react, but the high degree of steric hindrance forces the 

reaction to occur from the less substituted carbon on the Grignard, and occurs without 

allylic rearrangement.  Both enantiomers of fenchone produced this result. (Scheme 5.26) 

 

 

Scheme 5.26. Reaction of pinyl Grignard to form 41. 

 
Since most of these reactions yield a substituted pinene with an exocyclic double 

bond, this was thought to be a possible route for synthesizing more complex chiral 1,3-
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diketones without having to use conjugate addition on α,β-unsaturated carbonyl 

compounds.  Due to the higher levels of stereo control with pinacolone and pivaldehyde, 

these two compounds were chosen for further study.  Following the reaction between the 

pinyl Grignard and the electrophile, tertiary alcohol 39 and secondary alcohol 40 are 

protected as methyl ethers 42 and 43, respectively.  Hydroboration-oxidation of the 

double bond yields primary alcohols 44 and 45 which can then be oxidized and further 

converted to the appropriate compounds to form the 1,3-diketones.  The oxidation of 

alcohols 44 and 45 were quite problematic.  Initially, reagents such as permanganate and 

dichromate were used in acidic, basic and neutral aqueous media.  In all cases, 

permanganate failed to react at all and the dichromate reaction lead to mixtures of a 

variety of decomposition products, but not the desired carboxylic acids.  Milder oxidation 

techniques such as PCC and PDC did not yield an aldehyde but only decomposition 

products as seen in the dichromate reactions.  Finally, the Jones reagent was chosen and 

in acetone primary alcohol 45 was converted to carboxylic acid 46.  This synthesis has 

not been tested on alcohol 44.   (Scheme 5.27)   

 

 

Scheme 5.27. Reactions of 39 and 40 to form chiral carboxylic acids as 1,3-diketone 
intermediates. 

 
 

 Chiral carboxylic acid 46 was converted to methyl ketone 47 by the addition of 

two equivalents of methyl lithium.  The ketone was obtained as a single diastereomer.  
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Carboxylic acid 46 was also converted to acyl chloride 48 by oxalyl chloride in 

dichloromethane with a catalytic amount of DMF.  (Scheme 5.28) 

 

 

Scheme 5.28. Synthesis of 47 and 48 from 46 

 

In order to synthesize a 1,3-diketone, the enolate of 47  was generated by the slow 

addition to 47  an excess of lithium tetramethylpiperidine (LiTMP) at -78oC.  Following 

the addition of all of the ketone, the solution was allowed to warm to room temperature 

for 30 minutes before being cooled back to -78oC.  A solution of 48 in THF was added 

slowly at -78oC.  The reaction was monitored by GC using small aliquots removed from 

the reaction vessel.  After the reaction had warmed to room temperature and stirred for 

two days, no product was evident by GC.  The reaction was warmed to 65oC and allowed 

to stir for an additional two days.  Following this time period, the reaction was quenched 

and the GC showed no evidence of any 1,3-diketone being formed. (Scheme 5.29)  
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Scheme 5.29. Attempted synthesis of a chiral 1,3-diketone from 47 and 48. 

 
Chiral 1,3-diketones can also be synthesized from other chiral auxiliaries, such as 

(-)-menthol.  Menthol can be converted to the alkyl chloride using the Lucas reagent with 
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retention of configuration.68  The chloride can be converted to the Grignard with excess 

magnesium turnings and 10% EtBr.  By adding CO2, carboxylic acid 49 can be obtained.  

The method of addition of CO2 greatly affects the stereoselectivity of the reaction.  When 

a solution of the Grignard was poured over crushed dry ice, a 50% yield of a single 

diastereomer of 49 was obtained.  When CO2 was bubbled into the solution at -78oC and 

the gas was scrubbed of water by passing through CaCl2 at -78oC, a nearly quantitative 

yield of 49 was obtained, but as a 1:1 mixture of two diastereomers of 49.  When a single 

diastereomer of 49 is used, it can be converted to a single diastereomer of methyl ketone 

50 by the addition of excess MeLi, or it can be converted to a single diastereomer of acyl 

chloride 51 with oxalyl chloride.  (Scheme 5.30) 

 

 
Scheme 5.30. Synthesis of 49, 50, and 51 from (-)-menthol. 

 
Chiral 1,3-diketone 52 can be obtained by reacting the enolate of 50 formed with 

lithium tetramethylpiperidine with acyl chloride 51.  The 1,3-diketone can be purified by 

simple recrystallization from ethanol.  (Scheme 5.31) 
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Scheme 5.31. Synthesis of 1,3-diketone 52 from 50 and 51. 

 
Unfortunately, the reaction of menthyl diketone 52 with BHP does not proceed.  

The reaction has been tested in ethanol both under catalytic acidic conditions, 

stoichiometric acidic conditions and neutral conditions, in THF with acid catalyst and 

neutral, and in 1,4-dioxane with both catalytic and stoichiometric acid.  (Scheme 5.32) 

The reaction was even attempted using glacial acetic acid as the solvent.  In all cases, 

only starting material was observed both by TLC and high temperature GC.  The NMR 

and GC/MS for 52 are pretty definitive that the 1,3-diketone was obtained.  The high 

level of symmetry, coupled with the characteristic enol peak at 15.85 ppm leave little 

possibility for an alternate structure.  Attempts to grow X-ray quality crystals of this 

compound have so far been unsuccessful.  

 

 

Scheme 5.32. Attempted synthesis of chiral bis-pyrazolylpyridine from 52. 



 

87 

 
 
 

CHAPTER SIX 
 

2,6-bis-Indazolylpyridines 
 
 

Introduction 

 
 Metal coordination by the 2,6-bis-pyrazolylpyridines class of ligands has a 

limitation based on the coordination ability of the weakly Lewis-basic pyrazole lone 

pairs.17  In order to increase the electron density of the coordinating atoms, changing the 

pyrazole ring to an indazole ring was investigated.  Since an indazole ring is similar in 

structure to the pyrazole ring, but with an additional aromatic ring fused to it, there are 

more resonance contributors that put negative charge on the coordinating nitrogen, thus 

strengthening the metal-ligand bond.  The additional aromatic ring also increases the 

electron density in the five-member ring, allowing for more electron density in the 

pyrazole lone pair. 

 

 

Scheme 6.1 General synthesis of indazoles. 

 
 The synthesis of the indazole ring has been accomplished through several routes, 

but the synthesis usually employs a 2-halo-benzaldehyde or acetophenone and a 

hydrazine.  Depending on the reaction conditions, the hydrazone is formed and isolated 

followed by a separate cyclization step, or in some cases the 1-H indazole is formed by 
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the reaction with excess hydrazine.  The cyclization step is done under basic conditions, 

and has been used either with a catalyst or with the base alone. (Scheme 6.1) 

 
Systems Using Base Alone   

When excess hydrazine is used as the base, the reaction with 2-

fluorobenzaldehyde and other 2-fluorophenylketones can form indazoles, in varying 

yields.  The reaction using substituted hydrazines failed to yield N-substituted indazoles.  

In order to study the reaction in detail, the reaction was carried out in a two-step process, 

first using the substituted hydrazine to form the hydrazone followed by a second reaction 

using unsubstituted hydrazine as the base.  Only 1-H indazole is observed to be formed, 

with no formation of the 1-substituted indazole.  This suggests that the while the first step 

forms the hydrazone, the second equivalent of hydrazine doesn’t act as a base to aid the 

intramolecular cyclization step, but that reacts nucleophilically with the aryl ring.  This is 

followed by an intramolecular reaction with the hyrdazone to form the 1-H indazole 

through the loss of the first equivalent of hydrazine.69 (Scheme 6.2) 

 

 

Scheme 6.2. Proposed mechanism of indazole formation in excess hydrazine. 
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 The synthesis of indazole in the absence of a catalyst using base alone has also 

been reported by the action of potassium carbonate on the phenylhydrazones formed from 

pentafluorobenzaldehyde and pentafluoroacetophone.  Under these reaction conditions, 

the hydrazone is formed and isolated and then reacted with potassium carbonate in DMF 

at 100oC to give a yield of between 90% and 65% of the indazole products.70 

 

Catalytic Systems for the Synthesis of Indazoles   

The synthesis of subsitituted indazoles can often be problematic.  The formation 

of hydrazones from ketones is often plagued by low yields, and the cyclization step can 

lead to reduction products due to the competing Wolf-Kishner reduction.   When the 

indazole is formed using a catalyst, the reaction can be dependent on the nature of the 

hydrazone formed in the first step of the reaction.  It has been reported that with some 

catalytic systems, particularly the palladium catalyzed systems, the reaction will not 

proceed unless the (Z)-hydrazone is formed.71  (Scheme 6.3) 

 

 

Scheme 6.3. Isomer consideration in indazole synthesis. 

 
 Typical catalytic systems for the synthesis of indazoles use either copper or 

palladium, an appropriate ligand, and base such as K2CO3.  The use of copper (I) iodide, 

DMEDA or N, N’ dimethyl-trans-1,2-diaminocyclohexane, potassium carbonate in NMP 
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under microwave conditions yields N-arylindazoles in yields ranging from 100% down to 

40%.  The yields were typically in the range of 80% to 100%, under optimized 

conditions.72  Catalysis using copper (II) oxide and potassium carbonate in a one-pot 

reaction of 2-bromobenzaldehydes and 2-bromoacetophenones with a substituted 

hydrazine to form indazones has been reported in yields ranging from 30% to 83%.73  

The 2-indazolylpyridine class of ligands has been reported, but not widely 

investigated.  The synthesis of this ligand employed a nucleophilic aromatic substitution 

route of the indazole anion on 2-bromopyridine in a 30% yield.74  The 2,6-bis-

indazolylpyridine class of ligands had not been previously reported.  This class of ligands 

could be synthesized through the reaction of two equivalents of the indazole anion with a 

2,6-dihalopyridine.  While this reaction had been the only route to the 2,6-bis-

pyrazolylpyridines prior to the synthesis of BHP, it has not been applied to the synthesis 

of 2,6-bis-indazolylpyridines, most likely due to the high cost of indazole derivates and 

the aforementioned difficulties in the synthesis of the indazole ring. (Scheme 6.4) 

  

 

Scheme 6.4. Proposed synthesis of 2,6-bis-indazolylpyridine by nucleophilic aromatic 
substitution. 

 
 

Synthesis of 2,6-bis-Indazolylpyridines 

The synthesis of this new class of ligands was first attempted using BHP and two 

equivalents of 2-fluorobenzaldehyde.  At the outset, it appeared that it may be possible to 

form the dihydrazone under acidic conditions followed by cyclization under basic 



 

91 

conditions.  The initial attempts allowed for the formation of the hydrazone in THF at 

reflux for 12 h, followed by the in situ addition of excess potassium carbonate and 

refluxing for an additional 24 hrs.  This initial route failed to yield any indazole product.  

Using cesium carbonate, NaH, KOtBu, or LDA all failed to yield any indazole product.  

In order to more carefully study this route, dihydrazone 2 was isolated and purified.  The 

reaction of dihydrazone with these various bases was followed by GC, but while 

disappearance of dihydrazone was observed, no indazole product was formed. (Scheme 

6.5) 

 

 

Scheme 6.5. Attempted synthesis of 2,6-bis-indazolylpyridine from 2. 

 
 Since the base-only method of cyclization was fruitless, attention was turned 

towards some of the catalytic methods.  The first such method was using copper (II) 

oxide with carbonate base,41 but this reaction also failed to form any indazole product.   

 Because these known reaction conditions failed to yield the desired product, an 

iron-catalyzed reaction using FeCl3, DMEDA, and carbonate base in toluene that had 

been shown to be successful for forming nitrogen-aryl bonds with aryl bromides75 was 

used with bis-hydrazone 3 formed from 2-bromobenzaldehyde and BHP.  In this reaction, 

20% mol FeCl3 and 40% mol DMEDA with potassium carbonate base was used in 

refluxing toluene for five days. While the reaction lead to a large amount of 

decomposition products, and emulsions during workup that make purification difficult, 
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25% of 2,6-bis-indazolylpyridine (53) was obtained.  This is the first demonstration of an 

iron-catalyzed indazole formation.  (Scheme 6.6.)   

 

 

Synthesis of 2,6-bis-indazolylpyridine by FeCl3 catalysis. 

 
This compound can be purified by chromatography and this allowed for the 

characterization of 2,6-bis-indazolylpyridine for the first time.  The reaction was then 

screened using a variety of ligands, bases and solvents.  When TMEDA was used rather 

than DMEDA, no product was formed.  The addition of cesium carbonate rather than 

potassium carbonate slightly increased the isolated yield to 34%.  The use of THF, DME, 

1,2-dichloroethane, DMF, and acetonitrile all failed to produce any of the desired 

product.  In order to improve the yield of the desired product, the reaction was carried out 

in a pressure tube, and this allowed for an increase in yield to 52%.  The major drawback 

to this system is the complications in the workup of the reaction.  When the reaction 

medium was filtered through a pad of celite prior to a water workup, the emulsion 

problem was reduced, but not eliminated.   The reaction time is crucial to the success of 

the reaction.  The desired products can be obtained, but the long reaction time of several 

days makes this route undesirable. 

 Now that precedent had been established for the formation of this new class of 

ligands, attention was turned to another previously established route for the synthesis of 
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the indazole ring.  This method was demonstrated using catalytic copper (I) iodide and 

1,10-phenathroline with KOH as the base in 1,4-dioxane. The previous study of this 

system showed that the choice of ligand and base was vital to the success of the reaction.  

In this study, 2-bromophenyl hydrazones were used as the substrate of choice.  The 

chlorohydrazones also produced products, but with a lower yield. 76    

When this system was applied to the 2,6-bis-(2’bromophenylhydrazono)pyridine, 

50% of 53 was obtained in 12 h.  The reaction still formed some byproducts, but these 

since these are more polar they are easily separated by chromatography.  Although the 

previous study showed that other bases and ligands were not as effective as the 

combination of KOH and 1,10-phenanthroline, TMEDA and DMEDA were screened as 

ligands, as well as using the hydrazone itself as a ligand.  None of these reactions yielded 

a significant amount of the product.  When using other bases, such as carbonates, no 

reaction was observed.  Other copper salts were also screened such as copper (I) bromide, 

chloride, and triflate and all showed a decrease in activity. (Scheme 6.7) 
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Scheme 6.7. Synthesis of 2,6-bis-indazolylpyridine using CuI catalysis. 

 
The reaction was then applied to bis-hydrazone 4 formed from 2-

bromoacetophenone.  It was expected that since the use of hydrazones from ketones often 

leads to poor yields in indazole synthesis that this would also be the case for this system.  

Surprisingly, identical reaction conditions produced a near quantitative yield of the 2,6-
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bis-(3’-methylindazolyl)pyridine (54), observed with almost no formation of the more 

polar byproducts that were observed in the reaction of the benzaldehyde hydrazones.  

This result is promising for the future synthesis of chiral derivitives of this new class of 

ligands.  (Scheme 6.8) 

 

 

Scheme 6.8. Synthesis of 2,6-bis-3’methylindazolylpyridine (54). 

 
 The synthesis of chiral 2,6-bis-indazolylpyridines could be accomplished using 2-

bromophenyl ketones that are substituted with chiral groups.  These could be synthesized 

from 2-bromobenzaldehyde by the addition of a chiral Grignard or organolithium such as 

pinyl Grignard or menthylmagnesium chloride.  The reaction of pinyl Grignard with 2-

bromobenzaldehyde proceeds smoothly to give the secondary alcohol 55 as a mixture of 

two diastereomers.   (Scheme 6.9) 

 

 

Scheme 6.9. Synthesis of 55 by the reaction of pinyl Grignard with 2-
bromobenzaldehyde. 

 
 

 The reduction of the secondary alcohol by hydrogenation does not proceed using 

palladium on carbon, even given long reaction times.  The oxidation of 55 to the ketone 

yields two ketone products, 56 and 57 in a roughly 1:1 ratio by NMR.  (Scheme 6.10) 
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Scheme 6.10. Oxidation of 55 to ketones 56 and 57. 

 
The reaction of menthylmagnesium chloride with 2-bromobenzaldehyde yields 

four diastereomers of secondary alcohol 58 along with numerous side products.  The 

oxidation of 58 to ketone 59 produces two diastereomers, but is contaminated with a 

large amount of unidentified side products.  It is unclear at this point what the best 

method of purification of this compound will be.  (Scheme 6.11) 

 

 

Scheme 6.11. Synthesis of ketone 59 from menthylmagnesium chloride. 

 
 Another possible route to for the synthesis of the requisite ketones for the 

synthesis of 2,6-bis-indazolylpyridines is through the use of 2-bromophenylmagnesium 

chloride.  This reagent could be used as a nucleophile on a chiral aldehyde or acyl 

chloride.  This reagent can be prepared by the magnesium-halogen exchange reaction of 

isopropyl magnesium chloride/lithium chloride on 1,2-dibromobenzene in THF at  

-20 oC77.  (Scheme 6.12) 
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Scheme 6.12. Preparation of 2-bromophenylmagnesium chloride. 

 
This reagent was tested with myrtenal in order to determine whether this route 

will be a viable alternative to generating chiral organolithiums and Grignards.  The 

reaction gave two diastereomers of allylic secondary alcohol 60 in high yield (93%).  

(Scheme 6.13)  This result shows that 2-bromophenylmagnesium chloride is a good 

alternative to using chiral organolithiums and Grignard reagents.   

 

 

Scheme 6.13. Reaction of 2-bromophenylmagenesium chloride with myrtenal. 

 
This methodology may be further expanded to the use of chiral acid chlorides.  2-

bromophenylmagnesium chloride could be converted to the cuprate by the addition of a 

copper (I) salt which will couple with acyl chlorides, producing the ketone in one step 

without the need for an oxidation step.  This would allow the synthesis of highly-

hindered indazoles with groups such as campholyl.  (Scheme 6.14) 

 

 
Scheme 6.14. Proposed synthesis of chiral 2,6-bis-indazolylpyridine.
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CHAPTER SEVEN 
 

Materials and Methods 
 
 

General Section 

 
 All reactions which required the use of air or water sensitive reagents were carried 

out in flame-or oven-dried glassware under nitrogen or argon atmosphere, unless 

otherwise stated.  Cannulas and metal luer needles were oven-dried and stored in the 

oven prior to use and disposable needles were dried with a stream of dry air and stored at 

room temperature prior to use.  Methanol (MeOH), ethanol (EtOH), isopropanol (iPrOH), 

acetone, diethyl ether (Et2O), and 1,4-dioxane were obtained from Aldrich Chemical 

Company, VWR, Acros Chemical,or Fischer Scientific and used as obtained.  Hexanes, 

petroleum ether, ethyl acetate (EtOAc), methylene chloride (CH2Cl2), were obtained from 

these same sources and distilled prior to use.  Solvents that required a special drying such 

as pyridine, triethylamine (TEA), and tetrahydrofuran (THF) were distilled from sodium, 

calcium hydride and potassium, respectively. 

 Unless otherwise stated, all reactions were monitored by either thin layer 

chromatography (TLC), gas chromatography (GC), or gas chromatography/mass 

spectroscopy (GC/MS).  When necessary, monitoring was done by removing a small 

aliquot from the reaction mixture by needle (0.05 mL is typical), dissolved in 1.0 mL of 

organic solvent (usually EtOAc, CH2Cl2 or Et2O) and washed one time with the 

appropriate pH water for the reaction, and one time with saturated NaCl.  The 1.0 mL 

organic phase was further dried if used in GC by passing through a pipette containing 
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MgSO4.  Gas chromatography was carried out on a Hewlett Packard 5890 series II GC 

with a flame ionization detector and a J&W 30 m HP-5 column for most applications.  

High temperature experiments required the use of a SGE 12 m carborane column.  Gas 

chromatography/mass spectroscopy was carried out on either a Hewlett Packard GCD 

1800a with electron impact ionization or a Thermo GC/MS with electron impact 

ionization. 

 1H and 13C NMR spectra were obtained using a Varian Innova 500 MHz NMR 

operating at 500 MHz for proton and 125 MHz for carbon, or a Brüker Avance 360 MHz 

NMR operating at 360 MHz for proton and 90 MHz for carbon.  Chemical shifts are 

expressed in ppm (δ), and peaks are reported as singlets (s), doublets (d), triplets (t), 

quartets (q), pentets (pent), multiplets (m), or any combination of these with coupling 

constants (J) reported in Hz. All carbon spectra are proton-decoupled. 

 Concentration in vacuo was accomplished using a rotory evaporator followed by 

house vacuum (between 5 and 25 torr) and further concentrated by use of a mechanical 

pump (~ 0.1 torr) if necessary.  Unless otherwise stated, isolated yields are reported.  All 

aqueous solutions were prepared using deionized (DI) water.  All commercially available 

chemicals were obtained from Aldrich, Acros, VWR, Fischer, and TCI and were used as 

obtained without further purification, unless otherwise stated. 

 
Synthesis of 2,6-bis-Hydrazonopyridines. 

 

Method A (Aldehydes)   

To an oven-dried flask was added one equivalent of BHP and a catalytic amount 

of toluenesulfonic acid.  The flask was sealed with a septum and placed under N2.  A 5.0 
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mL THF solution containing 2.0 equivalents of the aldehyde was added and the reaction 

mixture was heated to 65 oC overnight.  The reaction was allowed to cool to room 

temperature and was quenched by the addition of 1M NaOH and saturated NaCl.  The 

aqueous mixture was extracted three times with ethyl acetate (25 - 50 mL) and dried with 

MgSO4.  The crude mixture was checked by TLC by using 15% EtOAc/ 2% TEA/ 

hexanes.  The bis-hydrazones have an Rf between 0.25-0.35 compared to 0.70-0.90 for 

the starting aldehyde. 

 

Method B (Ketones) 

 To an oven dried flask was added one equivalent of BHP, two equivalents of 

ketone and a catalytic amount of tolunesulfonic acid.  The flask was fitted with a Dean-

Stark trap, condenser, and septum and placed under N2.  The Dean-Stark trap was 

insulated with aluminum foil and benzene was added, enough to fill the collection side of 

the trap and an additional 20-30 ml into the flask.  The reaction was heated until benzene 

was seen to condense and collect in the trap.  The reaction was allowed to reflux for 12-

24 h.  After heating, the reaction was allowed to cool to room temperature and was 

quenched by the addition of 1M NaOH and saturated NaCl.  The aqueous mixture was 

extracted three times with ethyl acetate (25-50 mL) and dried with MgSO4.  The crude 

mixture was checked by TLC using 15% EtOAc/ 2% TEA/ hexanes.  The bis-hydrazones 

have an Rf between 0.15-0.25 compared to 0.70-0.90 for the starting ketone. 

  
BHP/2-fluorobenzaldehyde dihydrazone. (2): Prepared according to method A 

using 116.4 mg BHP (1.194 mmol, 1.0 eq.) and 0.32 ml 2-fluorobenzaldehyde (3.0 

mmol,  2.5 eq).  The crude reaction was purified by recrystallization from hexanes to give 
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272.4 mg of 2 (0.775 mmol, 64.9%) as brown needles. MS: 351 (M+, Base), 331, 311, 

283, 272, 256, 230, 210, 175, 154, 135, 122, 109, 82, 66, 39. 1H NMR, (CDCl3, 500 

MHz): 8.23 (s, 2H), 7.99 (td, J = 7.6, 1.6, 2H), 7.95 (s, 2H), 7.57 (t, J = 8.0, 1H), 7.28 (m, 

2H), 7.16 (t, J = 7.6, 2H), 7.05 (dd, J = 9.1, 8.6, 2H), 6.86 (d, J = 8.1, 2H) 13C NMR, 

(CDCl3, 125 MHz): 160.7 (d, J=250.1 Hz), 155.0, 140.2, 131.8 (d, J = 4.70), 130.1 (d, J = 

8.3), 126.3 (d, J = 2.8), 124.3 (d, J = 3.7), 122.7 (d, J = 10.3), 115.6 (d, J = 20.9), 99.0.  

19F NMR, (CDCl3, 470 MHz): 1H coupled: -124.58, (m, 1H). 

  
BHP/2-bromobenzaldehyde dihydrazone. (3):  Prepared according to method A 

using 700.0 mg of BHP (5.03 mmol, 1.0 eq.) and 1.18 ml 2-bromobenzaldehyde (10.1 

mmol, 2.0 eq).  The crude reaction was purified by recrystallization from hexanes to give 

2.375 g of 3 (5.02 mmol, 99.7%) as brown prisms. 1H NMR, (CDCl3, 500 MHz): 8.44 (s, 

2H), 8.08 (s, 2H), 8.03 (dd, J = 7.8, 1.7, 2H), 7.57 (t, J = 7.8, 1H), 7.53 (dd, J = 8.0, 1.1, 

2H), 7.31 (t, J = 7.5, 2H), 7.15 ( ddd, J = 8.1, 1.7, 1.1, 2H) 6.86 (d,  J = 7.8, 2H) 13C 

NMR, (CDCl3, 125 MHz): 155.0, 140.2, 137.6, 133.8, 133.0, 129.9, 127.5,, 127.1, 123.1, 

99.1. 

 
 BHP/2’-bromoacetophenone dihydrazone (4): Prepared according to method B 

using 588.6 mg of BHP (4.232 mmol, 1.0 eq) and 1.14 mL of 2’-bromoacetophenone 

(8.464 mmol, 2.0 eq).  Isolated 2.10 g (4.19 mmol, 99%) as tan-colored powder, pure by 

TLC, Rf = 0.25 (15% EtOAc/2% TEA/Hex).  1H NMR, (CDCl3,500 MHz): 7.61 

(overlapping dd, J = 8.1, 0.9, 2H), 7.48 (t, J = 8.0, 1H), 7.36 (overlapping td J = 7.5, 1.0, 

2H), 7.24 (s, 2H), 7.22 (td J = 7.6, 1.5, 2H), 7.11 (overlapping dd, J = 7.6, 1.7, 2H), 6.72 
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(d, J = 8.1, 2H), 2.26 (s, 6H) 13C NMR, (CDCl3, 125 MHz): 155.4, 144.10, 144.07, 140.0, 

136.7, 133.6, 133.5, 130.5, 129.03, 128.99, 128.4, 128.3, 121.00, 120.96, 98.2, 23.9. 

  
BHP/nopinone dihydrazone (5): Prepared according to method B using 295.0 mg 

of BHP (2.14 mmol, 1.0 eq) and 0.60 mL of nopinone (4.27 mmol, 2.0 eq).  Isolated 748 

mg (1.97 mmol, 92.3%) as dark solid. 1H NMR (CDCl3, 500 MHz): 7.45 (t J = 8.1, 1H), 

7.35 (s, 2H), 6.60 (d, J = 8.1, 2H), 2.71 (t, J = 5.5, 2H), 2.55-2.35 (m, 7H), 2.10 (m, 2H), 

2.05-1.95 (m, 5H), 1.35 (d, J = 10.1, 2H), 1.29 (s, 6H), 0.80 (s, 6H). 13C NMR, (CDCl3, 

125 MHz): 156.2, 155.3 140.1, 128.3, 98.0, 51.3, 40.6, 40.6, 28.0, 25.7, 22.4, 22.3,  19.3. 

 
Synthesis of Metal Complexes of 6 

 

General Procedure 

 To a test tube containing a 5.0 – 6.0 mL ethanol solution of approximately 0.1 

mmol of the requisite transition metal chloride was added approximately 1.0 mL of a 0.1 

M solution of 6 in CH2Cl2.  The reaction was heated briefly with a heat gun, treated with 

sonication for approximately 60 s and poured into a round bottom flask.  The solvent was 

removed by rotory evaporation and the solid was redissolved in CH2Cl2, filtered through 

Celite into a 100 mL pear-shaped flask.  The flask was placed in a screwcap container 

containg an excess of Et2O.  Ether was allowed to diffuse into the CH2Cl2 solution at 

room temperature until crystals formed and the flask was filled with solvent.  If poor 

quality crystals or a powder was obtained, the solvent was evaporated and the procedure 

repeated, in a refrigerator rather than at room temperature.  
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 6-MnCl2:  From 58.8 mg 6 (0.114 mmol, 1.0 eq) and 25.7 mg MnCl2 (0.130 

mmol, 1.14 eq) obtained 58.8 mg (0.098 mmol, 80.4%) as yellow trapezoidal scales.  

 
 6- FeCl3:  From 41.2 mg 6 (0.080 mmol, 1.0 eq) and 27.6 mg FeCl3 (0.170 mmol, 

2.1 eq) was obtained 48.1 mg of complex 62Fe2Cl4 (0.037mmol, 94%) as dark yellow 

rhombi. 

 6-CoCl2: From 57.2 mg 6 (0.111 mmol, 1.0 eq) and 30.8 mg CoCl2 (0.129 mmol, 

1.16 eq) was obtained 67.6 mg of 6-CoCl2 (0.105 mmol, 94.6%) as green rhombi. 

  
6-NiCl2: From 51.5 mg 6 (0.100 mmol, 1.0 eq) and 24.5 mg NiCl2 (0.103 mmol, 

1.03 eq) was obtained 62.5 mg of 6-NiCl2 (0.097 mmol, 96.9%) as orange rhombi. 

 

6-CuCl2: From 56.1 mg 6 (0.109 mmol, 1.0 eq) and 15.3 mg CuCl2 (0.114 mmol, 

1.04 eq) was obtained 65.4 mg of 6-CuCl2 (0.101 mmol, 92.6%) as red rhombi. 

 

6-ZnCl2: From 76.2 mg 6 (0.148 mmol, 1.0 eq) and 22.0 mg ZnCl2 (0.161 mmol, 

1.16 eq) was obtained 73.6 mg of 6-ZnCl2 (0.112 mmol, 76.2%) as colorless rhombi. 

 

6-RhCl3: From 66.1 mg 6 (0.130 mmol, 1.0 eq) and 23.3 mg RhCl3 (0.131 mmol, 

1.16 eq) was obtained 58.1 mg of 6-RhCl32 (0.080 mmol, 61.7%) as red-orange rhombi. 

 

6-PdCl2: From 29.7 mg 6 (0.058 mmol, 1.0 eq) and 20.5 mg PdCl2 (0.116 mmol, 

2.0 eq) was obtained 17.5 mg of 62Pd4Cl8 (0.010 mmol, 34.7%) as brown prisms. 
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Electronic Effects in the Regioselectivity of Pyrazole Formation 

 

Synthesis of para-Substituted Dibenzoylmethanes 8a-h 

 

General procedure.  To a flask under nitrogen containing a suspension of NaH in 

THF (1.05-1.10 eq.) at reflux was added a solution in THF containing 1 eq. of the 

substituted acetophenone and 1.0 eq. of the substituted methyl benzoate dropwise.  The 

reaction mixture was allowed to reflux overnight and was quenched by the careful 

addition of 1M HCl.  After extraction with diethyl ether (3 x 25 mL), the combined 

organic extracts were washed one time with saturated NaHCO3 and one time with 

saturated NaCl, dried with magnesium sulfate and concentrated by rotary evaporation to 

yield a crude solid which was recrystallized once from hot ethanol to give the pure 1,3-

diketone. 

 
4-trifluoromethyldibenzolylmethane (8a): 1H NMR, (CDCl3,500 MHz): 16.60 (br. 

s, 1H), 8.03 (d, J = 8.2, 2H), 7.95 (d, J = 7.3, 2H), 7.70 (d, J = 8.5, 2H), 7.53 (t, J = 7.1, 

1H) 7.46 (dd, J = 7.9, 7.1, 2H), 6.82 (s, 1H).  19F NMR, (CDCl3,470 MHz): -66.167 (s) 

rel to C6F6 at164.90).  13C NMR, (CDCl3, 125 MHz): 187.0, 183.4, 138.7, 135.2, 133.7 (q 

J = 33.1), 132.9, 130.6, 128.9, 128.8, 127.4, 125.7 (q, J = 3.7), 124.8, 122.6, 93.7 

 
4-cyanodibenzolylmethane (8b):  1H NMR, (CDCl3, 500 MHz): 16.55 (br. s, 1H), 

8.01 (d, J = 8.5, 2H), 7.94 (d, J=7.1. 2H), 7.73 (d, J = 8.5, 2H), 7.54 (t, J = 7.3, 1H), 7.46 

(dd. J=8.0, 7.3), 6.81 (s, 1H) 3.87 (s, 3H).  13C NMR, (CDCl3,125 MHz): 187.8, 182.4, 

139. 6, 135.4, 133.3, 132.7, 129.1, 127.8, 127.6, 118.4, 115.7, 94.1 
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4-methoxydibenzolylmethane (8c):  1H NMR, (CDCl3, 500 MHz): 16.9 (br. s, 1H), 

7.94-7.90 (m, 4H), 7.48 (t, J = 7.1, 1H), 7.42 (t, J =7.1, 2H), 6.9 (d, J=8.5, 2H), 6.74 (s, 

1H).  13C NMR, (CDCl3, 125 MHz): 186.4, 184.3, 163.5, 135.8, 132.4, 129.5, 128.9, 

128.5, 127.2, 114.2, 92.6, 55.7  

4-methoxy, 4’-trifluoromethyldibenzolylmethane (8d):  1H NMR, (CDCl3, 500 

MHz): 16.74 (br. s, 1H), 8.01 (d, J = 8.2., 2H), 7.94 (d, J=8.8, 2H), 7.68 (d, J = 8.19, 2H), 

6.95 (d, J = 8.78, 2H), 6.76 (s, 1H), 3.87 (s, 3H). 19F, (CDCl3, 470 MHz): -66.132 (s) rel. 

to -164.898 for C6F6).  
13C NMR, (CDCl3, 125 MHz):  187.4, 181.9, 163.8, 139.1, 130.8, 

129.8, 128.2, 127.5, 125.8 (q, J = 3.7), 114.3, 93.2, 55.8.  Due to the signal/noise ratio, 

the CF3 carbon was not detected. 

 
4-methoxy, 4’cyanodibenzolylmethane (8e):  1H NMR, CDCl3, 500 MHz: 16.7 (s, 

1H), 7.99 (d, J = 8.2, 2H), 7.93 (dt, J = 8.7, 2.4, 2H), 7.71 (d, J = 8.7), 6.94 (dt, J = 2.8, 

8.8, 2H), 6.75 (s, 1H), 3.87 (s, 3H).  13C NMR, (CDCl3, 125 MHz): 187.8, 180.7, 164.0, 

139.7, 132.6, 129.9, 128.0, 127.6, 118.4, 115.4, 114.4, 93.5, 55.8. 

 

4-dimethylaminodibenzolylmethane (8f):  1H NMR, (CDCl3, 500 MHz): 17.05 (br. 

s, 1H), 7.901 (d, 2H, J = 7.06), 7.87 (d, 2H, J = 9.04), 7.47-7.40 (m, 3H), 6.72 (s, 1H), 

6.66 (d, 2H, J = 9.04), 3.05 (s, 6H).  13C NMR, (CDCl3, 125 MHz): 187.1, 182.5, 153.6, 

136.2, 131.9, 131.5, 129.5, 128.8, 127.0, 123.0, 111.3, 92.0, 40.3 

 

4-dimethylamino, 4’-trifluoromethyldibenzolylmethane (8g):  1H NMR, CDCl3, 

500 MHz: 16.99 (s, 1H), 7.98 (d, J = 8.0, 2H), 7.86 (dt, J = 12, 3, 2H) 7.66 (d, J = 8.0, 

2H), 6.72 (s, 1H), 6.65 (dt, J = 10, 3, 2H), 3.10  (s, 6H). 13C NMR, (CDCl3, 125 MHz): 
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187.8, 180.1, 153.8, 139.5, 133.3, 133.1, 129.6 (d, J= 33.1), 125.7 (q, J = 3.1), 124.2 (q, J 

= 270), 122.6, 111.3, 92.7, 40.3 

 
4-dimethylamino, 4’-cyanodibenzolylmethane (8h):  1H NMR, (CDCl3, 500 

MHz): 16.82 (s, 1H), 8.05 (dd J = 6.7,1.9, 2H), 7.99 (dd, J = 7.1, 2.2, 2H), 7.76, (d, J= 

8.5, 2H), 6.99 (dt 7.0, 2.1, 2H), 6.794 (s 1H), 3,90 (s, 6H).  13C NMR, (CDCl3, 125 

MHz):188.0, 179.0, 153.9, 140.2, 132.6, 129.9, 127.4, 122.4, 118.6, 114.9, 110.8, 93.0, 

40.2 

 

Synthesis of 3,5-(diaryl)pyrazolylpyridines (9a-h, 10a-h): 

 

General procedure.  To a flask under nitrogen containing 1 mmol of 2-

hydrazinopyrinde and 1 mmol of the 1,3-diketone was added 10 mL of THF and 7 µL of 

trifluoroacetic acid.  The reaction mixture was heated to reflux overnight and was 

quenched by the addition of saturated NaHCO3.  The mixture was extracted 3 times with 

CH2Cl2 and with MgSO4.  The solution was concentrated by rotary evaporation to yield 

the crude mixture of 2-pyrazolylpyridine isomers.  The mixture of isomers was analyzed 

by GC/MS (HP-5 column 100�300 oC at 10 oC/min and held at that temperature, as 

necessary.  The ratio of products was then verified by 1H and 19F NMR when possible 

and also by separation on a high temperature carborane GC column. 

 

N-(2-pyridyl)-3-(4’-trifluoromethyl)-5-phenylpyrazole (9a): 65.3% of product 

mixture.  MS: 365 (M+), 364 (Base), 346, 334, 294, 287, 267, 234, 219, 192, 166, 145, 

133, 102, 77, 51, 39. 
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N-(2-pyridyl)-3-phenyl-5-(4’-trifluoromethyl)-pyrazole (10a): 34.7% of product 

mixture.MS: 365 (M+), 364 (Base), 346, 334, 296, 287, 261, 235, 219, 192, 167, 148, 

133, 103, 78, 51, 39. 

 

N-(2-pyridyl)-3-(4’-cyanophenyl)-5-(4’-phenyl)pyrazole (9b): 67.7% of product 

mixture.MS: 322 (M+), 321 (Base), 306, 292, 266, 244, 221, 219, 192, 166, 146, 132, 

114, 102, 78, 51, 39. 

 

N-(2-pyridyl)-3-phenyl-5-(4’-cyanophenyl)pyrazole (10b): 32.3% of product 

mixture.MS: 322(M+), 321 (Base), 294, 292, 266, 245, 218, 191, 190, 161, 146, 127, 

102, 78, 51, 39. 

 

N-(2-pyridyl)-3-phenyl-5-(4’-methyoxyphenyl)pyrazole (9c): 70.1% of product 

mixture.MS: 327 (M+), 326 (Base), 311, 283, 281, 250, 224, 206, 192, 181, 163, 127, 

115, 89, 78, 51, 39. 

 

N-(2-pyridyl)-3-(4’-methyoxyphenyl)-5-phenylpyrazole (10c): 29.9% of product 

mixture.MS: 327 (M+, Base), 326, 311, 283, 281, 255, 230, 205, 193, 167, 163, 141, 114, 

102, 78, 51, 39. 

 

N-(2-pyridyl)-3-(4’-cyanophenyl)-5-(4’-methyoxyphenyl)pyrazole (9e): 83.0% of 

product mixture.MS: 352 (M+), 351 (base), 337, 308, 280, 250, 224, 207, 176, 154, 127, 

78, 51. 
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N-(2-pyridyl)-3-(4’-methyoxyphenyl)-5-(4’-cyanophenyl)pyrazole (10e): 17.0% of 

product mixture.MS: 352 (M+), 351 (base), 337, 308, 280, 253, 230, 218, 192, 175, 154, 

127, 102, 78, 51. 

 

N-(2-pyridyl)-3-phenyl-5-(4’-dimethylaminophenyl)pyrazole (9f): 86.6% of 

product mixture.MS: 340 (M+, base), 323, 296, 267, 263, 236, 218, 192, 170, 147, 118, 

103, 78, 51, 42. 

 

N-(2-pyridyl)-3-(4’-dimethylaminophenyl)-5-phenylpyrazole (10f): 13.4% of 

product mixture.MS: 340 (M+, base), 323, 296, 267, 263, 234, 218, 193, 169, 147, 134, 

102, 78, 51, 42. 

 

N-(2-pyridyl)-3-(4’-cyanophenyl)5-(4’-dimethylaminophenyl)pyrazole (9h): 

93.1% of product mixture.  MS: 321 (M-44, base), 306, 293, 266, 244, 218, 192, 161, 

146, 127, 102, 78, 51, 39. 

 

N-(2-pyridyl)-3-(4’-dimethylaminophenyl)-5-(4’-cyanophenyl)pyrazole (10h): 

6.9% of product mixture.  MS: 321 (M-44, base), 306, 292, 266, 244, 219, 192, 166, 146, 

132, 102, 78, 51, 39. 

 
Synthesis of 2,6-bis-3’,5’diarylpyrazolylpyridines (11a-h, 12a-h, 13a-h) 

 

General procedure. To a flask under nitrogen containing 1 mmol 2,6-bis-

hydrazinopyrinde and 2 mmol of the 1,3-diketone was added 10 mL THF and 7 µL 

trifluoroacetic acid.  The reaction mixture was heated to reflux overnight and was 

quenched by the addition of saturated NaHCO3.  The mixture was extracted 3 times with 
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CH2Cl2 and with MgSO4.  The solution was concentrated by rotary evaporation to yield 

the crude mixture of 2,6-bis-pyrazolylpyridine isomers.  The mixture of isomers was 

analyzed by GC (carborane column, SGE, 12 m, 0.22 mm I.D., 0.1µm film. 240�380 oC 

at10 oC/min and held at that temperature as necessary). 

 
Synthesis of Chiral 2,6-bis-Pyrazolylpyridines 

 
Attempted Synthesis of “Tethered” Tetraphenylpyrazolylpyridine Ligands 

 

 2,6-bis-(4’-bromo,3’,5’diphenyl)pyrazolylpyridine (14):  1.058 g of 6 (2.05 mmol, 

1.0 eq.) was dissolved in 50 mL of MeOH and cooled to 0 oC.  0.802g of N-

bromosuccimide (4.51 mmol, 2.2 eq.) was added and the solution was allowed to warm to 

room temperature and stir overnight.  Most of the solvent was removed by rotary 

evaporation, the reaction mixture was dissolved in 1.0 M NaOH and extracted three times 

with CH2Cl2.  The combined organic extracts were washed once with sat. NaCl and dried 

with MgSO4.  The solvent was removed by rotary evaporation and the white solid 

obtained was dried in vacuo to give 1.350 g. of 14 (2.01 mmol, 97.9%).  1H NMR 

(CDCl3, 500 MHz):  7.97 (d, J = 7.0, 4H), 7.76 (t, J = 8.0, 1H), 7.48 (t, J = 7.5, 4H), 7.44-

7.41 (m, 4H), 7.34-7.30 (m, 6 H), 7.21-7.19 (m, 4H).  13C NMR (CDCl3, 125 MHz):  

150.5, 150.4, 142.8, 140.3, 131.6, 130.2, 129.0, 128.9, 128.7, 128.3, 128.2, 128.1, 116.9, 

96.4. 

 
From Chiral 1,3-Diketones 

 

 

 2,6-bis-(3’5’-Difenchoyl)pyrazolylpyridine (15):  To a 50 ml round bottom flask 

containing a mixture of 424.0 mg (5.05 mmol, 1.0 eq) of BHP and 1.46 mL(7.62 mmol, 
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2.5 eq.) of difenchoylmethane under nitrogen atmosphere and with a condenser attached 

was added 7.0 mL of THF and 7.0 µL of TFA.  The reaction was heated to 65 oC for 72 h 

and then allowed to cool to room temperature before being quenched with 10.0 mL of 

1.0M NaOH.  The mixture was diluted with 75.0 mL of water and extracted three times 

with 25.0 mL of CH2Cl2.  The combined organic phases were washed once with sat. NaCl 

and dried over MgSO4.  The solvent was removed in vacuo and the dark, viscous oil was 

purified by column chromatography on silica, eluting with 15% EtOAc/ 2%TEA/ 

hexanes to give 1.253 g of 15 (1.77 mmol, 35.0%) as an orange, viscous oil.  1H NMR, 

300 MHz, CDCl3: 7.87 (t, J = 7.6, 1H), 7.57 (d, J = 7.6, 2H), 6.03 (s, 2H), 2.15-2.00 (m, 2 

H), 1.90-1.50 (m, 23H), 1.45-1.35 (m, 4H), 1.34 (s, 6H), 1.23 (s, 6H), 0.89 (overlapping 

d, J = 6.5 (both d), 12H),.088-.086 (m, 3H), 0.81 (d, J = 5.6, 6H), 0.79 (d, J = 5.5, 6H) 

  
1-Camphoyl-1-benzoylmethane (16):  To a 50 mL round bottom flask containing 

1.109g NaH (60% disp. in oil, 27.74 mmol, 1.7 eq) under nitrogen atmosphere was added 

10.0 mL of DMF.  The slurry was cooled to 0 oC and 3.45 mL of methyl benzoate was 

added (27.14 mmol, 1.7 eq) and 2.729 g. of camphoyl methyl ketone (16.32 mmol, 1.0 

eq).  The reaction was allowed to stir for 1 h at 0 oC and then allowed to warm to room 

temperature and stir overnight.  The reaction was quenched by the addition of 10 mL of 

water and the reaction mixture was transferred to a separatory funnel and diluted with an 

addition 40 mL of water and was then made acidic by the addition of 6.0 M HCl.  The 

aqueous mixture was extracted with CH2Cl2 (3 x 50 mL) and the combined organic 

phases were washed once with 50 mL of sat. NaCl.  The solvent was removed in vacuo to 

give an amber liquid which was distilled by kugelrhor distillation at 0.1 torr.  The 1,3-

diketone distilled at 100 oC to give 2.354 g of 16 (8.65 mmol, 53.0%) as a white solid.  
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MS: 272 (M+), 254, 229, 203, 189 (base), 176, 147, 134, 124, 105, 83, 69, 55, 41.  1H 

NMR, (CDCl3, 300 MHz): 7.89 (dt, J = 6.6, 1.2, 2H), 7.54-7.42 (m, 3H), 6.27 (s, 1H), 

2.46 (td, J = 12.1, 6.5, 1H), 2.04 – 1.85 (m, 2 H), 1.47 – 1.34 (m, 2H), 1.26 (s, 3H), 1.16 

(s, 3H), 0.87 (d, J =6.5, 3H), 0.69 (s, 3H).  13C NMR, (CDCl3, 75 MHz): 201.3, 104.5, 

135.8, 132.0, 128.6, 127.0, 94.5, 56.7, 46.0, 41.7, 32.0, 28.7, 22.5, 22.1, 18.8, 14.4. 

  
2,6-bis-(3’-Camphoyl, 5’-phenyl)pyrazolylpyridine (17):  To a 25 mL round 

bottom flask containing 156.5 mg of BHP (1.125 mmol, 1.0 eq) and 770.6 mg of 16 

under nitrogen atmosphere was added 10 mL of THF and 12 µL of TFA.  The reaction 

was heated to 65 oC for 24 h and then cooled to room temperature, quenched with 10 mL 

NaOH and diluted with 50 mL of water.  The aqueous mixture was extracted with CH2Cl2 

(3x 50 mL) and the combined organic phases were washed once with 50.0 mL of sat. 

NaCl.  The crude solid was purified by column chromatography on silica gel, eluting with 

15% EtOAc/ 2%TEA/ hexanes to give 652 mg of pure 17 (1.06 mmol, 94.7%).  1H NMR, 

(CDCl3, 300 MHz): 8.01 (t, J = 8.1, 1H), 7.85 (dt, J = 7.0, 1.5, 4H), 7.63 (d, J = 7.8, 2H), 

7.41 (tt, J = 7.6, 1.2, 4H), 7.32 (tt, J = 7.3, 1.4, 4H), 6.69 (s, 2H), 2.0 - 1.9, (m, 2H), 1.8 - 

1.7 (m, 4H), 1.45-1.39 (m, 3H) 

 
Camphoyl phenylacetylene (18):  To a 100 mL round bottom flask containing 

95.0 mg of CuI (0.5 mmol, 5% mol) and 17.8 mg of PdCl2 (0.1 mmol 0.5% mol) and 52.3 

mg of Ph3P (0.2 mmol, 1% mol) in 40 mL of TEA under nitrogen atmosphere was added 

2.20 mL phenylacetylene (20.0 mmol, 1.0 eq).  The solution turned a pale yellow color 

immediately and 5.275 g of camphoyl chloride was added in one portion at room 

temperature.  The reaction turned pink within minutes and was allowed to stir at room 
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temperature overnight.  The reaction was diluted with 200 mL water and extracted with 

ethyl acetate (3 x 50 mL).  The combined organic fractions were washed with 6.0 M HCl 

until the aqueous fractions were at pH 1.0.  The organic fractions were then washed once 

with 1.0 M NaOH, once with sat. NaCl, and then dried over MgSO4.  The solvent was 

removed by rotary evaporation give 4.89 g of 18 (19.3 mmol, 96.3%) as a dark semi-

solid.  MS: 254 (M+), 239, 226, 211, 197, 183, 171, 158, 141, 129 (base), 109, 101, 83, 

69, 55, 41.  

 
 Synthesis of 17 from 18:  To a 25 mL round bottom flask containing 153.8 mg of 

BHP (1.11 mmol, 1.0 eq) and 654.0 mg of 18 under nitrogen atmosphere was added 7.0 

mL EtOH and 7.0 µL TFA. The reaction was allowed to stir at room temperature 

overnight and was quenched by the addition of 25 mL of 1.0 M NaOH and diluted with 

an additional 100 mL of water.  The reaction mixture was extracted with EtOAc (3x 10 

mL) and was washed once with sat. NaCl and dried over MgSO4.  Purification by 

chromatography (15% EtOAc/ 2% TEA/ hexanes) gave 578.3 mg 17 (0.940 mmol, 

84.7%). 

 
 Synthesis of campholic aldehyde (19).  To a 250 ml round bottom flask fitted with 

a Claisen adapter and condenser containing 10.0 g of campholic acid was added 

approximately 100 mL of THF.  The reaction was heated to reflux, then the heat was 

turned off, followed by the slow addition of 2.60 g of LAH in small portions so that the 

reaction maintained a gentle reflux.  After the addition of all of the LAH, the reaction was 

heated so that reflux would be maintained overnight.  The reaction was allowed to cool to 

room temperature and then was quenched by the slow addition of 2.0 M KOH.  When all 
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of the KOH was added, the sludge that was formed was filtered through ceilte and the 

clear solution was diluted with 200 mL of Et2O and washed twice with 1.0 NaOH (50 mL 

each) and once with sat. NaCl.  The solution was dried over MgSO4 and concentrated by 

rotory evaporation to give 7.76 g of “camphol” (50.4 mmol, 85.7%) which was used 

without further purification. MS: 156 (M+), 141, 138 (M-18, base), 125, 123, 109, 98, 95, 

83, 79, 69, 55, 53, 41. 

 The crude “camphol” was dissolved in 250 mL of CH2Cl2.  To this solution 25.0 g 

of celite and a few spatulas of K2CO3 were added followed by the addition of 27.61 g of 

PCC (104.8 mmol, 2.08 eq).  The reaction was allowed to stir overnight at room 

temperature.  The slurry was poured into an excess of diethyl ether (750 mL) and filtered 

through silica gel (approximately 75 g) to give 6.40 g of aldehyde 19 (41.6 mmol, 82.5%)  

MS: 154 (M+), 125 (base), 111, 96, 84, 83, 71, 69, 55. 

 
 Campholic alkyne (21):  Carbon tetrabromide (13.2 g, 40.0 mmol, 2.0eq) was 

added to a 500 mL recovery flask containing a 250 mL solution of 20.893g of 

triphenylphosphine (80.0 mmol, 4 eq) in CH2Cl2 at room temperature.  The clear solution 

instantly turned yellow as the CBr was added and finally colorless after the reaction was 

allowed to stir for 10 min.  A 50 mL solution of 19 in CH2Cl2 was added slowly to the 

reaction, which immediately turned dark red.  The reaction was allowed to stir at room 

temperature overnight and the solvent was evaporated by a stream of dry air until the 

solution got viscous and was approximately 100 mL in volume.  The solution was then 

slowly poured into a rapidly stirred 1.0 L Erlenmeyer flask containing 800 mL of 

petroleum ether, which caused the red oil to yield a pale yellow precipitate.  The slurry 

was filtered through Florosil to yield a pale yellow solution.  The solvent was 



 

113 

concentrated by rotary evaporation and the pale yellow oily solid was dissolved in a 

minimal amount of CH2Cl2 and reprecipitated with petroleum ether and filtered through 

Florosil a second time.  The colorless solution was evaporated to yield 1.872 g (6.04 

mmol, 30.20%) of crude vinyl dibromide which was used without further purification.  

MS: 312 (M+), 310 (M+) 308 (M+), 228, 226 (Base), 224, 199, 161, 159, 147, 145, 123, 

107, 83, 69, 55, 41. 

 The crude dibromide (6.20 g, 20.0 mmol) was dissolved in 30 mL of THF and 

added to a 100 mL round bottom flask containing 4.488 g of KOtBu under nitrogen 

atmosphere.  The reaction was allowed to stir for 24 h at room temperature and was 

quenched by the cautious addition of water.  The quenched reaction mixture was 

transferred to a 500 ml separatory funnel containing 200 mL of water and 100 mL of 

diethyl ether.  The organic phase was washed once with sat. NaCl and dried with MgSO4 

to give 3.00 g of alkyne 20 (19.96 mmol, 99.8%).  MS:  135 (base, M-15), 121, 107, 93, 

69, 55, 41. 

 
 Benzoyl campholic alkyne (21):  Crude alkyne 20 (3.00 g., 20.0 mmol) was added 

to a TEA solution (40.0 ml) containing PdCl2 (17.73 mg, 0.1 mmol, 0.5 mol %), and CuI 

(95.0 mg, 0.5 mmol, 2.0% mol), and Ph3P (52.5 mg, 0.2 mmol, 1.0 mol %) under 

nitrogen atmosphere.  Benzoyl chloride (3.02 mL, 26.0 mmol, 1.3 eq) was added and the 

reaction was allowed to stir overnight and was quenched by the addition of 25 mL of 1.0 

M NaOH and diluted with an addition 100 mL of water.  The reaction mixture was 

extracted with EtOAc (3 x 10 mL) and was washed once with sat. NaCl and dried over 

MgSO4 to give 4.876 g of 21 (19.2 mmol, 96.0%) as a dark solid.  Attempted purification 

of the crude material by recrystallization from ethanol/hexanes lead to decomposition of 
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the product to an unknown compound and was noted by the loss of the product peak in 

the GC.  MS:  254 (M+), 253, 239 (base), 221, 221, 298, 185, 171, 149, 141, 121, 105, 

93, 77, 69, 55, 41. 

Myrtenoyl chloride (22):  CH2Cl2 (20 mL) was added to a 50 mL round bottom 

flask containg 4.24 g of myrtenoic acid (25.5 mmol, 1.0 eq) under nitrogen atmosphere, 

followed by 2.62 mL of oxalyl chloride (30.0 mmol, 1.2 eq) and 3 drops of DMF.  A 

vigorous reaction with the expulsion of gas was observed and the reaction was allowed to 

stir at room temperature overnight.  The solvent was removed in vacuo by rotary 

evaporation using an aspirator as the vacuum source.  The flask was dried to constant 

weight, giving 4.70 g (25.5 mmol, 100%) of myrtenoyl chloride (22) which was used 

without further purification.  MS:  186 (M+), 184 (M+), 167, 147 (base), 139, 125, 119, 

103, 91, 79, 77, 63, 51, 41, 36. 

 
Myrtenyl acetylene (23):  Carbon tetrabromide (26.4 g, 80.0 mmol, 2.0 eq) was 

added to a 500 mL recovery flask containing a 250 mL solution of 42.0 g of 

triphenylphosphine (160 mmol, 4 eq) in CH2Cl2 at room temperature.  The clear solution 

instantly turned yellow as the CBr4 was added and finally colorless after the reaction was 

allowed to stir for 10 min.  (-)-Myrtenal (6.10 mL, 40.0 mmol, 1.0 eq) was added slowly 

to the reaction, which immediately turned dark red.  The reaction was allowed to stir at 

room temperature overnight and the solvent was evaporated by a stream of dry air until 

the solution got viscous and was approximately 100 mL in volume.  The solution was 

then slowly poured into a rapidly stirred 1.0 L Erlenmeyer flask containing 800 mL of 

petroleum ether, which caused the red oil to yield a pale yellow precipitate.  The slurry 

was filtered through Florosil to yield a pale yellow solution.  The solvent was 
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concentrated by rotary evaporation and the pale yellow oily solid was dissolved in a 

minimal amount of CH2Cl2 and reprecipitated with petroleum ether and filtered through 

Florosil a second time.  The colorless solution was evaporated to yield 11.42 g (37.47 

mmol, 93.7%) of pure myrtenylvinyl dibromide which was used without further 

purification MS: 308 (M+), 306 (M+, base), 304 (M+), 293, 291, 289, 263, 265, 238, 

225, 199, 183, 171, 146, 131, 102, 91, 77, 51, 41. 1H NMR, (CDCl3, 500 MHz) :6.87 (dd, 

J = 5.0, 3.0, 1H), 5.92 (sextet, J = 1.7, 1H), 2.62 (td, J = 5.5, 1.7, 1H), 2.42 (dt, J = 9, 5.8, 

1H), 2.36 – 2.25 (m, 2H), 2.10 (pent. d, J = 3, 1.2, 1H), 1.30 (s, 3H), 1.19 (d, J = 9, 1H), 

0.88 (s, 3H) 13C NMR, (CDCl3, 125MHz) :  143.7, 137.4, 127.6, 85.9, 44.5, 40.3, 37.9, 

32.2, 31.6, 26.1, 21.3. 

To a solution of the vinyl dibromide (6.12 g, 20.0 mmol,1eq.) in 20.0 ml THF in a 

100 mL round bottom flask under nitrogen atmosphere at -78 oC was added 15.3 mL of 

2.87 M n-BuLi.  The reaction was allowed to stir for one hour before a sample was taken 

for GC, which showed only product.  The reaction was quenched by the addition of 100 

mL water and the aqueous phase was extracted with Et2O (3 x 20 mL).  The combined 

organic phases were washed once with sat. NaCl and dried over MgSO4.  The solvent 

was removed in vacuo to give 2.90 g myrtenyl acetylene (23) (19.9 mmol, 99.3%) MS: 

146, (M+, base), 141, 131, 117, 115, 103, 91, 77, 68, 65, 53, 51, 39. 1H NMR, (CDCl3, 

500 MHz ):  6.07 (m, 1H), 2.97 (d, J = 0.7, 1H), 2.42 (dt, J = 9.0, 5.6, 1H), 2.36 (t, J = 

2.9, 1H), 2.33 ( t, J = 2.7, 1H), 2.28 (td, J = 5.6, 1.5, 1H), 2.12-2.10 (m, 1H), 1.87-1.83 

(m, 1H), 1.30 (s, 3H), 1.24 (d, J = 9.1, 1H), 0.94 (t, J = 7.5, 1H), 0.89 (s, 3H).  13C NMR, 

(CDCl3, 125MHz): 132.6, 129.1, 84.5, 76.7, 46.8, 40.2, 37.9, 32.0, 31.3, 26.0, 20.9. 
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Myrtenyl alkynone (24):  Enyne 23 (1.495 g, 10.24 mmol) was added to a TEA 

solution (20.0 ml) of PdCl2 (8.865 mg, 0.05 mmol, 0.5 mol %), and CuI (47.5 mg, 0.25 

mmol, 2.0 mol %), and Ph3P (26.2 mg, 0.10 mmol, 1.0 mol %) under nitrogen 

atmosphere.  Myrtenoyl chloride (22, 2.081 g, 15.20 mmol, 1.3 eq) was added and the 

reaction was allowed to stir over night and was quenched by the addition of 25 mL of 1.0 

M NaOH and diluted with an addition 100 mL of water.  The reaction mixture was 

extracted with EtOAc (3 x 10 mL) and was washed once with sat. NaCl and dried over 

MgSO4 to give 2.85 g of 24 (9.69 mmol, 94.7%) as a viscous oil. MS: 294 (M+, base), 

279, 261, 251, 225, 207, 195, 173, 165, 145, 129, 105, 91, 77, 53. 1H NMR, (CDCl3, 500 

MHz ):7.11 (dt, J = 3.0, 1.5, 1H), 6.36 (ddd, J = 5.1, 3.6, 1.5, 1H), 3.00 (td, J = 4.0, 1.5, 

1H), 2.6- 2.4 (m, 7H), 2.12-2.18 (m, 2H), 1.34 (s 3H), 1.33 (s, 3H), 1.26 (d, J = 9.3, 1H), 

1.05 (d, J = 9.0, 1H), 0.90 (s, 3H), 0.75 (s, 3H) 13C NMR, (CDCl3, 125MHz): 177.2, 

150.0, 143.3, 137.9, 128.5, 91.6, 86.5, 46.5, 40.4, 40.0, 39.0, 38.0, 37.7, 32.8, 32.7, 31.4, 

31.1, 25.9, 25.7, 21.1, 20.9. 

 
3-Benzoylnopinone (25):  DMF (15 mL) was added to a 100 mL round bottom 

flask containing 1.018 g of NaH (60% disp in oil, 25.5 mmol, 1.1 eq) under nitrogen 

atmosphere.  To the this suspension, 3.25 mL of nopinone (23.0 mmol, 1.0 eq) was added 

dropwise and the reaction was allowed to stir for 10 min followed by the addition of 2.86 

mL of methyl benzoate (23.0 mmol, 1 eq).  The reaction continued to stir overnight at 

room temperature.  The reaction was quenched by the addition of 10 mL of water and the 

reaction mixture was transferred to a separatory funnel and diluted with an addition 300 

mL of water and was then made acidic by the addition of 6.0 M HCl.  The aqueous 

mixture was extracted with CH2Cl2 (3x 50 mL) and the combined organic phases were 
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washed once with 50 mL of sat. NaCl.  The solvent was removed in vacuo to give an 

white semi-solid which was recrystallized from ethanol to give 4.170 g of 25 (17.23 

mmol, 74.9%).  MS: 242, 227, 214, 201, 197, 173, 169, 147, 132, 121, 105, 77, 67, 55. 

41.  1H NMR, (CDCl3, 500 MHz): 15.51 (s, 1H), 7.69 (dd, J = 5.7, 3.3, 2H), 7.45-7.42 (m, 

3H), 2.69 (t, J = 3.3, 2H), 2.59 (t, J = 5.5, 1H), 2.54 (m, 1H), 2.28 ( ddd, J = 8.9, 6.1, 3.1, 

1H), 1.46 ( d, J = 9.8, 1H), 1.35 (s, 3H), 0.97 (s, 3H) 13C NMR, (CDCl3, 125MHz): 209.3, 

173.0, 135.3, 130.2, 130.1, 128.5, 128.2, 103.8, 54.8, 39.9, 39.5, 28.2, 27.8, 25.8, 21.5. 

 

Chiral pyrazolylpyridine from 25 (26):  THF (10 mL) was added to a 50 ml round 

bottom flask containing 239.2 mg of BHP (1.72 mmol, 1.0 eq) and 1.00 g of 25 (4.17 

mmol, 2.4 eq) followed by 7.0 µL of TFA.  The reaction was heated to reflux for 12 h and 

then quenched by the addition of 10 mL of 1.0 M NaOH and diluted with water (250 mL)  

The addition of CH2Cl2 (100 mL) to the reaction mixture produced a black emulsion that 

was intractable and the emulsion was allowed to stand for three months.  Dark red 

crystals were isolated from the mixture by decanting the solvent.  The crystals were dried 

in vacuo to give 408 mg of 26 (.074 mmol, 43.0%)  1H NMR, (CDCl3, 500 MHz):  7.96 

(d, J = 7.5, 4H), 7.90-7.86 (m, 3H), 7.45 (t, J = 7.5, 4H), 7.35 (t, J = 7.5, 2H), 3.97 ( t, J = 

5.5, 2H), 3.11 (dd, J = 15.5, 3.0, 2H), 2.99 (dd, J = 15.5, 3.0, 2H), 2.84 (dt, J = 9.0, 6.0, 

2H), 2.419 (ddd J = 8.5, 5.5, 2.5, 2H), 1.67 (d, J = 9.5, 2H), 1.40 (s, 6H), 0.74 (s, 6H) 13C 

NMR, (CDCl3, 90 MHz): 151.3, 150.8, 149,1, 140.6, 133.8, 128.5, 127.8, 126.4, 113.3, 

111.7, 42.4, 41.4, 40.6, 31.7, 27.0, 26.2, 21.4. 

 

Cobalt (II) complex of (26).  In a 15 mL test tube 19.0 mg of cobalt (II) chloride 

hexahydrate (0.140 mmol, 1.3 eq) was dissolved in 5.0 mL of EtOH.  A 1.0 mL CH2Cl2 
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solution containing 60.0 mg of 26 (0.11 mmol, 1.0 eq) was added to the blue cobalt 

solution which instantly turned dark green.  The solution was transferred to a 25 mL pear-

shaped flask and the solvent was removed by rotary evaporation.  The green solid was 

dissolved in CH2Cl2 (7.5 mL) and filtered through celite into a 100 mL pear-shaped flask.  

The flask was placed in a screwcap jar containing an excess of Et2O.  Ether was allowed 

to diffuse until the solution in the 100 mL flask was nearly colorless and 70.3 mg of 

green pine-tree shaped crystals (0.101 mmol, 91.7%) were isolated.  X-ray 

crystallography revealed the structure of the complex to be (26)2Co2Cl4. 

 

Methyl myrtenoate (27).  A 250.0 mL round bottom flask containing 928.0 mg of 

powdered NaOH (23.2 mmol, 1.5 eq) was placed under nitrogen atmosphere.  THF (100 

mL) was added along with a solution of myrtenoic acid (2.50 g, 15.0 mmol, 1 eq) in 10 

mL of THF.  The solution was allowed  to stir a room temperature for 10 min before 1.87 

mL MeI (30.0 mmol, 2.0eq) was added dropwise.  The reaction was allowed to stir 

overnight and then was quenched by the addition of sat NH4Cl  (10 mL) and water (100 

mL).  The reaction mixture was diluted with another 100 mL of water and extracted with 

diethyl ether (3x 20 mL).  The combined organic fractions were washed once with sat. 

NaHCO3 and once with sat. NaCl, then dried over MgSO4  The solvent was removed in 

vacuo to give 2.3293 g of methyl myrtenoate (13.3 mmol, 88.5%).MS: 180 (M+), 165, 

149, 137 (base), 133, 121, 105, 91, 77, 65, 59, 41 1H NMR, CDCl3, 500 MHz:  6.81 ( ddd 

J = 1.5, 1.5, 3.0, 1H), 3.73 (s, 3H), 2.79 (dd, 1.5, 6.0, 1H), 2.48 – 2.36 (m, 3H), 2.12 (m, 

1H), 1.33 (s, 3H), 1.11 (d, J = 9, 1H) 0.79 (s, 3H)  13C NMR, CDCl3, 125 MHz: 166.7, 

140.0, 136.5, 51.5, 41.2, 40.3, 37.6, 32.1, 31.2, 25.9, 20.9 
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Conjugate addition of Me2CuLi to 28 (29)  A centrifuge tube was placed under 

nitrogen atmorsphere and 8.0 mL of 2.89 M n-BuLi was added (23.12 mmol, 3.33 eq).  

The tube was cooled to -78oC and 1.25 mL MeI (20.00 mmol, 2.88eq) was added 

dropwise.  The reaction was allowed to warm to room temperature and 5.0 mL of 

hexanes was added.  The powdery white solid MeLi was centrifuged and the supernatant 

removed by cannula.  The solid was washed by adding 15.0 mL of hexanes, sonicating to 

suspend all of the solid and then centrifuged down and the supernatant removed.  The 

washed MeLi was dissolved in ether 30.0 mL by dissolving in ether and transferring the 

solution to a 100 mL round bottom flask containing 1.523g of CuI ( 8.00 mmol, 1.15 eq) 

and 20 mL of Et2O at 0oC under nitrogen atmosphere.  The formation of the cuprate was 

noted by the initial bright yellow color that turned colorless after the addition of all of the 

MeLi.  A 10 mL Et2O solution of 1.139 g of 28 (6.93 mmol, 1.0 eq.) was added dropwise 

over the period of 1 h by cannula.  The reaction turned yellow after the addition of all of 

the ketone.  The reaction was allowed to stir for overnight, then quenched by the addition 

of water (10 mL), the reaction mixture was poured into a separatory funnel containing 

150 mL of sat. NH4Cl.  The organic phase was washed with sat. NH4Cl until the aqueous 

layer was no longer blue.  The organic layer was then washed with sat NaCl (100 mL) 

and dried with MgSO4.  The solvent was removed by rotary evaportation to give 1.135 g 

of crude 29 (6.30 mmol, 91.0%)  MS:180 (M+), 165 (base), 147, 137, 122, 107, 96, 81, 

69, 55, 43, 39. 

 
Conjugate addition of Ph2CuLiCN to 28 (30):  Phenyllithium (1.5 M, 8.66 mL, 

13.0 mmol, 2.0 eq.) was added to a 100 mL round bottom flask containing 582.1 mg of 

CuCN ( 6.50 mmol, 1.0 eq) and 551.1 mg of LiCl (13.0 mmol, 2.0 eq) dissolved in 20 
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mL of THF at -78oC under nitrogen atmosphere.  The formation of the cuprate was noted 

by the initial bright yellow color that became orange after the addition of all of the PhLi.  

A 10 mL THF solution of 1.062 g of 28 (6.46 mmol, 1.0 q) was added dropwise over a 

period of 1 h by cannula.  The reaction turned yellow after the addition of all of the 

ketone.  The reaction was allowed to stir for overnight and was then quenched by the 

addition of water (10 mL) the reaction mixture was poured into a separatory funnel 

containing 150 mL of sat. NH4Cl.  The organic phase was washed with sat. NH4Cl until 

the aqueous layer was no longer blue.  The organic layer was then washed with sat NaCl 

(100 mL) and dried with MgSO4.  The solvent was removed by rotary evaportation to 

give 1.267 g of crude 30 (5.23 mmol, 81.0%).  MS:  242 (M+), 227 (base), 199, 184, 159, 

158, 143, 131, 129, 128, 117, 115, 112, 105, 95, 91, 79, 77, 69, 65.. 

 

Myrtanal (31) Mytranol (19.558g 127 mmol, 1.0 eq) was added to a 1.0 L 

recovery flask and dissolved in 500 mL CH2Cl2.  Celite (50 g) was added followed by 

K2CO3 (3 spatula scoops full) and was rapidly stirred while 43.112 g of PCC was added 

in small portions (200 mmol 1.57 eq).  The reaction immediately turned dark and was 

allowed to stir overnight.  The majority of the CH2Cl2 was evaporating using a stream of 

dry air.  The slurry was poured into an excess of diethyl ether (750 mL) and filtered 

through silica gel (~ 100 g) to give 12.569 g of 31 (82.69 mmol, 65%) as a 4.3:1 mixture 

of two diastereomers.  GC-MS (Major): 152 (M+), 145, 137 (base), 123, 109, 95, 91, 82, 

81, 79, 70, 69, 67, 55.  (Minor): 152 (M+), 145, 137 (base), 123, 109, 95, 91, 82, 81, 79, 

70, 69, 67, 55. 
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Pinyllithium (33).  To an oven dried 50 mL pear flask under nitrogen atmosphere 

was added 15.0 mL of 2.89 M n-BuLi (43.35 mmol, 1.0 eq).  The solvent was evaporated 

until the n-BuLi solution became very viscous.  (-)-β-pinene was added (6.88 mL, 43.35 

mmol, 1.0 eq) followed by 6.54 mL of TMEDA (43.35 mmol, 1eq) which caused an 

exothermic reaction to occur with the release of gas.  The reaction was allowed to stir 

overnight at room temperature, at which point the contents of the flask had crystallized.  

The solid was recrystallized from a minimal amount of hexanes to give 33 as a colorless 

solid.  The solid was partially dissolved in 1.0 mL C6D6 and a 0.2 mL sample of this was 

transferred to an NMR tube that was sealed with a septum and under nitrogen 

atmosphere.  The aliquot was diluted further with 0.5 mL C6D6. 
1H NMR, (C6D6, 500 

MHz):  3.04 (br s, 1H), 2.88 (s, 2H), 2.58 (m, 1H), 2.45 (m, 1H), 2.37 (m, 2H), 2.15 (s, 

1H), 1.92 (s, 12H), 1.85-1.75 (m, 4H), 1.58 ( d, J = 8, 1H), 1.52 (s, 3H), 1.50 (s, 3H).  

 

β-Pinene-3-carboxylic acid (34):  Pinyllithium (33) (50.4 mmol), as a freshly 

prepared solution in hexanes, was added by cannula to a 250 mL round bottom flask 

containing 15.50 g of MgBr2 etherate (60.0 mmol, 1.20 eq) in an ether solution (100 mL) 

at -78 oC.  The reaction was allowed to warm to room temperature with stirring overnight 

and then it was cooled back to -78 oC.  Dry ice was crushed into a powder and a 250 mL 

round bottom flask was filled with the powder.  The flask was fitted with a hose adapter 

and the hose ran through a u-shaped tube filled with CaCl2 pellets.  This portion of the u-

shaped tube was submerged in a dry ice/acetone bath and the exiting end of the tube was 

fitted with hose, needle adapter and long needle.  The CO2 was allowed to purge the 

entire system for 5 minutes before the needle was inserted into the pinyl Grignard 

reaction flask.  When all of the dry ice had evaporated, the reaction was quenched with 6 
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M HCl and the organic layer was separated, washed once with water (100 mL) and once 

with sat. NaCl.  The organic extract was dried with MgSO4 and the solvent removed by 

rotary evaporation to give 6.66 g of 34 as a waxy solid (37.0 mmol, 73.4%).  A small 

protion of the solid was recrystallized from hexanes to give X-ray quality crystals.  MS: 

180 (M+, base), 165, 147, 138, 124, 119, 105, 79, 69, 55, 41, 39.  1H NMR, (CDCl3, 500 

MHz): 12.5-11.5 (br. s., 1H), 5.04 (s, 1H), 4.88 (s, 1H), 3.50 (dt, J = 10.5, 1.5, 1H) 2.51 

(t, J = 5.5, 1H), 2.384 (dddd, J = 10.5, 6.0, 5.5, 1.7, 1H), 2.26 (dt J= 10.5, 3.5, 1H), 2.13 

(dddd, J = 13.5, 10.5, 2.0, 1.7, 1H), 2.02 (ddd, J = 9.0, 6.0, 2.5, 1H), 1.54 (d, J = 10.5, 

1H), 1.29 (s, 3H), 0.74 (s, 3H) 13C NMR, (CDCl3, 125 MHz): 182.4, 148.1, 111.9, 51.5, 

40.6, 40.6, 39.9, 27.9, 27.4, 26.1, 21.8. 

 
Pinene methyl ketone (35).  Magnesium turnings (1.823 g, 75.0 mmols, 1.18 eq) 

were added to a 250 mL three-necked flask with a condenser and placed under nitrogen 

atmosphere.  The magnesium was allowed to dry stir at room temperature for 10 min 

before 100 ml of anhydrous ether was added.  1,2-dibromoethane (6.46 mL, 75.00 mmol, 

1.18eq) was added dropwise and the reaction was allow to stir at room temperature with a 

water bath overnight.  The flask was cooled to -78 oC and freshly prepared pinyllithium 

in hexanes (63.6 mmol, 1 eq) was added to the flask and allowed to stir for 30 min.  

Freshly distilled acetaldehyde (3.65 g, 65.0 mmol, 1.02 eq) was added and the reaction 

was allowed to warm up to room temperature.  The reaction was quenched with 6 M HCl 

and the organic layer was separated, washed once with water (100 mL) and once with sat. 

NaCl.  The organic extract was dried with MgSO4 and the solvent removed by rotary 

evaporation to give 11.25 g of 35 (63.20 mmol, 99.4%) as yellow oil which consists of a 

1:1 mix of two diastereomers by GC.   
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Celite (50g) was added to a 1.0 L recovery flask containing a 20.75 g of 35 (115.1 

mmol, 1.0 eq) dissolved in 500 mL of CH2Cl2.  PCC (37.22 g , 172.7 mmol, 1.5 eq) was 

added in four portions over twenty minutes.  The reaction was allowed to stir for 2 days 

and was filtered through silica gel (100 g).  The solvent was removed by rotary 

evaporation to give 15.22 g of 36 (84.0 mmol, 73.3%).  1H NMR, CDCl3, 500 MHz: 4.90 

(d, J =1.1, 1H), 4.89 (t, J = 1.3, 1H), 3.46 (dd, J = 10.1, 1.1, 1H), 2.48 (t, J = 5.4, 1H), 

2.33- 2.31 (m, 1H), 2.29 ( s, 3H), 2.26-2.24 ( m, 1H), 2.04-1.99 (m, 2H), 1.29 (d, J = 

10.5, 1H), 1.25 (s, 3H), 0.75 (s, 3H)  13C NMR, CDCl3, 125 MHz: 210.1, 149.0, 111.7, 

51.2, 50.0, 41.2, 40.1, 29.0, 27.2, 26.1, 26.1, 21.7. 

 
Addition of pinyl Grignard to acetphenone (38).  Magnesium turnings (0.915 g, 

37.5 mmols, 1.19 eq) were added to a 250 mL three-necked flask with a condenser and 

placed under nitrogen atmosphere.  The magnesium was allowed to dry stir at room 

temperature for 10 min before 100 ml of anhydrous ether was added.  1,2-dibromoethane 

(3.23 mL, 37.5 mmol, 1.19 eq) was added dropwise and the reaction was allow to stir at 

room temperature with a water bath overnight.  The flask was cooled to -78 oC and 

freshly prepared pinyllithium in hexanes (31.5 mmol, 1 eq) was added to the flask and 

allowed to stir for 30 min.  Acetophenone (4.08 mL, 35.0 mmol, 1.10 eq) was added and 

the reaction was allowed to warm up to room temperature and was quenched with 6 M 

HCl and the organic layer was separated, washed once with water (100 mL) and once 

with sat. NaCl.  The organic extract was dried with MgSO4 and the solvent removed by 

rotary evaporation to give 7.95 g of 38 (31.0 mmol, 98.6%) as yellow oil which consists 

of a 1:1 mix of two diastereomers by GC.  
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Addition of pinyl Grignard to pinacolone (39).  Magnesium turnings (0.915 g, 

37.50 mmols, 1.19 eq) were added to a 250 mL three-necked flask with a condenser and 

placed under nitrogen atmosphere.  The magnesium was allowed to dry stir at room 

temperature for 10 min before 100 ml of anhydrous ether was added.  1,2-dibromoethane 

(3.23 mL, 37.5 mmol, 1.19 eq) was added dropwise and the reaction was allow to stir at 

room temperature with a water bath overnight.  The flask was cooled to -78 oC and 

freshly prepared pinyllithium in hexanes (31.5 mmol, 1 eq) was added to the flask and 

allowed to stir for 30 min.  Pinacolone (4.38 mL, 35.0 mmol, 1.10 eq) was added and the 

reaction was allowed to warm up to room temperature and was quenched with 6 M HCl 

and the organic layer was separated, washed once with water (100 mL) and once with sat. 

NaCl.  The organic extract was dried with MgSO4 and the solvent removed by rotary 

evaporation to give 7.26 g of 39 (30.7 mmol, 97.4%) as yellow oil which consisted of an 

8:1 mix of two diastereomers. MS: 236 (M+), 221, 218, 208, 203, 179, 161, 152, 147, 

136, 121, 119, 109, 101, 93, 83, 79, 69, 57. 1H NMR, (CDCl3, 500 MHz): 4.96 (t, J = 1.5, 

1H), 4.90 (t, J = 1.5, 1H), 3.05 (dt, J = 5.0, 2.0, 1H), 2.44 (t, J = 5.5), 2.31 (s, 1H), 2.27 

(dddd, J = 11, 10, 5.5, 2), 1.96 – 1.92 (m., 1H), 1.86 ( dt, J = 10.5, 5.0, 1H), 1.38 (d, J = 

10.5, 1H), 1.26 (s, 3H), 1.20 (s, 3H), 1.03 (s, 9H), 0.77 (s, 3H). 

   
Addition of pinyl Grignard to pivaldehyde (40).  Magnesium turnings (1.75 g, 

75.0 mmols, 1.46 eq) were added to a 250 mL three-necked flask with a condenser and 

placed under nitrogen atmosphere.  The magnesium was allowed to dry stir at room 

temperature for 10 min before 100 ml of anhydrous ether was added.  1,2-dibromoethane 

(6.46 mL, 75.0 mmol, 1.46 eq) was added dropwise and the reaction was allow to stir at 

room temperature with a water bath overnight.  The flask was cooled to -78 oC and 
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freshly prepared pinyllithium in hexanes (51.2 mmol, 1 eq) was added to the flask and 

allowed to stir for 30 min.  Pivaldehyde (6.52 mL, 60.0 mmol, 1.17 eq) was added and 

the reaction was allowed to warm up to room temperature and was quenched with 6 M 

HCl and the organic layer was separated, washed once with water (100 mL) and once 

with sat. NaCl.  The organic extract was dried with MgSO4 and the solvent removed by 

rotary evaporation to give 7.403 g of 40 (33.3 mmol, 65.0%) as yellow oil which consists 

of a 12:1 mix of two diastereomers. MS: 222 (M+), 189, 179, 165, 163 151, 135 (base), 

123, 119, 107, 93, 79, 69, 57, 41.  

 
Addition of pinyl Grignard to fenchone (40).  Magnesium turnings (18.3 g, 750 

mmols, 1.58 eq) were added to a 1.0 L three-necked flask with a condenser and placed 

under nitrogen atmosphere.  The magnesium was allowed to dry stir at room temperature 

for 10 min before 500 ml of anhydrous ether was added.  1,2-dibromoethane (64.6 mL, 

750 mmol, 1.58 eq) was added dropwise and the reaction was allow to stir at room 

temperature with a water bath overnight.  The flask was cooled to -78 oC and freshly 

prepared pinyllithium in hexanes (472 mmol, 1 eq) was added to the flask and allowed to 

stir for 30 min.  (+)-Fenchone (80.1 mL, 500 mmol, 1.05 eq) was added and the reaction 

was allowed to warm up to room temperature and was quenched with 6 M HCl and the 

organic layer was separated, washed once with water (100 mL) and once with sat. NaCl.  

The organic extract was dried with MgSO4 and the solvent removed by rotary 

evaporation to give 132.74 g of 41 (460.2 mmol, 97.5%) as yellow oil which consists of a 

7.7:1 mix of two diastereomers. MS: 288 (M+), 270, 25, 247, 227, 206, 201, 188, 187, 

171, 163, 153 (base), 145, 135, 123, 107, 105, 97, 93, 91, 81, 79, 77, 69, 67, 57, 55. 
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Methylation of 3
o
 alcohol from pinacolone 39 (42):  THF (10 mL was added to a 

100 mL round bottom flask containing 600 mg NaH (60% disp. in oil, 15.0 mmol, 2.71 

eq).  A 5.0 mL THF solution of 39 (1.29 g, 5.4 mmol, 1.0 eq) was added followed by 

0.66 mL MeI (10.6 mmol, 1.96 eq) and the reaction was allowed to stir overnight and was 

quenched with 6 M HCl and the organic layer was diluted with 50 mL of ether, washed 

once with water (100 mL) and once with sat. NaCl.  The organic extract was dried with 

MgSO4 and the solvent removed by rotary evaporation to give 1.039 g of 42 (4.16 mmol, 

77%).  1H NMR, (CDCl3, 500 MHz):  5.14 (dd, J = 2.5, 2.1, 1H), 4.73 (t, J = 2.5, 1H), 

3.18, (s, 3H), 3.10 (dd, J = 10.5, 5.2, 1H), 2.42 (t, J = 5.7, 1H), 2.27 (dddd, J = 13.5, 9.8, 

5.8, 1.7, 1H), 1.94 (ddd, J = 9.0, 6.0, 3.0, 1H), 1.87 -1.81 (m, 1H), 1.77 (ddd, J = 13.9, 

5.1, 3.5, 1H), 1.29 (d, J = 9.9, 1H), 1.24 (s, 2H) 1.23 (s, 3H), 1.00 (s, 9H), 0.77 (s, 3H).  

13C NMR, (CDCl3. 125 MHz): 151.5, 112.8, 84.2, 54.2, 53.1, 41.3, 40.4, 40.3, 29.3, 28.1, 

26.9, 25.8, 21.8. 

 

Carboxylic acid from pivaldehyde pinene product (46):  THF (40 mL was added 

to a 500 mL round bottom flask containing 955.8 mg NaH (60% disp. in oil, 23.90 mmol, 

1.1 eq).  A 20.0 mL THF solution of 40 (4.802 g, 21.6 mmol, 1.0 eq) was added followed 

by 1.37 mL MeI (22.0 mmol, 1.01 eq) and the reaction was allowed to stir overnight.  

The reaction was monitored by GC/MS for the presense of 43. MS:  236 (M+), 221, 189, 

179, 161, 147, 134, 119, 105, 101 (base), 91, 85, 79, 69, 57. 

When the reaction was complete, the reaction mixture was cooled to 0 oC and 

2.16 mL borane methyl sulfide complex (25.6 mmol, 1.18 eq) was added and the reaction 

was allowed to warm up to room temperature with stirring overnight.  Oxidation of the 

alkyl borane was carried out at 0 oC by the slow addition of 15.0 ml 3M NaOH in water 
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(45.0 mmol, 2.0 eq) dissolved in a 5 mL of a 1:1 mixture of EtOH and water.  When all 

of the base had been added, hydrogen peroxide (35% w/w, 5.0 mL, 50 mmol, 1.95 eq) 

was added dropwise.  The reaction was allowed to stir for 20 minutes and was then 

poured into a separatory funnel and diluted with 200 mL of water.  The aqueous phase 

was extracted three times with ether (50 mL) and the combined organic phases were 

washed once with sat. NaCl and dried over MgSO4 and the solvent removed to give 45 as 

a mixture with other by products which was used without further purification.  MS: 254 

(M+), 236 (M-18), 222, 197 (base), 179, 165, 152, 147, 135, 121, 105, 101, 91, 79, 71, 

69. 

The oil containg 45 was dissolved in 400 mL of acetone and cooled to 0 oC.  A 

2.8 M solution of the Jones reagent (CrO3 in H2SO4) was added slowly until the orange 

color in the acetone was persistant.  The reaction was allowed to stir overnight and a 

thick green slugde was observed to have formed.  The solvent was filtered through celite 

and the green slugde washed several times with acetone until a colorless filtrate was 

observed.  The acetone was evaporated to a viscous, dark oil which was extracted with 

100 mL of diethyl ether which caused a green precipitate to form.  The organic phase was 

washed once with water (10 mL) and once with sat NaCl (50 mL) and then dried over 

MgSO4 and the solvent removed to form a colorless viscous oil.  The oil was dissolved in 

75.0 mL hexanes and extracted twice with 50 mL of 1.0 M NaOH.  The hexane layer was 

washed twice water and removed.  The combined aqueous fractions were extracted once 

with hexanes (50 mL) and then reacidified to pH 1 and extracted twice with 50 mL Et2O.  

The combined ether fractions were washed once with sat. NaCl and dried over MgSO4.  

Removal of the solvent gave 2.803 g of carboxylic acid 26 (10.46 mmol, 48.49% over 3 
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steps) as a 12:1 mixture of diastereomers. MS: 268 (M+), 254, 250, 221, 211, 195, 193, 

179 (base), 166, 151, 133, 121, 109, 107, 101, 91, 79, 69, 57. 1H NMR, (CDCl3, 500 

MHz): 3.23- 3.19 (m, 1H), 3.10 (d, J = 8.5, 1H), 2,66 (dt J = 9.0, 8.5, 1H), 2.26-2.25 (m, 

1H), 2.21-2.18 (m, 1H), 2.10 2.02 (m, 1H), 1.95 ( m, 1H), 1.68-1.67 (m, 1H), 1.55 (d, J = 

10.5, 1H), 1.27 (s, 3H), 1.00 (s, 3H), 0.97 (s, 9H).  13C NMR, (CDCl3, 125MHz): 181.0, 

94.4, 62.1, 45.6, 45.5, 40.9, 39.4, 37.5, 33.8, 33.4, 28.5, 27.7, 27.5, 21.3. 

 
Methyl ketone (47).  1.009 g of carboxylic acid 46 (3.76 mmol, 1.0 eq) was placed 

in a 50.0 mL round bottom flask and placed under nitrogen atmosphere.  The carboxylic 

acid was dissolved in 5 mL of THF and 8.25 mL of MeLi (1.6 M, 13.21 mmol, 2.2 eq) 

was added.  The reaction was allowed to stir overnight.  The reaction was quenched by 

adding the reaction mixture to a rapidly stirred solution of 1.0 M HCl by cannula.  The 

aqueous layer was made basic with 2.0 M NaOH and extracted with 50 mL Et2O.  The 

organic phase was washed once with sat. NaCl and dried over MgSO4.  Removal of the 

solvent gave 0.578 g of methyl ketone 47 (2.17 mmol, 58%) MS: 266 (M+), 251, 239, 

234, 226, 219, 211, 209 (base), 197, 191, 183, 177, 167, 165, 159, 151, 135, 125, 107, 

101, 93, 79, 69, 57. 

 
Acid chloride (48).  Oxalyl chloride (1.05 mL, 12.0 mmol, 1.8 eq) was added to 

100 mL round bottom flask under nitrogen atmosphere containing 1.775g of 46 (6.62 

mmol, 1.0 eq) in 30 mL of CH2Cl2.  Three drops of DMF was added to activate the 

reaction which was allowed to stir overnight and the solvent removed by rotary 

evaporation to give 48 as a red solid that was used without further purification.  MS: 286 

(M+), 236, 221, 193, 179 (base), 1567, 151, 139, 133, 122, 107, 93, 91, 79, 69, 66, 57. 
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Menthyl carboxylic acid (49).  Magnesium turnings (3.30 g, 135.7 mmol, 1.36 eq) 

were added to a 250 mL round bottom flask and placed under nitrogen atmosphere.  THF 

(100 mL) was added followed by 0.75 mL ethyl bromide (10.0 mmol, 10% mol).  The 

reaction was allowed to stir for 10 min until the solution became cloudy.  Menthyl 

chloride (18.7 mL, 100 mmol, 1.0 eq) was added and the reaction was allowed to stir 

overnight.  The solution of menthylmagnesium chloride was poured over powdered dry 

ice which was under a constant stream on nitrogen.  When the dry ice had all evaporated, 

the mixture was dissolved in water, and made acidic by the addition of 6 M HCl.  The 

aqueous phase was extracted with ether (3 x 50 mL) and the combined organic phases 

were washed once with water (10 mL) and once with sat NaCl (50 mL) and then dried 

over MgSO4 and the solvent removed to form a colorless viscous oil.  The oil was 

dissolved in 75.0 mL hexanes and extracted twice with 100 mL of 1.0 M NaOH.  The 

hexane layer was washed twice water and removed.  The combined aqueous fractions 

were extracted once with hexanes (50 mL) and then reacidified to pH 1 and extracted 

twice with 100 mL Et2O.  The combined ether fractions were washed once with sat. NaCl 

and dried over MgSO4.  Removal of the solvent gave 8.63 g of pure carboxylic acid 49 

(46.9 mmol, 46.9%) as one diastereomer. MS : 184 (M+, base), 166, 151, 141, 128, 123, 

114, 110, 95, 83, 81, 73, 69, 55 1H NMR, (CDCl3, 500MHz): 2.31 (dt, J = 11.8, 3.5, 1H), 

1.92 (ddt, J = 12.5, 5.4, 3.6, 1H), 1.78-1.73 (m, 2H), 1.68 (ddt, 13.0, 6.4, 3.5, 1H), 1.50 

(tt, J = 11.5, 3, 1H), 1.41 – 1.34 (m, 1H) 1.20 (q, J = 12.3, 2H), 1.07-0.95 (m, 2H), 0.92 

(d, J = 8.4, 3H), 0.91 (d J = 7.9, 3H), 0.81 (d, J = 6.9, 3H). 13C NMR, (CDCl3, 125MHz): 

183.2, 47.7, 22.2, 38.8, 34.5, 32.0, 29.2, 23.7, 22.2, 21.2, 15.6. 
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Methyl ketone (50).  1.982 g of carboxylic acid 49 (10.4 mmol, 1.0 eq) was placed 

in a 50.0 mL round bottom flask and placed under nitrogen atmosphere.  The carboxylic 

acid was dissolved in 5 mL of THF and 14.3 mL of MeLi (1.6 M, 22.8 mmol, 2.0 eq) was 

added.  The reaction was allowed to stir overnight.  The reaction was quenched by adding 

the reaction mixture to a rapidly stirred solution of 1.0 M HCl by cannula.  The aqueous 

layer was made basic with 2.0 M NaOH and extracted with 50 mL Et2O.  The organic 

phase was washed once with sat. NaCl and dried over MgSO4.  Removal of the solvent 

gave 1.893 g of methyl ketone 50 (10.4 mmol, 100%). MS: 182(M+), 164(base), 149, 

139, 124, 122, 11, 109, 107, 97, 83, 81, 71, 69, 55.  

 
Acid chloride (51).  Oxalyl chloride (1.05 mL, 12.0 mmol, 1.1 eq) was added to 

100 mL round bottom flask under nitrogen atmosphere containing 2.029 g of 49 (11.0 

mmol, 1.0 eq) in 30 mL of CH2Cl2.  Three drops of DMF was added to activate the 

reaction which was allowed to stir overnight and the solvent removed by rotary 

evaporation to give an orange liquid.  The liquid was dissolved in hexanes (5.0 mL) 

which caused precipitation of a small amount of an orange solid and gave a colorless 

solution.  The solution was filtered and the solvent was removed to give 2.23 g of 51 

(11.0 mmol, 100%). MS: 202 (M+), 166, 151 (base), 139, 137, 123, 122, 112, 109, 107, 

97, 95, 83, 81, 70, 69, 67, 55. 

 
Dimenthanoylmethane (52).  Tetramethyl piperadine (4.10 mL, 24.2 mmol, 2.2 

eq) was added to a 100 ml round bottom flask under nitrogen atmosphere containing 10 

mL of THF.  The solution was cooled to -78 oC and 9.10 mL of n-BuLi (2.75 M, 25.0 

mmol, 2.2 eq) was added.  The reaction was allowed to stir for 10 min and a 10 mL THF 
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solution of 50 (1.893 g, 10.4 mmol) was added slowly at -78 oC.  A precipitate formed 

immediately and the reaction was allowed to warm to 0 oC until the solution was 

homogeneous and then was cooled back to -78 oC.  Since no precipate formed upon 

cooling, a 10 ml THF solution of 51 was added and the reaction was allowed to warm up 

to room temperature overnight.  The reaction was quenched by the addition of 20 mL of 

1.0 M HCl.  The aqueous phase was extracted three times with 50 mL of ether and the 

combined organic phases were washed twice with 1.0 M HCl (50 mL), twice with sat. 

NaHCO3 (50 mL), and once with sat. NaCl (50 mL) and dried over MgSO4.  The solvent 

was removed to give the crude diketone which was recrystallized from methanol to give 

3.20 g of pure 52 (9.20 mmol, 88.4%) as a white crystalline solid.  MS:  348 (M+), 330 

(base, M-18), 305, 287, 274, 252, 237, 209, 191, 181, 167, 166, 148, 139, 122, 107, 97, 

83, 81, 71, 69, 55.  1H NMR, (CDCl3, 500 MHz):  15.85 (br. s., 1H), 5.49 (s, 1H), 2.11 

(td, 11.9, 3.4, 2H), 1.76-1.67 (m, 4H), 1.66-1.54 (m, 4H), 1.52 (tt, J = 10.9, 2.8, 2H), 

1.40-1.34 (m, 2H), 1.20 (d, J = 12.2, 1H), 1.15 ( d, J = 12.0, 1H), 1.07-1.02 (m, 2H), 

1.00-0.98 (m, 2H), 0.95 (overlapping d, J = 9.0, 12 H), 0.76 (d, J = 9.0, 6H).  13C NMR 

(CDCl3, 125 MHz:  198.1, 98.7, 50.7, 44.5, 39.7, 34.7, 32.4, 28.7, 24.1, 22.4, 21.3, 15.9. 

 
Synthesis of 2,6-bis-Indazolylpyridines 

  
2,6-bis-Indazolylpyridine (53) 

 

By FeCl3 catalysis.  A 50 mL pressure tube was loaded with 238.9 mg of 

bromobenzaldehyde dihydrazone 3 (0.505 mmol, 1.0 eq), 687.1 mg Cs2CO3 (2.108 

mmol, 4.17 eq.), 60.2 mg FeCl3 (0.371 mmol, 43 mol %) and 79.0 µL of DMEDA (0.742 

mmol 1.46 eq) and 10 mL of toluene.  The reaction was heated to 130 oC for 5 days.  The 
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reaction was cooled to room temperature, diluted with 20 mL ethyl acetate and filtered 

through celite.  The filtrand was washed with 10 mL of 2.0 M NaOH, and 20 mL of ethyl 

acetate and the filtrate.  The filtrate was diluted with 200 mL of water and the organic 

layer removed.  The aqueous phase was extracted twice more with 50 mL of ethyl acetate 

and the combined organic fractions were washed once with sat NaCl and dried with 

MgSO4.  The solvent was removed to produce 128.8 mg of crude solid which was 

purified by chromatography on silica with 15% EtOAc/ 2% TEA / Hexanes to give 

88.2mg of 53 as a tan solid (0.284 mmol, 56.2%). 

 
 By CuI catalysis.  A 25.0 mL round bottom flask containing 269.0 mg of 

hydrazone 3 (0.556 mg, 1.0 eq), 13.1 mg of CuI (0.0689 mmol, 12.4 mol %), 24.8 mg of 

1,10-phenanthroline (0.138 mmol, 24.8 mol %) and 129.6 mg of powdered KOH (2.31 

mmol, 4.15 eq) was fitted with a condenser and sealed with a septum and placed under 

nitrogen atmosphere.  5 mL of 1,4-dioxane were added and the reaction was heated to 

reflux.  After 5 h, all of 3 had been consumed and the reaction was cooled to room 

temperature and diluted with 50 mL of EtOAC.  The mixture was washed once with 

water (100 mL) and once with sat. NaCl.  The organic phase was dried with MgSO4 and 

the solvent was removed in vacuo to give 201 mg of a crude mixture containing 53 which 

was purified by chromatography on silica with 15% EtOAc/ 2% TEA / Hexanes to give 

146 mg of 53 as a tan solid (0.469 mmol, 84.4%). MS: 311 (M+, base), 295, 283, 257, 

192, 168, 155, 129, 102, 89, 76, 63, 39.  1H NMR, (CDCl3, 500 MHz): 8.71 (d, J = 8.5, 

2H), 8.26 (s, 2H), 8.00 (t, J = 7.8, 1H), 7.87 (d, J = 7.8, 2H) 7.82 (d J = 7.8, 2H), 7.48 (td, 

J = 7.1, 1.0, 2H), 7.31 (t, J = 7.8, 2H).  13C NMR, (CDCl3, 125 MHz):  152.2, 140.7, 

138.7, 137.1, 128.0, 126.1, 122.6, 121.0, 114.8, 110.4 
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2,6-bis-(3’methylindazolyl)pyridine (54):  A 25.0 mL round bottom flask 

containing 520.4 mg of 2-bromoacetophenone dihydrazone 4 (1.038 mg, 1.0 eq), 25.1 mg 

of CuI (0.138 mmol, 0.1eq), 47.5 mg of 1,10-phenanthroline (0.264 mmol, 0.2 eq.) and 

232.9 mg of powdered KOH (4.152 mmol, 4.0 eq) was fitted with a condenser and sealed 

with a septum and placed under nitrogen atmosphere.  10 mL of 1,4-dioxane were added 

and the reaction was heated to reflux.  The reaction was allowed to reflux overnight.  The 

reaction was cooled to room temperature and diluted with 50 mL of EtOAC.  The mixture 

was washed once with water (100 mL) and once with sat. NaCl.  The organic phase was 

dried with MgSO4 and the solvent was removed in vacuo to give 345 mg of pure 54 as a 

tan solid (1.02 mmol, 98.0%)  1H NMR, (CDCl3, 500 MHz): 8.67 (d, J = 8.6, 2H), 7.94 (t, 

J = 7.9, 1 H), 7.77 (d, J = 8.1, 2H), 7.73 (d, J = 8.0, 2H), 7.46 (d t J = 7.1, 1.2, 2H), 7.28 (t 

J = 7.1, 2H), 2.68 (s, 6H).  13C NMR, (CDCl3, 500 MHz): 152.2, 145.8, 140.4, 139.4, 

127.8, 125.8, 121.9, 120.2, 114.8, 109.4, 12.1. 

  
Addition of 2-bromophenylmagnesium chloride to myrtenal (60):  1,2-

dibromobenzene (0.60 mL, 5.0 mmol, 1.0 eq) was added to a 50 mL round bottom flask 

under nitrogen at 0 oC containing 5.0 mL of isopropyl magnesium chloride lithium 

chloride complex (~1.88M in ether, 9.4 mmol, 1.88 eq).  The magnesium-halogen 

exchange reaction was allowed to stir for 3 h before 0.76 mL of myrtenal (5.00 mmol, 1.0 

eq.) was added.  The reaction was allowed to warm to room temperature overnight and 

was quenched by the addition 10 mL of sat. NH4Cl.  The organic phase was washed once 

with sat. NaCl and dried with MgSO4.  The solvent was removed to give 1.43 g of 60 
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(4.65 mmol, 93%) as a 1:1 mixture of diastereomers.  MS: 306/308 (M+), 264/262, 247, 

237, 227, 209, 187, 184 (Base), 182, 165, 157, 143, 128, 115, 105, 85, 77, 69, 51. 
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APPENDIX A 

Selected NMR Spectra 

 
A.2.1 1H NMR (CDCl3, 500 MHz) of Compound 2     140 
  
A.2.2 13C NMR (CDCl3, 125 MHz) of Compound 2     141 
  
A.2.3 1H NMR (CDCl3, 500 MHz) of Compound 3     142 
  
A.2.4 13C NMR (CDCl3, 125 MHz) of Compound 3     143 
  
A.2.5 1H NMR (CDCl3, 500 MHz) of Compound 4     144 
  
A.2.6 13C NMR (CDCl3, 125 MHz) of Compound 4     145 
  
A.2.7 1H NMR (CDCl3, 500 MHz) of Compound 5     146 
  
A.2.8 13C NMR (CDCl3, 125 MHz) of Compound 5     147 
  
A.3.1 1H NMR (CDCl3, 500 MHz) of Compound 8a     148 
  
A.3.2 1H NMR (CDCl3, 500 MHz) of Compound 8a     149 
  
A.3.3 13C NMR (CDCl3, 125 MHz) of Compound 8a    150 
  
A.3.4 19F NMR (CDCl3, 470 MHz) of Compound 8a    151 
  
A.3.5 1H NMR (CDCl3, 500 MHz) of Compound 8b    152 
  
A.3.6 1H NMR (CDCl3, 500 MHz) of Compound 8b    153 
  
A.3.7 1H NMR (CDCl3, 500 MHz) of Compound 8c     154 
  
A.3.8 13C NMR (CDCl3, 125 MHz) of Compound 8c    155 
      
A.3.9 1H NMR (CDCl3, 500 MHz) of Compound 8c     156 
  
A.3.10 1H NMR (CDCl3, 500 MHz) of Compound 8d    157 
  
A.3.11 13C NMR (CDCl3, 125 MHz) of Compound 8d    158 
  
A.3.12 19F NMR (CDCl3, 470 MHz) of Compound 8d    159 
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A.3.13 1H NMR (CDCl3, 500 MHz) of Compound 8e    160 
  
A.3.14 1H NMR (CDCl3, 500 MHz) of Compound 8e    161 
  
A.3.15 13C NMR (CDCl3, 125 MHz) of Compound 8e    162 
  
A.3.16 1H NMR (CDCl3, 500 MHz) of Compound 8f    163 
  
A.3.17 1H NMR (CDCl3, 500 MHz) of Compound 8f    164 
  
A3.18 13C NMR (CDCl3, 125 MHz) of Compound 8f    165 
  
A.3.19 1H NMR (CDCl3, 500 MHz) of Compound 8g    166 
  
A.3.19 1H NMR (CDCl3, 500 MHz) of Compound 8g    167 
 
A.3.20 19F NMR (CDCl3, 470 MHz)  of Compound 8g    168 
 
 A3.21 13C NMR (CDCl3, 125 MHz) of Compound 8h     169 
  
A3.22 1H NMR (CDCl3, 500 MHz) of Compound 8h    170 
  
A.3.22 13C NMR (CDCl3, 125 MHz) of Compound 8h    171 
  
A.5.1 1H NMR (CDCl3, 500 MHz) of Compound 14     172 
  
A.5.2 13C NMR (CDCl3, 125 MHz) of Compound 14    173 
  
A.5.3 1H NMR (CDCl3, 500 MHz) of Compound 16     174 
 
A.5.3 13C NMR (CDCl3, 125 MHz)  of Compound 16    175 
  
A.5.4 1H NMR (CDCl3, 500 MHz) of Compound 17     176 
  
A.5.5 1H NMR (CDCl3, 500 MHz) of Compound 23i    177 
  
A.5.6 13C NMR (CDCl3, 125 MHz)  of Compound 23i    178 
 
A.5.7 1H NMR (CDCl3, 500 MHz) of Compound 23     179 
  
A.5.8 1H NMR (CDCl3, 500 MHz) of Compound 23     180 
 
A.5.9 13C NMR (CDCl3, 125 MHz)  of Compound 23    181 
 
A.5.10 1H NMR (CDCl3, 500 MHz) of Compound 24    182 
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A.5.12 1H NMR (CDCl3, 500 MHz) of Compound 24    183 
  
A.5.12 13C NMR (CDCl3, 125 MHz) of Compound 24    184 
 
A.5.13 1H NMR (CDCl3, 500 MHz) of Compound 25    185 
  
A.5.14 13C NMR (CDCl3, 125 MHz)) of Compound 25    186 
  
A.5.15 1H NMR (CDCl3, 360 MHz) of Compound 26    187 
  
A.5.16 1H NMR (CDCl3, 360 MHz) of Compound 25    188 
  
A.5.17 1H NMR (CDCl3, 360 MHz) of Compound 25    189 
 
A.5.18 1H NMR (CDCl3, 360 MHz) of Compound 26    190 
  
A.5.19 13C NMR (CDCl3, 90 MHz) of Compound 26    191 
  
A.5.20 1H NMR (CDCl3, 500 MHz) of Compound 27    192 
  
A.5.21 13C NMR (CDCl3, 125 MHz)  of Compound 27    193 
  
A.5.22 1H NMR (C6D6, 500 MHz) of Compound 33     194 
      
A.5.23 13C NMR (C6D6, 125 MHz) of Compound 33    195 
  
A.5.24 1H NMR (CDCl3, 500 MHz) of Compound 34    196 
  
A.5.25.1H NMR (CDCl3, 500 MHz) of Compound 34    197 
  
A.5.25 1H NMR (CDCl3, 500 MHz) of Compound 34    198 
  
A.5.26 13C NMR (CDCl3, 125 MHz) of Compound 34    199 
  
A.5.29 1H NMR (CDCl3, 500 MHz) of Compound 35    200 
  
A.5.30 13C NMR (CDCl3, 125 MHz) of Compound 35    201 
  
A.5.31 1H NMR (CDCl3, 500 MHz) of Compound 38    202 
  
A.5.32 1H NMR (CDCl3, 500 MHz) of Compound 41    203 
  
A.5.33 13C NMR (CDCl3, 125 MHz) of Compound 41    204 
  
A.5.34 1H NMR (CDCl3, 500 MHz) of Compound 41    205 
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A.5.35 13C NMR (CDCl3, 125 MHz) of Compound 41    206 
 
A.5.36 1H NMR (CDCl3, 500 MHz) of Compound 42    207 
  
A.5.37 13C NMR (CDCl3, 125 MHz) of Compound 42    208 
  
A.5.38 1H NMR (CDCl3, 500 MHz) of Compound 46    209 
  
A.5.39 13C NMR (CDCl3, 125 MHz) of Compound 46    210 
  
A.5.40 1H NMR (CDCl3, 500 MHz) of Compound 49    211 
  
A.5.41 13C NMR (CDCl3, 125 MHz)) of Compound 49    212 
  
A.5.42 1H NMR (CDCl3, 500 MHz) of Compound 52    213 
  
A.5.43 1H NMR (CDCl3, 500 MHz) of Compound 52    214 
  
A.5.44 13C NMR (CDCl3, 125 MHz) of Compound 52    215 
  
A.6.1 1H NMR (CDCl3, 500 MHz) of Compound 53     216 
  
A.6.2 13C NMR (CDCl3, 125 MHz)  of Compound 53    217 
  
A.6.3 1H NMR (CDCl3, 500 MHz) of Compound 54     218 
  
A.6.4 1H NMR (CDCl3, 500 MHz) of Compound 54     219 
  
A.6.5 13C NMR (CDCl3, 125 MHz) of Compound 54    220 
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APPENDIX B 
 

Selected X-ray structures 
 
 

B.2.1  X-ray structure of 6         222 

B.2.2  X-ray structure of 6-MnCl       223 

B.2.3  X-ray structure of 6-Fe(II)       224 

B.2.4  X-ray structure of 6-CoCl2       225 

B.2.5  X-ray structure of 6-NiCl2       226 

B.2.6  X-ray structure of 6-CuCl2       227 

B.2.7  X-ray structure of 6-ZnCl2       228 

B.2.8  X-ray structure of 6- RhCl3       229 

B.2.9  X-ray structure of 6--Pd(II)       230 

B.5.1  X-ray structure of 26-Co (II)       231 

B.5.2  X-ray structure of β-pinene-3-carboxylic acid (34)    232 
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B.2.2 X-ray structure of 6-MnCl2 
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B.2.3. X-ray structure of 6-Fe(II) 
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B.2.4. X-ray structure of 6-CoCl2 
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B.2.5. X-ray structure of 6-NiCl2 
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B.2.6. X-ray structure of 6-CuCl2 



 

228 

 

B.2.7. X-ray structure of 6-ZnCl2 
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B.2.8. X-ray structure of 6-RhCl3 
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B.2.9 X-ray structure of 6-Pd (II) 
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B.5.1.  X-ray structure of  26-Co(II) 
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B.5.2 X-ray structure of pinene carboxylic acid (34) 
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