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Abbreviations

AIDS acquired immunodeficiency syndrome 
DCE 1,2-dichloroethane 
DEA diethylamine 
DNA 2´deoxyribonucleic acid 
DPPP 1,3-bis(diphenylphosphino)propane
equiv equivalents 
FDA U S Food and Drug Administration 
GC gas chromatography 
HIV human immunodeficiency virus 
i- iso-
Ki inhibition constant 
L ligand 
LC liquid chromatography 
M metal 
m- meta- 
MLR multiple linear regression 
MS mass spectrometry 
NMR nuclear magnetic resonance 
NNRTI non-nucleoside reverse transcriptase inhibitor 
NRTI nucleoside reverse transcriptase inhibitor 
NtRTI nucleotide reverse transcriptase inhibitor 
p- para-
PLS partial least-squares projection onto latent structure 
PMP 1,2,2,6,6-pentamethylpiperidine 
PR protease 
RNA ribonucleic acid 
RT reverse transcriptase 
t- tert- 
TBDMSOTf tert-butyl dimethylsilyltriflate 
TEA triethylamine 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
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1 Introduction

Indan structures are found in many bioactive compounds. The HIV-1 
inhibitor indinavir1 is one example of a protease inhibitor in clinical use that 
contains the indan fragment (Figure 1). This thesis is based on four projects 
aimed at developing methods for the synthesis of 3-substituted 1-indanones 
via an annulation process involving a Heck reaction and subsequent 
cyclization. In the last project (Paper IV), enantiopure 3-amino-1-indanones 
were synthesized and incorporated into HIV-1 protease inhibitors. 

N
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N N
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O
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ONH

Figure 1. The structure of indinavir 

1.1 The Heck Reaction 
In the 1960s Heck2-8 and Moritani–Fujiwara9,10 independently discovered 
that aryl-palladium complexes could act as reactants in vinylic substitution 
reactions. Heck and his group initially prepared the organo-palladium 
intermediates by transmetallation of organo-mercury compounds (Scheme 1). 

Scheme 1. Vinylic substitution reaction developed by Heck et al.

ArHgX PdX2 HgX2 HXR R

Ar
+ + + + + Pd(0)

The reaction was considerably improved when Heck et al. demonstrated that 
aryl halides could act as precursors for the organo-palladium species.11,12

Vinylic substitution could now be accomplished with catalytic amounts of 
palladium and a base, in the absence of a reoxidant (Scheme 2). The reaction 
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was later referred to as the Heck reaction or Heck olefination and is defined 
as a vinylic substitution reaction where a vinylic hydrogen is replaced by an 
aryl, vinyl or benzyl group. 

Scheme 2. The Heck reaction 

R X R' R'

R
+

Pd(0), base

R = aryl, vinyl, benzyl X = I, Br, OTf, etc.

The Heck reaction is closely related to a number of other palladium(0)-
catalyzed reactions proceeding via aryl-palladium intermediates (Scheme 3). 

Scheme 3. Palladium-catalyzed carbon-carbon bond-forming cross-coupling 
reactions13-26
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The catalytic cycle of the Heck reaction has been the subject of extensive 
research, and alternative mechanisms have recently been proposed.27

However, these mechanisms are only valid under specific conditions. The 
original model, proposed by Heck, is described below. The cycle consists of 
four steps (Scheme 4): 1. oxidative addition: the electrophilic substrate RX 
reacts with Pd(0)L2 generating RPd(II)XL2; 2. -complex formation: either L 
or X is displaced and palladium coordinates to the double bond of the olefin; 
3. syn-insertion: R and Pd(II)XL2 are inserted over the double bond, giving a 

-organo-palladium complex; 4. -elimination: the palladium and one of the 
hydrogens rotate into the syn-position. HPd(II)XL2 is eliminated and the 
Heck product is delivered. The base is required to regenerate the active 
Pd(0)L2, which enters a new catalytic cycle. 
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Scheme 4. The catalytic cycle of the Heck reaction 
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1.1.1 Oxidative Addition 
In oxidative addition, Pd(0) is oxidized to Pd(II) and an aryl or vinyl group is 
added together with a negatively charged leaving group, usually a halide or a 
pseudohalide. The active 14e--complex Pd(0)L2 is usually produced in situ
from a Pd(II) salt, such as Pd(OAc)2 or PdCl2, and a phosphine ligand, for 
example PPh3. The reduction of Pd(II) to Pd(0) is probably promoted by the 
phosphine ligand28-30, the base31, the olefin12,32 or the solvent33. If a 
phosphine ligand is present, it will probably act as the reducing agent.34 The 
Pd(0)L2 is in equilibrium with more highly ligated inactive complexes.  

The rate of the oxidative addition is dependent on the choice of halide or 
pseudohalide (Figure 2).35 Organo-iodides are generally more reactive than 
the corresponding triflates and bromides. As expected, from considering the 
dissociation energy of the C–Cl bond compared to the C–I and C–Br bonds, 
organo-chlorides are more reluctant to undergo Heck reactions. There are, 
however, a number of reports of Heck coupling where arylchlorides have 
been utilized.36 Arylfluorides are inert under Heck reaction conditions.

I  >> OTf  > Br  >> Cl

Figure 2. Order of reactivity in oxidative addition 
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1.1.2 -Complex Formation and Insertion 
-Complex formation and insertion37,38 are the steps in the Heck reaction that 

determine the regioselectivity of the reaction; for example, when the R-
group is inserted on the internal -carbon or the terminal -carbon of a 
monosubstituted olefin (Scheme 5). The control of regioselectivity is 
discussed in more detail in the following section. 

Scheme 5. Internal vs. terminal insertion in the Heck reaction 
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Regioselectivity
The regioselectivity of the Heck reaction is determined by two major factors, 
electronic and steric effects. Under classical Heck conditions electron-poor 
olefins generally react smoothly, delivering the trans-isomer of the -
substituted product. On the other hand, vinyls with an electron-donating 
substituent, such as a heteroatom or an alkyl, generally form a mixture of the 

-substituted product and the cis- and trans-isomers of the -substituted
product. In the case of alkyl-substituted vinyl groups, double-bond migration 
is also observed.39,40

The regioselectivity for electron-rich olefins is determined by the nature 
of the -complex. In a positively charged -complex palladium is stabilized 
by two neutral ligands. In a neutral -complex palladium coordinates one 
ligand and one counterion (I- or Br-). A positively charged -complex will 
lead to the -substituted product, while a neutral -complex will give rise to 
a mixture of the - and -substituted products (Scheme 6).  

To obtain a reaction that proceeds via the cationic pathway a bidentate 
ligand, such as the strongly coordinating DPPP, is often used.41-43 However, 
the properties of the counterion are also very important. When triflate is the 
leaving group the reaction takes the cationic route. In contrast, with aryl 
bromides and iodides as aryl palladium precursors the neutral intermediate 
predominates. To achieve -selectivity with aryl bromides and iodides an 
additive, often a silver44-46 or a thallium47 salt, is utilized to scavenge the 
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halide. Alternatively, strongly polar solvents may be utilized to promote 
ionization of the aryl palladium halide complex.48

Scheme 6: The cationic vs. the neutral pathway 
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1.1.3 -Elimination and Palladium(0) Regeneration 
-Elimination is the step in the catalytic cycle that produces the final 

product(s). The hydrogen-to-leave rotates into the syn-position relative to the 
palladium, a palladium hydride complex is eliminated and the arylated or 
vinylated olefin, depending on the starting material, is liberated. The 
elimination process is usually reversible and this explains why the 
thermodynamically more stable trans-isomer is generally the major product 
in the reaction.49 Results that suggest an alternative mechanism for the 
elimination/reduction steps wherein the elimination is base-promoted have 
been published (Scheme 7).50
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Scheme 7. Base-promoted vs. classical -elimination mechanisms 
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1.2 Reactions Delivering Substituted 1-Indanones 
The 1-indanone structure represents an important class of compounds in 
medicinal chemistry. Two examples of drugs containing the 1-indanone 
motif are the diureticum (+)-indacrinone51,52, used as an antihypertensive 
drug, and the acetylcholine esterase inhibitor donepezil hydrochloride 
(Aricept®)53, used for treatment of Alzheimers disease (Figure 3). 

OCl
Cl

O
OH

O

Ph

NBn

O
MeO

MeO
HCl

(+)-Indacrinone Donepezil hydrochloride

Figure 3. Two drugs containing the 1-indanone motif

Below are some examples of synthetic procedures delivering 1-indanones 
described in the literature (focusing on 3-substituted derivatives). The 
methods generally produce racemic products. 

Dallemagne et al54,55 and Kinbara et al.56 reported a procedure for the 
synthesis of derivatives of 3-hydroxy- and 3-amino-1-indanones involving 
intramolecular Friedel–Craft-type cyclization (Scheme 8). Another method 
for intramolecular Friedel–Craft acylation, but using Meldrum’s acids as 
acylating agents (Scheme 9), has been developed by Fillion et al.57 Friedel-
Craft reactions are normally performed under harsh conditions with strong 
acids, with low regio- and chemoselectivity and with limited compatibility 
with different functional groups. It is therefore not always a feasible 
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alternative. Randy et al. published a procedure for super-acid-catalyzed 
reactions of cinnamic acids delivering 3-aryl-1-indanones.58 The 3-hydroxy-
1-indanone system has been generated by aldol reactions with strong bases 
in more complex molecules.59 Surprisingly, the synthesis of the parent 3-
hydroxy-1-indanones from the corresponding o-formyl acetophenones by an 
aldol reaction has, to the best of the author’s knowledge, not been reported.  

Scheme 8. Synthesis of 3-amino and 3-hydroxy-1-indanones developed by 
Dallemagne et al.
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Scheme 9. Synthesis of 1-indanones developed by Fillion et al.
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Palladium-catalyzed annulation 
Hetero- and carbo-annulation of alkenes, dienes and alkynes, employing 
catalytic amounts of palladium, relatively simple starting materials and mild 
reaction conditions, has proven to be a very useful methodology for the 
synthesis of a wide range of heterocycles and carbocycles.60-65 Some 
examples of palladium-catalyzed annulation reactions producing indanones 
are given below. 

Yamamoto et al. developed a method for the synthesis of 2,3-
disubstituted indanones.66 In the presence of a palladium catalyst, o-
bromobenzaldehyde smoothly undergoes intermolecular carbo-palladation 
with internal alkynes followed by intramolecular nucleophilic vinyl-
palladation of the aldehyde function to form indenol derivatives. Further 
heating of the indenol derivatives causes complete isomerization to the 
corresponding indanones (Scheme 10).
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Scheme 10. Synthesis of 2,3-disubstituted indanones developed by Yamamoto et al.
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Larock et al. prepared indanones by palladium-catalyzed carbonylative 
cyclization of unsaturated aryl iodides.67 A terminal olefin is required to 
obtain any product, probably due to steric hindrance in the alkene insertion. 
Hence, only unsubstituted or 3-substituted indanones have been prepared 
with this method (Scheme 11). Furthermore, Negishi’s group observed N,N-
diethylamino-1-indanone as a byproduct in palladium-catalyzed 
carbonylative cyclization starting from o-iodostyrenes when triethylamine 
was employed as the base.67,68 The carbonylative cyclization method has 
been further developed into a microwave-promoted procedure compatible 
with aryl bromides and chlorides by Wu et al.69

Scheme 11. Synthesis of 2,3-disubstituted indanones developed by Larock et al.
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Scheme 12. Two-step synthesis of 3-acylamino-1- indanones developed by  
Wu et al.
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1.3 HIV/AIDS
In the early 1980s several cases of unusual opportunistic infections 
(Pneumocystis carinii pneumonia) and rare cancer (Kaposi’s sarcoma) were 
reported in previously healthy people in the USA.70 Homosexual men, 
intravenous drug abusers, hemophiliacs and those receiving blood 
transfusion were the main groups affected.71 The patients all suffered from a 
decrease in the number of circulating T-helper lymphocytes, leading to 
severe immunodeficiency. The condition was named acquired 
immunodeficiency syndrome (AIDS).72 In 1983 researchers found the 
causative agent of AIDS, a CD4+ T lymphotropic retrovirus,73,74 today 
known as human immunodeficiency virus (HIV).75

Since 1981 more than 20 million people have died from AIDS. The Joint 
United Nations Programme on HIV/AIDS (UNAIDS) estimated that 39.4 
million people were infected with HIV at the end of 2004.76 In developing 
countries, where most infected people live, 9 out of 10 patients infected with 
HIV still have no access to proper treatment.77

1.3.1 Human Immunodeficiency Virus 
HIV has in two subtypes: HIV-1, the first virus discovered, and HIV-2, 
isolated from patients in 1986.78 Both belongs to the Lentiviridae, a 
subgroup of retroviruses characterized by slow progression of the disease. 
Patients infected with HIV are normally symptom-free for several years 
before developing AIDS.79
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1.3.2 HIV Replication 
An overview of the replication cycle of HIV-1 in T-helper lymphocytes is 
depicted in Figure 4. A brief description of each step in the replication chain 
(italics in the figure) follows below.80-84

Recognition and binding 
T-Helper lymphocytes carry CD4 receptors on their surface.85 Once in close 
proximity, the viral glycoprotein (gp120) forms a high-affinity bond to these 
receptors.

Fusion, penetration and uncoating 
The glycoprotein interacts with a second cell-surface molecule, a co-receptor 
(chemokine receptor CXCR4 or CCR5), and as a result, fusion of the virus 
with the cell membrane is triggered and genomic RNA is released into the 
cytoplasm of the target cell together with viral proteins, including reverse 
transcriptase and integrase. 

Reverse transcription 
The reverse transcriptase synthesizes two complementary strands of DNA, 
using the viral RNA as template, forming a double-stranded DNA molecule. 

Integration
The double-stranded DNA, together with integrase and other viral proteins is 
transported into the nucleus where the integrase inserts the viral DNA into 
the host DNA. In this state, the viral genetic material is called the provirus. 
The provirus is passed to daughter cells upon division (mitosis). 

Transcription and translation 
Host cell polymerase transcribes the viral DNA into messenger RNA. After 
transcription some of the RNA is used as mRNA for the synthesis of viral 
proteins. Other RNA molecules are incorporated as genomes into progeny 
viral particles.

Assembly, budding and maturation 
The assembly of virions takes place at the cell surface. Structural proteins 
assemble with genomes and acquire the envelope by passing through the cell 
membrane. A non-infectious virus particle is budded off the host cell. The 
viral protease (PR) cleaves protein precursors into functional viral enzymes, 
which causes rearrangement into the mature infectious virion. Inhibiting the 
protease has proven to be a successful strategy in the prevention of the 
maturation of the virion.86-91
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Figure 4. The HIV-1 replication cycle 

1.3.3 Targets for Anti-HIV Chemotherapy 
All steps in the replication cycle of HIV could be considered as potential 
targets for HIV treatment. However, the life cycle of retroviruses is 
intimately connected with the replication of mammalian cells, which leaves 
only a limited number of metabolic reactions as potential targets for 
chemotherapy.79

Reverse transcriptase is an attractive target since inhibition of this enzyme 
should have no effect on the host cell. To date the U S Food and Drug 
Administration (FDA) has approved seven nucleoside reverse transcriptase 
inhibitors (NRTIs) and one nucleotide reverse transcriptase inhibitor 
(NtRTIs) as anti-HIV drugs (Figure 5).92 The NRTIs inhibit reverse 
transcriptase after being phosphorylated intracellularly. The drugs are 
incorporated into growing DNA strands, leading to premature termination. 
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Figure 5. NRTIs and the single NtRTI approved by the FDA 

The FDA has also approved three non-nucleoside reverse transcriptase 
inhibitors (NNRTIs) for use against HIV (Figure 6).92 NNRTIs act by 
binding directly to the enzyme outside the active site.  
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Nevirapine Efavirenz Delavirdine

Figure 6. NNRTIs approved by the FDA

The third class of drugs approved for use against HIV is the protease 
inhibitors; these are discussed in more detail in the following section. 

1.3.4 HIV Protease Inhibitors 
Protease inhibitor drugs bind to the active site of the protease, thereby 
preventing polyprotein processing. There are four major classes of proteases: 
aspartic, serine, cysteine and metallo. The HIV protease is an aspartic 
protease.
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Scheme 13. Proposed mechanism for the aspartic-protease-catalyzed cleavage of 
peptides 
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Aspartic proteases are characterized by having two aspartic acids in the 
active site. The mechanism of cleavage probably involves a nucleophilic 
attack on the peptide by a water molecule, activated by the aspartic acids 
(Scheme 13).86,93,94

The hydrolyzable bond is referred to as the scissile bond. The N-terminal 
side of the scissile bond is the non-prime side and the C-terminal side is the 
prime side (Figure 7).95
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Figure 7. Nomenclature of peptide side chains (P) and enzyme subsites (S) 

The first crystal structure of HIV-1 protease was published in 1989.96 The 
protease consists of a dimer, with two identical 99 amino acid peptide parts, 
together forming a C2-symmetric enzyme. Each monomer contributes one 
aspartic acid (Asp 25/25´) to the active site.  

Structure-based design of HIV protease inhibitors has been very 
successful and today there are a number of inhibitors on the market (Figure 
8).92 All of these compounds mimick the transition state (TS) in the scissile 
bond cleavage. Thus, a secondary hydroxyl group is a characteristic feature 
of TS inhibitors. 
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2 Aims of the Present Study 

The main aims of the present study were to develop straightforward and 
convenient methods for: 

fast microwave-promoted synthesis of aryl triflates, 

synthesis of acetal-protected 3-hydroxy-1-indanones, 

synthesis of N-substituted, acetal-protected 3-amino-1-indanones, 
and

enantioselective synthesis of 3-amino-1-indanones. 

The final aim was to demonstrate an application of the new chemistry in the 
preparation of new HIV-1 protease inhibitors. 
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3 Microwave-Promoted Synthesis of Aryl 
Triflates

In high-throughput chemistry, there is a need for decreased reaction times as 
well as efficient purification procedures. In the past two decades automated, 
directed microwave flash heating has proven to be a useful tool for both 
enhancement of preparative efficiency and for significant reduction of the 
reaction times for a wide range of organic transformations.97-99

Aryl triflates are used as starting materials in many types of palladium- 
and nickel-catalyzed coupling reactions.100 The most common reagent for the 
preparation of aryl triflates from phenols is triflic anhydride.101 Triflic 
anhydride is, however, a low-temperature, non-selective reagent. Hence, its 
use in high-throughput synthesis is limited. An alternative triflating agent is 
N-phenyltriflimide, a stable, crystalline reagent that often results in improved 
selectivity.102

The aim of this project was to utilize directed microwave heating to 
decrease the reaction times for the triflation of phenols with N-phenyl-
bis(trifluoromethane-sulfonimide) from 3-8 hours, which is normally 
required,103,104 to below 10 minutes. Since aryl triflates have proven to be 
surprisingly stable at high temperatures,105 the heating was not expected to 
cause severe problems. 

3.1 Microwave-Assisted Organic Chemistry 
The first reports of organic reactions accelerated by microwaves appeared in 
1986.106,107 The reactions were carried out in domestic microwave ovens, 
resulting in problems associated with controllability and reproducibility. 
Today, microwave heating equipment especially developed for organic 
synthesis is available, giving the chemist control over both temperature and 
pressure. Since 1995, around 2500 articles and a large number of 
reviewshave been published in the field of microwave-assisted 
chemistry.97,99,108,109

Microwaves are radiation of relatively low energy. The wavelength used 
for microwave heating actually lies on the border between microwaves and 
radio waves (Figure 9).97 The electric component of the electromagnetic 
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field causes heating by two major mechanisms: dipolar polarization and 
ionic conduction (Figure 10). 

Figure 9.  The electromagnetic spectrum

Figure 10. Dipolar polarization and ionic conduction 

3.1.1 Dipolar Polarization 
Electromagnetic irradiation of the sample results in the alignment of 
molecules containing permanent or induced dipoles with the electric field. 
When the field oscillates the dipoles realign by rotation, energy is transferred 
to the matrix in the form of friction between molecules and dielectric loss, 
resulting in heating of the sample.  

The amount of heat released in the process is related to the ability of the 
molecules to align at the frequency of the applied field.108 Under low-
frequency irradiation, the molecules will rotate in phase with the oscillating 
electric field. The heating effect of this full alignment is small. If, on the 
other hand, the applied frequency is high the molecules will not have 
sufficient time to respond to the oscillating field and will not rotate. Since no 
motion is induced, no heating occurs. The frequency used in equipment for 
microwave synthesis, 2.45 GHz, corresponding to a wavelength of 12.2 cm, 
and is between these two extremes. The molecules will have time to align 
with the oscillating field, but not to follow it precisely. 
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3.1.2 Ionic Conduction 
Ions oscillate with the electromagnetic field. As for the dipoles, the 
movement causes friction between molecules, energy is lost and the sample 
is heated. Conduction is much stronger than the dipolar polarization 
regarding the heat-generating capacity. 

3.2 Results and Discussion 
The aim was to develop a general method, compatible not only with 
solution-phase, but also with solid-phase synthesis of aryl triflates, although 
the primary requirement was to develop a method for solution phase 
synthesis of triflates from salicylic aldehydes. These triflates were used as 
precursors in annulation reactions (Paper II, III and IV). Despite the fact that 
aryl triflates are relatively thermo-stable, as mentioned earlier, the reaction 
temperature was not raised above 120 C, to make the method compatible 
with more thermo-sensitive functional groups. 

Scheme 14. Microwave-promoted synthesis of aryl triflates 

OH OTf

R R
Tf2NPh, K2CO3,

THF
microwaves1a-k 2a-k

With controlled microwave heating and sealed vessels, the reaction time 
could be reduced to 6 minutes, employing only one equivalent of the phenyl 
N-phenyl-bis(trifluoromethane-sulfonimide). Eleven different aryl triflates, 
carrying both electron-donating and acceptinging substituents, were selected 
for the evaluation of the method. The results of the reactions are shown in 
Table 1. All the phenols were smoothly converted to triflates in isolated 
yields between 69 and 90%, except compound 2j and k, which could not be 
isolated due to solubility problems. 

No clear correlation between the reaction outcome and the electron 
density of the substituents was identified and a formyl group in the ortho-
position did not reduce the yield. Despite using only one equivalent of the N-
phenyl-bis(trifluoromethane-sulfonimide), all reactions resulted in full 
conversion of the phenol. 
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Table 1. Microwave-promoted synthesis of aryl triflatesa

Entry Product
Isolated

yield
(%)

Entry Product
Isolated

yield
(%)

1
OTf

2a 69 7 
O

H

OTf

BnO 2g 69

2
OTf

O
2b 80 8 

O

H
Cl

OTf

2h 69

3
OTf

NC
2c 91 9 

O

HH

O

OTf

2i 90

4
O

H

OTf

2d 78 10 
O

H

OTf

O2N
2j b -

5
O

H
O

OTf

2e 87 11 

O

H

OTf

HO

2k b -

6

O

H

O
OTf

2f 73 12 OH

O

OTf

2lc 80

a General experimental procedure: The phenol (2.0 mmol), N-phenyl-bis(trifluoromethane-
sulfonimide) (2.0 mmol, 710 mg), K2CO3 (6.0 mmol, 830 mg) and 3.0 mL THF were mixed 
in a septum-capped tube. The reaction mixture was heated to 120 C for 6 min in a 
SmithSynthesizer . Compounds 2a-h were purified with flash chromatography. Compound 
2i was purified by washing with hot THF. b According to GC/MS and crude NMR both 
triflates were produced, but solubility problems made the products difficult to fully purify. c

Synthesized on solid support. 

For solid-phase triflate synthesis, 4-hydroxy benzoic acid, coupled to a 2-
chlorotrityl linker (3) was chosen (Table 1, entry 12). 2-Chlorotrityl 
polystyrene resin was utilized due to the mild acidic cleaving conditions 
required (Scheme 15).110 The base employed was shifted from solid K2CO3
to liquid TEA (triethylamine). 

The methodology was successfully adapted to the solid-phase conditions 
and compound 2l was isolated in 80% yield after cleavage. No hydrolysis of 
the liberated triflate was detected. 
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Scheme 15. Solid-phase synthesis of aryl triflate 2l
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THF, which was used as the solvent in all reactions, has a relatively low 
boiling point and a low tan  (0.059).108 It is therefore not an ideal solvent for 
rapid microwave heating. Despite this, the reaction mixture could be heated 
to 120 C in less than one minute, and in most cases the pressure was around 
2.5 bar (Figure 11). 
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Figure 11. Temperature and pressure profiles for a representative reaction  
(Table 1, Entry 2)
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4 Synthesis of Protected Indanones 

This study was aimed at investigating the possibility of synthesizing 3-
substituted 1-indanones using n-butyl vinyl ether or ethylene glycol vinyl 
ether, which have previously been used for the synthesis of acetophenones 
from aryl triflates and bromides in a Heck-coupling reaction (Scheme 
16).111,112 The idea was to -arylate the vinyl ether with aryl triflates that 
have an electrophilic substituent, for example, an aldehyde, in the ortho-
position. This could be achieved via an -selective Heck-coupling reaction. 
The annulation was envisioned as being accomplished via an aldol-type 
reaction involving a nucleophilic attack on the electrophile (Scheme 17). 

Scheme 16. Synthesis of acetophenone derivatives 
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Scheme 17. Retrosynthetic analysis of 3-substituted 1-indanone 
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4.1 Multivariate Design of Experiments 
The outcome of a reaction is often dependent on many different factors. The 
interactions between these factors cannot be studied without changing 
several factors at the same time in a well thought-out way. Multivariate 
design is one way of optimizing a reaction more efficiently. 
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In multivariate design of experiments,113 the first step is screening. A starting 
point for the experiment is selected and a set of reactions is designed by 
varying the different factors in a symmetrical manner around this point 
(Table 2). The objective of screening is to identify the factors that influence 
the system, and to determine their appropriate ranges. 

The second step is optimization. The aim here is to predict the response 
factors for all possible combinations of factors in the experimental region 
and to find the optimal conditions.  
Table 2. Examples of experimental designs in screening and optimization studies 

Design 2 factors 3 factors >3 factors 

Full
factorial Hypercube 

Fractional
factorial

Balanced
factor
hypercube 

Composite Hypercube + 
axial points 

The response data obtained from the experiments are analyzed by fitting the 
model with MLR (multiple linear regression) or PLS114 (partial least-squares 
projection onto latent structure). PLS has the ability to deal with correlated 
variables and to model multiple responses, which MLR does not.  

In this project, both the experimental design and the evaluation of the 
results were performed using Modde, a program for the design of 
experiments and optimization. 

4.2 Synthesis of Masked 3-Hydroxy-1-Indanones 
The aim was to develop a method for the synthesis of acetal-protected 3-
hydroxy-1-indanones (10) from triflates of salicylic aldehydes. The initial 
plan was to use the commercially available n-butyl vinyl ether (5) which, as 
mentioned earlier (Scheme 16), has previously been used for the synthesis of 
acetophenones. Thus, the triflate 2d was reacted with n-butyl vinyl ether in 
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the presence of a palladium-DPPP catalyst (Scheme 18).43 According to 
LC/MS the reaction smoothly produced the -arylated vinyl ether (6).
Interestingly, the subsequent acid-mediated preparation of the o-formyl 
acetophenone (7) was unsuccessful. In fact, no o-formyl acetophenone was 
found using LC/MS analysis. Only one product could be isolated in low 
yield from the complex reaction mixture. NMR and LC/MS analysis of that 
product revealed that 3-hydroxy-1-indanone (8) had been formed in the 
reaction.

Scheme 18. -Arylation of butyl vinyl ether followed by acidic treatment 
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Encouraged by the results from the above reaction, the n-butyl vinyl ether 
was replaced by ethylene glycol vinyl ether (9).111,112 If this modification was 
found to be successful, not only could annulation be accomplished, but the 
protected ketone (10) could also be obtained in the same step. 

Scheme 19. Synthesis of acetal-protected 3-hydroxy-1-indanone 
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Fortunately, the outcome of the reaction was significantly better than in the 
former case and the acetal-protected 3-hydroxy-1-indanone was produced 
(Scheme 19). 

The Heck reaction was initially performed using Pd(OAc)2/DPPP as the 
catalytic system and TEA (triethylamine) as the base. However, under these 
conditions a high amount of biproduct was produced. After analysis, the 
byproduct was identified as the blocked 3-diethylamino-1-indanone (11)
where diethyl amine is found as the 3-substituent instead of the hydroxyl 
group (Scheme 20).  
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Scheme 20. Product and byproduct formation with TEA as the base 
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According to GC/MS analysis the amount of byproduct 11 was extensive, in 
some cases over 50%. This implies that byproduct formation is not the result 
of DEA (diethylamine) impurities in the TEA, but that TEA is decomposed 
to DEA under the reaction conditions used. This decomposition is probably a 
palladium-catalyzed process (Scheme 21).115

Scheme 21. Palladium(II)-catalyzed oxidative cleavage of TEA to DEA 

N NH
H
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H
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+ H2O + + H2

To avoid the problem of byproduct formation, the inorganic base potassium 
carbonate and the sterically hindered amine base PMP (1,2,2,6,6-
pentamethylpiperidine) were tested as alternatives to TEA. With potassium 
carbonate no ring closure occurred, while PMP was found to be a suitable 
base for both Heck coupling and the subsequent annulation process.  

The results of the preparative reactions using a small series of salicylic 
triflates are outlined in Table 3. All reactions were performed with both TEA 
and PMP. As is apparent from the table, the isolated yields of the tricyclic 
products were higher after employing the sterically hindered base PMP, than 
when using the more classical Heck conditions, in which triethylamine was 
used.

Despite the fact that ethylene glycol vinyl ether has previously been used 
successfully for the preparation of acetals of acetophenones (Scheme 16),111

no monocyclic 2-aryl-2-methyl-1,3-dioxolane was detected in any of the 
reactions.111,112,116

Scheme 22. Synthesis of acetal-protected 3-hydroxy-1-indanones 
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Table 3. Synthesis of protected 3-hydroxy-1-indanones (10)a

Entry Product Isolated
Yield (%)b

Isolated
Yield (%)c

1
O

O

OH

10a 51 39 

2
O

O

OH
O

10b 78 38 

3
O

O

OH

O

10c 52 50 

4
O

O

OH

O
10d 57d 0e

5
O

O

OH
Cl

10e 47 24 

6
O

O

OH
O2N

(10f) - 0e

a Reaction conditions: A mixture of salicylic triflate (2) (2.0 mmol, 1.0 equiv), ethylene glycol 
vinyl ether (9) (3.0 equiv.), Pd(OAc)2/DPPP (0.01/0.02 equiv.), and TEA or PMP (2.2 equiv.) 
in DMF as solvent was heated for 1-2 hours at 120 C. Acetic acid (2.6 equiv.) was added and 
the reaction was stirred overnight at 80 C. b With PMP as base. c With TEA as base. d Slow 
ring closure; 50 µL (4.3 equiv.) acetic acid at 100 C for 24 hours. e No product was detected. 

4.2.1 Mechanistic discussion 
The insertion process in the Heck arylation of vinyl ethers with aryl triflates 
and bidentate ligands is electronically controlled leading to -arylation of 
the electron-rich olefin. The protected 3-hydroxy-1-indanone (10) is believed 
to be formed in a reaction sequence similar to that shown in Scheme 24. In 
attempts to better understand factors of importance for the annulation step, 
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the intermediate 12a was isolated and used as the starting material for a 
series of model experiments (Scheme 23). 

Scheme 23. Model experiments (A-F) gain insight into the effects of different 
reaction components on the annulation reaction 
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The experiments demonstrated that no ring closure occurred if either the 
palladium catalyst or the acid was excluded. From these results, it was 
concluded that catalytic amounts of palladium promote cyclization under 
acidic conditions. The fact that the corresponding -arylated n-butyl vinyl 
ether (6) undergoes slower and less selective cyclization than the 
intermediate (12a) under identical conditions indicates that the terminal 
hydroxyl group plays an active role in the cyclization process, probably by 
stabilizing the partial positive charge that builds up on the -carbon during 
ring closure. Related neighboring group participation has been proposed in 
other aldol-type, condensation-like reactions involving vinyl ethers and 
aldehydes.117 A proposal for the mechanistic reaction sequence is outlined in 
Scheme 24.  
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Scheme 24. Proposed reaction sequence for the Heck–aldol reaction 
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4.2.2 Substituent effects 
When aryl triflates carrying electron-donating or slightly electron-accepting 
substituents were subjected to the reaction conditions, moderate to good 
yields were observed. Very electron-deficient aryl triflates, for example the 
triflate of 4-nitro-salicylic aldehyde (Table 3, entry 6), completely failed to 
produce any product. Low conversion of the aryl triflate in the Heck reaction 
was the reason for this.118

A methoxy group in the meta-position to the aldehyde (Table 3, entries 2 
and 3) results in a slightly negative inductive effect, activating the aldehyde 
towards nucleophilic attack, whereas a methoxy group in the para-position
stabilizes the aldehyde through resonance, making it less reactive. The 
results of these effects were clearly seen when comparing entries 2, 3 and 4 
(Table 3). In the synthesis of compounds 10b and 10c, most of the 
cyclization took place prior to the addition of acetic acid. In contrast, for the 
preparation of 10d, where the electron-releasing methoxy group is located in 
the para-position to the aldehyde, acetic acid addition was necessary to 
achieve cyclization (entry 4). In fact, when triethylamine was used as the 
base no tricyclic 10d was obtained at all, only the corresponding byproduct 
11 (Scheme 20) was observed. To achieve a reasonable reaction rate with 
PMP as the base, a higher amount of acetic acid and a higher temperature 
were employed. 

4.3 Synthesis of Masked 3-Amino-1-Indanones 
As mentioned in the introduction, the preparation of 3-amino-1-indanone has 
previously been accomplished in a Friedel–Craft type cyclization procedure 
(Scheme 8).55,56 The corresponding N-substituted 3-amino-1-indanones were 
synthesized via a five-step protocol involving -bromination of 1-indanone, 
acetalization, dehydrobromination, removal of the protection group, and 
subsequent conjugate addition with various amines.  

Due to the considerable advantages over stepwise procedures, 
multicomponent reactions have attracted increasing interest in research 
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reasently.119 In this project, the possibility of optimizing the annulation 
reaction discussed earlier (Paper II) towards the 3-amino-substituted 
byproduct 11 instead of the 3-hydroxy-1-indanone was explored. The 
primary aim was to develop a general method for a one-pot, three-
component annulation reaction producing protected 3-amino-1-indanone 
derivatives (14) from triflates of salicylic aldehydes (2), ethylene glycol 
vinyl ether (9) and nucleophilic amines (13) (Scheme 25). The protocol 
should preferably be suitable for the synthesis of primary, secondary and 
tertiary amines.  

The reaction was initially investigated using secondary amines. The first 
idea was that the amines could also function as the base in the reactions. 
However, nucleophilic amines are known to coordinate different palladium 
species, thus making the Heck reaction less effective.120,121 Therefore, to 
avoid having to use a large amount of secondary amine, PMP, which is much 
less prone to coordinating palladium, was included in the reaction mixture as 
the base. 

Scheme 25. Synthesis of acetal-protected 3-amino-1-indanones 
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Multivariate experimental design was used to optimize the reaction 
conditions. The reaction with unsubstituted salicylic aldehyde triflate (2d)
and dibutylamine (13a) (Scheme 25) was chosen as the model reaction. In 
the screening phase, three different reaction variables were varied according 
to a full factorial design:122 the amount of the catalytic system (the 
Pd(OAc)2/DPPP ratio was locked to 1:2), the amount of Bu2NH and the 
amount of PMP (Table 4). Naphthalene was added to all reactions as an 
internal standard. The ratio of the peak areas in GC/MS for product 14a and 
naphthalene was then used to express the productivity response. 123
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Table 4. Optimization study for preparation of 14aa

Exp
no

[Pd] 
(µmol)

DPPP
(µmol)

13a
(mmol)

PMP
(mmol)

Respb

(%)

1 1 2 0.10 0.10 60 

2 5 10 0.10 0.10 201 

3 1 2 0.20 0.10 49 

4 5 10 0.20 0.10 144 

5 1 2 0.10 0.30 93 

6 5 10 0.10 0.30 244 

7 1 2 0.20 0.30 57 

8 5 10 0.20 0.30 174 

9 3 6 0.15 0.20 129 

10 3 6 0.15 0.20 119 

11 3 6 0.15 0.20 130 
a Constant in all experiments: Aryl triflate (2d) (0.10 mmol), vinyl ether (9) (0.30 mmol), 80 
°C, 4 h, (4.0 mg naphthalene as internal standard). b Response: GC/MS peak area of 14a/peak 
area of naphthalene  100. Each reaction was analyzed twice. 

The model derived from the study was found to be very good with high R2

and Q2 values (Figure 12). All three factors varied: catalyst 
(Pd(OAc)2/DPPP), nucleophile 13a and PMP, were found to be of 
significance for the preparative result (Figure 13). As expected, the outcome 
of the reaction was favorable if the amount of amine 13a was lower than the 
amount of aryl triflate 2d. One reason for keeping the amount of secondary 
amine low, apart from the Pd(II) coordination mentioned earlier, is to avoid 
intermolecular formation of the corresponding aminal from the iminium ion 
19 (Scheme 29). If the aminal is formed, ring closure will not occur. The 
amount of PMP must be high, perhaps to facilitate Pd(0) regeneration in the 
catalytic cycle and/or to suppress protonation of the reacting amines 13a-g.
As demonstrated in Figure 13, the correlated cross-term between the catalyst 
and 13a was found to be negative. Thus, it is more important to keep the 
concentration of secondary amine low than to keep the amount of palladium 
catalyst high. The amount of palladium-phosphine catalyst had considerable 
influence on the reaction rate, but control experiments demonstrated that it 
did not have any effect on the yield when the reaction mixture was heated 
for a longer time. 
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After further experimental studies a maximum limit on the amount of PMP 
and a minimum limit on the amount of secondary amine (13) relative to the 
aryl triflate (2) were determined both to keep the amount of expensive 
reactants low and to facilitate the work-up procedure. The catalyst 
concentration was adjusted so that the reactions were completed overnight. 
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Table 5. One-pot synthesis of protected 3-amino-1-indanones (14)a

Entry Starting 
Materials Productb Isolated

Yield (%)

1 2d 13a 
O

O

N

14a 64

2 2d 13b 

O
O

N
14b 57

3 2d 13c 
O

O

N

14c 59

4 2d 13d 
O

O

N
14d 17

5 2d 13e 
O

O

N

14e 71

6 2d 13f 
O

O

N

14f 64

7 2d 13g 
O

O

N

14g 63

8 2f 13f 
O

O

N

O

14h 51

9 2m 13f 
O

O

N

O

14i 71

aReaction conditions: A mixture of 2 (1.3 equiv.), 13 (1.5 mmol, 1.0 equiv.), ethylene glycol 
vinyl ether 9 (4.0 equiv.), Pd(OAc)2/DPPP (0.027/0.053 equiv.) and PMP (4.0 equiv.) in 
MeCN was heated overnight at 80 C. bAll products were obtained as racemic mixtures. 
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To evaluate the conditions chosen, a number of salicylic triflates and 
secondary amines were tested. The results of the preparative reactions are 
given in Table 5. 

4.3.1 Substituent effects 
Since the DPPP-controlled internal Heck reaction did not work with highly 
electron-withdrawing substituents on the salicylic aldehyde118 in the 
synthesis of protected 3-hydroxy-1-indanones (Paper II) only electron-
donating substituents were included in this study. To investigate the effect of 
having a methoxy in the meta- or para-position to the aldehyde, the 
methoxy-substituted aryl triflates 2f and 2m were reacted with the amine 
13f. Compared to the reaction with the unsubstituted starting material (Table 
5, entry 6), a methoxy in the meta-position (entry 8) lowered the yield as a 
direct consequence of competing formation of the protected 3-hydroxy-1-
indanone (10c). A methoxy in the para-position to the aldehyde (entry 9) 
increased the yield, presumably as the result of resonance stabilization of the 
iminium ion, leading to slower and more controlled cyclization. 

4.3.2 Effects of different amine substituents 
The effect of increasing the sterical hindrance was studied with five different 
aliphatic secondary amines (13a-e). With the exception of 14d in which the 
highly hindered di-isopropylamine (13d) was used as nucleophilic amine 
(Table 5, entry 4), all products were obtained in good, comparable yields. 
Again, formation of a considerable amount of the protected 3-hydroxy-1-
indanone explains the low yield of 14d.

Initial attempts made with primary amines, e.g. butyl amine, benzyl amine 
and valine methyl ester, were not successful regardless of the reaction 
conditions. To explore whether benzyl amines could serve as equivalents for 
primary amines and ammonia, two benzylic amines (13f and 13g) were 
investigated. The annulation reaction worked as smoothly with these 
relatively electron-poor benzylic amines as with the aliphatic counterparts 
(Table 5, entries 6 and 7). The pure compounds 14f and 14g were then 
treated with Pd/C and ammonium formiate to remove the benzyl groups. 
After 10 min of controlled microwave heating, compound 14f was 
selectively cleaved into the desired secondary amine 15 (Scheme 26). In 
contrast, with the tertiary amine 14g, carrying two benzyl groups, the indan 
C–N bond was cleaved preferentially, releasing dibenzylamine and 
undesired 1-indanon. 
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Scheme 26. Hydrogenolysis of compound 14f 
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In the search for a more suitable ammonia equivalent, the use of primary 
amines was reinvestigated. The sterically hindered, electron-poor -phenyl-
benzylamine (16) was identified as a potential ammonia substitute. This 
compound was thought to coordinate more weakly to Pd(II) than the 
previously studied aliphatic primary amines, while the corresponding imine 
should act as a reactive electrophile in the subsequent annulation process. 
Indeed, using the same reaction conditions as those used for the secondary 
amines, apart from raising the temperature to 90 C (sealed vessel), the 
desired N-protected product 17 was obtained in a reasonable yield (Scheme 
27). The protecting diphenylmethyl group could then be selectively cleaved 
into the primary amine 18 utilizing microwave-assisted hydrogenolysis 
(Scheme 28). 

Scheme 27. Synthesis of the N-protected compound 17 
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Scheme 28. Hydrogenolysis of compound 17 
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4.3.3 Mechanistic discussion 
The protected 3-amino-1-indanones (14) are probably formed by a reaction 
pathway similar to the one presented for the formation of the protected 3-
hydroxy-1-indanones (Scheme 29). The free aldehyde (2) and the 
corresponding iminium ion are in equilibrium. Since the iminium ion is very 
electron-deficient, thereby deactivating the system for internal vinylation,118

the aldehyde form is more likely to undergo DPPP-controlled Heck 
coupling. Once the iminium ion is formed on a vinylated substrate, ring 
closure is very fast.

Scheme 29. Proposed reaction pathway for the formation of 14 

CHO

OTf
N
H

R''R'R

N
+

R''R'

O
OH

H
R

N R''
R'

O
O

R

14

O
OH

Pd(OAc)2
DPPP, PMP 

2 9 13

80 °C

19

+ +



45

5 Enantioselective Synthesis of 
3-Amino-1-Indanone

The aim of this project was to develop a method for stereoselective 
generation of 3-amino-1-indanones. The intention was to further develop the 
previously discussed three-component, palladium-catalyzed method for the 
synthesis of racemic masked 3-amino-1-indanones from salicylic aldehyde 
triflates, ethylene glycol vinyl ether and nucleophilic amines (Paper III). By 
replacing the formyl group by enantiopure t-butyl sulfinyl imine, it was 
likely that a diastereoselective reaction would be achieved.  

5.1 Sulfinyl Imines in Stereoselective Synthesis 
Enatiopure sulfinyl imines have been used in the stereoselective synthesis of 
a wide range of amines (Scheme 30).124,125 The sulfinyl imines are prepared 
in a Lewis-acid-catalyzed condensation reaction between a primary 
sulfinamide and an aldehyde or a ketone.126 t-Butyl sulfinamide and p-tolyl 
sulfinamide are most commonly used, but other substituents have also been 
reported.127,128 Reactions where sulfinyl imines are used as the chiral 
inductor are often Lewis acid mediated and the choice of Lewis acid is 
crucial in the stereoselectivity of the reactions. 
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Scheme 30: Intermolecular asymmetric reactions with sulfinyl imines delivering 
important amino derivatives. The corresponding amines are liberated upon acidic 
treatment. 124-127,129-136
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5.2 Results and Discussion 
As in the previously discussed annulation projects (Paper II and III), 
salicylic aldehyde triflates were used as starting materials in the first step 
towards the production of enantiopure 3-amino-1-indanones. However, the 
generation of the sulfinyl imines and Heck coupling could not be performed 
in a one-pot process, since the conditions for the two reactions are not 
compatible. Therefore, the sulfinyl imines were synthesized and isolated 
prior to the Heck coupling–annulation sequence. Both unsubstituted and 3-
methoxy-substituted salicylic aldehydes were reacted with (R)- and (S)-t-
butyl sulfinamides (20) in a Ti(i-PrO)4-mediated condensation reaction.126

As outlined in Scheme 31, the sulfinyl imines were isolated in excellent 
yields. 
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Scheme 31. Synthesis of sulfinyl imines (21)*

H

OTf

O

R

S
NH2

O
H

OTf

S
N

O

R

+
Ti(i-PrO)4, toluene

50 °C, overnight

(SR)-21a: 96%
(SS)-21a: 89%
(SR)-21b: 93%
(SS)-21b: 94%

R = H
R = H
R = OMe
R = OMe

2d
2f

(SR)-20
(SS)-20

R = H
R = OMe

The triflates were then reacted with ethylene glycol vinyl ether (9) in a 
Pd(OAc)2/DPPP-catalyzed Heck coupling reaction,43,111,112 providing the -
arylated vinyl ether as the annulation precursor 22 (Scheme 32). Addition of 
Lewis acid to the reaction mixture was needed to achieve ring closure. The 
choice of Lewis acid had a considerable effect on the outcome of the 
reaction, and a wide range of Lewis acids were evaluated.  

Scheme 32. Reaction sequence for the synthesis of 24 

H

OTf

S
O

N

R

O
OH

H

S
O

O

N

OH
R

O
O

S
NH

O

R

S
O

O

NH

R
ZnI2

+
Pd(OAc)2, DPPP

Et3N, MeCN

1 M citric acid

21 9 22

23 24

R = H, OMe

Strong Lewis acids, such as BCl3SEt2 and BBr3SEt2, decomposed the 
intermediate 22 and no product was formed. BF3OEt2 and TBDMSOTf, 
which have often been used as catalysts in stereoselective reactions with 
sulfinyl imines, led to a mixture of the acetal 23 and the deprotected 
indanone 24 at a ratio close to 1:1 of the diastereomers. After having 

* Reaction conditions: The salicylic aldehyde triflate (7.5 mmol, 1.0 equiv), 2-metyl-2-
propanesulfinamide (1.1 equiv) and Ti(O-i-Pr)4 (1.5 equiv) in toluene (20 mL) were heated at 
50 C overnight and then quenched with NaHCO3(aq).



48

identified ZnI2 as an effective and relatively selective catalyst, ZnCl2, ZnBr2,
Zn(Otf)2, several lanthanide triflates and other Lewis acids were also tested, 
but no improvement in the diastereoselectivity was observed. ZnI2 was 
therefore chosen as the cyclization promoter in this study. 

To facilitate the work-up procedure, the acetal-protected 1-indanone 23,
delivered in the annulation process, had to be selectively deprotected. This 
was accomplished by extraction with citric acid. According to LC/MS 
analysis only the acetal, no sulfinamide, was cleaved in the extraction. The 
diastereomers could then be separated with silica-based flash 
chromatography. The preparative results of the reactions are depicted in 
Scheme 33. 

Scheme 33. Stereoselective synthesis of 24†
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All four reactions gave total yields between 60 and 73% over three steps. A 
maximum ratio of the diastereomers of 83:17 was achieved, and the isolated 
yields of the major isomers were between 49 and 58%.The methoxy 
substituent did not have any major effect on the yield or the stereoselectivity 
of the reaction.

To determine the absolute configuration of the products, compounds 
(3S,SR)-24a (Figure 14) and (3R,SS)-24a (Figure 15) were crystallized and 
analyzed. X-ray crystallography revealed that (3S)-amino-1-indanone was 
formed as the major isomer when the R-isomer of the sulfinamide was used 
and, as anticipated, (3R)-amino-1-indanone was the major isomer produced 
when the reaction was performed with the S-isomer of the sulfinamide. 

† Reaction conditions: A mixture of the aromatic triflate (3) (2.0 mmol, 1.0 equiv), ethylene 
glycol vinyl ether (3.0 equiv), Pd(OAc)2/DPPP (0.05/0.1 equiv), and TEA (1.5 equiv) in 
MeCN (15 mL) was heated at 100 C for 45 minutes. ZnI2 (1.5 equiv) was added and the 
reaction mixture was heated at 40 C overnight. The reaction was quenched with NaHCO3
(aq) and extracted with 1 M citric acid (aq)/EtOAc before purification. 



49

Figure 14. Ortep plot of compound (3S,SR)-24a 

Figure 15. Ortep plot of compound (3R,SS)-24a
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Acidic treatment of the sulfinamides finally provided the enantiopure 3-
amino-1-indanones, which were isolated as hydrochloride salts (25) (Scheme 
34).

Scheme 34. Cleavage of the sulfinamides (24), providing the free amines (25)
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To investigate whether the outcome of the reaction could be improved by 
using the p-tolyl sulfinamide instead of the t-butyl sulfinamide, the sulfinyl 
imine 26 was prepared and used under the same reaction conditions (Scheme 
35). Unfortunately, the Heck reaction did not deliver the -arylated vinyl 
ether 27. The explanation of this may be that the p-tolyl substituted sulfinyl 
imine coordinates and traps palladium(II) to a greater extent than the bulky t-
butyl-substituted analog. Sulfinyl imines have been used as ligands in 
palladium-catalyzed reactions and are thus known for their coordinating 
abilities.126,137

Scheme 35. p-Tolylsulfinyl imine under Heck-reaction conditions 
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6 Incorporation of Enantiopure 3-Amino-1-
Indanones into HIV-1 Protease Inhibitors 

The C2-symmetric, C-terminal duplicated HIV-1 protease inhibitor depicted 
in Figure 16 was synthesized and tested in another project at the department. 
The 1,2-dihydroxyethylene core is designed to be a transition state isostere. 
Other C2-symmetric inhibitors of the same class as inhibitor 28 have been 
tested with regard to metabolic stability. With indanolamine in P2/P2’ 
positions, the oxidative metabolism was found to be very rapid. The 
indanolamine P2 substituent in indinavir (Figure 1) is known to be readily 
oxidized in the benzylic position,138 and it is likely that the same metabolism 
takes place in the C2-symmetric inhibitors, although no precise metabolite 
identification was made in the series of C2-symmetric inhibitors. It was 
therefore interesting to investigate whether the P2/P2’ indanolamines in 
inhibitor 28 could be substituted for 3-amino-1-indanone, and if the new 
compounds had sustained activity. If so, these derivatives were not expected 
to undergo benzylic oxidation and could subsequently provide new starting 
points for further developments. Lyle et al. have reported that additional 
substituents at the 3-position of the bicyclic ring system were well tolerated 
by the HIV-1 enzyme.139
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O

Br

Br

OH

OH

Ki = 1.6 nM 
EC50 = 0.38 µM

P1

P1'

P2

P2'

28

Figure 16. A C2-symmetric HIV-1 protease inhibitor (28)

Inhibitor 28 was synthesized according to a previously reported method 
starting from L-mannonic- -lactone (29).140,141 The L-mannonic- -lactone 
was first oxidized with HNO3 to the corresponding bis-lactone (30),
followed by alkylation on the hydroxyl groups under acidic conditions using 
m-bromobenzyl-2,2,2-trichloroacetimidate (Scheme 36). The benzylated bis-
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lactone (32) was then reacted with (1S,2R)-1-amino-2-indanol (34) to 
produce the C2-symmetric inhibitor (28).

Scheme 36. Synthesis of benzylated bis-lactone (32)
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In this project the benzylated bis-lactone (32) was used as starting material 
in the synthesis of new inhibitors with indanones in the P1/P1’ positions. 
The hydrochloride salts of the 3-amino-1-indanones (S/R)-25a and b were 
reacted with the bis-lactone 32 in the presence of a base (Scheme 37).140,142 

The reactions resulted in poor conversion and no products were obtained. 
The reaction outcome for the unsubstituted 3-amino-1-indanones (25a) was 
significantly improved when the amine was desalted before the reaction and 
no base was added to the reaction mixture, but a mixture of the C2-
symmetric compounds (S/R)-36 and the mono-opened bis-lactone 33 was 
still obtained (Scheme 37). Furthermore, the methoxy-substituted indanones 
(25b) only produced mono-opened products after reaction with the bis-
lactone. After crude purification, the mono-opened products were reacted 
with (1S,2R)-1-amino-2-indanol (34), and the unsymmetric compounds 
(S/R)-35a and b were provided in stereopure form. 

All four compounds (S/R)-35 and (S/R)-36 were tested in an HIV-1 
protease assay.143,144 The C2-symmetric compounds (S/R)-36, where both 
indanolamines had been replaced by aminoindanone, were rendered inactive. 
Replacing one of the indanolamines by (R)-3-amino-1-indanone resulted in a 
decrease in activity from a Ki value of 1.6 nM for the reference inhibitor, to 
19 nM for the unsubstituted (R)-35a and 11 nM for the methoxy-substituted 
(R)-35b. As expected by considering the stereochemistry, the corresponding 
S-isomers were approximately ten times less active than the R-isomers, 
which possess the same configuration as the highly potent reference inhibitor 
(28).
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Scheme 37. Synthesis of indanone-substituted HIV-1 protease inhibitors 
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7 Concluding Remarks 

A convenient microwave-assisted, high-speed method for the 
synthesis of aryl triflates has been developed. The method is 
suitable for both solution- and solid-phase synthesis.  

An efficient method for one-pot synthesis of protected 3-hydroxy-
1-indanones from electron-rich or neutral salicylic aldehyde 
triflates and ethylene glycol vinyl ether has been developed.  

The method described above has been further developed into a one-
pot three-component annulation reaction that delivers protected 3-
amino-1-indanones from salicylic aldehyde triflates, ethylene 
glycol vinyl ether and nucleophilic amines. Primary, secondary and 
tertiary amino products can be obtained with this new method. 

A method for stereoselective synthesis of 3-amino-1-indanones has 
been developed. The method is an extension of the annulation 
reaction described above in which enantiopure t-butyl sulfinyl 
imines derived from salicylic aldehyde triflates are used as starting 
material.  

Enantiomerically pure 3-amino-1-indanones have been 
incorporated into active HIV-1 protease inhibitors.  

The reactions above have the potential to smoothly provide a wide range of 
different indan structures that are not easily accessible by other synthetic 
methods and that should serve as useful building blocks in medicinal 
chemistry. 
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