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Preface

Heterocyclic N-oxides have gained in prominence in many areas of chemistry

in the past several decades. In the area of organic synthesis, N-oxides have emerged

as important substrates for regioselective functionalization of C–H bonds and

cycloaddition reactions. There has also been a surge in interest in the catalytic,

energetic, and photochemical properties of N-oxides. This volume seeks to provide

an update on the recent advances in these important areas of chemistry of hetero-

cyclic N-oxides. In the first chapter David E. Chavez gives an in-depth overview of

the progress in the studies that aim to exploit the unique structural and electronic

properties of N-oxides for the development of novel energetic materials (see

chapter “Energetic Heterocyclic N-Oxides”). The moderate Lewis basicity of the

oxygen atom in N-oxides has been employed in the design of catalysts for a

variety of asymmetric transformations. Martin Kotora et al. examine the current

state of the art in catalytic applications of heterocyclic N-oxides (see chapter

“Pyridine N-Oxides and Derivatives Thereof in Organocatalysis”). N-Oxide func-

tionality has emerged as a versatile directing group in the burgeoning field of

C–H functionalization of N-heterocycles. David E. Stephens and Oleg V. Larionov

survey recent advances in transition metal-catalyzed C–H functionalization

of azine and azole N-oxides with the focus on transformations that retain the

N-oxide functionality (see chapter “Transition Metal-Catalyzed C–H Functiona-

lization of Heterocyclic N-Oxides”). Cycloaddition reactions of heterocyclic

N-oxides play an important role in the synthesis of nitrogen-containing

heterocycles. Rafał Loska discusses mechanisms and synthetic applications of

cycloaddition reactions of azine and azole N-oxides (see chapter “Recent Advances
in Cycloaddition Reactions of Heterocyclic N-Oxides”). The photoinduced

transformations of heteroarene N-oxides have been intensively studied since

the early days of heterocyclic chemistry. An excellent overview of the current

status of photochemistry of N-oxides is given by James S. Poole (see chapter

“Recent Advances in the Photochemistry of Heterocyclic N-Oxides and their

Derivatives”).

The aim of this book is to shed light on some of the most exciting developments

in the chemistry of heterocyclic N-oxides and to demonstrate the versatility of their

v



applications across a wide range of fields – from energetic materials to catalysis,

and from photochemistry to organic synthesis.

I thank the authors and the editorial staff at Springer for their dedication and

efforts that have led to the production of this book.

San Antonio, TX, USA Oleg V. Larionov

February 2017
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Energetic Heterocyclic N-Oxides

David E. Chavez

Abstract Heterocyclic N-oxides have been shown to be useful in energetic mate-

rials applications such as propellants, explosives, and pyrotechnics. This chapter

provides a survey of a variety of different heterocyclic N-oxides that have been

studied for their energetic materials properties. Where possible, information such as

heat of formation, density, detonation pressure (PCJ), and detonation velocity (VD)

are provided.
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1 Introduction

Heterocyclic N-oxides have received intense interest in the field of energetic

materials in the past decade. This is in large part due to the fact that the

introduction of an N-oxide functional group on to a heterocyclic system is a

strategy that attempts to make use of the interesting properties N-oxide materials

tend to display. The zwitterionic nature of the N-oxide bond tends to lead to large

dipole moments, which often leads to increases in crystal densities, a property

that is highly important with respect to energetic material performance. N-oxides
also increase the oxygen balance of a molecule, providing more oxidizer to

improve the overall combustion of the fuel in the molecule. Additionally, N-
oxides are also known to provide a stabilizing effect for some heterocyclic

systems. Introduction of the N-oxide functional group can also lead to reduction

in the sensitivity of an energetic material toward destructive stimuli, such as

impact, spark, or friction.

The strategy used to introduce N-oxides onto the majority of the heterocycles

discussed in this section (with the exception of furoxans) is through oxidation of

ring nitrogen atoms. One of the most often used oxidants in this regard is Oxone.

Other peracids are used as well, including peracetic acid and peroxytrifluoro-

acetic acid. For particularly unreactive heterocyclic systems, hypofluorous acid

has also been employed. Examples of the formation of heterocyclic N-oxides

2 D.E. Chavez



directly through cyclization or condensation reactions are seen less frequently but

are common in the formation of furoxans and some tetrazole and triazole N-
oxides.

This chapter is intended to provide an overview of novel, energetic heterocyclic

N-oxides that have been prepared over the past 15–20 years, though there are a

few examples from earlier work that have been included. This chapter is not

intended to be a comprehensive review of all of the heterocyclic N-oxide energetic
material work that has been reported, but rather, it is a survey that highlights

energetic, heterocyclic N-oxide syntheses and characterizations. This chapter

attempts to discuss N-oxide derivative of five-membered heterocycles (pyrazoles,

triazoles, tetrazoles, furoxans) and six-membered heterocycles (pyridines,

pyrazines, triazines, and tetrazines) as well as some fused combinations of differ-

ent heterocycles while providing energetic materials properties where the

data exists.

2 Pyrazole Oxides

2.1 Dinitropyrazole 1-Oxides

Shevelev reported the synthesis of N-hydroxydinitropyrazoles in 1996 [1]. Both

3,4- and 3,5-dinitropyrazoles were oxidized to the corresponding 1-hydroxy com-

pounds using a buffered KHSO5 solution (Scheme 1). The yields were modest

(20–48%). No salts were prepared nor were any explosive properties of these

materials reported. While these materials were not converted to N-oxide salts by

reaction with bases, the work opened up the possibility for other efforts to proceed

along those lines and, thus, is an important contribution to energetic heterocyclic N-
oxide chemistry.

N
NH

KHSO5
O2N NO2

N
N

O2N NO2

OH

N
NH

KHSO5
NO2

N
N

NO2

OHO2NO2N

Scheme 1 The synthesis of N-hydroxydinitropyrazoles
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2.2 3,4,5-Trinitropyrazole 1-Oxide

Shreeve reported the oxidation of 3,4,5-trinitropyrazole with Oxone in 2012

[2]. Reaction of the ammonium salt of 3,4,5-trinitropyrazole proceeded at 55�C
for 3 days to give the 1-oxide (Scheme 2). Acidification provided the free acid,

which was then converted to a variety of nitrogenous salts. The most promising salt

was the ammonium salt. This material has a density of 1.82 g/cm3, has a heat of

formation of 118 kJ/mol, and is thermally stable up to 176�C. It has an excellent

oxygen balance and has impact sensitivity similar to conventional high explosives

such as RDX (1,3,5-trinitroperhydro-1,3,5-triazine). The explosive performance

was predicted to be good (VD ¼ 8,676 km/s, PCJ ¼ 35 GPa).

3 Triazole Oxides

3.1 1,2,3-Triazole 1-Oxides

Furoxans have been shown to react with alkylamines to form triazole 1-oxides

[3]. In their work toward the synthesis of tetrazino-1,2,3,4-tetrazine dioxide,

Churakov and coworkers found that a variety of alkylamines reacted with 3-tert-
butylazoxy-4-aminofuroxan to give the corresponding 1,2,3-triazole 1-oxide

(Scheme 3). Treatment of the tert-butyl derivative with trifluoroacetic acid or

gaseous HCl easily removes the tert-butyl group.
Direct oxidation of the 1,2,3-triazole was reported for 4,5-dinitro-1,2,3-triazole,

which can be oxidized to the 1-oxide derivative with Oxone in the presence of

K2HPO4 [4]. After 48 h at 55
�C, the free acid of 4,5-dinitro-1,2,3-triazole 1-oxide is

formed with 96% conversion (Scheme 4). The acid can be converted to the

potassium or ammonium salts with potassium carbonate or ammonia. The crystal

N
N- NH4

+
1. Oxone Base

Cat+

O2N NO2

Cat+ = NH4
+

O2N 2. H2SO4
N

N

O2N NO2

O2N OH N
N

O2N NO2

O2N O-

+NH2

NH2H2N N
+
H

NHN

N
+
H

NHN
NH2

N

NHN+

NH2

N
+
H

NHN

H2N NH2
N

NHN +

NH2

H2N NH2

Scheme 2 The synthesis of some salts of 3,4,5-trinitropyrazole 1-oxides
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density of the ammonium salt was found to be 1.789 g/cm3 and this material was

found to be thermally stable up to 195�C.
Treatment of 5,6-diaminofurazano[3,4-b]pyrazine with nitronium ion results in a

condensation and cyclization reaction to form 1,2,3-triazolo[4,5-e]furazano[3,4-b]
pyrazine 6-oxide (Scheme 5) [5]. The N–H group in this molecule is acidic enough

to react with nitrogenous bases, as Shreeve showed in 2014 [6]. The ammonium,

hydrazinium, and hydroxylammonium salts were prepared along with some salts

with heterocyclic cations. The materials ranged in thermal stability from 141�C for

the hydroxylammonium salt to 281�C for the free acid. The free acid also showed

the highest density (1.85 g/cm3) and the most promising calculated performance

(VD ¼ 8.53 km/s, PCJ ¼ 32.4 GPa). All of the materials were relatively insensitive

to impact (30–40 J).

N

NN
O

N

NH2

NH2

NO2
+

N

NN
O

N N
H

N+
N

O- Base

N

NN
O

N N-
N+

N
O-

Cat+

Cat+ = +NH4, +NH3NH2, +NH3OH

Scheme 5 The synthesis of 1,2,3-triazolo[4,5-e]furazano[3,4-b]pyrazine 6-oxide and some salts

N
O

N+

N+ NH2

O-

N
tBu O-

N+

O
N

N+ NH2N
tBu O-

-O

RNH2
MeOH

N+
N

N

N+ NH2N
tBu O-

-O

R

R = Me, Et, iPr, tBu, Bu

Scheme 3 The synthesis of some 1,2,3-triazole 1-oxides

N-
N

NK+
Oxone Base

Cat+

O2N NO2

K2HPO4 N
N

N

O2N NO2

HO

Cat+ = K+, NH4+

N
N

N

O2N NO2

-O

Scheme 4 The synthesis of potassium and ammonium salts of 4,5-dinitro-1,2,3-triazole 1-oxide
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3.2 1,2,4-Triazole 1-Oxides

Oxidation of 3-nitro-1,2,4-triazole was briefly mentioned in a publication by

Shevelev where the oxidation of pyrazoles had been studied [1]. KHSO5 was the

oxidant found to be the most successful for the 3-nitro-1,2,4-triazole substrate,

providing the 1-N-hydroxy derivative. No energetic materials properties for the

product were reported, nor were any salts prepared.

A much more challenging triazole to oxidize is 3,5-dinitro-1,2,4-triazole, but a

method was reported in 2002 [7]. The ultimate goal of the research was to prepare

highly energetic liquid propulsion ingredients. Here again, Oxone was used as the

oxidant, but the reaction was found to be slow and inefficient, and pure salts of

3,5-dinitro-1,2,4-triazole 1-oxide were not isolated. In 2012, a different oxidant was

used to prepare pure materials [4]. Hypofluorous acid oxidation proceeded within

15 min giving a 65% yield of the potassium salt of 3,5-dinitro-1,2,4-triazole 1-oxide

(density¼ 2.08 g/cm3, Tdec¼ 215�C) (Scheme 6). The ammonium salt had a crystal

density of 1.784 g/cm3 and a heat of formation of 25 kcal/mol. The material begins

to decompose at 145�C.
Klapoetke and coworkers prepared several energetic salts of 3,30-dinitrobis

(1,2,4-triazole) 1,10-dioxide [8]. 3,30-Dinitrobis(1,2,4-triazole) was oxidized with

Oxone in the presence of a potassium acetate buffer. When the reaction was

complete, the reaction mixture was treated with sulfuric acid and extracted to

give the diol. The diol was then treated with a variety of bases (ammonia, hydra-

zine, hydroxylamine, guanidine, aminoguanidine, triaminoguanidine) (Scheme 7).

Oxidation was found to occur only at the 1 and 10 positions. The diol was found to

be thermally stable to 191�C and had gas pycnometry density of 1.91 g/cm3.

Conversion to the nitrogenous salts improves the thermal stability in all cases

Scheme 6 The synthesis of the potassium and ammonium salts of 3,5-dinitro-1,2,4-triazole

1-oxide

N

N N
H

N

N
H
NO2N

NO2

Oxone
KOAc

N

N N N

NNO2N

NO2

HO

OH

Base N

N N N

NNO2N

NO2

-O

O-

Cat+

Cat+

Cat+ = +NH4, +NH3NH2, +NH3OH
guanidinium, aminoguanidinium,
diaminoguanidinium,
triaminoguanidinium

Scheme 7 The synthesis of energetic salts of 3,30-dinitrobis(1,2,4-triazole) 1,10-dioxide
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(207–329�C), with the guanidinium salt being the most thermally stable. In general,

the densities of the salts are decreased compared to the parent diol compound, with

the hydroxylamine salt having the highest density (1.90 g/cm3). All of the salts have

low sensitivity to impact (>40–15 J) and are essentially insensitive to friction. The

salt with the most promising explosive properties was the hydroxylamine salt, with

a predicted detonation pressure of 39 GPa and a detonation velocity of 9.1 km/s,

comparable to high-performing conventional explosives such as HMX (octahydro-

1,3,5,7-tetranitro-1,3,5,7-tetrazocine). No toxicity studies were reported for any of

the compounds.

4 Tetrazole Oxides

4.1 5-Nitrotetrazole 2-Oxide

5-Nitrotetrazoles can be oxidized to the corresponding 2-N-oxide with Oxone, in

the presence of an acetate buffer (Scheme 8) [7]. No 1-oxide isomer was observed

under these reaction conditions. Various salts can be prepared using ion exchange

resins. The hydroxylamine salt was reported to have an experimental heat of

formation of 40 kcal/mol and a density of 1.85 g/cm3. The explosive performance

properties of the energetic salts were reported by Klapoetke [9]. The hydroxylamine

salt was predicted to have a detonation pressure of 39 GPa and a detonation velocity

of 9.45 km/s. The other salts displayed lower performance. Thermal studies of the

hydroxylamine amine salt showed it began to decompose at 157�C at a 5�C heating

ramp rate. It was also relatively sensitive to impact (4 J) and friction (60 N).

Interestingly, all of the 2-N-oxide salts studied were less sensitive than the

corresponding 5-nitrotetrazolate salts, with the exception of the aminoguanidinium

salt.

N
N N

N
NO2NH4

+
Oxone N

N N

N
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+

-O

ion
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N
N N

N
NO2Cat+

-O
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Scheme 8 The synthesis of 5-nitrotetrazole 2-oxide and some energetic salts
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4.2 5-Azidotetrazole 2-Oxide

In 2011, the Klapoetke group attempted to study the oxidation of the extremely

sensitive compound 5-azidotetrazole [10]. This compound is quite hazardous to

work with and can be considered a contact explosive. 5-Azidotetrazole was oxi-

dized with Oxone in the presence of potassium acetate as a buffer. The reaction

proceeded at 40�C for 3 days (Scheme 9). Acidification, extraction with ether, and

treatment with ammonia provided the ammonium salt. The silver, potassium, and

sodium salts were prepared along with the aminoguanidinium salt. All of the salts

displayed lower thermal stability than the corresponding 5-azidotetrazole salts.

Here again the sensitivity to impact and friction was less for the 2-N-oxide
derivatives compared to respective non-oxide compounds. The density of the

ammonium salt was 1.689 g/cm3 and the detonation velocity and pressure were

calculated to be 8.92 km/s and 32.5 GPa, respectively.

4.3 5-Aminotetrazole 2-Oxide

An interesting tetrazole N-oxide synthesized by the Klapoetke group is

5-aminotetrazole 1-oxide [11]. Rather than accessing this heterocycle through

oxidation of 5-aminotetrazole, it was prepared by reacting cyanogen azide with

hydroxylamine. In the presence of excess hydroxylamine, the hydroxylammonium

salt can be isolated (Scheme 10). Treatment with HCl, to protonate the oxide,

followed by treatment with ammonia provides the ammonium salt. The hydroxyl-

amine salt begins to decompose at 155�C and was shown to have two polymorphs,

one with a density of 1.664 g/cm3 and the other with 1.735 g/cm3. The ammonium

salt had a much lower density (1.53 g/cm3) and an onset of decomposition of 195�C.
These materials were relatively insensitive to impact (>40–10 J) and insensitive to

friction (>360 N). The high-density hydroxylammonium salt showed the

Br N
1. NaN3

2. NH2OH
N
N N

N

NH2

O-

+NH3OH 1. HCl

2. NH3
N
N N
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Scheme 10 The synthesis of 5-aminotetrazole 2-oxide and some energetic salts
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most promise with respect to explosive performance (PCJ ¼ 35.7 GPa,

VD ¼ 9.3 km/s).

Amine oxidation of 5-aminotetrazole 1-oxide is possible using basic potassium

permanganate resulting in the bis-potassium salt of the azo-coupled product

(Scheme 11) [11]. Treatment of the potassium salt with acid followed by reaction

with nitrogen bases gives access to the hydroxylammonium, ammonium, and

hydrazinium salts. The nitrogenous salts displayed impact sensitivities in the

range of 3–15 J and friction sensitivities in the range of 20–160 N. The densities

ranged from 1.725 g/cm3 for the hydrazinium salt to 1.80 g/cm3 for the hydroxyl-

ammonium salt. Amazingly the ammonium salt was quite thermally stable (decom-

position onset 250�C), while the other salts decomposed at about 190�C. The best
performer was the hydroxylammonium salt (PCJ ¼ 37.5 GPa, VD ¼ 9.35 km/s).

4.4 Dihydroxylammonium 5,50-Bistetrazole 1,10-Dioxide

One of the most promising energetic N-oxide heterocycles discovered recently

is the dihydroxylammonium salt of 5,50-bistetrazole 1,10-dioxide (TKX-50) [12].

TKX-50 is described as a molecule that is easily prepared and very powerful but

with the required thermal stability, low toxicity, and safety properties to be used as

an RDX replacement. Two different approaches were used to access the TKX-50

structure. The first was oxidation of 5,50-bitetrazole using potassium acetate-

buffered Oxone. Unfortunately, the method resulted in the production of both the

1,10-di-N-oxide (11%) and the 2,20-di-N-oxide (58%) (Scheme 12). A different

route to TKX-50 is based upon the work of Tselinksi [13]. This method involves

the reaction of sodium azide with dichloroglyoxime, followed by treatment with

HCl in ether to access the TKX-50 precursor diol.

TXK-50 was found to have an impact sensitivity of 20 J and a friction sensitivity

of 120 N. These values compare very favorably with conventional energetic

materials such as RDX (impact ¼ 7.5 J, friction ¼ 120 N). It is also thermally

stable up to 221�C; TKX-50 has a density of 1.877 g/cm3 at 298 K and a heat of

formation calculated to be 446.6 kJ/mol. These data taken together were used to

predict the explosive performance of TKX-50. The detonation velocity was

predicted to be 9.7 km/s and a detonation pressure of 42.4 GPa. These data were

compared to other standard explosives to show that TKX-50 was predicted to

Scheme 11 The synthesis of salts of 5,50-azobistetrazole 1,10-dioxide
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outperform most other conventional explosives with respect to detonation velocity

and was only surpassed by CL-20 with respect to detonation pressure. Toxicity

studies were also performed on Vibrio fischeri, and the results showed that TKX-50
was less toxic to this microorganism than RDX.

4.5 Amino-Hydroximoyl-Tetrazole 2-Oxides

Another example of the use of the N-oxide to improve the performance of tetrazole

compounds is seen in the synthesis of amino-hydroximoyl-tetrazole 2-oxides

[14]. The N-oxide was installed prior to the formation of the aminohydroxi-

moyl group by oxidizing cyanotetrazole, which provided cyanotetrazole-2-oxide

(Scheme 13). Subsequent treatment with hydroxylamine provided the amino-

hydroximoyl-tetrazole-2-N-hydoxy compound. Treatment with nitrogenous bases

allows access to a variety of salts (hydroxylammonium, guanidinium, amino-

guanidinium, ammonium, triaminoguanidinium). In the report, the hydroxyl-

ammonium salt was compared to the hydroxylammonium salt of the unoxidized

amino-hydroximoyl-tetrazole. Here it was shown that the N-oxide improves the

insensitivity toward impact (>40 vs 10 J), while the thermal stability is reduced

slightly (Tdec ¼ 164 vs 171�C). A slight decrease in the heat of formation (282 vs

294 kJ/mol) and a significant increase in density (1.704 vs 1.639 g/cm3) lead to an

increase in calculated detonation velocity by 3.6% (8.934 vs 8.643 km/s) and an

increase in calculated detonation pressure by 12% (30.9 vs 27.2 GPa).

5 Furoxans

5.1 4,40-Dinitro-3,30-Diazofuroxan

A very high-energy furoxan was reported by Binnikov in 1999, namely, 4,40-dinitro-
3,30-diazofuroxan [15]. This molecule was synthesized by azo coupling of 4-amino-3-

Scheme 12 Synthesis routes to TKX-50
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azidocarbonylfuroxan. A Curtius rearrangement was used to access the corresponding

4,40-diamino compound. Oxidation using Na2WO4 in the presence of sulfuric acid

and 90% peroxide provided 4,40-dinitro-3,30-diazofuroxan (Scheme 14). An experi-

mental detonation velocity was determined to be 10 km/s, with a crystal density of

2.02 g/cm3. This is one of the fastest detonation velocities ever reported. The high

density is due in large part to very efficient crystal packing.

5.2 Dinitrofurazanofuroxan

3,4-bis(3-nitrofurazan-4-yl)furoxan (BNFF) is a promising furoxan derivative that

displays good performance and physical properties. The first appearance of BNFF

in the literature was in a report by Sheremetev and coworkers [16]. Subsequently,

another report was published, with few synthesis details [17]. In 2010, Chung

published a detailed synthesis procedure for the preparation of BNFF, a portion

of which is included in Scheme 15. The synthesis includes diazotization of the

amide oxime compound in the presence of HCl to provide the oximyl chloride,

treatment of the oximyl chloride with base to produce a nitrile oxide intermediate

that dimerizes to provide 3,4-bis(3-aminofurazan-4-yl)furoxan (BAFF). Oxidation

with peroxytrifluoroacetic acid (PTFA) provided BNFF.

BAFF can be crystallized from water or ethanol, which results in two different

polymorphs with densities of 1.745 and 1.737 g/cm3, respectively. The high-density

material has a predicted detonation velocity of 8.1 km/s and an experimental

detonation velocity of 7.18 km/s at a density of 1.53 g/cm3. It was reported to be

insensitive to impact, spark, and friction [18].
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BNFF is a powerful explosive with a relatively low melting point (108–110�C)
and a performance similar to that of HMX [19]. It is reported to have a density of

1.937 g/cm3 and a detonation velocity of 9.25 km/s. Because of these properties,

BNFF has been considered for melt-cast explosives applications [20]. It has also

been shown to form eutectics with a variety of other energetic materials such as

TNT, pentaerythritol tetranitrate, and trinitroazetidine.

The nitro groups on BNFF are labile and reactive toward nucleophiles such as

amines and azides. Treatment of BNFF with sodium azide in acetonitrile results

in the bisazido compound DAZTF (Scheme 16) [21]. DAZTF has a density of

1.743 g/cm3, a melting point of 50–52�C, and a thermal decomposition onset

temperature of 204�C. The detonation velocity was estimated to be 8.5 km/s.

5.3 Macrocyclic Furoxans

In 2012, Chavez and coworkers reported the synthesis of a macrocycle prepared

from the oxidation of bis(aminofurazanyl)furoxan using trichloroisocyanuric acid

as the oxidant (Scheme 17) [22]. The resulting product has the possibility of

forming two isomers.

Mahkova and coworkers synthesized a similar set of furoxan macrocycles

[23]. The starting furoxan substrates are based on N-oxide isomers of 3-amino-

4-(aminofurazanyl)furoxan. The position of the N-oxide was either internal or

external to the heterocycle–heterocycle bond. Scheme 18 displays the resulting

heterocycles formed after oxidation. In the case of the external N-oxide, only one

macrocycle was isolated, when the diamine was oxidized with dibromoiso-

cyanuric acid (DBI). With the internal N-oxide, oxidation with DBI resulted in
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a 12-membered macrocycle, but the assignment of which isomer was formed was

not determined. These macrocycles were formed in low yield due to numerous

other oligomeric products that are formed in the process.

Treatment of bis(nitrofurazanyl)furoxan (BNFF) with sodium carbonate in

acetonitrile leads to cyclization to the bifurazano[3,4-b:30,40-f]furoxano[300,400-d]
oxacycloheptatriene (BFFO) (Scheme 19) [24]. The product melts at 97�C and thus

has potential as a melt-cast material. X-ray crystallographic analysis showed that

the crystal density of the BFFO monohydrate was 1.866 g/cm3. Solvate-free

crystals could not be obtained but were predicted to have a density of 1.9 g/cm3

and a heat of formation of 275.2 kJ/mol. BFFO was predicted to have a detonation

velocity of 8.6 km/s and a detonation pressure of 34.6 GPa. The material was also

described as less sensitive to impact than HMX.
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Treatment of bis(nitrofurazanyl)furoxan (BNFF) with ammonia in acetonitrile

leads to cyclization to the bifurazano[3,4-b:30,40-f]furoxano[300,400-d]azacyclo-
heptatriene (BFFO), while treatment with hydrazine provides the N-amino deriva-

tive (Scheme 20) [25]. The azepine compound is hygroscopic and forms a

monohydrate crystal with a density of 1.817 g/cm3 and a measured detonation

velocity of 7.9 km/s. The N-amino compound is much more sensitive to impact and

friction than the N–H azepine, which is thought to be due to the relative weakness of

the N–N bond [26].

5.4 Other Furoxan Derivatives

The two isomers of 3,30-diamino-4,40-bifuroxan can be converted to the bis-

nitramine compounds by treatment with 100% nitric acid (Scheme 21)

[27]. While these derivatives display poor thermal stability (Td < 95�C), they
could be converted to nitrogenous salts by treatment with ammonia, hydroxyl-

amine, or hydrazine. The bisnitramine with the N-oxides external to bisfuroxan

bond was also converted to the guanidine, diaminoguanidine, and triamino-

guanidine salts. All of the materials prepared were characterized with respect to

their energetic materials safety and performance properties. None of the salts

displayed thermal stability above 168�C. The most promising salts were the

hydroxylammonium compounds, which displayed promising safety properties and

detonation performance properties (VD ¼ 9.5–9.8 km/s, PCJ ¼ 41.5–46.4 GPa).

In 2005, Hiskey and coworkers reported the synthesis of a fused, tricyclic

furoxan, 7-nitrotetrazolo[1,5-f]furazano[4,5-b]pyridine 1-oxide [28]. The synthesis
began with the nitration of 2,6-dimethoxy pyridine, which gave 3,5-dinitro deriv-

ative, followed by subsequent treatment with hydrazine and diazotization to give

2,6-diazido-3,5-dinitropyridine (Scheme 22). Azidoazine compounds are known to

participate in azido-tetrazolo tautomerization. In the case of 2,6-diazido-3,5-
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dinitropyridine, dissolution in deuterated acetonitrile resulted in tautomerization to

the tetrazolo form, followed by loss of dinitrogen and the formation of the furoxan

ring. The diazido compound undergoes the transformation more quickly in polar

solvents and converts to the product in the solid state over 8–10 days. X-ray

crystallography showed that the product has at least two polymorphs (alpha

(density ¼ 1.853 g/cm3), beta (density ¼ 1.828 g/cm3)). The material began to

decompose at 160�C, was insensitive to electrostatic discharge, displayed moder-

ate sensitivity to friction, and was slightly more sensitive to impact than HMX

(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine).

5.5 3-Oxyfuroxan

3-Oxyfuroxan is predicted to have higher heat of formation than furoxan while also

having improved oxygen balance [29]. Thus, energetic derivatives of 3-furoxan
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may show promise as high-performing materials. Chen and coworkers recently

published the preparation of energetic metal organic frameworks incorporating

a 3-oxyfuroxan. In the work, a bis(oximylchloride)furoxan was treated with

dinitrogen pentoxide, and this resulted in a mixture of the bis(dinitrochloro-

methyl)furoxan and bis(dinitrochloromethyl)-3-oxyfuroxan (Scheme 23). Treat-

ment of this mixture with KI in methanol followed by reaction with silver nitrate

produced a metal organic framework in which the 3-oxyfuroxan derivative can be

identified. No properties of the pure 3-oxyfuroxan compound were reported.

6 Energetic Pyridine N-Oxides

6.1 Aminonitropyridine N-Oxides

Energetic pyridine N-oxides have been reported by Wilson [30]. 2,6-Diamino-3,5-

dinitropyridine can be oxidized with 30% hydrogen peroxide in acetic acid

(Scheme 24). The reaction proceeds to give an 84% yield of the N-oxide product.
This material is very thermally stable and does not begin to decompose until 340�C.
X-ray crystallography experiments showed that the density of the N-oxide is

1.878 g/cm3. Treatment of the N-oxide with hydroxylamine in the presence of

potassium hydroxide gives 2,4,6-triamino-3,5-dinitropyridine N-oxide. The density
of the material remains nearly the same (1.876 g/cm3) and yet is slightly less
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thermally stable (308�C). The authors of this study also attempted to prepare the

2,6-dinitro-3,5-diaminopyridine 1-oxide but were unsuccessful.

7 Pyrazine N-Oxides

7.1 2,6-Diamino-3,5-Dinitropyrazine 1-Oxide

In the 1990s, scientists at the Lawrence Livermore National Laboratory described

the synthesis of 2,6-diamino-3,5-dinitropyrazine 1-oxide (LLM-105) [31].

LLM-105 displays a crystal density of 1.919 g/cm3 [32] and is described as an

insensitive energetic material, with a detonation velocity of 8.73 km/s and a

detonation pressure of 35.9 GPa [33].

The synthesis route is displayed in Scheme 25. The synthesis began with the

nitration of 2,6-dimethoxypyrazine using mixed acid nitration conditions. The

2,6-dimethoxy-3,5-dinitropyrazine is then treated with ammonium hydroxide to

provide 2,6-diamino-3,5-dinitropyrazine (ANPZ). Conversion to the N-oxide is

performed using peroxytrifluoroacetic acid (PTFA). Unfortunately, the ANPZ and

LLM-105 have low solubility in most solvents, and as the oxidation progresses,

starting material becomes occluded in the N-oxide product. The overall result is a
product that is 92–94% LLM-105, with the remained being unoxidized ANPZ. The

ANPZ impurity does lead to a slightly lower explosive performance.

In 2010, an alternative route to LLM-105 was reported in a patent application

[34]. The new route involves the treatment of bis(cyanomethyl)nitrosamine with

hydroxylamine (Scheme 26), resulting in a cyclization process that provides

2,6-diaminopyrazine 1-oxide (DAPO) as the product. The material is then nitrated

using mixed acid to provide LLM-105. The DAPO route now allows for LLM-105

to be free from the ANPZ impurity.
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8 1,2,4-Triazine Oxides

8.1 4-Amino-3,7-Dinitrotriazolo[5,1-c][1,2,4]Triazine
4-Oxide

Examples of energetic 1,2,4-triazine N-oxides are rare. Recently, Piercey

reported the synthesis of an energetic triazolo-1,2,4-triazine 4-oxide [35]. The

synthesis involves a very interesting cyclization reaction that proceeds after

condensation of a diazonium salt with nitroacetonitrile, resulting in the

4-amino-3,7-dinitrotriazolo[5,1-c] [1,2,4]triazine (Scheme 27). Oxidation of

this substrate proved challenging, as strong oxidants such as peroxytrifluoro-

acetic acid and Oxone were unsuccessful. Ultimately, the use of hypofluorous

acid was effective at installing an N-oxide at the 4-position of the bicyclic ring

system. The material was predicted to have a density of 1.904 g/cm3 and a heat

of formation of 378 kJ/mol. The crystal structure of the dihydrate or nitromethane

solvate shows that the triazine ring bonds to the triazole have lengthened in the

N-oxide compound, and this may explain the large drop in thermal stability

(Tdec ¼ 138 vs 232�C). This triazine N-oxide was predicted to be a high-

performing material that is less sensitive to impact and friction than conventional

high-performance explosives (VD ¼ 8.97 km/s, PCJ ¼ 35.4 GPa).

9 1,2,3,4-Tetrazine N-Oxides

9.1 1,2,3,4-Tetrazine 1-Oxide

The synthesis of 1,2,3,4-tetrazine 1-oxide was reported by Piercey and coworkers in

2015 [36]. The synthesis involves the nitrene insertion of the N-amino-1,2,3-
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HNO3

H2SO4
N+

N

H2N NH2
O-

O2N NO2
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triazole compound shown in Scheme 28. Treatment of this compound with MnO2

resulted in the 1,2,3,4-tetrazine-1-benzyloxy p-toluenesulfonate salt. Subsequent

treatment with hydrogen gas in the presence of Pd/C produced 1,2,3,4-tetrazine

1-oxide. The compound was confirmed by 13C NMR and by mass spectrometry

(DEI+).

9.2 1,2,3,4-Tetrazine Di-N-Oxides

A review of work regarding annulated 1,2,3,4-tetrazine di-N-oxides has been

published previously [37]. Since then, some very interesting work on annulated

and non-annulated 1,2,3,4-tetrazine di-N-oxides has been published. In 2015,

Churakov reported the thermolysis of poly azido benzotetrazine 1,3-dioxide in

toluene. This results in the non-annulated dicyano-1,2,3,4-tetrazine 1,3-dioxide as

the product (Scheme 29) [38]. Similarly, when 6,7- or 6,8-dimethoxybenzotetrazine

1,3-dioxides were treated with ozone, non-annulated 1,2,3,4-tetrazine 1,3-dioxides

were produced (Scheme 30).

In 2014 Churakov reported the synthesis of 1,2,3,4-tetrazine 1,3-dioxides

annulated with 1,2,3-triazoles and 1,2,3-triazole 1-oxides [39]. In this work, the

tetrazine 1,3-dioxides are installed by condensing a tert-butylazoxy functional

group with an amino group in the presence of sulfuric acid, nitric acid, and

acetic anhydride (Scheme 31).

To access the 1,2,3-triazole 1-oxide tetrazine di-N-oxide derivatives, the same reac-

tion conditions were employed using 1,2,3-triazole 1-oxide substrates (Scheme 32).
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Interestingly, non-alkylated 1,2,3-traizoles could also be used as substrates. The

product, with an acidic proton, was predicted to be most stable in the 1-oxide 3-NH

form. The materials were reported to display thermal stability between 154 and 199�C
for the 1,2,3-triazoles derivatives and 180–230�C for the 1,2,3-triazole 1-oxide deriv-

atives. No energetic materials properties for these derivatives were reported.

9.3 Tetrazinotetrazine 1,3,6,8-Tetraoxide

Two isomers of the fused bicyclic heterocycle, tetrazinotetrazine tetraoxide

(TTTO), have been the targets of energetic materials synthesis chemist for decades

(Fig. 1). The interest in these materials stems from the potential for these materials

to display high densities and promising energetic materials properties. Addition-

ally, these materials belong to a class known as alternating charge compounds.

These materials have been predicted to display enhanced stability [40]. TTTO has

been predicted to have a heat of formation of 206 kcal/mol and a predicted density

of 1.98 g/cm3. Iso-TTTO was also predicted to display similar properties [41].

Given these predicted properties, both materials are predicted to have a detonation

velocity around 9.7 km/s and a detonation pressure of 432 kbar.

In 2016, Churakov and coworkers reported the first synthesis of TTTO

[41]. They used a sequential ring closure strategy to install both ring systems by

employing the process of annulating neighboring amino and (tert-butyl-NNO-
azoxy) groups. The reported synthesis starts with bis (tert-butyl-NNO-azoxy)-
cyano methane, which is converted to the cyclization precursor in seven steps

(Scheme 33). The precursor undergoes the first annulation through treatment with

BF3�Et2O. Subsequent treatment with ammonia, followed by treatment with mixed

acid in the presence of acetic anhydride, produces TTTO.
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Unfortunately, TTTO was isolated as the minor product in the last step (23%).

TTTO was obtained as a yellow powder with a melting point of 183–186�C. The
structure was proven using X-ray crystallographic analysis of the benzene solvate

of TTTO. Interestingly, the hydrolytic stability of TTTO and its benzene solvate is

poor. While it is stable in air for a short time, it hydrolyzes in 50% aqueous ethanol

after 2 h.

10 1,2,4,5-Tetrazine N-Oxides

10.1 3,6-Diaminotetrazine 1,4-Dioxide

One of the earliest heterocyclic N-oxides considered for energetic materials

applications was 3,6-diamino-1,2,4,5-tetrazine 1,4-dioxide, often referred to as

LAX-112 [42]. LAX-112 was synthesized by the oxidation of 3,6-diamino-

1,2,4,5-tetrazine using Oxone as the oxidant (Scheme 34). The material has a

crystal density of 1.86 g/cm3 and a heat of formation of 39 kcal/mol. It is thermally

stable up to 206�C, is insensitive to friction, and is relatively insensitive toward

impact (26.2 J). LAX-112 can be formulated with a binder such as Kel-F or Viton
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A. A 95:5 mixture of LAX-112:Viton A produces a material with a measured

detonation velocity of 8.1 km/s and a detonation pressure of 30.1 kbar (unpublished

results).

10.2 3-Amino-6-Nitrotetrazine N-Oxides

If 3,6-diamino-1,2,4,5-tetrazine is oxidized with peroxytrifluoroacetic acid (PTFA)

instead, the mono-N-oxide is formed, while LAX-112 was not observed. It is

believed that the PTFA was a strong enough acid to protonate the tetrazine ring

of the mono-N-oxide and inhibit further oxidation to LAX-112. This material has a

density of 1.76 g/cm3 and is less thermally stable than LAX-112 (Tdec ¼ 150�C)
(Scheme 35). The experimental detonation performance of the material was not

determined, but it is predicted to have a detonation velocity of 8.92 km/s and a

detonation pressure of 32.5 GPa. A minor product was also isolated from the PTFA

oxidation, namely 3-amino-6-nitro-1,2,4,5-tetrazine 2,4-dioxide and was likely to

have arisen from a different oxidation pathway, involving oxidation of the amino

group as the first step. This material was reported to have a density of 1.919 g/cm3

but began to decompose at a much lower temperature (110�C). This material was

predicted to have a detonation velocity of 9.33 km/s and a detonation pressure of

40.2 GPa (unpublished results).

In 2008, Mahkova and Ovchinnikov prepared 3-amino-6-nitro-1,2,4,5-tetrazine

2,4-dioxide through an alternative synthesis route, by diazotizing 3,6-diamino-

1,2,4,5-tetrazine (Scheme 36) [43]. The method involved nonstandard diazotization

conditions (DMSO, NaNO2, HCl) to provide 3-amino-6-nitro-1,2,4,5-tetrazine

followed by treatment with PTFA to give the di-N-oxide product. If less than a

stoichiometric amount of PTFA is used, a mixture of the 2,4-dioxide and 2-oxide is

formed in a 9:1 ratio. The use of an excess of oxidant results in only the 2,4-dioxide

product. Interestingly, this study found that 3-amino-6-nitro-1,2,4,5-tetrazine
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2,4-dioxide was stable up to 191�C. No sensitivity or performance properties were

reported for the mono-N-oxide compound.

In 1999, Hiskey and coworkers investigated hypofluorous acid as an oxidizer for

3,6-diamino-1,2,4,5-tetrazine [44]. Hypofluorous acid is one of the most powerful

oxidizers and oxygen transfer reagents known [45]. The reaction proceeds

to provide 3-amino-6-nitro-1,2,4,5-tetrazine 2,4-dioxide and 3-amino-6-nitro-

1,2,4,5-tetrazine 1,4-dioxide, a new isomer (Scheme 37). This isomer was found

to have a higher density (1.97 g/cm3) and was found to be thermally stable up to

168�C. The predicted detonation velocity for this material is 9.81 km/s and the

predicted detonation pressure is 42 GPa.

10.3 Other Amino-1,2,4,5-Tetrazine N-Oxides

The susceptibility of 1,2,4,5-tetrazine heterocycles toward oxidation strongly

depends on the substituents at the 3 and 6 positions. If at least one of the tetrazine

substituents is an amino group, the other substituent can be a hydrogen or a chlorine

and oxidation can still occur with PTFA (Scheme 38) [44].

Oxidation of 3,6-bis(guanidinyl)-1,2,4,5-tetrazine with Caro’s acid proceeds to

provide the 1,4-dioxide product [46]. The guanidinyl functional groups of the

product maintain enough basicity to form salts with strong acids (HNO3 and

HClO4) (Scheme 39). The dinitrate salt was only stable to 157�C and was not studied

further, but the perchlorate salt was stable up to 197�C. The perchlorate salt has a

measured density of 1.94 g/cm3 and a heat of formation estimated at �250 kJ/mol.

The impact sensitivity was determined to be 3.7 J, and the friction sensitivity was
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68 N. The detonation velocity of the perchlorate salt was experimentally determined

to be 7.85 km/s.

3,6-bis((tetrazol-5-yl)amino)-1,2,4,5-tetrazine can also be oxidized with Caro’s
acid [46]. The structure was confirmed by X-ray crystallography to be the

1,4-dioxide (Scheme 40). Unfortunately, the thermal stability was poor (134�C)
and further investigation was not performed.

In 2014, Shreeve reported the synthesis of 11 new 1,2,4,5-tetrazine mono- and

di-N-oxides [47]. Figure 2 displays four of the more energetic compounds prepared

in this work. The guanidine derivative has a density of 1.91 g/cm3 and a calculated

heat of formation of 325 kJ/mol. The explosive performance was predicted to be

high (VD ¼ 9.1 km/s, PCJ ¼ 37.5 GPa), while the material was relatively insensitive

(impact ¼ 20 J, friction ¼ 240 N).

10.4 Oxides of 3,30-Azobis(1,2,4,5-Tetrazine)

The oxidation of 3,30-azobis(6-amino-1,2,4,5-tetrazine) with excess PTFA results

in a complex mixture of oxides [46]. Due to the insolubility of the product,

characterization was limited to elemental analysis. Overall the product was found

to contain 3.5 oxygens on average. The structures of those N-oxides are displayed

in Scheme 41. The nitrogen atoms most likely to be converted to N-oxide are those

adjacent to the amino groups as well as one of the two nitrogen atoms in the azo

group. Unfortunately, the insolubility of the material precluded 15N NMR analysis

from being performed. The material displayed a gas pycnometry density of 1.88 g/

cm3 and a heat of formation of 150 kcal/mol. With these data, the predicted

explosive performance is 9.0 km/s and 35.9 GPa. The combustion properties of
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this material were determined. The material displayed exceptionally high burn rates

and a low pressure dependence, two properties which are very important in

propulsion applications. The burn rate was determined to be 6.6 cm/s at

14.4 MPa and the pressure dependence was found to be 0.27. At that time, it was

the fastest burning material known in the literature. Because of these promising

properties, the material has been studied extensively as a monopropellant in

microthruster applications [48].

11 1,2,3,5-Tetrazine N-Oxides

11.1 Triazolo-1,2,3,5-Tetrazine 2-Oxide

1,2,3,5-Tetrazines are much less common than 1,2,4,5-tetrazines, and examples of

energetic 1,2,3,5-tetrazine N-oxides are even more scarce. Zhou reported the

synthesis of a novel energetic structure, 7-nitro-4-oxo-4,8-dihydro [1,2,4]triazolo

[5,1-d] [1,2,3,5]tetrazine 2-oxide [49]. The compound was synthesized by

treating 3-nitro-1-(2H-tetrazol-5-yl)-1H-1,2,4-triazol-5-amine with oleum and

fuming nitric acid (Scheme 42). The proposed mechanism involves the formation
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of an intermediate nitramine, loss of hydrazoic acid, and subsequent condensation

to form the product. The product is relatively acidic and can be converted to

numerous nitrogen-based salts such as ammonium, hydroxylammonium,

guanidinium, and others. The free acid was reported to be hygroscopic and its

energetic and safety properties were not reported. All of the salts displayed thermal

stability above 200�C, except for the hydroxylamine salt, which began to decom-

pose at 197�C. The hydroxylamine salt also displayed the most promising proper-

ties, as it was reported to be insensitive to impact and friction, yet was predicted to

be a high-performing compound (VD ¼ 9.0 km/s, PCJ ¼ 39.5 GPa). The high per-

formance was in part due to the density (1.97 g/cm3) measured using gas

pycnometry.
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Pyridine N-Oxides and Derivatives Thereof

in Organocatalysis

Petr Koukal, Jan Ulč, David Nečas, and Martin Kotora

Abstract Pyridine N-oxides are a class of mild Lewis bases that can activate certain

kinds of Lewis acidic parts of molecules and hence increase reactivity of its nucleo-

philic part towards various reactions with electrophiles. This review aims to summa-

rize the applications of various non-chiral and chiral pyridine N-oxides in catalysis of
a variety of reactions. In addition, the applications of these reactions in syntheses of

natural and bioactive compounds are mentioned as well.

Keywords Aldol reactions • Allylation • Catalysis • Crotylation • Cyanation •

Epoxide • Epoxide cleavage • Natural compounds • N-oxide • Phosphorylation •

Propargylation • Rearrangement • Reduction • Synthesis
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1 Introduction

Compounds possessing one, two, or more pyridine N-oxide moieties as the part of

their molecular framework constitute a special class of compounds with unique pro-

perties. Probably the most frequent use of such compounds is in various oxidation

reactions where they act as oxidants. However, this review aims to focus on the use

of pyridine N-oxides as mild Lewis bases that can activate Lewis acid parts of mol-

ecules and hence increase reactivity of its nucleophilic part towards various reac-

tions with electrophiles. Although catalytic activity of compounds possessing the

pyridine N-oxide moiety has been partially reviewed or mentioned several times in

different reports during the past two decades [1–13], the goal of this review is to

gather a more comprehensive set of information on catalytic activity and appli-

cations of pyridine N-oxides in promotion of various racemic and enantioselective

reactions.

First of all, it should be noted that pyridineN-oxides can be found in nature. Usually
these compounds are highly toxic. As a typical example may serve orellanine A – a

mycotoxin – isolated from the Fool’s webcap (Cortinarius orellanus) (Fig. 1) [14, 15].
It is a highly poisonous substancewith nephrotoxic properties. Poisoning results in renal

failure and irreversible damage of kidneys. Other pyridine N-oxides possessing anti-

bacterial activity such as 2-(methyldithio)pyridine-N-oxide B, 2-[(methylthiomethyl)

dithio]pyridine-N-oxide C, and 2,20-dithio-bis(pyridine-N-oxide) D were isolated from

Persian shallot (Allium stipitatum) [16].
N-oxides are also found in the realm of pharmaceutically active substances (Fig. 2).

As typical examples may serve SCH 350634 E and SCH 341125 F that serve as

selective CCR5 receptor antagonists with potent anti-HIV activity [17], a potent

thrombin inhibitor G [18, 19], and JPL-32 H a representative of N-oxides with anti-

HIV properties with multiple mechanisms of antiviral action [20].

2 Physical Properties of Pyridine N-Oxides

Pyridine N-oxides are Lewis bases, because the N–O moiety of pyridine N-oxides,
thanks to high polarization, might act as an electron donor. Hence they may combine

with Lewis acids forming the corresponding Lewis acid–base pairs. This property has

an essential chemical consequence, because it can increase the nucleophilicity of the

Lewis acids towards potential electrophiles and thus allow them to react under con-

ditions under which they otherwise would not react.
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Although the basicity of the pyridine N-oxides is lower in comparison with the

corresponding pyridines, it is often sufficient enough to activate a number of various

Lewis acids and thus catalyze a number of various reactions. Basicity of pyridine N-
oxides and their respective reactivity towards numerous Brønsted and Lewis acids

has been studied in a number of cases and for their pKa and other data see elsewhere

[21–26].

3 Non-chiral Pyridine N-Oxide Catalyzed Reactions

Only a handful of reactions catalyzed by non-chiral N-oxides have been reported.

Among them belong allylation of aldehydes, aldol reaction, Passerini-type reaction,

and phosphorylation of alcohols.

Polyisobutylene-supported pyridine N-oxide was shown to catalyze allylation of
several aromatic aldehydes with allyltrichlorosilane (Scheme 1) [27]. These studies

demonstrated that it is a highly active and recyclable catalyst that promotes the

allylation of aromatic aldehydes in yields up to 99%. It could be successfully

recycled up to five times by extraction with a mixture of hexane/90% EtOH–

H2O. The recycled catalyst retained its catalytic efficiency.

Pyridine N-oxide and DMAP N-oxide were used to catalyze aldol reaction of tri-

methylsilyl dimethylketene acetal with various aromatic (Table 1) and other aldehydes
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Fig. 1 Orellanine and other natural compounds possessing the N-oxide moiety
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(Table 2) [28]. The reaction was carried out in DMF and in almost all cases it pro-

ceeded to furnish aldol products in high yields.

The Passerini reaction is based on the reaction of a mixture of an isocyanide with a

ketone or an aldehyde in the presence of a carboxylic acid to give an α-acyloxy carbox-
amide. Pyridine N-oxide was shown to catalyze the reaction of SiCl4 with benzaldehyde
and tert-butyl isocyanide to the corresponding α-hydroxy amide after basic hydrolysis in

94% yield (Scheme 2) [29].

Recently, it has been shown that various 2-aryl-4-(dimethylamino)pyridine-N-
oxides can serve as efficient phosphorylation catalysts for amino acids and polyols

(Scheme 3) [30]. The most effective catalyst was 2-(2,4-bistrifluoromethylphenyl)-

4-dimethylaminopyridine N-oxide. Synthetic usefulness of this procedure was also
demonstrated by a selective phosphorylation of the tyrosine hydroxyl group in a

heptapeptide.

As far as other reactions catalyzed by pyridine N-oxides are concerned, it is worth
to mention: (1) a positive catalytic effect of 4-substituted pyridine N-oxides on sily-

lation of alcohols [31, 32], (2) effect of pyridoxal N-oxide on racemization of amino

acids [33], 4-substituted pyridine N-oxides for catalysis of hydrolysis of 2,3,5,6-p-
benzoquinone [34], the use of pyridine N-oxide as a cocatalyst for arylsulfonylation

and benzoylation of phenols [35, 36], and finally the use of 4-dimethylamino pyridine

N-oxide as an efficient catalyst in peptide synthesis [37].

Scheme 1 Allylation of aldehydes catalyzed by a polymer supported pyridine N-oxide

Table 1 Aldol reactions with substituted benzaldehydes

H

O OH

OCH3

Me

Me
OSiMe3

OMe+

O

Me Me

R R

LiCl (0.2 equiv.), DMF, 20 °C

pyridine N-oxide (10 mol%)

R Time (h) Yield (%)a

H 5 83

4-NO2 23 87

2-Cl 12 65

4-Cl 10 77

4-MeO 10 44

4-HO 21 96

4-AcO 15 80

4-t-BuMe2SiO 10 62

4-MeS 21 87
aIsolated yields
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4 Reactions Catalyzed by Chiral Pyridine N-Oxides

and Their Derivatives

4.1 Synthesis of Chiral Pyridine N-Oxides, N,N0-Dioxides,
and Related Compounds

Compounds possessing the pyridine N-oxide moiety could be divided into several

classes with respect to their elements of chirality within their scaffold and can be

Table 2 Aldol reactions with other aldehydes

R H

O

LiCl (0.2 equiv.), DMF, 20 °C R

OH

OCH3

pyridine N-oxide (10 mol%)

Me

Me
OSiMe3

OMe+
O

Me Me

R Time (h) Yield (%)a

6-Methylpyrid-2-yl 5.5 55

PhCH2CH2 5 80

Me
Me 5 81

Me(CH2)8 7 78

4-t-BuMe2SiO 10 62

Me

10 91

aIsolated yields

Scheme 2 Passerini-type reaction catalyzed by pyridine N-oxide

CH2Cl2, 20 °C

(5 mol%)
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+ Cl P
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O
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OPh N+
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NMe2

CF3

CF3
X = H, NMe2
R = H, Cl, 4-MeOC6H4, 4-MeC6H4, 4-MeOC6H4, 3,5-(CF3)2C6H3, 2,4-(CF3)2C6H3

Scheme 3 Phosphorylation of alcohols catalyzed by a substituted pyridine N-oxide
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classified into the following groups: (a) those possessing the element of axial chirality

(Fig. 3), (b) those possessing the element of central chirality (Figs. 4–6), (c) those

possessing the element of planar chirality (Fig. 7), (d) those possessing the element of

helical chirality (Fig. 8), and, finally, (e) those possessing several elements of chirality

(axial and central) (Fig. 9).

At the outset, the pyridine N-oxides possessing the element of axial chirality are

dealt with. Historically the first chiral bipyridine N,N0-dioxide 1a was prepared and
resolved into enantiomers by Fujii et al. [38, 39] but it was Nakajima et al. [40] who
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reported the first use of 1a and its analog 1b (Fig. 3) in organocatalysis. These achieve-

ments provided the necessary impetus that prompted others to join, expand, and

develop the area of organocatalytic allylations into a matured field. The compound

1c with a similar framework was prepared by Hayashi et al. [41, 42]. Other analogs

such as 1d, prepared by Chang et al. [43], and 1e–1g, prepared by Feng et al. [44],
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were reported. Among these compounds axially chiral N-oxides 2 prepared by

Kočovský et al. [45] and 3 prepared by Kotora et al. [46] could be also included.
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Further generations of unsymmetrically and symmetrically substituted chiral bipyridine

N,N0-dioxides comprise 4a–4c, and 5 possessing the tetrahydroisoquinoline framework,

prepared by Kotora et al. [47–50], and, finally, N,N0-dioxides bearing the carbazole

framework 6a and 6b prepared by Zhu et al. [51, 52]. Also a pyridine N-oxide with a
chiral biphenyl moiety 7 prepared by Benaglia et al. [53] should be mentioned as

well. A new type of catalyst 8 possessing the element of axial chirality was reported

by Nakajima et al. [54] and a related compound also by Yu et al. [55].

Regarding the synthesis of bipyridine N-oxides and N,N0-dioxides possessing ele-

ments of central chirality, numerous compounds possessing different molecular scaf-

folds have been prepared (Figs. 4–6). Among them belongN-oxides derived from chiral

natural terpenes (Fig. 4) such as bipyridine mono-N-oxides 9 [56], 10 (iso-PINDOX
series) and 11 [57], structurally related pyridineN-oxides 12 [58] and 13 [59] prepared
by Kočovský et al., 14 prepared by Benaglia et al. [60], 15 prepared by Denmark et al.

[61], and, finally, 16 prepared byMarchetti et al. (absolute configuration was not given)

[62]. Representatives of N,N0-dioxides are bipyridine N,N0-dioxide 17 and 18 prepared
by Kočovský et al. [56, 57], bipyridine N,N0-dioxide 19 prepared by Denmark et al.

[61], and bridged bipyridine N,N0-dioxides 20–22 prepared by Benaglia et al. [60].

Finally, N,N0,N00-trioxide 23 was prepared by Kwong et al. [63]. Among other N-
oxides originating from natural source belongs a diastereomeric mixture of (10R,20S)-
and (l0S, 20S)-3-(1-methyl-2-pyrrolidinyl)pyridine N,N0-dioxides 24 synthesized by oxi-
dation of (S)-(�)-3-(1-methyl-2-pyrrolidinyl)pyridine (nicotine) byMarchetti et al. [61].
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Another class of pyridine N-oxides possessing central chirality is derived from

amino acids (Fig. 5). One example are pyridine N-oxides possessing amino acid

as the part of the pendant chain 25 prepared by Benaglia et al. [64]. Other classes

of pyridine N-oxides 26 and 27 with pendant amino acid chains were prepared by

Laschat et al. [65].

The next group of N-oxides are those bearing the element of central chirality

(Fig. 6). This group comprises various compounds such as pyridine N-oxide 28

prepared by Marchetti et al. (no absolute configuration was given) [60], Denmark

et al. [66] reported a large series of chiral N,N0-dioxides 29 based on Bolm’s catalysts
scaffold [67, 68], N,N0-dioxides 30a and 30b prepared by Benaglia et al. [53], pyridine

N-oxide 31a and bipyridine N,N0-dioxide 31b prepared by Boyd et al. [69], and finally

N-oxides 32 and 33 were prepared by Ramanathan et al. [70, 71]. Stončius et al. [72]

synthesized a series of N-oxides 34 and 35 in which the pyridine moieties were fused
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Fig. 9 Various pyridine N-oxides possessing elements of axial and central chirality
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with the bicyclo[3.3.1]nonane framework. Finally, pyridine N-oxide 36 having addi-

tional bis-sulfoxide moieties was prepared by Juaristi et al. [73]. Worth mentioning are

also amylose and cellulose derivatives bearing pyridine N-oxide groups [74].
Regarding N-oxides possessing an element of planar chirality, only a handful of

compounds have been synthesized so far (Fig. 7). The pioneering work was done by

Fu et al. [75] who prepared ferrocene containing pyridine N-oxide 37. In addition, N-
oxides possessing the [2.2]-paracyclophane scaffold 38 and 39–41 were prepared by

Andrus et al. [76] and Rowlands et al. [77], respectively. A similar situation concerns

N-oxides possessing elements of helical chirality (Fig. 8). A series of various helical

N-oxides 42–44 [78, 79] and 45 [80] was prepared by Takenaka et al. (Fig. 8).

The last group (Fig. 9) comprise chiral bipyridineN-oxide 46 [56] andN,N0-dioxide
47 [57] having elements of both central and axial chirality that were prepared by

Kočovský et al., N,N0-dioxide 48 was prepared by Malkov et al. [81], and finally N,
N0-dioxides 49 and 50 bearing the chiral tetrahydrofuranyl moiety by Kotora et al.

[49, 50]. A large series of variously substituted axially chiral bipyridine N-oxides
51–55 was prepared by Denmark et al. [66, 82]. This group also comprises

other types of chiral N,N0-dioxides possessing similar structural features [83].

4.2 Allylations and Crotylations

N-Oxides of various types have been used as chiral Lewis bases able to activate

Lewis acids (halosilanes), namely, in reactions of aldehydes with allyltrichlorosilane

(Hosomi–Sakurai type allylations) providing chiral homoallylic alcohols. Their cata-

lytic activity, i.e., increasing of the reaction rate and asymmetric induction, was usually

tested in allylations of aromatic aldehydes. Allylation of benzaldehyde was usually

chosen to assess the abovementioned properties. For typical examples, see the results

summarized in Table 3. The outcome of the allylation usually depended on the amount

of a catalyst and usually rather high loading such as 10 mol% with respect to the

aldehyde and reaction times (24 or 48 h or more) were required to obtain a reasonable

reaction rate and enantioselectivity. On the other hand, there exists a couple of N-
oxides capable of catalyzing the reaction at a 1 mol% level providing the respective

products in high yields and asymmetric induction within a reasonable period of time

(1–6 h). Allylations of other benzaldehydes were studied as well and can be found

elsewhere [84, 85].

A strong solvent effect on asymmetric induction as well as on the configuration of

the homoallylic alcohol was observed during allylations catalyzed by 5. Thus catalysis

by (R)-5 gave (S)-homoallylic alcohols in MeCN, CH2Cl2, CHCl3, and other polar

solvents; whereas its use in nonpolar solvents such as toluene, THF, chlorobenzene,

etc. gave (R)-homoallylic alcohols [43]. Properties of (S)-1dwere tested in allylation of
4-methoxybenzaldehyde only. It proceeded with a high enantioselectivity of 92% ee

(66% yield) [43].

Another interesting and synthetically useful reaction is crotylation of aldehydes

with (E)- and (Z)-crotyltrichlorosilanes. The former gives rise preferentially to anti
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Table 3 Allylation of benzaldehyde catalyzed by various chiral N-oxides

Catalyst mol (%) Solvent Conditions Yield (%)a ee (%)a Ref

(S)-1a 10 CH2Cl2 23�C, 2 h 82 52 [40]

(S)-1b 10 CH2Cl2 �78�C, 6 h 85 88 (R) [40]

(R)-1c 0.1 CH2Cl2 �45�C, 2.5 h 95 84 (S) [41]

(R)-2 5 CH2Cl2 �40�C, 2 h 60 87 (R) [45]

(R)-3 5 CH2Cl2 20�C, 72 h 50 20 [46]

(S)-4a 5 CH2Cl2 �78�C, 6 h 87 74 (R) [47]

(S)-4b 5 CH2Cl2 �78�C, 6 h 53 72 (R) [47]

(S)-4c 1 CH2Cl2 �78�C, 1 h 48 80 (R) [48]

(R)-5 1 Tolueneb �78�C, 1 h 45 83 (S) [49]

(R)-6a 1 CH2Cl2 �80�C, 16 h 88 95 (S) [51]

(R)-6b 1 CH2Cl2 �80�C, 20 h – 87 (R) [52]

(R)-7 10 MeCN �90�C, 24 h 22 40 (R) [53]

9 7 CH2Cl2 �90�C, 24 h 67 92 (S) [56]

10a 20 CH2Cl2 �60�C, 18 h 72 46 (S) [57]

10b 20 CH2Cl2 �60�C, 18 h 75 88 (S) [57]

10c 20 CH2Cl2 �60�C, 18 h 72 84 (S) [57]

10d 10 CH2Cl2 �60�C, 18 h 15 97 (S) [57]

11 10 CH2Cl2 �60�C, 18 h 90 22 (S) [57]

12a 7 MeCN �60�C, 18 h 66 41 (S) [58]

12b 7 MeCN �60�C, 18 h 15 16 (S) [58]

12c 7 MeCN �60�C, 18 h 20 7 (S) [58]

12d 7 MeCN �60�C, 18 h 55 68 (S) [58]

12e 7 MeCN �60�C, 18 h 51 67 (S) [58]

13 5 MeCN �40�C, 18 h 95 96 (S) [59]

14 10 MeCN 0�C, 48 h 17 6 (S) [60]

17 7 CH2Cl2 �90�C, 48 h 18 41 (R) [56]

20 10 MeCN �40�C, 67 h 37 95 (S) [60]

21a 10 MeCN �40�C, 72 h 30 4 (S) [60]

21b 10 MeCN �40�C, 72 h 24 35 (S) [60]

22 10 MeCN �40�C, 72 h 22 30 (S) [60]

23 10 CH2Cl2 0�C, 3 h 89 74 (R) [63]

25a 10 MeCN 20�C, 48 h 85 0 [64]

25b 10 MeCN 20�C, 48 h 53 6 [64]

25c 10 MeCN 0�C, 48 h 45 68 [64]

25d 10 MeCN �20�C, 48 h 40 67 (S) [64]

25e 10 MeCN 0�C, 48 h 50 60 (S) [64]

30a 10 MeCN �45�C, 40 h 60 50 (S) [53]

30b 10 MeCN �45�C, 40 h 50 35 (S) [53]

31a 10 CH2Cl2 0�C, 24 h 60 35 (R) [69]

(continued)
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whereas the latter affords syn products. Typical examples of benzaldehyde crotylations

are displayed in Table 4. Crotylations of other substrates were reported as well

[90]. Amore detailed kinetic and computational investigation of the catalytic enantio-

and diastereoselective allylation and crotylation is given elsewhere [91].

Allylation of α,β-unsaturated aldehydes has also been extensively studied. In the

majority of the cases, only allylation of cinnamaldehyde and its substituted congeners

was studied [40, 42, 45, 51, 56, 57, 60, 70, 81, 86, 88, 89, 92, 93]. More systematic

studies were carried out in a handful of cases only [94–96]. Worth mentioning is also

allylation (crotylation) of β-haloacrylaldehydes, products of which could be used as

convenient chiral building blocks [97, 98]. Only a handful examples have been

reported for allylations of α,β,γ,δ-unsaturated aldehydes and these mainly concerned

reactions catalyzed by 12 [96], by (R,R) and (S,R)-50 [97, 99, 100], or by (R,R,R)- and
(S,R,R)-49 [100]. Allylation of aliphatic aldehydes catalyzed by 5, (S,R,R)-49 [101]

and (S,R)-50 [102] was tested as well, but asymmetric induction was rather low and

did not exceed 68% ee.

4.3 Propargylations and Allenylations

Selective propargylation and allenylation of aromatic aldehydes with propargyltrichlo-

rosilane and allenyltrichlorosilane in the presence of 20 mol% of chiral N,N0-dioxide
(S)-1b were reported by Denmark et al. [103]. Propargyltrichlorosilane and allenyl-

trichlorosilane were prepared in situ by a reaction of trichlorosilane with propargyl

chloride either under Cu or Ni catalysis, respectively. Although it was the first example,

Table 3 (continued)

Catalyst mol (%) Solvent Conditions Yield (%)a ee (%)a Ref

31b 10 CH2Cl2 �78�C, 12 h 64 26 (R) [69]

32 20 CHCl3/(CH2Cl)2 �78�C, 24 h 87 83 (S) [70]

38 1.5 MeCN �40�C, 6 h 95 93 (S) [76]

39a 10 CH2Cl2 �78�C 65 38 (R) [76]

39b 10 CH2Cl2 �78�C 52 36 (S) [76]

41a 10 CH2Cl2 �78�C 72 28 (S) [77]

41b 10 CH2Cl2 �78�C 58 30 (S) [77]

46 10 CH2Cl2 �60�C, 12 h 72 98 (S) [56]

47 10 CH2Cl2 �60�C, 12 h 52 14 (S) [57]

(R,R,R)-49 1 MeCN �40�C, 1 h 100 48 (S) [49]

(S,R,R)-49 1 PhCl �40�C, 1 h 100 62 (S) [49]

(R,R)-50 1 THF �78�C, 1 h 100 93 (S) [50]

(S,R)-50 1 THF �78�C, 1 h 98 96 (S) [50]
aConfiguration of the obtained alcohol is given in parentheses
bAllylations in other solvents were tested as well
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a high catalyst loading, moderate yields, and enantioselectivity were short of expec-

tations (Table 5).

Later, Takenaka et al. developed a highly enantioselective synthesis of homopro-

pargylic alcohols by using a new helical chiral N-oxide catalyst 45 and allenyltri-

chlorosilane (Table 6) [80, 104]. Reactions with various aldehydes provided the

corresponding homopropargylic alcohols in high yields and with high enantioselect-

ivity, when 10 mol% catalyst loading was used. The reaction tolerates functionalities

in the arene, such as halogen, nitro, trifluoromethyl, and methoxy groups. However,

the reaction of cyclohexylcarbaldehyde afforded the product in a lower yield and with

a moderate enantioselectivity. In addition, this method was used for enantio- and

regioselective propargylation of N-acylhydrazones (Scheme 4).

Table 4 Crotylations of benzaldehyde catalyzed by various chiral N-oxides

Catalyst

mol

(%)

trans or
cis Solvent Conditions

Yield

(%)a
anti/
syn

ee (%)a anti,
syn Ref

(S)-1b 10 trans CH2Cl2 �78�C,
6 h

68 97:3 86 (1R,2R) [40]

(S)-1b 10 cis CH2Cl2 �78�C,
6 h

64 1:99 84 (1R,2S) [40]

(S)-1c 10 trans MeCN �45�C,
2.5 h

84 96:4 73 (1S,2S) [86]

(S)-1c 10 cis MeCN �45�C,
2.5 h

82 1:99 77 (1S,2R) [86]

(R)-2 5 trans CH2Cl2 �40�C 54 93:7 87 [45, 87]

(S)-2 5 trans CH2Cl2 �40�C,
24 h

65 95:5 66 (1S,2S),
77 (1S,2R)

[88]

(S)-2 5 cis CH2Cl2 �40�C,
24 h

78 1:99 69 (1S,2S),
79 (1S,2R)

[88]

(R)-6a 1 trans CH2Cl2 �80�C,
16 h

64 86:14 94 (1S,2S), 95 [89]

9 7 trans CH2Cl2 �40�C 70 68:32 65/78 [45]

(�)-

10d

10 trans MeCN �40�C,
18 h

88 98:2 98 [57]

(�)-

10d

10 cis MeCN �40�C,
18 h

37 10:90 87 [57]

25c 1 trans/

cis, 8/2

MeCN 0�C, 48 h 40 80:20 69 [64]

(R,R)-
50

1 trans PhCl �40�C,
24 h

82 71:29 91/87 [50]

aConfiguration of the obtained alcohol is given in parentheses
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The initial idea on the supposed origin of high enantioselectivity based on π–π-
stacking between the phenyl ring of the aromatic aldehyde and the helical core of the

catalyst was corrected later by the theoretical study of Wheeler and coworkers. They

reported a computational study showing that simple electrostatic interactions stabilize

the preferred Si face addition [105].

4.4 Aldol Reactions

4.4.1 Aldol Reaction with Ketones

Compared to the multitude of Lewis acid-catalyzed enantioselective aldol additions,

the Lewis base catalysis is considerably scarce. Concerning the Lewis base catalysts,

chiral phosphoramides introduced by Denmark et al. have been studied most exten-

sively. In 2002, he reported the application of chiral N-oxide catalysis for aldol addi-
tion to unactivated ketones [61, 66], which, unlike an addition to aldehydes, is a

considerably more challenging reaction, and therefore a general solution was lacking.

Using highly reactive trichlorosilyl ketene acetals1 enabled to overcome the diminished

electrophilicity and increased steric hindrance of ketones compared to aldehydes. It is

Table 5 Selective synthesis of optically active allenyl and homopropargyl alcohols

Entry Method Aldehyde Yield (%)a Propargyl:allenylb ee (%)c, d Configuratione

1 A Ph 65 >30:1 52 R

2 A 4-MeOC6H4 62 >30:1 40 R

3 A 4-ClC6H4 49 >30:1 46 R

4 A Ph(CH2)2 35 >30:1 23 Rf

5 B Ph 72 1:15 54 R

6 B 4-MeOC6H4 76 1:9 62 Rf

7 B 4-ClC6H4 48 1:9 49 Rf

8 B Ph(CH2)2 44 1:10 22 Rf

aCombined isolated yields
bDetermined by 1H NMR
cEnantiomeric excess of the major isomer
dDetermined by HPLC
eAssigned by comparison with optical rotation and/or retention time on chiral HPLC
fAssigned by analogy

1Trichlorosilyl enolates of aldehydes and ketones as the reagents of the first choice were found not

reactive enough for addition to ketones.
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worth mentioning that enantioselectivities reached with chiral pyridine N-oxides
were superior to those obtained with the aforementioned phosphoramides. Vast effort

was undertaken to optimize properties of the N-oxide catalysts (Table 7).
It was concluded that the asymmetric inductions and yields of the aldol product

obtained with at-that-time-knownmonomeric 15 and dimeric axially chiral 19 or cen-

trally chiral catalysts (R)-1a and (S)-1g are overcome by pyridine N-oxides 29a and

Table 6 Asymmetric propargylation of aldehydes catalyzed by helically chiral N-oxide 45

Entry R Yield (%)a ee (%)b

1c Ph 87 86

2c 2-Naphthyl 86 84

3c 4-Br-C6H4 95 92

4 4-Cl-C6H4 90 92

5 4-F-C6H4 93 88

6d 4-NO2-C6H4 55e 92

7 4-CF3-C6H4 80 90

8 4-MeO-C6H4 80 74

9 4-Me-C6H4 85 82

10c 2-Br-C6H4 93 96

11 2-Cl-C6H4 97 96

12 2-F-C6H4 98 92

13 2-NO2-C6H4 87 96

14d 2-CF3-C6H4 95 94

15 2-MeO-C6H4 78 94

16 2-Me-C6H4 90 86

17d 2-Br-4-Me-C6H4 92 96

18f Cy 61g(80)h 59
aIsolated yield
bDetermined by HPLC
cAbsolute configurations were determined
d(M )-43 catalyst was used
eLow yield is presumably due to a poor solubility of the aldehyde
f(R)-isomer is major
g12 h
h36 h

Scheme 4 Propargylation of an acylhydrazone catalyzed by 45
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29b derived from the Bolm’s ligand. A significant improvement of enantioselectivity

was reached by blocking the rotation along the C2–C20 bond by installing methyl

groups in positions 3 and 30. Thus the presence of the enantioselectivity-attenuating
axial conformer of the catalyst was avoided, and catalysts 51 and 52 demonstrated the

synergy of central and axial chirality (compare Entries 8 and 9 with Entry 7).

Regarding the steric influences, the best selectivity was obtained with catalyst 51c

possessing tert-butyl and 2,4,6-trimethylbenzyl groups. With respect to the electronic

influences, the decreased yield was obtained with catalyst 53a clearly indicating that

electron deficient pyridine N-oxides (weaker Lewis bases) are less capable of cata-

lyzing the reaction.

The study aiming to determine the scope of the reaction revealed that the greater the

difference in R1 and R2 bulkiness is, the higher enantioselectivities are obtained

(Table 8). Furthermore, aldol condensation with aromatic ketones (Entries 1–9)

resulted in higher enantioselectivities than with the aliphatic ones, whether linear,

cyclic, branched, or conjugated (Entries 10–16).

Table 7 Enantioselective aldol addition to ketone – N-oxide catalysts optimization

Entry Catalyst Temp. (�C) Yield (%) ee (%) References

1 15 0 55 3 [60]

2 19 0 15 <1 [60]

3 (R)-1a 0 45 45 [65]

4 (S)-1g 0 39 26 [65]

5 29a 0 92 55 [65]

6 29b 0 94 64 [65]

7 (P)-51a 0 90 74 (S) [65]

8 (P)-51a �20 94 82 (S) [65]

9 (M )-51a �20 89 42 (R) [65]

10 51b �20 89 82 (S) [60]

11 51c �20 91 87 (S) [60]

12 51d �20 64 60 (S) [60]

13 51e �20 88 74 (S) [60]

14 51f �20 91 1 (R) [60]

15 52b �20 93 64 (S) [60]

16 52a �20 90 80 (S) [60]

17 52c �20 87 47 (S) [60]

18 53a �20 32 61 (S) [60]

19 53b �20 95 72 (S) [60]

20 54 �20 93 72 (S) [60]

21 55 �20 92 24 (S) [60]

22 55 �20 94 5 (R) [60]
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4.4.2 Aldol Reaction with Aldehydes

Nakajima et al. noticed that addition of trichlorosilyl enolates is analogous to the pre-

viously studied additions of allyltrichlorosilane to aldehydes and therefore a similar

mechanism and enantioselectivities to those of the allylation reactions could be expec-

ted in the presence of N-oxide catalysts (Table 9) [54]. It was discovered that: (a) the

aldolizations are high-yielding except for aliphatic aldehyde (Entry 11); (b) unlike

Lewis acid-catalyzed reactions it is stereospecific, turning E enolates into syn aldol

products and Z enolates into anti ones (Entries 3–10), and (c) the asymmetric induc-

tion in the presence of catalysts (R)-1a or (R)-1g strongly depended on the substrate

and catalyst structure.

In the case of trichlorosilyl enolates of cyclic ketones, modest enantioselectivities

were observed, when bidentate catalysts (R)-1a and (R)-1g were used (Table 10);

nevertheless, the diastereoselectivity followed the previous pattern yielding predomi-

nantly the anti-products [54]. However, employing monodentate catalysts (R)-2 and

(R)-8 led to isolation of syn products with somewhat higher enantioselectivity.

Table 8 The scope of the pyridine N-oxide catalyzed aldol addition with respect to various

ketones

Entry Ketone Yield (%) ee (%)

1 PhCOMe 96 83

2 PhCOEt 90 81

3 PhCOC�CH 89 86

4 1-Tetralone 90 80

5 1-NaphtylCOMe 89 56

6 2-FurylCOMe 87 49

7 PhC�CCOMe 94 35

8 p-CF3C6H4COMe 91 76

9 p-MeOC6H4COMe 94 68

10 (E)-PhCH¼CHCOMe 87 11

11 2-Cyclohexenone 86 8

12 EtCOMe 84 32

13 PhCH2CH2COMe 97 35

14 cyclopropylCOMe 84 20

15 cyclohexylCOMe 91 32

16 t-BuCOMe 87 43
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4.4.3 Reductive Aldol Addition

Nakajima et al. also reported a highly syn-selective reductive aldol reaction of an

α,β-unsaturated ketone – chalcone – with benzaldehyde [106]. 1,4-Reduction of the
ketone by trichlorosilane in the presence of a pyridine N-oxide catalyst gave rise

selectively to a (Z)-trichlorosilyl enolate. Once the highly pure (Z)-enolate was formed

(due to the cyclic transition state), the N-oxide catalyst facilitated the enantioselective

addition to a carbonyl acceptor. The use of (R)-1a and (R)-1g catalysts gave rise to the

Table 9 Aldol addition of trichlorosilyl enolates of acyclic ketones to aldehydes catalyzed by 1

Entry R1 R2 E/Z R3 Catalyst Yield (%) syn/anti ee (%) syn, anti

1 Ph H – Ph (R)-1g 85 – <5

2 Ph H – Ph (R)-1a 87 – <5

3 H C5H11 12/1 Ph (R)-1g 96 1/11 6, 7

4 H C5H11 12/1 Ph (R)-1a 86 1/12 81, 23

5 H C5H11 1/4 Ph (R)-1g 88 3/1 9, 12

6 H C5H11 1/4 Ph (R)-1a 90 4/1 79, 23

7 Ph Me 1/10 Ph (R)-1g 82 7/1 82, 33

8 Ph Me 1/10 Ph (R)-1a 88 9/1 6, <5

9 Ph Me 1/10 4-MeOC6H4 (R)-1g 86 15/1 67, 13

10 Ph Me 1/10 PhCH¼CH (R)-1g 59 15/1 63, 43

11 Ph Me 1/10 PhCH2CH2 (R)-1g Trace – –

Table 10 Aldol addition of trichlorosilyl enol ethers of cyclic ketones to aldehydes

Entry n R3 Catalyst Yield (%) syn/anti ee (%) syn, anti

1 2 Ph (R)-1g 80 1/10 39, 30

2 2 Ph (R)-1a 94 1/3 21, 30

3 2 Ph (R)-2 92 8/1 <5, 30

4 2 Ph (R)-8 92 25/1 47, 60

5 3 Ph (R)-8 93 30/1 50, 11

6 1 Ph (R)-8 94 13/1 62, 66

7 1 4-MeOC6H4 (R)-8 90 14/1 63, 55

8 1 4-CF3C6H4 (R)-8 98 14/1 72, 69

9 1 PhCH¼CH (R)-8 93 4/1 28, 42

10 1 PhCH2CH2 (R)-8 22 1/1 50, 40
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aldol products with comparably high diastereoselectivity (~19/1), while a satisfactory

asymmetric induction of 80% ee was obtained only in the case of the former catalyst

(Scheme 5). An intramolecular reaction was reported as well, the yield and selectivity

were moderate (Scheme 6).

4.5 Alkylations

There is only one example of N-oxide catalyzed alkylation of aldehydes and it was

reported by Laschat et al. [65]. They used pyridine N-oxides 26 and 27 possessing

amino acid moieties as catalysts for alkylations of benzaldehyde with diethylzinc

(Table 11). The reaction proceeded with good yields of the homoallyl alcohols in

the range of 37–92%, but with a rather poor enantioselectivity in the range of

2–29% ee.

4.6 Epoxide Cleavage

Epoxide cleavage with various electrophiles leads to the formation of chiral alcohols.

The selected examples are shown in Table 12. The first chiral Lewis base catalyzed

epoxide ring cleavage was reported by Fu et al. in 2001. He studied cleavage of sym-

metrically substituted epoxides with tetrachlorosilane catalyzed by a ferrocene contain-

ing pyridine N-oxide 37. The reaction proceeded usually with a high enantioselectivity
(91–98% ee) for aryl substituted epoxides [75]. Takenaka et al. studied catalytic activity

of several helically chiralN-oxides 42–44 [78]. Out of these, the use of 44 gave products

Scheme 5 Intermolecular enantioselective tandem 1,4-reduction-aldol additions catalyzed by

(R)-1

Scheme 6 An

intramolecular

enantioselective tandem

1,4-reduction-aldol addition

catalyzed by (R)-1g
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with the highest asymmetric induction. Another contribution to this area comes from

Ramanathan et al. [71], who used conformationally rigid bipyridine N,N0-dioxide 33 as
the catalyst. Comparison of catalytic activity of 49 and 50 revealed that the former gave

Table 11 Alkylation of benzaldehyde catalyzed by 26 and 27

Catalyst Yield (%) ee (%)a

26a 52 16 (S)

26b 37 12 (S)

26c 37 2 (S)

26d 71 9 (S)

27a 71 11 (S)

27b 88 7 (S)

27c 92 29 (S)

27d 88 8 (R)
aDetermined by GC

Table 12 Ring opening of symmetrically substituted epoxides by various N-oxide catalysts

Catalyst mol (%) R1, R2 Solvent Conditions Yield (%) ee (%)a

37 5 Ph CH2Cl2 �85�C 88 94

37 5 4-FC6H4 CH2Cl2 �85�C 97 91

37 5 4-MeC6H4 CH2Cl2 �85�C 94 93

37 5 4-CF3C6H4 CH2Cl2 �85�C 93 98

37 5 2-naphtyl CH2Cl2 �85�C 84 94

37 5 CH2OBn CH2Cl2 �85�C 91 50

44 10 Ph CH2Cl2 �78�C, 6 h 77 94

44 10 2-naphtyl CH2Cl2 �78�C, 6 h 84 92

44 10 4-ClC6H4 CH2Cl2 �78�C, 6 h 83 94

44 10 4-MeC6H4 CH2Cl2 �78�C, 6 h 83 92

44 10 4-CF3C6H4 CH2Cl2 �78�C, 6 h 63 87

44 10 CH2O(CH2)3Ph CH2Cl2 �78�C, 6 h 64 72

33 0.5 Ph CHCl3 �30�C, 2 h 94 93 (1R,2R)

33 0.5 4-FC6H4 CHCl3 �30�C, 1.7 h 92 89 (1S,2S)

33 0.5 4-MeC6H4 CHCl3 �30�C, 3 h 97 78 (1S,2S)

33 0.5 3-MeOC6H4 CHCl3 �30�C, 1.5 h 96 89(1R,2R)

(R,R,R)-49 5 Ph THF �78�C, 24 h 76 65

(S,R,R)-49 5 Ph THF �78�C, 24 h 74 69
aDetermined by GC
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better results (higher enantioselectivity) than the latter one, albeit its activity could not

match the previously published results [107]. In a similar manner, N-oxides with the

bicyclo[3.3.1]nonane framework gave in general products with low enantiopurity [72].

4.7 α-Addition of Isocyanides to Aldehydes (Passerini-Type
Reaction)

In principle, the Passerini reaction could be also carried out under Lewis acid cata-

lysis, but several problems were recognized in individual steps. However, these

problems could be circumvented by the use of the concept of the Lewis base activation

of Lewis acids. The main feature of this reaction is the activation of a weak Lewis

acid, SiCl4, by a weak chiral Lewis base generating a highly reactive and selective

siliconium ion that reacts with an aldehyde. The ensuing reaction steps then give rise

to an imidoyl chloride that after hydrolysis forms the expected product – a hydroxy

amide. It has been shown that this reaction could be catalyzed by chiral bisphosphor-

amides to give highly enantioenriched products. Also N,N0-dioxide (R,R,R)-51a
possessing elements of central and axial chirality was tested, but, disappointingly,

its use did not show any sensible enantioselectivity. Thus the reaction of tert-butyl
isocyanide 2, benzaldehyde 3, and tetrachlorosilane catalyzed by 51a gave the corre-

sponding α-hydroxy amide in a very good yield of 87% but with the poor enantio-

selectivity of 3% ee (Scheme 7) [29].

4.8 Addition of Me3Si-CN to Ketones and Related
Compounds (Strecker Reaction)

Addition of trimethylsilyl cyanide to acetophenone catalyzed by dual Lewis acid/Lewis

base system composed of (R)-BINOL-Ti(Oi-Pr)4/(R)-1bwas studied as a part of mech-

anistic studies by Feng et al. [108]. Comparison of the reaction carried out in the

presence of racemic and chiral Lewis bases showed differences in enantioselectivity

(43 and 51% ee) indicating a positive effect of the chiral Lewis base on asymmetric

induction (Scheme 8). Addition of trimethylsilyl cyanide to aldimines promoted by

various chiralN-oxides was studied as well [109] (for theoretical studies, see: Su et al.

Scheme 7 Passerini-type reaction catalyzed by 51a
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[110]). However, in order to achieve a high asymmetric induction (up to 95% ee), the

presence of stoichiometric amount of the chiral N-oxide was required.

4.9 Reductions

Reductions catalyzed by chiral pyridineN-oxide are rather rare. There is one example

reported by Nakajima et al., who studied reduction of N-acylated β-amino enones

(Scheme 9) [111]. Reduction of N-benzoyl enone by HSiCl3 catalyzed by (R)-1b
gave a mixture of 4H-1,3-oxazine (20%) and keto amide (18%) but with a rather low

enantioselectivity of 37 and 53% ee, respectively.

The second example of reduction catalyzed by chiral pyridine N-oxide was

reported by Laschat et al., who reported the reduction of ketones by BH3∙SMe2 in

the presence of pyridine N-oxides 26 or 27 [65]. The reductions were carried out

with just three ketones. The corresponding alcohols were obtained in very good

yields, but with a low or moderate enantioselectivity, in the range of 7–64%

(Table 13). The highest enantioselectivity (64% ee) was observed in the reduction

of α-chloroacetophenone catalyzed by the monosubstituted catalyst 26d (Entry 4).

4.10 Rearrangements

There is only one report on a rearrangement catalyzed by a chiral pyridine N-oxide. It
concerns the synthesis of thiols via a rearrangement of carbonodithioic O,S-esters to
carbonodithioic S,S-esters followed by transformation into thiols [112]. The rearrange-

ment was studied in the presence of a terpene based pyridine N-oxide 16 and nicotine
derived N,N0-dioxide 24 (Scheme 10). The use of the former did not result in any

measurable asymmetric induction and the latter provides the corresponding thiols with

a rather low enantioselectivity of 37.7% ee for the butane-2-thiol and 11.4% ee for the

1-phenylethylthiol.

Scheme 8 Trimethylsilyl cyanide addition to acetophenone catalyzed by (R)-1b
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5 N-Oxide Catalyzed Reactions in Syntheses of Natural

Compounds

Out of a huge number of chiralN-oxides, only a handful of themwas used as catalysts

for preparation of chiral building blocks that served as advanced intermediates for

syntheses of natural or biologically active substances. Nonetheless several published

examples nicely demonstrate their synthetic potential.

Table 13 Reductions of ketones catalyzed by 26 and 27

Entry Catalyst

R ¼ Me R ¼ Et R ¼ CH2Cl

Yield (%)a ee (%)b Yield (%)a ee (%)b Yield (%)a ee (%)b

1 26a 99 7 (R) 98 8 (R) 99 20 (S)

2 26b 99 11 (R) 99 17 (R) 97 21 (S)

3 26c 99 7 (R) 99 12 (R) 99 16 (S)

4 26d 99 20 (R) 98 21 (R) 99 64 (S)

5 27a 97 9 (R) 98 9 (R) 99 21 (S)

6 27b 99 10 (R) 99 16 (R) 99 33 (S)

7 27c 99 32 (R) 99 38 (R) 99 37 (S)

8 27d 99 31 (R) 99 33 (R) 98 51 (S)
aIsolated yields
bDetermined by capillary GC

Scheme 10 Rearrangement of carbonodithioic O,S-esters to carbonodithioic S,S-esters by 16 and
24 (ee’s were determined by optical rotation)

Scheme 9 Reduction of N-benzoyl enone by (R)-1b
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5.1 Naturally Occurring Compounds

Several chiral N,N0-dioxides were used to catalyze processes that led to the formation

of chiral intermediates applied in syntheses of natural products. Interestingly, most of

them were applied in enantioselective allylation of various unsaturated aldehydes.

Thus, allylation of cinnamaldehyde with allyltrichlorosilane catalyzed by (S,R)-50was
used as a crucial step in the synthesis of goniothalamin [94] (Scheme 11). In a similar

manner, 48 was used to catalyze a highly enantioselective syn crotylation of sub-

stituted cinnamaldehydes with (Z)-crotyltrichlorosilane. The crotylation products were
used to synthesize (�)-elisabethadione [81] and (�)-erogorgiaene [93] (Schemes 12

and 13). Allylation of an α,β,γ,δ-dienal with allyltrichlorosilane catalyzed by (S,R)-50
was used to prepare the known left-hand fragment of papulacandin D (Scheme 14)

[100]. The same approach was used for the total synthesis of (+)-pteroenone that was

based on anti-crotylation of 2,4-dimethylhexa-2,4-dienal with (E)-crotyltrichlorosilane
(Scheme 15) [99]. Alternatively, anti-crotylation of (E)-3-iodomethacryldehyde was

Scheme 11 Synthesis of (S)-(�)-goniothalamin

Scheme 12 Synthesis of (�)-elisabethadione

Scheme 13 Synthesis of (�)-erogorgiaene
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used to provide the advanced intermediate for the syntheses of pteroenone and anti-

llatoxin (Scheme 16) [97]. Enantioselective allylation was also exploited in the synthesis

of one of the chiral building blocks utilized in the synthesis of the callyspongiolide

fragment [113]. Allylation of 6-heptenal catalyzed by (S,R)-50was tested as a route to a
chiral intermediate for the coibacin D synthesis, but the achieved enantioselectivity was

low (58% ee) [102].

5.2 Other Bioactive Substances

Allylation of 20,40-difluorobiphenyl-4-carbaldehyde with allyltrichlorosilane catalyzed

by (S,R)-50was exploited in the synthesis of the flobufen metabolite (Scheme 17) [114].

Optionally, allylation of benzaldehyde under the same conditions could be also used for

a synthesis of dapoxetine [114]. Analogously, allylation of 2-thiophenecarbaldehyde

with allyltrichlorosilane catalyzed by (S,R)-50 was the basis for a new synthesis of

duloxetine (Scheme 18) [115].

6 Conclusion

There is no doubt that achiral and chiral compounds possessing the pyridine N-oxide
moiety could participate as catalysts in a wide range of organocatalyzed asymmetric

reactions under rather mild reaction conditions. A rather large versatility of these cata-

lysts in promoting both traditional reactions and, especially, new asymmetric reactions

Scheme 14 Synthesis of the left-hand fragment of papulacandin D

Scheme 15 Synthesis of pteroenone
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is rewarding. The practical benefits of these reactions, especially in the area of asym-

metric synthesis, include excellent enantioselectivity and activity providing useful

chiral synthons with high enantiopurity, the use of cheap and readily available mate-

rials, mild reaction temperatures, operational simplicity, and last but not least,

applicability in syntheses of natural or pharmaceutically active substances. There is

no doubt that the future of the N-oxide family of catalysts, primarily in asymmetric

transformations, is promising and will become one of the standard chemical tools in

the field of organic synthesis.

Scheme 16 Synthesis of (+)-pteroenone and antillatoxin

Scheme 17 Synthesis of the flobufen metabolite

Scheme 18 Synthesis of duloxetine
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1 Introduction

The development of new methods of functionalization of N-heterocycles can lead

to improved syntheses of pharmaceuticals and agrochemicals [1–3], advanced

materials, and ligands for transition metal catalysis [4, 5]. Methods for selective

C–H functionalization of heterocyclic N-oxides have attracted significant attention

in the past 10–15 years. Due to the inherent electronic bias, heterocyclic N-oxides
tend to react primarily at the C2 position, and many C2-selective C–H-func-

tionalization reactions of N-oxides have recently been described. In contrast, the

regioselectivity of C–H functionalization of unoxidized N-heterocycles can be

more difficult to control. The regioselectivity of C–H functionalization of hetero-

cyclic N-oxides, along with the ease of preparation [6–8], and the versatility [9–

15] of the N-oxide functionality make them a prominent class of N-heterocyclic
synthetic intermediates.

This chapter will first discuss C–H-functionalization reactions of azole N-oxides,
and C2–H functionalization of azine N-oxides. Distal C–H functionalization of

azine N-oxides will follow. The discussion will primarily be limited to reactions

that proceed without the concomitant deoxygenation of the N-oxide moiety. The

focus of the review will be on the synthetic utility and applications of the reactions.

Several other recent reviews have discussed azine C2–H functionalization [16–23],

as well as the distal C–H functionalization [24–26] of azines and azoles. Within

each section, examples will be listed in chronological manner, unless more than one

report has been combined to simplify the presentation. Several common heterocy-

clic N-oxide motifs that are discussed in this review are shown in Scheme 1.

2 Azole N-Oxides

In 2008, Fagnou and coworkers described the stepwise regioselective arylation of

thiazole N-oxides [27]. Previously, the arylation of thiazoles had been known to

proceed with low regioselectivity. Due to their inherent C–H acidity at the C2

position and the π-nucleophilicity at C5, bis-arylation, or C5 selective arylation,

had only been reported. Fagnou and coworkers proposed that the π-nucleophilicity
could be responsible for the C2/C5 selectivity as shown in Scheme 2. Upon
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oxidation of the nitrogen, a reliable C2 > C5 > C4 order of regioselectivity was

observed. This order of selectivity also remained unchanged when the C2-position

was substituted. Using this method sequential functionalization of thiazole N-oxide
(1) can be achieved, leading to a highly diversified thiazole scaffold. Fourteen

highly substituted thiazole N-oxides 2 were produced (Scheme 2).

Cyclic nitrone N-oxides are also attractive substrates for C–H arylation, due to

their versatility as precursors for α-amino acids. In 2012, Zhao, Wang, and

coworkers reported the first arylation of imidazolone N-oxides 3 with aryl bromides

(Scheme 3) [28]. Using palladium acetate/triphenylphosphine as a catalyst, the

authors were able to produce the arylated N-protected imidazolone derivatives

4 in up to 88% yield. With the unprotected nitrogen of the amido group, the yield

was reduced to 49%. The reaction performs best with aryl bromides, with lower

yields observed for aryl iodides, chlorides, and triflates. Twelve 2-arylimidazolne

N-oxides were produced in 64–95% yields. The authors then used this methodology

to synthesize the glycine transporter type-1 (GlyT1) inhibitor GSK2137305.

Chavant, Blandin, and coworkers reported the arylation of cyclic nitrones

5 (Scheme 4) [29]. The authors optimized the reaction in anisole utilizing a Pd0
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catalyst at 150�C with either pivalic acid or a CuBr�Me2S/1,10-phenanthroline

(Phen) system. Interestingly, in the absence of Pd2(dba)3 and PPh3, only the product

of C5 homocoupling 6 was obtained in 95% yield. The system tolerates a wide

range of aryl bromides as coupling partners. The C2 stereocenter was not affected,

when enantiomerically pure cyclic nitrones 5 were used as substrates. Arylation

products of type 7 were synthesized in 68–99% yields.

Kuang and coworkers reported the C5-selective olefination and arylation of

1,2,3-triazole N-oxides 8 (Scheme 5) [30]. The authors began their optimization

using Fujiwara–Moritani conditions [31] as a starting point. Silver carbonate

proved to be the oxidant of choice, with pyridine as an additive in a 20% t-
BuOH/1,4-dioxane mixture. In addition to high C5 regioselectivity, the reaction

exhibits high E-diastereoselectivity with styrenes and acrylates as coupling part-

ners, as only E-isomers 9 were formed as products.

The authors also observed formation of small amounts of arylation products 10

when performing the solvent screen. Further optimization allowed for an efficient

arylation with p-xylene, m-xylene, benzene, and 1,2-dichlorobenzene. Notably, no

reaction took place with an unoxidized 1,2,3-triazole, highlighting the crucial role

of the N-oxide functionality.
In a follow-up study, Kuang and coworkers reported the dual C–H/C–H cross

coupling of 2-aryl-1,2,3-triazole N-oxides 8 and azine N-oxides en route to bis-N-
oxides 11 (Scheme 6) [32]. The scope of the azine N-oxides included isoquinoline
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N-oxide and substituted pyridine N-oxides. Interestingly, no reaction was observed

with quinoline N-oxides or 2-substitutued pyridine N-oxides. While pyridine N-
oxides reacted exclusively at C2 position, isoquinoline N-oxide reacted at C3

position. This regioselectivity is unusual for isoquinoline N-oxide, since most of

the C–H-functionalization reactions occur at C1 position. A number of functional

groups are well tolerated, including chloro, fluoro, methyl, and alkoxy groups. The

homocoupling reactions of 2-aryl-1,2,3-triazole N-oxides and pyridine N-oxides
were also observed in the reaction mixture. Upon optimization of the homocoupling
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reaction, it was found that addition of 1 equiv. of pyridine doubled the overall yield

of products 12 and 13 in 48 h.

Kuang and coworkers were able to extend the methodology to the cross

coupling of azoles and azine N-oxides (Scheme 7) [33]. The authors were able

to utilize N1-substituted 1,2,3-triazoles and other 5-memebered heterocycles for

the coupling with azine N-oxides. An interesting dichotomy was reported with

isoquinoline N-oxide and 1,2,3-triazoles or furans/thiophenes. With 1,2,3-

triazoles, the C3-substituted isoquinoline derivative was exclusively obtained,

whereas furans or thiophenes yielded only the C1-substituted isoquinoline N-
oxide product. C2-substituted pyridine N-oxides were suitable substrates; quino-

line N-oxides, on the other hand, did not react. Deuterium labeling experiments

showed that a fast H/D exchange took place in the azole, while no H/D exchange

was observed in the pyridine N-oxide.
This result was interpreted as an indication of a fast and reversible palladation of

the azole that is then followed by a slow reaction with pyridine N-oxide.
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3 Azine N-Oxides

3.1 Introduction of Heteroatom Substituents

Li and coworkers described the dehydrogenative cross coupling of azine N-oxides
and cyclic amines (Scheme 8) [34]. It was noted during optimization studies that

either 10 mol% Cu(OAc)2 with 2 equiv. of Ag2CO3 or the same reagents in the

opposite amounts gave satisfactory yields. The authors were able to extend the

scope to the N-heteroarylated five-, six-, and seven-membered lactams 14, as well

as N-heteroarylated cyclic amines 15. A double C–N coupling with piperazine gave

rise to product 16 in 72% yield. Substituted quinoline, quinoxaline, and pyridine

N-oxides were shown to be suitable coupling partners. Nitro, chloro, bromo,

methoxy, methyl, and phenyl substituents were well tolerated. The reaction of

3-methylquinoline N-oxide with caprolactam produced the desired cross-coupling

product in 85% yield, indicating that sterically hindered products can be prepared

using this method. The low value of the kinetic isotope effect (kH/kD ¼ 1.3)

indicated that the C–H bond cleavage was not the rate-limiting step. A CuI/CuIII

catalytic cycle was proposed.

In 2013, Cui, Wu, and coworkers reported a C–H sulfonylation of quinoline N-
oxides (Scheme 9) [35]. The reaction is enabled by CuI as a catalyst in the presence
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of potassium carbonate. The scope includes quinoline N-oxide, as well as 4- and
6-methylquinoline N-oxides, and isoquinoline N-oxide. The method is not compat-

ible with N-oxides derived from pyrazine, pyrimidine, 1-methyl imidazole, pyri-

dine, and their derivatives. Arenesulfonyl chlorides with trifluoromethyl, chloro,

methoxy, fluoro, and methyl groups in the para- and meta-positions proved to be

suitable sulfonylation reagents. Interestingly, although C2-sulfonylated products of

type 17 are formed with quinoline N-oxides, only C4–H-sulfonylation product 18 is
observed with isoquinoline N-oxide in 88% yield.

Cui and Wei further disclosed a copper-catalyzed amination of azine N-oxides
with secondary amines (Scheme 10) [36]. Air was used as the oxidant in this

protocol. When run under an atmosphere of nitrogen, only a 16% yield was

obtained at 50�C. Both cyclic and acyclic amines were suitable coupling partners.

Quinoline N-oxides bearing chloro, bromo, nitro, methoxy, and methyl substituents

in the 3, 4, or 6 positions were converted to the C2-amination products 19 in good

yields. 8-Methylquinoline N-oxide and 2-phenylpyridine N-oxide, on the other

hand, provided trace amounts of the expected amination products. In addition, the

N-oxides derived from isoquinoline, quinoxaline, and 1,10-phenanthroline gave the

C2-amination products in good yields. Two notable exceptions were also reported.

Thus, in the first case, when 4-bromoquionline N-oxide was subjected to the

amination, the C2/C4 diamine product 20 was obtained in 31% yield. In the second

case, the reaction with 4-nitroquinoline afforded the product of the double

amination at C2 and C8 positions 21 in 80% yield.

In 2015, Li and coworkers reported the copper-catalyzed electrophilic amination

of azine N-oxides (Scheme 11) [37]. The amination is effected by O-benzoyl
hydroxylamines with Cu(OAc)2 and Ag2CO3 as catalysts in t-BuOH at 80�C. The
scope of the reaction includes the N-oxides of quinoline, quinoxaline, and

isoquinoline.

Bolm and coworkers recently reported the copper-catalyzed C2–H amination

of azine N-oxides using sulfoximines as coupling partners (Scheme 12) [38].

Scheme 10 Copper-catalyzed amination of azine N-oxides
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Copper(I) bromide was used as a catalyst with air as the terminal oxidant at 50�C.
N-Oxides of quinoline and quinoxaline were found to be suitable substrates, while

only trace product was observed with pyridine N-oxide. The reaction exhibited a

broad scope with respect to the substituted sulfoximines.

3.2 C–C-Bond Formation via Cross Coupling
with Heterocyclic N-Oxides

In 2005, Fagnou and coworkers provided the first example of an efficient transition

metal-catalyzed C2–H functionalization of substituted pyridine N-oxides with a

range of aryl bromides (Scheme 13) [39–41]. The method required excess pyridine

N-oxide (4 equiv.). The catalytic system consisted of 5 mol% Pd(OAc)2 and Pt-Bu3
(15 mol%). A number of substituted aryl bromides were shown to be suitable

substrates. In addition to pyridine N-oxide, 4-nitro and 4-methoxypyridine N-oxides
could also be utilized as coupling partners.

In order to determine if the mechanism followed an electrophilic aromatic

substitution (SEAr) pathway, a competition experiment between 4-methoxy- and

4-nitropyridine N-oxide was performed (Scheme 13). Since formation of product 22

was greatly favored over product 23, a SEAr mechanism was ruled out.

Fagnou and Leclerc subsequently reported the arylation of diazine N-oxides,
with high regioselectivity, as well as the bis-arylation of pyrazine N-oxide (Scheme

14) [42]. In all cases the aryl group was introduced at the carbon adjacent to the N–

Scheme 11 Electrophilic amination of azine N-oxides with O-benzylhydroxylamine

Scheme 12 Sulfoximination of azine N-oxides
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O moiety but not between the two nitrogens in pyrimidine N-oxide. Aryl bromides,

chlorides, and iodides were suitable coupling partners. Addition of 10 mol% CuBr

or CuCN increased the yield in the case of pyrimidine N-oxide C–H arylation that

suffered from catalyst inhibition. With aryl iodides, Ag2CO3 (0.5 equiv.) had to be

used as an additive. The scope of the N-heterocyclic substrates included the N-
oxides of pyridazine, pyrimidine, pyrazine, and quinoxaline. Fagnou and coworkers

subsequently further extended the scope to include aryl triflates as coupling

partners [43].

As an application of this methodology, Fagnou and coworkers reported the

synthesis of two aporphine alkaloid analogues 24 and 25 (Scheme 15) [44].

Scheme 13 Pd-catalyzed C2–H arylation of pyridine N-oxides

Scheme 14 Pd-catalyzed arylation of diazine N-oxides
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An interesting example of the utilization of azine N-oxide heteroarylation

in natural product synthesis was presented by Tsukano in the synthesis of

complanadines A and B (Scheme 16) [45]. The complanadines exhibit an unsym-

metrical C2–C30 bipyridyl linkage. In order to construct this linkage, the common

intermediate (+)-26 was converted to bromide (+)-27 and N-oxide (+)-28.

Pd-catalyzed cross coupling of intermediated (+)-27 and (+)-28 yielded an

advanced intermediate (+)-29 that was subsequently converted to complanadine

A and complanadine B in one and two steps, respectively.

Daugulis and coworkers reported a CuI-catalyzed C–H arylation of pyridine N-
oxides (Scheme 17) [46, 47]. While lithium tert-butoxide was required for

iodoarenes, the reaction of pyridine N-oxide with 2-iodopyridine took place with

Scheme 16 C2–H functionalization of azine N-oxides in the synthesis of complanadines A and B

Scheme 15 Synthesis of aporphine alkaloid analogues 24 and 25

Transition Metal-Catalyzed C–H Functionalization of Heterocyclic N-Oxides 69



the weaker base K3PO4. You and coworkers also reported a copper-catalyzed C–H

arylation of pyridine and quinoline N-oxides with p-bromotoluene [48].

In 2010, Daugulis and Do reported a single example of Cu-catalyzed cyanation

of 2-phenylpyridine N-oxide (Scheme 18) [49]. The reaction was effected by iodine

and sodium cyanide, with lithium tert-butoxide acting as a base.

Introduction of secondary alkyl groups via C–H functionalization of N-hetero-
cycles remains a challenge. Ohmiya and Sawamura reported the Cu-catalyzed E-
stereoselective allylic alkylation of electron-deficient arenes with secondary allylic

phosphates (Scheme 19) [50]. 2-Phenylpyridine N-oxide was successfully alkylated
using this method.

Hiyama, Nakao, and Kanyiva provided an example of the nickel-catalyzed E-
selective C–H alkenylation of azine N-oxides (Scheme 20) [51]. The scope was

limited to internal alkynes, while terminal alkynes did not participate in the

reaction. C2 alkenylation was observed with pyridine N-oxides. Isoquinoline N-
oxide, on the other hand, underwent alkenylation at C1 position. The E/Z selectivity

was in the range of 13:1 to 99:1.

Chang and coworkers disclosed an E-selective alkenylation and a dual C–H/C–H
arylation of azine N-oxides [52]. The reaction calls for use of excess (4 equiv.) N-
oxide. Pd(OAc)2 (10 mol%) was used as a catalyst, with 1.5 equiv. of Ag2CO3. The

N-oxides of pyridine, pyridazine, pyrazine, and quinoxaline were suitable

Scheme 17 CuI promoted arylation of 2-substituted pyridine N-oxide

Scheme 18 Cu-catalyzed C–H cyanation of 2-phenylpyridine N-oxide
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substrates. The scope of alkenes included terminal monosubstituted alkenes

bearing electron-withdrawing groups, as well as styrene and tert-butylethylene
(Scheme 21).

During the optimization of the C–H-alkenylation reaction, the authors noticed

that a considerable amount of 2-phenylpyridine N-oxide was produced in benzene

at 130�C. High ortho-selectivity is reported for the arylation of N-oxides derived
from pyridines, quinoline, pyrazine, quinoxaline, and isoquinoline. The scope of

the carbocyclic aromatic coupling partners included benzene, o- and m-xylene, o-
difluorobenzene, and o-dichlorobenzene. The regioselectivity of the C–H func-

tionalization in the substituted arenes was governed by the steric influence of the

substituents (Scheme 21). The ratio of bis- to mono-arylation products formed from

pyridine N-oxides ranged from 1:2.5 to 1:20. An X-ray structure of Pd complex 30

was also obtained (Scheme 22). Since complex 30 did not undergo the C2–H

alkenylation, a conclusion was made that it is a resting species outside of the

catalytic cycle.

Scheme 20 Ni-catalyzed alkenylation of azine N-oxides

Scheme 19 Cu-catalyzed C2–H allylation of 2-phenylpyridine N-oxide
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Due to the facile arylation of the indole ring at C2/C3 in azaindoles (Scheme 23),

C–H functionalization of the pyridine ring represents a significant challenge. In

2009 Fagnou and Huestis addressed this regioselectivity problem by employing the

N-oxide as a directing group for the coupling of aryl bromides and azaindoles

(Scheme 23) [53]. The scope of the N-heterocyclic coupling partners included N-
oxides derived from the N1-methyl-protected 6- and 7-azaindoles. Palladium ace-

tate with DavePhos was found to be the catalytic system of choice for this reaction.

Excess N-oxide (2 equiv.) was required to achieve good yields. A 22% increase in

the yield was observed with the addition of 30 mol% pivalic acid. All arylation

reactions were carried out with bromoarenes.

In 2010 Hu, You, and coworkers reported a palladium-catalyzed dual C–H/C–H

oxidative cross-coupling reaction of quinoline, pyridine, and 2-methylquinoline N-

Scheme 21 Pd-catalyzed olefination and arylation of azine and diazine N-oxides

Scheme 22 Crystal structure of Pd(II)/N-oxide complex 30
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oxides with substituted thiophenes and furans, as well as benzothiophene (Scheme

24) [54]. Excess (4 equiv.) azine N-oxide was necessary to effect the cross-coupling
reaction with 35–80% yields. Only C2–H coupling was observed for both hetero-

cycles. The reaction required 10 mol% CuBr as a co-catalyst, in addition to Cu

(OAc)2 (1.5 equiv.) as an oxidant. The coupling of 2-methylthiophene and quinoline

N-oxide was performed on a 2 g scale, highlighting the scalability of the reaction.

You further extended the methodology to pyrrole and indoles (Scheme 25)

[55]. The 2-pyridyl or 2-pyrimidyl directing group was appended to the azole

nitrogen to ensure C2 regioselectivity within the azole ring. As with thiophenes

and furans, 4 equiv. of azine N-oxide (quinoline, quinoxaline, and pyridine N-

Scheme 23 Pd-catalyzed arylation of azaindole N-oxides

Scheme 24 Pd-catalyzed oxidative C–H/C–H cross-coupling of azine N-oxides with thiophenes

and furans

Scheme 25 Pd-catalyzed C–H/C–H cross-coupling reaction of azine N-oxides with azoles
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oxides) was required to ensure good yields. 1,4-bis(diphenylphosphino)butane

(dppb) was used as a ligand in this case.

Li, Zhang, and coworkers reported the palladium-catalyzed coupling of pyridine

N-oxides with indole that proceeds with C3 regioselectivity in the indole ring

(Scheme 26) [56].

The authors began their optimization with the reaction conditions reported by

You and Hu (Scheme 23) [54], which yielded the cross-coupled product in 12%

yield. Further optimization resulted in changing the oxidant to Ag2CO3, increasing

the amount of pyridine, and adding tetrabutylammonium bromide (TBAB). Large

intermolecular kinetic isotope effect (kH/kD ¼ 3.6) indicated that the C2–H bond

cleavage in the N-oxide is involved in the rate-determining step.

Similarly Itami, Yamaguchi, and coworkers reported the cross coupling of

indoles and pyrroles with azine N-oxides that proceeded with C3-regioselectivity

in the indole and pyrrole rings (Scheme 27) [57]. The reaction conditions included

10 mol% of Pd(OAc)2 as a catalyst, 3 equiv. of AgOAc as an oxidant, and 1 equiv.

of 2,6-lutidine. Azine N-oxides were used in excess (4 equiv.). The reaction was

successfully applied to the synthesis of eudistomin U in five steps from commer-

cially available β-carboline (Scheme 27). The same team subsequently also applied

the C3-selective coupling in their synthesis of rac-dragmacidin D (Scheme

28) [58].

You and coworkers also reported a C3-selective (in the indole ring) coupling of

indoles and azine/diazine N-oxides (Scheme 29) [59].

Cui, Wu, and coworkers reported the alkylation of azine N-oxides with ethers

and thioethers (Scheme 30) [60]. The reaction was proposed to proceed through a

Pd0/PdII catalytic cycle. The substrate scope included quinoline, isoquinoline, and

pyridine N-oxides. One example of coupling with ethanol was provided; all other

Scheme 26 Pd-catalyzed cross coupling of azine N-oxides with indoles
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examples utilized cyclic ethers. The ethers and thioethers were used in a large

excess as the solvent in this method.

In 2013, Fu and coworkers reported a Pd-catalyzed C–H alkylation of azine N-
oxides with alkyl halides (Scheme 31) [61]. The initial optimization study focused

on the reaction between 2-methylpyridine N-oxide and cyclohexyl bromide. Vari-

ous palladium sources were tested, with Pd(OAc)2dppf providing the best yield in

Scheme 27 Pd-catalyzed cross coupling of azine N-oxides with indoles and the synthesis of

eudistomin U from β-carboline

Scheme 28 C–H/C–H cross coupling en route to dragmacidin D
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the presence of Cs2CO3 as a base at 100
�C. The reaction scope included a number

of cycloalkyl and alkyl bromides, as well aza- and oxacycloalkyl bromides. Mech-

anistic studies pointed to the involvement of a radical-type mechanism. Similarly, a

Pd/dppf-catalyzed C2–H alkylation of azine N-oxides with cyclohexyl iodide was

reported by Zhou and coworkers as a demonstration of the utility of their catalytic

method of C–H alkylation of N-heterocycles [62].
In 2016, Jain and Jha reported the Cu-catalyzed ortho-alkylation of azine N-

oxides with N-tosylhydrazones under microwave irradiation (MW) (Scheme 32)

[63]. The reaction is carried out in the presence of lithium tert-butoxide as a base

under microwave irradiation for 1 h at 100�C. The substrate scope included chloro,
methyl, and phenyl-substituted pyridine N-oxides, as well as isoquinoline and

quinoline N-oxides. Primary and secondary N-tosylhydrazones were suitable

reagents.

Scheme 29 Oxidative cross coupling of indoles and azine N-oxides

Scheme 30 Alkylation of azine N-oxides with ethers or ethanol

Scheme 31 Alkylation of azine N-oxides with secondary alkyl bromides
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3.3 Distal C–H Functionalization of Azine N-Oxides

While in most applications the N-oxide moiety of N-heterocycles serves as an

effective directing group for the C2–H functionalization, the moiety can also direct

the incoming substituents to the C8 position of the quinoline scaffold. The first

example of a catalytic C8–H functionalization of quinoline N-oxides was reported
in 2014 by Chang and coworkers (Scheme 33) [64]. Chang and coworkers

previously used a Rh dimer to catalyze C8–H arylation of quinolines

[65]. When [RhCp*Cl2]2/AgNTf2 was used as a catalyst with N-iodosuccinimide

(NIS) as an electrophilic iodine source, regioselective iodination at the C8 posi-

tion of quinoline N-oxide took place. Several substituted quinoline N-oxides
along with quinoxaline N-oxide were efficiently iodinated in C8 position. Inter-

estingly, Chang and coworkers were also able to develop a C8-selective amidation

of quinoline N-oxides with sulfonyl azides. In this case, [Cp*IrCl2]2/AgNTf2 was

found to be the catalyst of choice (Scheme 33). Both aliphatic and aromatic

sulfonyl azides were shown to be suitable amidation reagents.

More recently, Chang and coworkers developed the rhodium-catalyzed C8–H

amidation of quinoline N-oxides using N-chlorocarbamates (Scheme 34) [66].

The required N-chlorocarbamates could be conveniently synthesized from the

corresponding carbamates and trichloroisocyanuric acid (TCCA) and subjected to

the C8–H-amidation reaction in a one-pot fashion on gram scale.

Later that year, Chang and coworkers published the direct alkylation and

alkynylation of quinoline N-oxides in the C8 position utilizing hypervalent iodine

reagent 31 and diazoesters 32, respectively (Scheme 35) [67]. Unlike other reported

C8–H alkynylations [68–71], in which C8 substitution is accompanied by reduction

of the N-oxide moiety, the utilization of TIPS-EBX (31) retains the N-oxide
(Scheme 35). The pregenerated cationic [RhCp*(MeCN)3][SbF6]2 was used as a

catalyst. A number of diverse di- and tricyclic quinoline N-oxide analogues were

Scheme 32 Copper-catalyzed alkylation of azine N-oxides with N-tosylhydrazones
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efficiently alkynylated in C8 position. Similar conditions were also adapted for the

C8 alkylation with diazoesters 32. In this case, the catalyst was formed in situ. The

functional group tolerance and the N-oxide substrate scope are similar for both

reactions.

Shibata and Matsuo disclosed a C8-selective alkenylation of quinoline N-oxides
with diarylacetylenes (Scheme 36) [72]. [Rh(COD)2]OTf/xylylBINAP was used as

a catalytic system at 135�C in chlorobenzene with symmetrical diarylacetylenes.

The alkenyl moiety in C8 position of the products was produced with E/Z ratios in

the range of 3:1 to >20:1.

Scheme 33 C8–H iodination and amidation of azine N-oxides

Scheme 34 Rh-catalyzed C8–H amidation of azine N-oxides with N-chlorocarbamates
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Larionov and coworkers developed a Pd-catalyzed C8–H arylation of quinoline

N-oxides (Scheme 37) [73]. An interesting effect of the solvent on the regio-

selectivity of the arylation was first uncovered. When DMF or t-BuOH was utilized,

C2 selectivity was preferred. However, when AcOH (as low as 10 equiv.) was used

as a solvent, the C8–H arylation became predominant with the C8/C2 selectivity in

excess of 20:1 with only 5 mol% Pd(OAc)2. The authors also found that the addition

of water (up to 40 equiv.) improved the overall yield by 10–20%. The reaction was

carried out under thermal and microwave conditions. A two-step synthesis (oxida-

tion followed by arylation) was performed in the microwave in under 2 h.

In 2015 Chang and coworkers published a protocol for the C–H arylation of

benzamides, acrylamides, and quinoline N-oxides. The method called for use of

[IrCp * Cl2]2 (5 mol%) as a catalyst in 2,2,2-trifluoroethanol with aryldiazonium

salts as the arylating reagents [74]. C8-regioselelctivity was observed for the

arylation of quinoline N-oxides (Scheme 38).

Larionov and coworkers observed that in the absence of an aryl iodide, C8–H-

homocoupling products were obtained from quinoline N-oxides (Scheme 39) [75].

Scheme 35 C8–H alkynylation and alkylation of azine N-oxides

Scheme 36 C8–H alkenylation of azine N-oxides with diarylacetylenes
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Silver acetate was used as an oxidant in the presence of AcOH (5 equiv.) and

water (1.5 equiv.) at 120�C (Scheme 39). The reaction can be carried out on gram

scale. Tandem C2 decarboxylation with C8–H homocoupling was also observed for

2-carboxyquinoline N-oxides. Mechanistic studies pointed to the reversible forma-

tion of a C8 palladacycle intermediate and suggested that the reductive elimination

could be the turnover-limiting step. The method is complementary to the recently

developed C2-selective dimerization of quinoline N-oxides [76, 77].
Li, Wan, and Yu recently developed a rhodium-catalyzed directed C–H

selenylation of aromatic and heteroaromatic substrates. As a part of their synthetic

scope study, the authors reported five examples of the C8–H selenation of quinoline

Scheme 38 Ir-catalyzed C8–H arylation of quinoline N-oxides

Scheme 37 Pd-catalyzed C8–H arylation of quinoline N-oxides

Scheme 39 Pd-catalyzed C8–H homocoupling of quinoline N-oxides

80 D.E. Stephens and O.V. Larionov



N-oxides with phenylselenyl chloride (Scheme 40) [78]. Exclusive selenation of

quinoline N-oxides in C8 position was observed.

As an extension of their earlier publication on the C8–H acylation of quinoline

N-oxides with the concomitant rearrangement to 2-quinolones [79], Chen, Cui, and

Wu reported the Pd-catalyzed C8–H acylation of quinoline N-oxides with

α-oxocarboxylic acids (Scheme 41) [80].

Inspired by the work by Muthusubramanian et al. on the silver-catalyzed

decarboxylative acylation of azine N-oxides at C2 position [81], the authors

began their study by optimizing the reaction of quinoline N-oxide and phenyl-

glyoxylic acid. It was found that no inert atmosphere was necessary, while potas-

sium persulfate was the oxidant of choice. Mechanistic studies suggested that

palladacycle dimer 33 [79] may be formed in the reaction, while a noticeable

kinetic isotope effect (kH/kD of 3.6) further suggested that the C8–H bond cleavage

was the rate-limiting step.

As a follow-up to their work on the cobalt-catalyzed C8–H alkenylation with

the concomitant oxygen transfer [71], Sundararaju and coworkers reported a

chemodivergent C8–H functionalization of quinoline N-oxides (Scheme 42)

[82]. The authors discovered that a reaction of quinoline N-oxides with allylic

alcohols produced 8-allylquinoline N-oxides with a cobalt catalyst derived from

[Cp*CoI2]2. On the other hand, a rhodium catalyst derived from [Cp * RhCl2]2
directed the reaction to 8-(3-oxoalkyl)quinoline N-oxides. The unsubstituted allyl

group was introduced in C8 position using allyl ethyl carbonate. 3-Arylallyl groups

were installed using the corresponding 2-arylallyl alcohols. The cobalt catalyst was

used in both cases. When [Cp*RhCl2]2 was used with 2-arylallyl alcohols,

Scheme 40 C8–H selenylation of quinoline N-oxides

Scheme 41 Pd-catalyzed C8 acylation of quinoline N-oxides
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8-(3-oxoalkyl)quinoline N-oxides were formed. A mechanism was proposed that

accounted for the observed chemodivergence with the rhodium and cobalt catalysts.

With cobalt, the β-oxygen/hydroxy elimination was operative, whereas with rho-

dium, β-hydride elimination from the oxygenated carbon of the allylic alcohol was

proposed to lead to the formation of 3-oxoalkyl group in C8 position of the

quinoline N-oxide product.

4 Conclusion

The field of C–H functionalization of heterocyclic N-oxides has rapidly expanded

in the past decade to include efficient methods of arylation, alkenylation,

olefination, alkylation, and halogenation. Although significant progress has been

made in the area of C2–H functionalization of N-oxides, functionalization of the

distal positions in quinoline N-oxides and related N-heterocycles remains a chal-

lenge. In particular, functionalization of positions other than C2 and C8 has

remained largely unaddressed. It is hoped that new methods that allow access to

these distal positions in N-heterocyclic systems will be developed in the near future.
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Scheme 42 Rh- and Co-catalyzed C8–H alkylation of quinoline N-oxides
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Recent Advances in Cycloaddition Reactions
of Heterocyclic N-Oxides

Rafał Loska

Abstract 1,3-Dipolar cycloaddition of N-oxides of azines and azoles has become a

reliable and versatile synthetic method of preparation of highly functionalized

nitrogen heterocycles. Mechanisms of cycloaddition of N-oxides are outlined,

including various reaction pathways available for the initial five-membered

cycloadducts. Cycloaddition to multiple carbon–carbon, carbon–nitrogen, and

carbon–sulfur bonds is discussed, with particular emphasis on modern methods of

selective C-2-functionalization of the heteroaromatic ring.
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1 Introduction

Heterocyclic N-oxides are readily available and versatile substrates for preparation

of highly functionalized nitrogen heterocycles [1–5]. General and useful synthetic

methods exploiting N-oxides as starting materials have been developed, such as

cine [6–12] and other types [13–15] of nucleophilic substitution, metalation with

organometallic reagents [16], or, more recently, transition metal-catalyzed C–H

activation of N-oxides of azines [17–29] and azoles [30–33]. The main focus of this

review are useful and general synthetic approaches to the preparation of C-2

functionalized azines and azoles based on 1,3-dipolar cycloaddition that has been

developed in recent years. Aromatic rings of N-oxides of azines (pyridines, quin-
olines, etc.) and azoles (imidazoles, thiazoles, etc.) can be viewed as containing in

their structure a nitrone moiety, which makes them viable substrates for dipolar

cycloaddition to multiple carbon–carbon or carbon–heteroatom bonds (Scheme 1)

[34]. Cycloaddition of a dipolarophile to the 1,3-dipole formed by C-2, nitrogen,

and oxygen is associated with the formation of two new bonds; thus it may be

employed as a method of selective functionalization of the heteroaromatic ring at

the position vicinal to azine nitrogen.

2 Heterocyclic N-Oxides as 1,3-Dipoles

Involvement of the nitrone structural motif in the aromatic ring of N-oxides results
in lower activity toward dipolarophiles compared with typical nitrones. The cyclo-

addition step (Scheme 2, top) may occur as a concerted dipolar cycloaddition,

which can be classified as first or second type (normal or neutral electron demand)

cycloaddition [35] as N-oxides react preferentially with strongly electron-deficient

dipolarophiles (or highly active ones, e.g., benzyne). On the other hand, owing to

the polar nature of N-oxides (nucleophilic, negatively charged oxygen vs positively
charged C-2 carbon involved in the aromatic ring), they tend to undergo cycload-

dition via a highly polarized transition state or in a stepwise manner via a betaine

intermediate, especially with strongly electrophilic partners capable of efficient

stabilization of negative charge. Many reactions, which can be formally classified

as cycloadditions, in fact occur via initial nucleophilic attack of the N-oxide oxygen
on the more electron-deficient atom of the multiple bond of dipolarophile, followed

by the ring closure of the resultant zwitterion, that is, addition of anion to the ring of

the intermediate N-alkyl azinium (or azolium) salt. Indeed, such reactions are very

X = NR, S

N

X

O
N
O

N
O

N

X

O

Scheme 1 The structure of

azine and azole N-oxides
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similar to cine substitution in N-oxides, in which addition of electrophile activates

the oxygen atom and transforms it into a good leaving group, and subsequent attack

of nucleophile on the ring and elimination gives substitution product [6]. Formation

of a zwitterionic adduct is often followed by other reactions rather than ring closure,

leading to the formation of side products such as deoxygenated azines and azoles or

pyridones, imidazolones, etc.

Little attention has been given to theoretical calculations concerning cycloaddi-

tion involving N-oxides as 1,3-dipoles. Simple PM3 calculations performed for a

model reaction of pyridine N-oxide and isocyanates (R–N¼C¼O, R¼H, Me, Ph)
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revealed that in the transition state (TS) the formation of the bond between the N-
oxide oxygen and the central isocyanate carbon is much more advanced than of the

bond from isocyanate nitrogen to the C-2 carbon of the pyridine ring [36]. This

asynchronous character of the bond-forming process is associated with high partial

charges on pyridine nitrogen and isocyanate oxygen and a strong increase of the

dipole moment of the TS. Moreover, the calculations predicted the presence of a

small saddle just before the TS, corresponding to a betaine intermediate, as well as

initial formation of a charge-transfer complex between the two reactants. The

existence of such complexes has been earlier confirmed experimentally [37]. Their

formation determines the initial orientation of N-oxide and dipolarophile and thus

regioselectivity of cycloaddition to unsymmetrically substituted pyridine N-oxides.
By lowering the energy of the reactants with respect to the cycloaddition TS,

formation of charge-transfer complexes inhibits reactions of some electron-rich

oxides with strongly electron-deficient partners [37, 38]. In contrast to isocyanates,

earlier calculations predicted the reaction of pyridine N-oxide with electron-deficient
allenes to be a fully concerted cycloaddition [39].

Unlike nitrones, the formation of the five-membered cycloadduct in the N-oxide
cycloaddition is associated with the loss of the resonance stabilization energy of the

starting azine or azole ring. Usually, this cycloadduct is not the final, isolable

reaction product, but it undergoes further transformations, the driving force of

which is restoration of aromaticity of the original heterocycle. Several early

examples of reactions proceeding according to different pathways illustrated in

Scheme 2 can be found in the review of Ryzhakov and Rodina [34].

The most straightforward path is a proton abstraction from the sp3 carbon

vicinal to nitrogen, accompanied by a heterolytic cleavage of the N–O bond.

This process is typical for cycloadducts formed from azole N-oxides and is the

basis for synthetically useful reactions that introduce various groups at C-2

position of azine/azole ring. For azines, this pathway is not necessarily the

dominating one as the isoxazolidine intermediate can undergo a 1,5-sigmatropic

rearrangement with the cleavage of the N–O bond. The resulting furopyridines are

often isolable products. For isoxazoline cycloadducts, resulting from cycloaddition

to triple bonds, other pathways have been observed, such as the N–O cleavage

associated with rearrangement to a 1,2-dihydropyridine-fused aziridine intermedi-

ate. Depending on the nature of the substituents at the initial triple bond, the

aziridine ring opens to form either a 2-substituted azine or an azinium ylide.

Alternatively, rearrangement to a 2,3-dihydropyridine-fused cyclopropane may

occur, followed by the heterolytic ring opening to a 3-substituted pyridine or

electrocyclic opening to azepine.

The multitude of transformations available for cycloadducts of N-oxides and

dipolarophiles (Scheme 2 shows only the most important ones) perhaps explains

why for many years N-oxide cycloaddition had only moderate application in

synthetic organic chemistry. The key feature of the processes developed recently

and described in detail in the following sections is an exclusive or strongly

predominating occurrence of only one possible pathway for a fairly wide range of

substrates.
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3 Cycloaddition to Carbon–Carbon Multiple Bonds

Dimethyl acetylenedicarboxylate (DMAD) was among the earliest dipolarophiles

employed in cycloaddition with aromatic N-oxides. For example, Hamana and

coworkers investigated its cycloaddition with a quinoline N-oxide derivative

which serves well to illustrate the complexity of azine N-oxides cycloadditions

[40]. Reaction of 3-bromo-4-methoxyquinoline N-oxide with DMAD (dioxane, rt,

or reflux) leads to three products which presumably originate from the initial

isoxazoline cycloadduct (Scheme 3). Only one of these products can be rationalized

by a simple N–O bond cleavage. For the other two (N-azinium ylide and N-
vinylquinoline derivative), isomerization to an aziridine intermediate has to be

invoked. Their formation is possible via subsequent C–C bond cleavage, whereas

C–N bond fissure can be an alternative pathway of formation of a 2-substituted

quinoline. A similar reaction course has been observed for the cycloaddition of

DMAD to 1,2-dimethylbenzimidazole 3-oxide [41].

Abramovitch investigated the reactions between azine N-oxides and an electron-
poor alkyne, phenyl cyanoacetylene (PhC�CCN), which gives mixtures of the

expected 2-alkylation products together with α-cyanophenacylpyridinium ylides

[42, 43]. While the formation of N-ylides is analogous to those observed by Hamana

in the reaction of DMAD, the formation of a 3-pyridyl ylide can be rationalized by a

rearrangement to a cyclopropane-fused 2,3-dihydropyridine, followed by cyclopro-

pane ring opening (Scheme 4). According to expectation, this process is avoided in

the case of 3,5-lutidine N-oxide, which gives a 2-alkylation product in high yield.

In contrast to the unselective processes described above, the reaction of pyridine

N-oxide with dibenzoylacetylene proceeds readily at rt to give the C-2 substitution

product in high yield [44].
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Selective cycloaddition of a highly functionalized purine N-oxide with 3-phenyl-
2-propynenitrile has been utilized to introduce selectively a 1-cyano-2-hydroxy-2-

phenylvinyl substituent into the heterocyclic ring in the synthesis of modified

purine nucleosides [45].

Benzyne is another highly active dipolarophile containing a triple carbon–

carbon bond and reacting readily with N-oxides. A selective method for

3-hydroxyarylation of pyridines based upon cycloaddition of N-oxides with

benzyne, generated from ortho-trimethylsilylaryl triflates in the presence of CsF,

has been described by Larock [46]. Regioselectivity of this reaction has been

explained by a sigmatropic rearrangement as the dominating pathway of the

decomposition of the initial cycloadduct, even though it occurs through a

cyclopropane-fused 2,3-dihydropyridine intermediate, in which both rings are

nonaromatic (Scheme 5).

More recently, this reaction has been revisited by Liu and coworkers, who found

that regioselectivity 2- vs 3-arylpyridine can be tuned by the variation of the

medium polarity and excess of basic species (N-oxide and fluoride source) with

respect to the benzyne precursor [47]. According to the updated mechanism of

cycloaddition to benzyne, the initial cycloadduct and the cyclopropane rearranged

product are in equilibrium (Scheme 6). Basic species present in the reaction mixture

extract the proton from the C-2 position with concomitant cleavage of the N–O

bond and rearomatization of the pyridine moiety. At low concentration of bases,

ring opening of the cyclopropane intermediate is favored. It is facilitated by the

presence of lithium cations or electron-poor alkynes (such as ethyl propiolate),

which add to the ketone oxygen to form ethers of 3-hydroxyarylpyridines.
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Cycloaddition of imidazole N-oxides with DMAD gives the expected products

of the isoxazoline ring opening [48]. An analogous behavior has been reported for

1-methylbenzimidazole 3-oxide [41, 49] and dihydroimidazole N-oxide [50]. More

recently, Mlostoń and coworkers reported that N-oxides of imidazoles bearing an

electron-withdrawing group at C-4 (ester, acetyl, carboxamide) react with DMAD

to give the expected 2-oxobutanedioates, but the products readily undergo addition

of water and oxalyl cleavage to (imidazol-2-yl)acetates [51, 52].

Reactions of azine N-oxides with acrylates [53, 54] and acrylonitriles [55] have

been attempted already since the 1960s. These reactions led to 3-(2-hetroaryl)-2-

hydroxy derivatives of propionic acids, formed via dipolar cycloaddition and the
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cycloadduct ring opening (Scheme 7). The structure of the products indicates

regioselectivity of cycloaddition opposite to the one expected for initial nucleo-

philic addition of the oxygen atom to the double bond followed by cyclization.

After 2000, this reaction has seen renewed interest as a method of selective C-2

alkylation of azines.

A one-pot reaction has been described in which N-oxides of isoquinolines are
generated in situ by an AgOTf-catalyzed cyclization of 2-alkynylbenzaldoximes

and then subjected to the reaction (without isolation) with acrylates, methacrylates,

or acrylonitriles at 60�C to give as products hydroxyalkyl-substituted isoquinolines

[56]. The structure of the products can be explained by dipolar cycloaddition of N-
oxide to alkene and subsequent ring opening of the isoxazolidine cycloadduct,

although different reaction pathways may be in operation, especially considering

the presence of Ag salts in the reaction mixture. A similar cycloaddition mechanism

is possible for the reaction described earlier by Wu and coworkers, who generated

4-haloisoquinoline N-oxides from 2-alkynylbenzaldoximes upon the action of Br2
or ICl in the presence of α,β-unsaturated carbonyl compounds, although the authors

themselves proposed a different, very complicated mechanism which does not

involve an isoxazolidine intermediate [57].

Very recently, two research groups reported on cycloaddition between quinoline

N-oxides and acrylates as a selective, general, and transition metal-free method of

C-2 quinoline functionalization. The group of Sharma disclosed that heating quin-

oline N-oxides with excess of acrylates to 100�C without solvent results in

the formation of 2-hydroxy-3-(2-quinolinyl)propionates, with small amounts of

3-(2-quinolinyl)acrylates as side products [58]. The reaction is general for quino-

line N-oxides with both electron-donating and electron-withdrawing substituents

(except NO2), and it tolerates sensitive functional groups such as acetals. Isotopic

labeling experiments showed that the oxygen atom in the hydroxy group of the

products comes from the N-oxide substrate. N-Oxides of electron-deficient quino-
lines were less reactive than electron-rich ones. This result indicates that the key

reaction step is a normal electron demand dipolar cycloaddition.

Wang and coworkers described the synthesis of 2-alkenylquinolines in the

reaction of quinoline N-oxides with acrylates and styrenes [59]. The reaction

requires quite harsh conditions (DMSO, AcOH, 120�C) and works only for

monosubstituted olefins, but it is efficient for a variety of quinoline derivatives

and styrenes of different electronic character. Isolation of ethyl 2-hydroxy-3-
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(2-quinolinyl)propionate from a reaction performed for a shorter period of time

indicates that it is an example of dipolar cycloaddition (Scheme 8). The role of

AcOH additive is facilitation of the N–O bond cleavage and dehydration.

Cycloaddition of acrylates with imidazole N-oxides has been reported to display
opposite regioselectivity than that of N-oxides of azines. Imidazole N-oxides upon
heating above 100�C with ethyl acrylate gave ethyl 3-hydroxy-2-(2-imidazolyl)

propanoates [60]. These products were formed in moderate yields, and only for

4,5-diphenylimidazole N-oxides; other imidazole N-oxides gave only decomposi-

tion products. 3-Hydroxy-2-(2-imidazolyl)propanoates could be dehydrated in the

presence of Pd(OAc)2 to 2-vinylimidazole derivatives.

The same group investigated reactions of hydrates of 4-phenylimidazole-3-

oxides with a strongly electrophilic alkene, 2,2-bis(trifluoromethyl)ethene-1,1-

dicarbonitrile in CH2Cl2, and methanol [61]. The reaction occurred within minutes

at room temperature to provide mixtures of imidazol-2-ones and imidazol-2-

ylidenemalononitriles, together with hexafluoroacetone hydrate. These results

prompted the authors to propose a stepwise cycloaddition mechanism. A zwitter-

ionic intermediate (Scheme 9), which is the product of nucleophilic attack of the N-
oxide oxygen on the double bond of alkene, may undergo an isoxazolidine ring

closure to a formal cycloadduct, or it may suffer attack of a water molecule on the

activated C-2 position of the ring, leading to the formation of imidazol-2-one. This

reaction pathway can be classified as a cine nucleophilic substitution of hydrogen

and it is dominant in CH2Cl2, in which water present in the substrate is closely

bound to highly polar N-oxide. In the former pathway, which predominates in

MeOH, cleavage of the N–O isoxazolidine bond and rearomatization, followed

by a retro-aldol loss of difluoroacetone, provides a malononitrile derivative, in its

more stable tautomer with an exocyclic double bond. The same malononitrile

derivatives could be obtained exclusively if carefully dried chloroform solutions

of N-oxides were employed in the reaction.

The outcome of cycloaddition between azine N-oxides and an electron-poor

allene (dimethyl 2,3-pentadienedioate) has been reported to depend strongly on the

structure of azine [62]. Some pyridine derivatives (2-Ph, 3,5-Cl2, 3,5-Br2,

3-CO2Me) react smoothly to give stable products of 1,5-sigmatropic rearrangement
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(Scheme 10). The reaction is stereoselective in terms of the exocyclic double bond

configuration, which implies a concerted cycloaddition mechanism. Simple theo-

retical calculations (MNDO) allowed to explain its regioselectivity in terms of the

FMO theory and to classify it as a normal-type cycloaddition with the dominant

interaction between the HOMO of dipole and the LUMO of dipolarophile. On the

other hand, cycloaddition of quinoline N-oxide is followed by ring opening of the

initial cycloadduct to give a 2-vinylated product, which is easily understood as a

1,5-rearrangement would produce a quinodimethane-like structure. N-Oxides of

pyridine and picolines gave complex mixtures of products.

Cycloaddition with azine N-oxides of relatively low resonance stabilization

energy may lead to stable, isolable primary cycloadducts, as described, for exam-

ple, for addition of quinoline N-oxide to 1,4-epoxy-1,4-dihydronaphthalene,

quinoxaline 1,4-dioxide to maleimide [34], or quinazoline 3-oxides to N-
methylmaleimide and vinyl phenyl sulfone [63]. In some cases, a cycloadduct

formed from quinazoline 3-oxide may undergo unusual reactions, as reported

recently for the reaction with alkylidenecyclopropanes in the presence of water

and Cu salts (Scheme 11) [64]. The isoxazolidine adduct formed in the dipolar

cycloaddition step does not undergo a typical scission of the N–O bond, but rather a

Cu-promoted addition of water to the six-membered heterocyclic ring resulting in

its cleavage. Final proton shift from the benzylic position to the nitrogen atom

provides spirocyclic isoxazolines. The feasibility of this process may be explained
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by relatively low resonance energy of the quinazoline heterocyclic ring which

results in relatively high stability of the isoxazolidine intermediate, which survives

long enough to be coordinated by copper catalyst. Alternatively, it is possible that

the Cu cation is already coordinated to N-oxide prior to the cycloaddition step.

Dipolar cycloaddition reactions of fluoroalkenes [65–67] provide new methods

of preparation of heterocycles with fluorinated groups, which are substances of

increasing practical importance [68–73]. Cycloaddition of pyridine N-oxides with
hexafluoropropene (C3F6, HFP) has been reported already in the 1960s by Mailey

N
O

N
O

HC E+R R

R = 2-Ph, 3-CO2Me
E = CO2Me

E

E
H

N
R

O

H

E

E
E

H

H

N
O

C E+

X = Cl, Br
E = CO2Me

E
N

O

H

E

E

X

H

X X X

-HX N

O

H

E

E

X

N
O

N
O

HC E+ E

E
H

E N
H

E

O
E

Scheme 10 Reactions of N-oxides of azines with electron-poor allenes

N

N
O

+
R2

R1 N

N

R1

O

R2

N

N

R1

O

R2

OH2

[Cu]

NH

N

R1

O

R2

[Cu]

OHNH

N

R1

O

R2

O

Scheme 11 Cu-catalyzed cycloaddition of quinazoline 3-oxides and alkylidenecyclopropanes

followed by heterocyclic ring opening [64]

Recent Advances in Cycloaddition Reactions of Heterocyclic N-Oxides 95



and Ocone as a reaction proceeding in an autoclave at elevated temperature and

pressure to give 2-(1,2,2,2-tetrafluoroethyl)pyridines. The structure of the products,

as well as detection of CO2 and difluorophosgene among the gaseous products of

the reaction, prompted the authors to propose a mechanism in which the 4,5,5-

trifluoro-4-trifluoromethylisoxazolidine adducts undergo heterolytic N–O bond

cleavage to form α,α-difluoroalcohols, which in turn undergo a retro-aldol loss of

CF2¼O (Scheme 12) [74, 75].

Much later, it was demonstrated that cycloaddition of N-oxides and HFP could

be performed using standard laboratory glassware (HFP condensed in a glass

pressure tube) at room temperature (Scheme 13) [76]. Moreover, it is a general

method of selective fluoroalkylation of nitrogen heterocycles as N-oxides of azines,
imidazoles, and thiazoles are all viable substrates, as well as olefins such as HFP,

2H-pentafluoropropene (PFP), or chlorotrifluoroethylene (CF2¼CFCl). In one case

(quinoline), fluorinated isoxazolidine intermediate could be characterized.

Cycloaddition to perfluoroalkenes proceeds with complete regioselectivity, that

is, the N-oxide oxygen atom attacks exclusively the CF2 group of fluoroalkene.

Pyridine N-oxides with electron-withdrawing groups at C-3 give predominantly

2,3-substituted products, unlike 3-picoline N-oxide which gives mainly the less

sterically hindered 2,5-substituted pyridine. Such regioselectivity may be associ-

ated with a stepwise mechanism of cycloaddition of highly electron-deficient

dipolarophiles such as nitrilium cations [77]. Considering that terminal difluoro-

alkenes are very prone to undergo nucleophilic addition [78], one might suspect a

stepwise mechanism for cycloaddition of perfluoroalkenes with N-oxides. On the

other hand, a stepwise mechanism seems unlikely as the intermediate carbanion

resulting from nucleophilic addition would undergo very facile β-elimination of

fluoride. This process would lead to various side products which have never been

observed.

Investigation of cycloaddition between HFP and quinoline N-oxide under vari-
ous conditions (Scheme 14) led to the observation that tetrafluoroethyl-substituted

azines are not the only possible products and to the formulation of a revised

mechanism for this reaction [79]. The reaction performed in DMF/D2O mixture
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instead of DMF alone leads to quinoline with a deuterated fluoroalkyl group.

Addition of D2O after 14 h to the reaction conducted in dry DMF also resulted in

mostly deuterated product, D/H 7.2:1. These observations could be explained assum-

ing that decomposition of the intermediate isoxazolidine or α,α-difluoroalcohol
occurs only in the presence of water. However, further experiments showed that

cycloaddition of quinoline N-oxide and HFP performed either in the presence of

methanol or with addition of MeOH at the end gave mainly or exclusively methyl

ester of 2-(2-quinolinyl)perfluoropropionic acid. This indicates that the reaction

proceeds via an acyl fluoride intermediate, which accumulates in the reaction mixture

when no protic nucleophile (MeOH, H2O, etc.) is present (Scheme 15). The existence

of acyl fluoride as an intermediate in cycloaddition reactions with fluoroalkenes has

been later confirmed by NMR spectroscopy (vide infra). Its hydrolysis gives carbox-

ylic acids which undergo facile decarboxylation, and reactions with other nucleo-

philes provide derivatives of 2-heteroarylcarboxylic acids. Hydrolysis of methyl

esters with, for example, LiOH�H2O leads directly to tetrafluoroethyl derivatives.

Based on the revised mechanism, a three-component reaction has been devel-

oped in which highly functionalized azines and azoles with partially fluorinated

groups are assembled from N-oxides, perfluoroalkenes and alcohols, amines, or

thiols (Scheme 16) [79]. Some amines are nucleophilic enough to react directly

with perfluoroalkenes according to nucleophilic addition–elimination mechanism.

Fortunately, they can be added to the reaction mixture after the acyl fluoride

has been formed in the first cycloaddition step between N-oxide and alkene

(Scheme 17).

In cycloaddition of N-oxides with perfluoroalkenes, the two terminal fluorine

atoms are crucial for regioselectivity and exclusive formation of acyl fluoride. This

fact inspired the development of an even more general synthetic protocol in which

various alkenes containing only two or even one fluorine atom react with N-oxides
and nucleophiles to produce 2-functionalized azines and azoles with primary,
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secondary, or tertiary alkyl groups of any structure. Such process would involve the

loss of fluorine present in the substrate, but 1,1-difluoroalkenes are nowadays

available via a variety of methods, such as Wittig [80–83] and Julia-type [84–86]

difluoroolefination of carbonyl compounds, Pd-catalyzed reactions of difluoro-

vinylmetal reagents [87–92], and many other reactions [93].

Unfortunately, difluoroalkenes with only fluorine and alkyl substituents at the

double bond are unreactive toward aromatic N-oxides even under forcing condi-

tions, but 1,1-difluorostyrenes react readily with N-oxides of imidazoles, thiazoles,

or quinoline and alcohols to give aryl(heteroaryl)acetates (Scheme 18) [94]. The
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quinoline-derived product shows preference for the exomethylene tautomeric

structure.

Amides of 2-heteroarylacetic acids can be assembled in a one-pot, three-com-

ponent reaction of N-oxides, difluorostyrenes, and various amines (Scheme 19)

[95]. Difluorostyrenes are much less electrophilic than HFP or PFP; thus there is

usually no need to separate the two steps of the reaction, that is, acyl fluoride-

forming 1,3-cycloaddition and reaction with nucleophile. o-Phenylenediamine

reacts selectively at only one amine group. N,O-Dimethylhydroxylamine and

ammonia (as NH4Cl) give Weinreb amides and primary amides, respectively.

Much better yields of the latter compounds are obtained using hexamethyl-

disilazane as nucleophile and the source of the amide nitrogen.

Among various types of N-oxide substrates, pyridines prove the least reactive,

and quinolines and isoquinolines nearly as reactive as imidazoles. Tetrasubstituted

1,1-difluorostyrenes provide imidazoles with all-carbon quaternary centers (includ-

ing CF3-substituted ones) connected to the heterocyclic ring, although in lower

yields than trisubstituted substrates. According to expectation, a monofluorostyrene

gives an aryl(heteroaryl)acetaldehyde in the reaction with quinoline N-oxide deriv-
ative, but it reacts much more sluggishly than difluorostyrenes [95].
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The mechanism of cycloaddition of N-oxides with difluorostyrenes is probably

similar to the one discussed for perfluoroalkenes. Reactions of difluorostyrenes are

particularly efficient in solvents of moderate polarity such as THF, dioxane, and

AcOEt, while reactions in DMF are faster but give lower yields due to formation of

multiple unidentified side products. This might be explained by assuming that a

stepwise zwitterionic cycloaddition becomes important when polarity of the

medium is increased, but concerted cycloaddition (or via a very short-lived zwit-

terionic intermediate) occurs in THF. This conclusion is further supported by the

fact that no imidazol-2-ones were observed as side products, although most of the

starting N-oxides were used as hydrates, similarly to the reaction in Scheme 9

[61]. Pyridine N-oxides with electron-withdrawing groups give less hindered

2,5-substituted products, unlike cycloaddition of nitrilium ions or even HFP

[76, 77]. A concerted cycloaddition as the rate-determining step is also in agree-

ment with the much lower activity of tetrasubstituted alkenes.

The further transformations of the initial difluoroisoxazolidine cycloadduct at

least in some cases involve an acyl fluoride intermediate. This compound has been

observed and characterized by NMR spectroscopy as the sole product when an

imidazole N-oxide derivative and 2-arylpentafluoropropene were mixed in deuter-

ated THF at 70�C [95]. When p-toluidine was added to the reaction mixture

prepared in a similar manner, the expected amide was obtained in good yield

(Scheme 20). On the other hand, acyl fluoride could not be observed when an

alkene with a methyl group instead of CF3 was used. Accordingly, the reaction of

this alkene gave the amide product only if the reaction mixture contained the

appropriate amine from the beginning. These observations suggest that the stability

of the acyl fluoride intermediate and its ability to accumulate in the reaction mixture

containing N-oxide and fluoroalkene depends on the electronic nature of the sub-

stituents at the α-carbon. When a CF3 group is not bound to this center, and no

nucleophile is present, then acyl fluoride or difluoroalcohol intermediate decom-

poses quickly, perhaps via a loss of difluorophosgene as suggested already by

Mailey and Ocone (see Scheme 12).

Cycloaddition of N-oxides and difluorostyrenes allows selective introduction of

benzyl-type substituents at C-2 position. Therefore, this reaction can be exploited

in the construction of bis(heteroaryl) ligands, if two heteroaryl units with
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Scheme 19 Three-component synthesis of α-imidazolylacetamides
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appropriately placed azine nitrogens become connected by a central meso bridging

atom. This concept requires employment of 2-heteroaryl-1,1-difluoroalkenes as

cycloaddition partners. In practice, it could be realized with the use of highly

electrophilic 2-(20-heteroaryl)difluoroacrylates [96]. These alkenes cannot be iso-

lated due to their facile hydrolysis, but instead are generated in situ in the presence

of N-oxides by elimination of HF from 2-heteroaryl-3,3,3-trifluoropropionates with

an amine base. The latter compounds are readily available from N-oxides of azines
and methyl 2H-perfluoroisobutyrate via a similar elimination–cycloaddition proto-

col or cycloaddition with PFP followed by esterification of the acyl fluoride

intermediate with MeOH (Scheme 21). Cycloaddition of imidazole N-oxides with
2-(20-heteroaryl)difluoroacrylates produced deoxygenated imidazoles as side prod-

ucts, which suggests a stepwise mechanism and side reactions of the initial zwit-

terionic adduct.

This synthetic approach allows the assembly of various unsymmetrical ligands

of a desired structure from two azine/azole N-oxides and a fluorinated synthon

which is the source of the meso carbon. Bis(heteroaryl)methanes containing two

azine units, azine/imidazole or azine/thiazole combinations, were obtained in

moderate to good yields (Scheme 22) [96]. Importantly, the method does not rely

upon the use of transition metal catalysts which could bind strongly to the final bis
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(heteroaryl)methanes and therefore be difficult to remove. Some of the azine/

imidazole ligands were subjected to hydrolysis, decarboxylation, and subsequent

complexation with boron trifluoride to yield labile, but strongly fluorescent unsym-

metrical analogues of BODIPY dyes.

4 Cycloaddition to Carbon–Nitrogen Multiple Bonds

The reaction of N-oxides of azines with phenyl isocyanate has been investigated

since the early 1960s ([97–99], and references therein). In its course, cycloaddition

of N-oxide to the C¼N double bond leads to the formation of cycloadducts, which
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Scheme 21 Synthesis of 2-(20-heteroaryl)difluoroacrylates
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quickly undergo a 1,5-sigmatropic rearrangement to 2,3-dihydroazine intermedi-

ates, which in some cases can be isolated [100–102]. Thermally induced extrusion

of CO2 provides 2-aminoazines. A confirmation of such reaction pathway is the fact

that when the starting pyridine N-oxide contains a good leaving group at position

C-3 (Br, OMe), the 2,3-dihydropyridine intermediate undergoes facile elimination

to give a fused pyridine oxazolone ring system. Further studies revealed that the

highest conversions of the starting N-oxide and yields of cycloadducts are obtained
in polar solvents (DMF, DMSO, dioxane), which suggests a polar or stepwise

mechanism for this cycloaddition, in accordance with theoretical calculations

results discussed in Sect. 2.

Concerning cycloaddition of azoles N-oxides with isocyanates, reactions of

1-methylbenzimidazole 3-oxide with phenyl isocyanate, phenyl isothiocyanate, or

even benzonitrile give 2-substituted products of the opening of the initial five-

membered cycloadduct (Scheme 23) [41, 49]. The reaction of 1-benzyl-4,5-

dimethylimidazole 3-oxide with PhNCO has been reported to give a N-imidazolyl-

N,N0-diphenylurea derivative, a product of initial cycloaddition, formation of

2-aminoimidazole, and its subsequent reaction with the second molecule of PhNCO

[48]. In 2000, these results were confirmed and investigated in greater detail by

Mlostoń and coworkers, who reported that imidazole N-oxides of various substitution
patterns react at rt with isocyanates and isothiocyanates to give 2-aminoimidazoles

[51]. The reaction probably occurs via a stepwise mechanism since both isocyanates

and isothiocyanates give the same products, although in typical concerted dipolar

cycloaddition reactions the former react at the C¼N bond and the latter at the C¼S

bond.

An interesting example is cycloaddition of pyridine N-oxides with 2- and

4-pyridyl isocyanates derivatives, generated in situ by a Curtius rearrangement of

the corresponding acyl azides, that in turn had been prepared form carboxylic acids

upon treatment with diphenylphosphoryl azide (Scheme 24) [103, 104]. These

reactions, performed in dry boiling benzene, yield bis(pyridyl)amines in 65–80%

yield. In the case of 3-nitro-4-pyridyl isocyanate, an intermediate resulting from
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1,5-sigmatropic rearrangement of the initial cycloadduct could be detected in the

crude reaction mixture.

2-Heteroarylisocyanates generated in situ from the respective 2-carboxylic acids

have been employed in cycloaddition with imidazole N-oxides leading to bis

(heteroaryl)amines with chelating properties [105]. Coordination of these amines

to boron trifluoride provided analogues of aza-BODIPY fluorescent dyes, charac-

terized by high thermal and photochemical stability and very large Stokes shift

values, resulting in strong fluorescence also in crystalline phase (Scheme 25).

A considerable research effort has been directed toward development of

2-amidation of azines via cycloaddition of N-oxides with various forms of highly

electrophilic nitrilium cations. Already in 1970s, Abramovitch and coworkers

investigated reactions of N-oxides with imidoyl chlorides and nitrilium salts pre-

pared in advance. These reactions are believed to proceed as stepwise cycloaddi-

tions and lead to the expected 2-acylamidoazines, together with side products

resulting from a 1,5-sigmatropic rearrangement [106].

Much later, Manley and Bilodeau reported that imidoyl chlorides could be

generated in situ from secondary amides upon the action of oxalyl chloride

(or phosgene in the case of acetanilide) [107]. Their reactions with pyridine,

quinoline, and isoquinoline N-oxides produce 2-aminopyridine amides. This pro-

tocol is mild and selective compared to the reactions with isolated imidoyl chlo-

rides, as, for example, 2-methylpyridine reacts only at the position 6 of the ring and

not at the methyl group.
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In a similar reaction, pyridinylated, isoquinolinylated, and quinolinylated

amides are formed in the reaction of N-oxides with secondary amides activated

with trifluoromethanesulfonic anhydride (Tf2O) in the presence of base [108]. 2-

Fluoropyridine, or in some cases 2-chloropyridine, was found to be the base of

optimum nucleophilicity. Detailed mechanistic studies showed that varying

amounts of a nitrilium ion are formed, which is in equilibrium with an amidinium

ion. From the experiments with deuterated N-oxides, the authors concluded that an

isoxazoline intermediate is formed in an irreversible nucleophilic addition of N-
oxide to the nitrilium ion, followed by a reversible nucleophilic attack of the

nitrogen atom on the heterocyclic ring (Scheme 26).
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N-(2-Heteroaryl)amides can be efficiently obtained in a reaction between azine

N-oxides and isocyanides activated by trimethylsilyl triflate (TMSOTf) [77]. The

reaction is probably a stepwise cycloaddition of N-oxide with a nitrilium cation

generated from isocyanide and TMSOTf. The main indication for such a mecha-

nism is the regioselectivity of the reactions with pyridine N-oxides containing various
groups at the 3 position and the interplay between steric and electronic factors: the

presence of 3-alkyl groups promotes the formation of the 2,5-substituted products,

whereas the presence of electron-withdrawing substituents which increase positive

charge at the neighboring 2 position leads to increased amounts of the 2,3-isomers.

An interesting development has been described by Couturier and coworkers,

who reported that acyloyl isocyanates can be generated upon the action of oxalyl

chloride on primary amides in the absence of base [109]. In the presence of base, a

facile transformation of amide to nitrile occurs. Cycloaddition of thus prepared

acyloyl isocyanates with N-oxides of quinolines, isoquinolines, and phenan-

thridines allows preparation of N-acylated 2-aminoazines from primary amides.

5 Cycloaddition to Carbon–Sulfur Double Bonds

An isolated example of a reaction between pyridine N-oxide and a sulfin has

been described, namely, bis(trifluoromethyl)sulfin, which smoothly produced

2-hexafluoroisopropylpyridine [110]. This outcome can be most likely rationalized

by cycloaddition of N-oxide and the C¼S double bond of sulfin followed by the

N–O bond cleavage and loss of SO2 (Scheme 27).

Cycloaddition to thioketones has been studied extensively by the Mlostoń group

[111–113]. The reaction of imidazole N-oxides with 2,2,4,4-tetramethyl-3-

thioxocyclobutanone and other thioketones results in the formation of imidazole-

2(3H )-thiones and replacement of sulfur for oxygen in the initial thioketone. In

contrast, azine N-oxides fail to react with thioketones. These results can be

explained by ring opening of the intermediate 1,4,2-oxathiazolidine cycloadduct

with restoration of aromaticity of imidazole ring. Cycloaddition is probably step-

wise since thiofluorenone, which is a very good dipolarophile but particularly poor

sulfur nucleophile, does not react. A stable thioketene reacts with imidazole N-
oxides via a similar zwitterionic intermediate, but the dominating pathway is

departure of imidazole as a leaving group associated with thiirane ring closure.
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6 Conclusions

Over the years, 1,3-dipolar cycloaddition of aromatic N-oxides has evolved from a

set of isolated examples of sometimes complex, bizarre reactions to an important

field of heterocyclic chemistry. The success of the new N-oxide cycloaddition

reactions developed in the recent years relays upon predictable and controllable

formation and further transformations of the intermediate isoxazoline or isoxa-

zolidine cycloadducts. The discovery of such reactions has provided useful

synthetic methods of selective introduction of complex substituents into the

heteroaromatic ring (including valuable fluorinated derivatives) in the position

originally occupied by hydrogen, under close to neutral conditions (no strong

acids nor bases) and without the need for transition metal catalysts. Exploration

of reactions with new dipolarophiles will certainly bring further developments in

this area of chemistry.
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Abstract The photochemistry of the heteroarene N-oxides and their derivatives is

complex and multifaceted. This review discusses the photochemistry of heteroarene

N-oxides in light of new studies of these species, as well as recent studies of nitrene

intermediates that have been proposed as potential photochemical intermediates.

Recent developments in the photochemistry of N-alkoxyheteroarenium salts are

also discussed, as well as the photochemistry of the N-hydroxypyridone and N-
hydroxypyrithione systems, which may be thought of as tautomeric forms of the N-
oxides.
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1 Introduction

The photochemistry of the aza-aromatic N-oxides is a field rich with chemistry, and

has excited a great deal of interest in the organic community. There have been a

number of reviews in the past on this subject, including those of Spence et al. in

1970 [1], Bellamy and Streith, and LaBlache-Combier (both in 1976) [2, 3], Albini

and Alpegiani in 1984 [4], Albini et al. in1995 [5], and Albini and Fagnoni in 2004

[6]. This contribution proposes to describe recent advances in this field, including

the photochemistry of closely allied structures. Whilst a certain degree of retro-

spection is unavoidable, this contribution does not seek to replicate the aforemen-

tioned works, and the reader is encouraged to seek out these contributions to

provide a broader perspective of the field in the appropriate historical context.

In this review, recent studies in the photochemistry of heteroarene N-oxides
(in which the compound pyridine N-oxide 1 acts as an archetype) are discussed. In

addition, tautomeric forms of pyridine N-oxides such as N-hydroxypyridone (2), and

pyrithione (3) and their derivatives, aswell as systems such asN-alkoxylpyridinium salts

(4) are considered.

N
O

(1)

NO
OR

NS
OR

N
OR

(2) (3) (4)

This review includes discussion of experimental techniques such as matrix

isolated infra-red spectroscopy and laser flash photolysis (LFP) that may not be

familiar to the synthetic organic chemist. The reader is referred to the contributions

of Dunkin [7] and Bally [8], for an introductory treatment of the matrix isolation

experiment. An analogous contribution describing the LFP experiment is provided

by Scaiano [9].

2 The Photochemistry of Aza-Arene N-Oxides

2.1 Pyridine N-Oxides

Pyridine N-oxide 1 represents the archetype of these species, and as such, its

photochemistry has been studied under a range of conditions. A certain
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amount of care must be exercised when describing the observed photochemistry of

this species, since in many cases the photochemistry is dominated by polymeriza-

tion, and isolated yields of small molecule photoproducts are low.

It has been established that photoexcitation of pyridine N-oxide in both gas

[10, 11] and condensed phases [12] occurs via a π ! π* transition to the singlet

excited state. The nature of the photoexcited states of pyridine N-oxide has been

studied by a range of gas phase and computational techniques [13–16], most

recently by Palmer et al. [17]. The molecular orbitals involved in the lower excited

states are shown in Scheme 1.

MCSCF calculations indicate that there are two lowest energy transitions with

non-zero oscillator strengths in the UV-Visible spectrum: π(b1)! π*(a2) (3.65 eV)
and π(b1) ! π*(b1) (4.61 eV). In either case, the excited state singlet will involve

depopulation of electron density at O, and so the S1 excited state (1*) may be

written with a degree of biradical character.

In the absence of triplet sensitization, the bulk of pyridine N-oxide photochem-

istry is believed to proceed via the singlet state. Recently, Albini et al. [5, 6] have

cautioned against the notion that all observed photochemistry may be rationalized

via a single mechanism.

2.1.1 Ring Contraction

The singlet photochemistry of the N-oxide systems has often been described as

involving an oxaziridine intermediate (5) in a manner analogous to the photochem-

istry of nitrones. Albini et al. [5, 6] have argued against the mechanistic necessity of

this structure as a discrete intermediate species given that it has yet to be experi-

mentally observed – the structure 5/5{ may correspond to a transition state struc-

ture, or a structure associated with a conical intersection of closed-shell and

biradical singlet states (Scheme 2).

Fragmentation of the biradical 6 leads to the formation of vinyl nitrene 7. Singlet

vinyl nitrenes are highly reactive intermediates that have yet to be observed

N O

a2

a2

b1

b1

b1

b2
nσ

π∗
π∗

π π

π

Scheme 1 Truncated qualitative MO diagram for pyridine N-oxide, HF/cc-pVTZ (energies not to

scale)

Recent Advances in the Photochemistry of Heterocyclic N-Oxides and. . . 113



experimentally. Calculations at the CASSCF level of theory indicate that the lowest

singlet state is a so-called open shell singlet [18], indicating that 10, if formed, would

exhibit biradical behavior (Scheme 3), and would be expected to rapidly cyclize over a

very small barrier to yield the 2H-azirine 8. The lifetime of the singlet vinyl nitrene

would be expected to be small: phenyl nitrene, which also has an open-shell configu-

ration as its lowest energy singlet state [19], has a sub-nanosecond lifetime at room

temperature [20].

The photochemistry of vinyl azides and nitrenes, and 2H-azirines has been a

field of some considerable study in recent years [21]. In particular, 2H-azirines and
vinyl nitrenes have been suggested as intermediates for the photochemical conver-

sion of isoxazoles to oxazoles [22–24]. Matrix isolation studies by Fausto et al.

suggest that isomerization proceeds as described in Scheme 4 [25].

Gudmundsdottir et al. have demonstrated the ability to generate and detect triplet

vinyl nitrenes in solution (and in argon matrices) by internal sensitization

[26]. These species are generated by the photolysis of 2H-azirines or azides

containing groups which enhance intersystem crossing in the azirine excited state

(for example, 10 and 11). These species are relatively long-lived, and exhibit

typical triplet behavior, in that they undergo dimerization, add to alkenes, and are

trapped by oxygen, leading to nitrile species (although it may be argued in the latter

case that oxygen attack on the triplet azide precursor occurs simultaneously with

nitrogen extrusion) [27].

O
N3

(11)

O

N (10)

One of the most commonly observed photochemical products associated with

pyridine N-oxide systems are 2-acylpyrrole species, arising from ring contraction

reactions (Scheme 3). There are a number of examples in the literature where a nominal

vinyl nitrene may be trapped with a suitably emplaced double bond to yield rings

[28, 29], and analogous cyclizations may yield the acylpyrrole 9. The trapping of

N
O

(1)

N
O

(1*) N
O

(5)

N O

(6)

N O

(7)

( )
R R

R
R R

N
O

R

( )

NO R

(5') (6')

NO R

(7')

Scheme 2 Formation of biradical intermediates in the singlet photochemistry of a substituted

pyridine N-oxide
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vinyl nitrenes has been observed in both intra- and inter-molecular modes [30]. It has

been noted that the isolated yield of 9 in aqueous solution is greatly enhanced by the

addition of CuII salts [31], and that the intermediacy of CuI species was indicated since

yields were markedly reduced under oxidizing conditions [32]. Recently Chen et al.

have reported that the thermal reaction of vinyl azides with aryl alcohols to generate

disubstituted pyrroles yielded different regioselectivities when using CuII and NiII salts

[33]. Their proposed mechanism involved formal entrapment of the nitrene as an

enaminyl radical by electron transfer from CuI, although it is not clear whether this

occurs in conjunction with, or subsequent to, deazotization of the azide.

Small amounts of other ring-contracted species have been observed in the

photochemistry of N-oxides: Alkaitas and Calvin observed the formation of N-
formylpyrrole in the photochemistry of pyridine N-oxide in alcohol (2–4%) [34];

and Bellamy et al. have reported a number of pyrrole species in the photochemistry

of 2- and 3-substituted pyridine N-oxide systems in aqueous solution, again in small

yields (Scheme 5) [35].

The proposed mechanisms for the formation of these species involve potential

1,5- (and subsequent 1,3-) sigmatropic shifts in the pyrrolenine intermediate 12. An

N
OR2

R1

N
OR2

R1

isoxazole vinyl nitrene

OR2

N

R1

2H-azirine

O

R2

nitrile ylide

N
R1

N

O
R1

R2

oxazole

Scheme 4 Isomerization of isoxazoles to oxazoles in argon matrices

N O

(7)

R

N
OR

(8)

N

O

N
H

O

(9)

RR

NO R

(7')

N
O

(8')
R

N

O
N
H

O

(9')

R R

Scheme 3 The chemistry of singlet vinyl nitrenes
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alternative mechanism for the formation of the chloroderivative involves the

hydrolysis of a 1,3-oxazepine intermediate similar to 14 (see below). The N-formyl

species are susceptible to further hydrolysis in solution or during isolation to yield

the pyrroles 13 and 130.

2.1.2 Ring Expansion

There are a number of possible modes of ring expansion available to the simple

pyridine N-oxides that lead to 1,2-oxazepines 15, and the 1,3-oxazepines 14.

Neither species has been reported for pyridine N-oxide, but it is worth noting that

these species corresponding to 14 have been reported for a range of tri-, tetra-, and

penta-aryl substituted species (i.e., systems analogous to those favoring formation

of the ylide) in reasonable isolated (71–87%) yield [36], and in more modest yields

for 2,6-dicyanopyridine N-oxides [37]. The 1,2-oxazepine 15 may in principle be

formed directly from the excited state of pyridine N-oxide (Scheme 6). Fragmen-

tation of the N–O bond would yield the vinyl nitrene 7.

In principle, such a reaction might be reversible. However, studies on aryl

nitrenes indicate that singlet phenyl nitrenes may be trapped by ketones and esters

sited ortho- to the nitrene center [38, 39]. Substitution of an α, β-unsaturated
carbonyl moiety will lead to cyclization to form indole derivatives, rather than

1,2-benzoxaxepines [40].

1,3-Oxazepines may form from the biradical intermediate 6 via structures such

as 16 that may be either an intermediate or a transition state (Scheme 7). Alterna-

tively, the photochemistry of 2H-azirines may proceed via N–C bond scission to

yield nitrene 7, or C–C scission to yield the nitrile ylides 17. Cyclization to yield

structures such as 14 may then proceed in a manner similar to the formation of

oxazoles in Scheme 4.

N

R1

O

hν

N

R1 = CH3, CN, Cl

R1

O N

R1

O

(12)

N
O

R1

H2O

N
H

R1

R1=CN (1%)

(13)

N
H

R1

O

R1=CH3 (1%)
R1 = CH3, CN

hν

N O

R1

R1 = Cl

N

OR1

(12')

N
O

R1

N
H

R1

H2O

(13')

R1=Cl (10%)

Scheme 5 Aqueous photochemistry of 3-substituted pyridine 1-oxides
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The effects of substitution on the cleavage of 2H-azirine ring have been the subject of
a significant amount of recentwork, and the results are summarized in Table 1. Inmatrix

isolated experiments, workers have also identified a ketenimine intermediate 21 that is

generally accepted to arise from the triplet nitrene 20 by a 1,2-alkyl migration in the

biradical (Scheme 8) [25]. There is some literature precedent for alkyl groupmigrations

in 1,3-di-yl systems [41]. 1,2-hydrogen shifts in 1,3-diyl radicals have been postulated

for the observed reactivity of 1,2-benzisoxazole and isoxazole in argonmatrices [42]. In

the case of 1,2-benzisoxazole, the ketenemine formed (R1¼H), rearranges in the argon

matrix to form o-hydroxybenzonitrile, a product reported in photolysis of

1,2-benzisoxazole in non-polar solutions [43].

Computational studies on these systems indicate that twomodes of ring scissionmay

operate, and the dominant mode is dependent on the substitution of the azirine ring

(Table 1). Systems containing stabilizing groups at the 2-position (Case I) appear to

favor the formation of the nitrile ylide, whereas systems with stabilizing groups at the

3-position (Case II) appear to increasingly favor the formation of the triplet nitrene

species. The parent azirine is computed to favor the formation of the nitrile ylide, as is

the system that contains stabilizing groups at both 2- and 3 positions (Case III). The

photochemistry of simple pyridine 1-oxides would appear to generally correspond to

N
O

(1)

N
O

(1*)

N
O

(5/5 ) (7)

( )

R R
R

N O
R

(15)

X
N O

R

Scheme 6 Potential formation of 1,2-oxazepine 15

(1*)

N O
(6) R

N
OR

(8)

NO R (6')

(via 7')

N
O

(8')
R

(via 7)

N

(17')
R

O

N

O
R

(17)

N
O

R
(14)

O

N
R

(14')

O

N

R

(14")

N
O

R
(16/16 )

( )

Scheme 7 Potential formation of 1,3-oxazepines 14, 140, 1400
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N

R1

R2 hn N

R1

R2

+N

R1

R2

(18) (20)(19)

N
R1

R2

(21)

Scheme 8 Potential photochemistry of 2H-azirine intermediates

Table 1 Summary of observed photochemistry of 2H-azirines (Scheme 8)

18 Conditions Nitrile ylide Nitrene Ketenimine

R1 R2
19 20 21

H H Computed [44] Favored

H CHO Ar matrix, 15 K [34] Not observed Observeda Observeda

H Ph Computed Favored

CH3 COCH3 Ar matrix, 15 K [25] Observeda Observeda

CH3 COPh MeCN >334 nm [45] Observedb

MeCN <300 nm Observed

CH3 Ph LFP in acetonitrile [46] Observed

Ar matrix, 14 K Observed

Ph H LFP in acetonitrile [47] Observed

Computed Favored

(4-CN)Ph H LFP in acetonitrile Observed

(4-Cl)Ph H LFP in acetonitrile Observed

(4-CH3)Ph H LFP in acetonitrile Observed

(4-OMe)Ph H LFP in acetonitrile Observed

(4-Ph)Ph H LFP in cyclohexane [48] Observedc

Ph CH3 LFP in acetonitrile Observed

Ar matrix, 14 K Observed

Ph Ph LFP in acetonitrile Observed

Pyrenyl H Synthetic Observed
aObserved ketenimine formed via 1,2-hydrogen shift in nitrene
bCollapses to isoxazole, detectable by LFP
cCompetes with intersystem crossing to yield triplet (non-reactive pathway)
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Case I systems, whereas the polyphenyl substituted systems reported by Buchardt et al.

correspond to Case II and Case III systems.

Diphenyl (19, R1 ¼ R2 ¼ Ph), biphenyl (19 R1 ¼ 40-biphenyl, R2 ¼ H), and

naphthyl ylides (19 R1 ¼ CH3, R
2 ¼ 1-naphthyl, also generated by the reaction of

1-naphthyl carbene with acetonitrile) [49], have lifetimes measured in the μs-ms

range. The diphenyl and 40-biphenyl ylides have been shown to be susceptible to

protonation by alcohols, ultimately yielding the imine ethers [50]. In addition,

ylides such as those in Table 1are known to react with a range of dipolarophiles

[51], including unsaturated nitriles, esters, and amides [52, 53]. Similar photochem-

istry has been observed for 2-pyrenylazirines [51]. An analogous addition to

aldehydes, believed to proceed via the azirinium radical cation generated by

photoredox catalysis has also been reported [54, 55].

2.1.3 Ring Fragmentation

In basic aqueous solution, significant amounts of cyanoaldehydes 22/220or their
enolates [56] may be generated, which may in turn be trapped with amines to

generate cyanoenamines 23 [57–59]. There is evidence to suggest that the polymer

formed upon photolysis contains cyano groups, and this may arise from the

aldehyde derived from 22 (Scheme 9).

Formation of these species has been postulated to occur via proton transfer from

a long-lived (63 ms lifetime, λmax(EtOH) ¼ 320 nm) vinyl nitrene [60], but this is

inconsistent with what has been determined of the singlet chemistry of these

species. Matrix and solution IR obtained following photolysis of pyridine N-oxide
exhibited an absorbance peak at 2,145 cm�1 that the authors tentatively assigned to

isocyanides [61]. A follow-up study indicated that the primary observed photo-

product had an absorbance at 2,188 cm�1, and that the isocyanide is a secondary

photoproduct (although it should be noted that for species such as 17where R1¼H,

proton transfer would yield an isocyanide) [62].

Studies on the thermolysis of vinyl azides, which would be expected to yield

vinyl nitrenes indicate that for many systems where the vinyl azide is conjugated to

a carbonyl group, nitrile products are obtained. Hassner et al. demonstrated that 2H-
azirines could be thermally converted to nitriles [63]. The proposed mechanism for

these rearrangements was held to be the fragmentation of the nitrene into an ion pair

(a nitrile enolate and in the example shown, an acylium ion) which would then

recombine to generate the nitrile (Scheme 10). In the case of rearrangements

observed by the Moore group, the two moieties remained tethered [64, 65]. By

extension, one may consider H+ as potential leaving group in a similar mode, or

alternatively, one may envisage a 1,2-hydride shift to generate the nitrile.

N

O (22)

N

NEt2

(1)
hn

HO /H2O

Et2NH

(23)

N

O (22')

Scheme 9 Photochemistry of pyridine N-oxides in aqueous base
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However, the mechanism in Scheme 10 proceeds via a closed shell, zwitterionic

intermediate that calculations suggest corresponds to the S2 state of the vinyl

nitrene, rather than to the more energetically favored S1 and T0 biradical states.

This is unlikely to form thermally, and would be expected to be short-lived in a

photochemical reaction, certainly with a half-life considerably shorter than the

millisecond timescale. Alternatively, the S1 or T0 nitrenes (photolysis of a struc-

turally similar azirine yields the triplet nitrene, see above) would require relatively

unfamiliar 1,2-, 1,4-, or 1,6- hydrogen shifts in order to generate triplet biradicals

that would collapse to form nitriles or ketenimines such as 21. Deprotonation of 21

would lead to enolate anion precursors of 22/220. There is evidence for formal

1,2-hydrogen shift rearrangements in argon matrices (see Table 1) [43], but it is

unclear how this would translate to solution phase chemistry.

Both the photolyses of 2H-azirines and the thermolyses of vinyl azides in

Scheme 10 were carried out in non-polar or non-protic solvents under neutral

conditions. Clearly, studies where possible, under aqueous or mixed solvent con-

ditions, would be useful in this regard. Finally, an alternative pathway, involving

hydroxide-mediated elimination from 15, which has oxime ether characteristics,

has literature precedent [66]. Oxime ethers are known to exhibit their own photo-

chemistry to yield nitriles [67].

2.1.4 Deoxygenation

Photolysis of pyridine N-oxide is known to generate an oxidizing species that is

capable of converting alkanes to alcohols [68], arenes to phenols [69], alcohols to

aldehydes [33], alkenes to epoxides, allyl alcohols and ketones [70, 71], and

thioethers to sulfoxides [72]. Similar reactions have been used to generate phos-

phine oxides from phosphine sulfides and selenides [73]. Copolymers containing

pendant pyridine N-oxide groups have been assessed as potential photoresist mate-

rials – the crosslinking that occurs upon irradiation of these materials is believed to

occur via the rupture of the N–O bonds [74]. Intramolecular oxidation has been

observed to a small extent with 2-benzyl and 2-phenethylpyridine N-oxides to yield
o0-hydroxy-substituted systems, and in the case of the former the benzylic alcohol

[75]. Oxidations are known to be enhanced by the presence of Lewis acids such as

N3

O

Ph

N
Ph

O

Ph

N
Ph

O Ph

N
Ph

O

Ph
N

Ph

O
Ph

Scheme 10 Proposed mechanism for thermal formation of nitriles from azirines
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BF3, the general principle being that complexation of the N-oxide reduces the

ability for the excited state to rearrange on the singlet surface [76].

The energies of the triplet excited states of variously substituted pyridine N-
oxides have been determined experimentally from their measured singlet-triplet

absorption spectra – low intensity long-wavelength bands that are augmented under

high pressure oxygen conditions. These triplet states are also of a π ! π* type

[77, 78].

Bucher and Scaiano have reported the laser flash photolysis (LFP) of pyridine N-
oxide in hydrocarbon solvents leads to the rapid formation of a long-lived (at least

ms) product with λmax of 335 nm [79]. In acetonitrile, these workers observed an

overlying shorter-lived signal at 325 nm which they attributed to acetonitrile oxide

(τ ¼ 60 μs), formed by the reaction of O(3P) with acetonitrile. Stern-Volmer

analysis of competitive experiments allowed the determination of rate coefficients

for reaction of O(3P) with a range of organic substrates [80].

Albini et al. studied the photochemistry of 2- and 4-benzoylpyridine N-oxides as
systems that would be strongly favored to exhibit triplet photochemistry. In the case

of the 2-isomer, a mixture of deoxygenated starting material and o0-hydroxylated
2-benzoylpyridine was obtained, and in the case of the 4-isomer, only the deoxy-

genated product was obtained. In each case, the deoxygenation was considerably

more efficient than most simple pyridine N-oxides [81]. Similarly, the deoxygen-

ation reaction observed for 2-cyanopyridine was greatly enhanced by the presence

of triplet sensitizers [82]. Thus, it would seem that the deoxygenation occurs via the

triplet state. Carraher and Bakac have re-investigated the photochemistry of

4-benzoylpyridine N-oxide using LFP [83]. These workers found that the triplet

state of the N-oxide was observable by LFP, but that the chemical yield of O(3P),

determined by its reaction with cyclopentene, increased when the N-oxide was

excited in the presence of triplet quenchers. This suggests that O(3P) was obtained

from the excited singlet state.

2.1.5 Electron Transfer

Geletii et al. studied the potential photoinduced electron transfer between heteroareneN-
oxides and bis-N-oxides to yield radical cation species [84]. These species may be

observed to react with hydrocarbons under flash photolysis conditions. In the presence

of oxygen, oxidation of hydrocarbons may be observed (the oxygen possibly required

for hydrogen atom transfer). Thus, cyclohexane may be predominantly converted to

cyclohexanone, with the alcohol as a minor product [85].

Pyridine N-oxides may also act as electron acceptors: Nakanishi et al. report the

photoinduced electron transfer between the excited singlet state of 1-benzyl-1,4-

dihydronicotinamide and pyridine N-oxide to generate the radical anion (Scheme

11) [86]. Protonation yields the azacyclohexadienyl radical which undergoes facile

N–O bond cleavage to yield hydroxyl radical. Where X ¼ H, the radical is

calculated to exhibit significant pyramidalization, which enhances the fragmenta-

tion rate (see below). Where X ¼ NO2, the radical formed is planar, and generation

of hydroxyl is not observed.
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The ability of pyridine N-oxides to act as potential electron acceptors has been

used to construct tethered donor-linker-acceptor species such as 24, where the

donor fragment consists of a dye capable of absorbing radiation in the visible part

of the spectrum. These species have been evaluated as components of

dye-sensitized solar cells, achieving efficiencies as high as 6.08% [87].

S

NS
NAr2N

N O

acceptor
n
n = 0,1

donor

Ar = Ph
= p-(C8H17O)Ph

(24)

2.1.6 Other Monocyclic Mono N-Oxides

To a large extent, the photochemistry observed for other heteroaromatic systems is

similar to that observed for pyridines, but there are some cases reported that are

somewhat different. Pyridazine N-oxides undergo ring fragmentation to yield

diazoketones, which in turn deazotize to generate cyclopropenyl ketones by singlet

carbene chemistry (Scheme12) [88]. Entrapment of the ketoneswith amines leads to the

formation of N-alkylpyrroles [89], otherwise furans may be formed [90]. Alternatively,

substitution at R2 with phenyl, alkoxy or alkylamino groups yields dipolarophiles that

N
O

X

+ e

N
O

X

N
OH

X
+ H

N
OH

X

Scheme 11 Generation of hydroxyl radicals via photoinduced electron transfer
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may entrap the diazoalkane moiety to generate pyrazolines [91, 92]. These species are

also capable of the more typical photooxygenation of alkenes [93].

2- and 5-methoxypyrimidine photochemistry yield outcomes that appear to be

consistent with pyridine systems, although the presence of a methoxy group allows

the formation of esters and carbamates upon fragmentation (Scheme 13) [94].

The pyrimidine chemistry is also observed in the purines. Thus, Bose et al.

generated an isoguanosine derivative via photochemical fragmentation of formycin

N(6)-oxide, possibly via the purinone [95]. Earlier studies on the simple purine N-
oxides in water indicated the formation of purinone derivatives in a manner
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Scheme 12 Photochemistry of pyridazine N-oxides
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Scheme 13 Photochemistry of 2-methoxypyrimidine N-oxide

Recent Advances in the Photochemistry of Heterocyclic N-Oxides and. . . 123



analogous to reactions observed for the quinoline N-oxide systems (Scheme 14 and

see below) [96–100].

2.2 BicyclicN-Oxides and Larger Systems

The photochemistry of quinolineN-oxide 25 is dissimilar in many respects to that of the

pyridine species (Scheme 15, Table 2), including ring contraction to N-formylindole 27

in low yield (7%,with another 41% as a hydrolysis product) [101]. These indoles appear

to correspond to hydrolysis products of 26, and appear when reaction mixtures are

subject to chromatography on silica gel [102]. Certain 1,3-oxazepines (26, R1

¼ CO2Me, R2 ¼ H, R3 ¼ Ph) are known to be sensitive to ring rupture under thermal

and photochemical conditions [103, 104]. The species 2-formylindole, which would be

analogous to the compound 9 shown in Scheme 3, is not reported. The nitrene interme-

diate that would potentially form in this particular case is an arylnitrene: these species

rapidly formdidehydroazepines through a very short lived benzazirine intermediate, and

are known to polymerize [19].

Photoisomerization of quinolineN-oxide systems inmethanol to generate quinolin-2

(1H)-one systems (28/280) has been reported in the recent synthetic literature proceeding
at moderate to high yields (75–89%) [105]. Generally, such isomerization systems are

hypothesized to proceed via zwitterionic rather than biradical intermediates, since the

formation of the quinolin-2(1H)-one is more readily explained by a 1,2-hydride shift in

the zwitterion, rather than a 1,2-hydrogen atom shift in a 1,3-diyl biradical, for which

there is more limited literature precedent. Similar reactions have been observed for

benzimidazole N-oxides in alcohols [106], in addition to small amounts of products

arising from ring scission and deoxygenation.

A study of the excited states of 6-hydroxyquinoline N-oxides indicates that these
states have a high degree of acidity relative to the ground state, and thus these

species may be characterized as photoacids. This reversible deactivation of the
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Scheme 15 Photochemistry of quinoline N-oxides
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Table 2 Observed photochemistry of quinoline N-oxides (Scheme 15)

Substrate Conditions

Yield (%)

28/

280 26

27 and

hydrolysates Deoxygenate

R1 ¼ R2 ¼ R3 ¼ H Cyclohexane

[108]

20 –a 58

Ether, acetone

[50]

15 – 44 7

Methanol

[109]

60–70 – 3 5–6

R1 ¼ R2 ¼ H, R3 ¼ CH3

[109, 110]

Methanol 16/22 – 10 4–5

R1 ¼ R2 ¼ H, R3 ¼ CN

[111]

Acetonitrile 81b

R1 ¼ R2 ¼ H, R3 ¼ CF3
[112]

Ether – 70 – 3–5

Methanol – 70 3–5

R1 ¼ R2 ¼ H, R3 ¼ OCH3

[102]

Cyclohexane –c 64

Water 75

R1,R3 ¼ CH3, R
2 ¼ H [111] Methanol 20/15 – 6–7 7–8

R1 ¼ CH3, R
2 ¼ R3 ¼ H

[111]

Methanol 70–75 – 5 1–2

R1 ¼ Cl, R2 ¼ R3 ¼ H [111] Methanol 75–80 – – 2–3

R1 ¼ OCH3, R
2 ¼ R3 ¼ H Cyclohexane

[101]

10 – 45 –

Methanol

[111]

60–70 – – 4–5

Water [102] 95 – – –

R1 ¼ CO2H, R
2 ¼ R3 ¼ H

[113]

Methanol 79 6b

R1 ¼ CO2H, R
2 ¼ H, R3

¼ CH3

Methanol

[106]

20/31 37b

R1 ¼ H, R2,R3 ¼ �(CH2)4-

[114]

Benzene – 70d 5–10

Methanol 34–48 – – 5–10
a60% Yield of 26 if extraction is used rather than chromatography
bThe oxazepine is believed to ring contract to yield the 3-formylindole
c90% yield of 26 if extraction is used
dR2,R3 form a spirocyclic ring at the 3-position. The formed cation is quenched by the alcohol
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excited state competes with the more familiar deoxygenation reactions, and con-

version to quinolin-2(1H )-ones [107].

Lei et al. report the synthesis of the antitumor agent 7-ethyl-10-hydroxycamptothecin

30 via photoisomerization of theN-oxide precursor 29 under acidic conditions [115]. In
this case, group migration to effect ring expansion is prohibited by the geometric

constraints of the planar ring. Similar outcomes (including regiochemical outcomes)

were observed for 2-cyanoquinoline 1-oxide in acidic aqueous solutions [116]. In

acidified alcohols, alkoxylation was observed.

N
N

O

HO O

O

O

hn (254 nm)

CH3CN/dioxane/H2O N
N

O

HO O

OHO

(66% isolated yield)

(29) (30)

The compound 4-nitroquinoline 1-oxide (31) has received a large amount of

attention due to its function as a model carcinogen. Nanosecond LFP of

4-nitroquinoline 1-oxide indicated the formation of a triplet species that absorbs

at 410 and 560 nm [117, 118], and which underwent electron transfer and subse-

quent protonation with donors such as tryptophan, guanosine, and tyrosine to yield

a radical 33 with a strong absorbance at 460 nm (Scheme 16). The efficiency of the

electron transfer process for the triplet state is pH dependent – the rate of triplet

quenching by tryptophan and tyrosine decreases with decreasing pH in aqueous

solutions [119]. Choudhury and Basu generalized the process shown in Scheme 15

for 31 and indoles, and found that proton transfer could occur from the cation

radical of the indole even if the indole was N-methylated [120]. HF and CASSCF

calculations on the hydrogen-bonded complex of 4-nitroquinoline 1-oxide and

tryptophan indicate that the excited singlet state of the complex is also a charge-

transfer state that in principle may lead to the formation of 32 [121].

The intermediates 32 and 33were observed by Shi and Platz [122] in a combined

LFP/ns time-resolved infra-red (TRIR) study using DABCO as the donor species.

The authors noted that under such conditions the formation of the deoxygenated

4-nitroquinoline is quenched, making the formation of 4-nitroquinoline from the

expulsion of hydroxyl radical from 33 unlikely.
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Scheme 16 Photochemistry of 4-nitroquinoline 1-oxide
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The photochemistry of quinoxaline N-oxide 34 (and the bis-N-oxide, see below)
has been the subject of a review [123]. These systems may be capable of generating

isolable benz[d]-3,1,5-oxadiazepines (Scheme 17), as well as quinoxaline. The

presence of methoxy groups at R1 or R2 leads to ring opening [124].

Phenanthridine N-oxides generate phenanthridones, deoxygenated

phenanthridines, and the 1,3-oxazepine analogue (which may hydrolyze during

chromatographic isolation, Scheme 18) [125]. In the specific case of the 6-cyano

species (R1 ¼ CN), irradiation in acetone yields isolable amounts of 1,3-oxazepine

(78%), phenanthridinone (analogous to 28), and deoxygenated phenanthridine (3%)

[126, 127]. Biradical intermediates may be trapped by alkenes [117]. In ethanol, N-
ethoxyphenanthridone is the major product, and the presence of triplet sensitizers

enhances the formation of the deoxygenated product. In an LFP study, the deoxy-

genation of the 6-cyano compound occurred via its T1 state – the authors concluded

that a triplet mechanism operates for deoxygenation of this species [128].
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The photochemistry of acridine N-oxides (Scheme 19) is believed to proceed via

the rearrangement of the 1,3-oxazepine analog [129]. C–O bond scission could in

principle yield a biradical or nitrile ylide intermediate. As with the pyridine and

quinoline systems, the presence of a cyano group at the 10-position provides a

certain degree of stabilization that allows small amounts of the 1,3-oxazepine 36 to

be isolated, but the major components of the isolate are systems analogous to 28

(39) and products of ring expansion into the adjacent rings [130, 131]. Compound

40 is only observed in alcohol (R0OH, R1 ¼ R2 ¼ H) solutions [132].

Isoquinoline N-oxide species are similar in many respects to their quinoline

analogues (Scheme 20), in that they commonly generate mixtures of oxazepine and

isoquinolinones, with the former susceptible to hydrolysis [133].

LFP of isoquinoline (41) and benzocinnoline (42) N-oxides generate triplet

species, which undergo an apparent hydrogen atom transfer reaction with hydro-

quinone with rate coefficients of 7 � 106 M�1 s�1 at 298 K, but react with well-

known hydrogen atom donors such as ((CH3)3Si)3SiH at much slower, experimen-

tally unresolvable rates [122]. Interestingly, DFT calculations indicate that a hydro-

gen atom transfer reaction is thermochemically favorable for the hydroquinone

system, whereas both electron transfer and proton transfer are not.
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The isoquinoline compound papaverine N-oxide (43), which may be described as

a donor-spacer-acceptor system, will photorearrange under acidic conditions to

generate hydroxylated derivatives of papaverine (Scheme 21) [134–136]. The

authors postulated that hydroxylation would occur via a protonated singlet state,

which would involve intramolecular charge transfer from the donor moiety to the

acceptor (the isoquinoline N-oxide). The degree to which this occurs is dependent

on the donor ability of the pendant ring, and the selectivity of reaction could be

described by considering the spin densities of the radical cation corresponding to

the donor moiety [137, 138]. Deoxygenation was postulated to occur via the

protonated triplet state, which was confirmed by triplet quenching and triplet

sensitization experiments performed by Collado et al. on a range of structurally

similar systems [137].

The spirocyclic aziridine from 1,2-benzisoxazole, which could in principle be

analogous to an intermediate formed from isoquinoline N-oxide photochemistry has

been observed experimentally [43].

Pteridine N-oxides undergo facile deoxygenation reactions to yield pteridines

[139]. The compound pyrimido[4,5g]pteridine 10-oxide (44) has been the subject of

considerable study as a photochemical oxidant with reports of the photooxidation of

styrene [140], tryptophan derivatives (at the β-carbon) [141], phenols (in addition to

isoalloxazine N-oxide 45, and pyridazine N-oxide) [142] and aromatic hydrocarbons

[143]. In addition, photocyclizations of nucleosides [144] and chalcones [145] and

dealkylation of N,N-disubstituted anilines [146] have been achieved with this com-

pound. In all of these processes, the authors propose a mechanism whereby the excited

state of 44 undergoes electron transfer to yield the radical anion of 44 and a radical cation

species. Protonation of the radical anion in principle leads to a species that will fragment

to form hydroxyl radical. In each case, radical cation chemistry yields the pteridine

derivative as the major photoproduct.
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This oxidant system has been coupled with an acridine based intercalator to

generate a species capable of strand breakage of DNA. The quenching of strand

breakage in the presence of DMSO lends support to the notion that hydroxyl radical

is the oxidizing species [147].

Recent Advances in the Photochemistry of Heterocyclic N-Oxides and. . . 129



2.3 Bis-N-Oxide Systems

To a significant extent, the photochemistry of bis-N-oxides is similar in many respects

to those of their mono-N-oxide analogues. Pyrazine, quinoxaline, and phenazine N,N-
dioxides are all capable of photochemically oxidizing amines to aminoxyl radicals

[148, 149]. EPR evidence suggests the involvement of aminoxyl free radical inter-

mediates, possibly arising from the triplet excited state [150, 151]. In aqueous

solutions, pyrazine 1,4-dioxide will isomerize to yield either the 2,3- or

2,5-dihydroxypyrazines (tautomeric forms of the nominal pyrazinones) [152].

However, there are some reactions that are more specific in their outcomes.

Pyridazine 1,2-dioxides were initially reported to undergo dual ring expansion

reactions at low to moderate yields to generate 1,4,6,7-dioxadiazocins [153],

which were subsequently identified and characterized as 3a,6a-dihydroisoxazolo

[5,4d]isoxazoles (Scheme 22) [154]. The reaction is believed to proceed via N-N

bond fragmentation, and the cyclization of the formed bis(iminoxyl) biradical.

The bicyclic bis-N-oxides have received a great deal of attention due to their

possible clinical application. Quinoxaline bis-N-oxides, used as growth promoters

in animal husbandry have been shown to undergo photodeoxygenation reactions

[155], which can lead to modification of proteins [156]. In addition, these species

have been shown to undergo conversion into quinoxalinone oxide, in a manner

presumably analogous to the quinoline systems (Scheme 23). Pendant phenyl

groups adjacent to N-oxide moieties may also be ortho-hydroxylated [157]. Aroyl

substituted systems (R1 ¼ benzoyl, R2 ¼ phenyl) undergo additional photochem-

istry to yield benzimidazolones [158–160].

As with the simple pyridine 1-oxides, aryl substitution (R1 ¼ R2 ¼ phenyl,

p-MeOC6H4) provides sufficient stability that 1,3,6-oxadiazepine 6-oxides may be

isolated in small yields, but the primary photoproducts are 1,2-dibenzamides [161].

One of the most recently studied of the bis-N-oxides systems is the compound

3-aminobenzo1,2,4-triazine 1,4-dioxide (tirapazamine 46), a compound implicated
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as a possible treatment modality for hypoxic tumors [162, 163]. Fluorescence

quenching studies indicate that the singlet excited state [164] of this compound,

as well as the desoxy species 47 may undergo electron transfer with a range of

potential donors at diffusion-limited rates to generate radical anions

[165, 166]. These radical anions may promote photochemical DNA cleavage, although

it was originally thought that this was achieved by protonation of the radical anion

and subsequent expulsion of hydroxyl radical [167].
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Shi et al. studied the singlet state lifetimes of the tirapazamine-derived species

46–48, as well as the bis-N-oxides quinoxaline di-N-oxide (49) and phenazine di-N-
oxide (50) [164]. These workers determined that the species 47 had an unusually

long singlet lifetime (5.4 ns, compared to 110–130 ps for 46). DFT calculations

indicated that cyclizations to form oxaziridines were energetically favorable pro-

cesses (i.e.,ΔHR,cyc< E(S1)) that shorten the singlet lifetimes, whereas cyclizations

to generate the oxadiaziridines (the only cyclization process available to 47)

were not.

Phenazine N,N-dioxides have photochemistry similar to their acridine ana-

logues: photolysis of methoxyphenazine N,N-dioxide yields a mixture of mono-

deoxygenated product, as well as a pair of cyclized compounds structurally anal-

ogous to 35 [168] Scheme 24.

In organic solvents, the isolated product reported by Kawata et al. is assigned to

the 1,3,5-oxadiazepine 3-oxide species that would arise from ring expansion in the

central ring, analogous to the species observed in acridine N-oxides [169].

3 N-Alkoxyheteroarenium Salts

The photochemistry of the N-alkoxy salts is dominated by the fragmentation of the

N–O bond to yield alkoxyl radical species [170]. Direct photolysis of N-
ethoxyisoquinolinium ion generates ethoxyl radical and the isoquinoline radical
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Scheme 24 Photochemistry of methoxyphenazine N,N-dioxide
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cation [171], which may undergo electron transfer reactions with suitable donors,

such as thymine dimers [172].

Studies by Collado and Perez reported that benzylated N-alkoxyisoquinolinium
systems (acceptor-spacer-donor systems) when photolyzed would generate prod-

ucts consistent with alkoxyl radical generation and reaction with the rings

[173]. The authors postulated two competing photoreactions, depending on the

presence and the donor abilities of the pendant ring: in the absence of the pendant

group, or where the group is a poor donor, substitution occurs on the isoquinoline

ring following direct homolysis of the C–O. Where the group is a good donor,

substitution occurs on the pendant ring following electron transfer (Scheme 25).

Direct photolysis of N-methoxyphenanthridinium cation is believed to generate

phenanthridinium radical cation(λmax ¼ 670 nm) via N–O bond scission [174],

which in turn is capable of electron transfer reactions [175]. This chemistry has

been used to generate sulfide radical cations for LFP studies [176–179].

Kochi et al. demonstrated that fragmentation of these species may be facilitated

via photoinduced charge transfer interactions between pyridinium salts and donor

species such as arenes [180–182] to yield products consistent with alkoxyl radical

attack on the arenes themselves. The general reaction is shown in Scheme 26.
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Similar chemistry may be observed for the pyridinium salt 51b with 1,2,4-

trimethoxybenzene [183].

Gould et al. demonstrated that electron transfer could be achieved using a range of

dye/N-methoxy-4-phenylpyridinium tetrafluoroborate (51a) pairs, where the dye absor-

bance maxima spanned the visible spectrum [184]. Electron transfer reactions are

thermochemically favorable under circumstances where the reduction potential of the

donor Ered,D is comparable to or more negative than that of the pyridinium salt: Ered,py,

ca.�1V (SCE). Thus, dyes withEred,D<�0.7V(SCE)will generate radicals with 51a,

but the efficiency reaches a maximum with dyes where Ered,D < �1.1 V(SCE). The

approach has been broadened by Podsiadly et al. to include photoreduction of 51a.BF4
and 51c.PF6 with a range of dyes absorbing in the 380–540 nm region of the spectrum

[185–189].

Lorance et al., in a sequence of combined experimental and computational

papers, investigated the importance of conical intersections on the fragmentation

rate of the formed N-alkoxypyridyl radical. In the simplified correlation diagram

shown in Scheme 27, a conical intersection exists between aπ*-type state and a σ*-
type state, however a crossing from one state to the other is symmetry forbidden in

the planar molecule [190]. In bent systems, where the nitrogen is allowed to

pyramidalize, a greater degree of state mixing is accommodated, and the reaction

becomes increasingly adiabatic in nature, with a lowering of the potential barrier

with greater degrees of pyramidalization [191]. In systems where the pyridine rings

are substituted with donating groups, the reaction becomes effectively

barrierless [192].

Katbatc and Pczkowski developed a photoinitiation system whereby two radi-

cals may be generated if triphenylbutylborate is present as a counterion to the

pyridinium salt [193, 194]. The system may be further modified to include N-
alkoxypyridinium moieties tethered to the dye framework [195], as well as

2,20-bispyridinium systems 52a and 52b [196].
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Scheme 27 Simplified state correlation diagram for fragmentation of N-alkoxypyridyl systems
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Significant chain amplification in photoinitiation systems may be achieved by

the addition of reagents that themselves will act as donor systems. Thus, in

dye/pyridinium (51a,b)/benzyl alcohol systems described by Shukla et al.

[197, 198], the formed hydroxybenzyl radicals may act as donors, amplifying the

observed quantum yield of fragmentation (Scheme 28). The protonated ketone is

rapidly deprotonated by the formed pyridine. Similar enhancements may be

observed in the presence of species such as lutidine, where it is believed that

pyridinyl radicals act as the electron donating intermediates for N-methoxy and

N-ethoxypyridinium systems [199]. This approach may be used synthetically to

from benzo[b]phosphole oxides from phosphine oxides and alkynes, photoinitiated

by a combination of N-ethoxypyridinium and Eosin Y – the formed
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cyclohexadienyl radical acting as an electron-transfer agent in a manner analogous

to that shown in Scheme 28 [200].

In addition to photoinduced charge transfer processes [201], alkoxyheteroarenium

salts may also react with thermally or photochemically produced radical species to

generate cations [202]. Thus, Yagci et al. reported that cationic polymerization may be

initiated by the reaction of isoquinolinium systems with radicals to generate

isoquinolinium radical cations (Scheme 29, where Ri refers to a free radical initiator

fragment) [203]. Similar behavior was observed in theN-allyloxypyridinium analogues

[204–208]. Even simpleN-methoxy andN-ethoxypyridinium salts will behave similarly

via direct photolysis or electron transfer with a range of potential free radical initiators

[209–211].

As a third alternative means of photoinitiation, Arsu et al. demonstrated that

alkoxypicolinium salts will generate picoline from photoinduced charge transfer

reactions with anthracene. The generated picoline will polymerize cyanoacrylate

monomers via so-called zwitterionic polymerization [212].

In addition to N-alkoxy salts, it may be shown that N-acyloxyheteroarenium
species may also undergo N–O bond scission either by direct photolysis [213] or

mediated by charge-transfer chemistry in the presence of suitable donors [180].

4 N-Hydroxypyridone and Its Derivatives

N-hydroxy-2-pyridone (2, R ¼ H) may be considered a tautomeric form of

2-hydroxypyridine N-oxide. Low temperature glass studies indicate that the triplet

state of N-hydroxy-2-pyridone exists in both tautomeric forms, indicated by dual

phosphorescence behavior [214]. Room temperature LFP at 308 nm of this com-

pound in organic and aqueous (pH � 7) phases leads to the formation of hydroxyl

and pyridoxyl radicals (Scheme 30) with quantum yields ranging between 0.25 and

0.6 [215]. Deprotonation at high pH quenches hydroxyl radical generation, and

photoionization of the anion is inefficient.

Photolysis of 2 generates the hydroxyl radical, and is considered a specific

source of this intermediate, which causes oxidative strand breaking in DNA

[216]. This moiety (and its alkoxy derivative, see below) has been incorporated

into chlorin p6 analogues (53) to generate a phototoxic system that generates

hydroxyl or singlet oxygen intermediates capable of causing cell damage [217].
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Scheme 30 Photochemistry of N-hydroxy-2-pyridone
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In principle, the photochemistry of the N-alkoxy and N-acyloxypyridones would
be expected to mirror that of the N-hydroxy compound: N-O scission to yield a

pyridoxyl radical and an alkoxyl radical (Scheme 31) [218]. Adam et al. utilized the

isopropoxy derivative to generate isopropoxyl radicals in solution, which were

capable of rearrangement in aqueous solution to yield the carbon-centered

2-hydroxy-2-propyl radical. Combination of the radicals with oxygen yielded

peroxyl radicals, which were found to effective in cleaving DNA [219]. In a similar

vein, the N-tert-butoxy derivative was utilized as a source of tert-butoxyl and
methyl radicals to determine which of the species caused damage to supercoiled

DNA by oxidation of deoxyguanosine residues [220, 221].

In the case of the 1-(9-anthrylmethoxy) pyridine, two modes of decomposition

have been postulated (Scheme 32). In relatively non-polar environments, N-O
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scission dominates to yield an alkoxyl radical [222]. In methanol solvent, hetero-

lytic C–O bond scission, hypothesized to proceed via an internal charge transfer

exciplex, was observed to be competitive with N–O bond homolysis in

9-anthrylmethyl and pyrenyl derivatives [223].

In addition to the formation of alkoxyl radicals, aminyl radicals may also be

obtained via the photolysis of N-amino species such as 54 (Scheme 33) [224]. The

product 55 is considered to be formed by reaction of the aminyl radical with the

pyridoxyl radical, or another pyridine. Similar products corresponding to alkoxyl

radical attack or carbon centered radicals arising from fragmentation of alkoxyl

radicals have been reported [225, 226].

Acyloxy radicals may be generated from the appropriate hydroxamic ester (56)

[227]. An alternative approach has been used to generate acyloxy radicals from

pyrazinones (57) [228] or purines (58) [229, 230].
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Although the 2-pyridone derivatives exhibit relatively clean photochemistry, the

bulk of free radical chemistry arising from these types of derivatives has centered

around the pyridine-2-thione (pyrithione) derivatives, possibly due to their greater

thermal lability, but also to their more specific absorbance window.

5 N-Hydroxypyrithione and Its Derivatives

5.1 N-Hydroxy-2-Pyrithione and N-Alkoxy-2-Pyrithiones

Aswith its pyridone analogue,N-hydroxy-2-pyrithione (NPT, 3, R¼H)may be thought

of as a tautomeric form of 2-mercaptopyridine N-oxide. The photochemistry of this

species is somewhat more complex than its pyridone analogue: Aveline et al. [231]

reported that laser flash photolysis of this species does generate the expected hydroxyl

and pyrithiyl radical 59 in organic solvents (Scheme 34), by analogy with Scheme 30

(Φ¼ 0.3–0.45), alongwith a small amount (Φ¼ 0.03–0.05) of triplet state that does not

undergo electron transfer under the experimental conditions. The generated pyrithiyl

radical is a relatively stable species, and will ultimately dimerize. Botchway et al. have

demonstrated that the photodissociation may also be achieved by fast two-photon

processes, when solutions of NPT are irradiated at 750 nm [232]. The relatively clean

photochemistry of this species in organic solvents allows it to be used as a photochem-

ical source of hydroxyl radicals for LFP competitive kinetic studies, using trans-stilbene
as a hydroxyl radical reporter species [233–236].
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In aqueous solution, Aveline et al. reported that N-hydroxypyrithione was present
in its anionic form at pH 7, and that this species was also susceptible to photoion-

ization, leading to the formation of solvated electron (Scheme 34), in competition

with hydroxyl radical generation [237]. Photolysis at pH 2 did not generate the

solvated electron, but did yield the triplet state observed in organic media. Thus, this

compound exhibits the potential to generate more than one type of reactive inter-

mediate in aqueous solutions [238, 239]. A recent high-level configuration interac-

tion (SAC-CI) computational study of the photoionization of NPT in solutions

simulated by a polarizable continuum model (PCM) indicates that the thione form

of NPT is approximately 8–10 kcal/mol more stable than the thiol form, depending

on the solvent field [240]. The same study confirmed that the photoionization

reaction is most likely associated with charge transfer between the anion and water.

The kinetics of both the pyrithiyl radical and its N-oxyl analogue (60, generated by

photoionization, λmax ¼ 365 nm) were studied by the laser flash photolysis of their

respective disulfides [241]. The authors found that in general 60 behaves as a thiyl radical

– it dimerizes at diffusion controlled rates, and undergoes addition to alkenes, albeit at a

rate significantly slower than the pyrithiyl radical observed from dissociation of NPT.

Much of the interest in NPT lies in its ability to generate hydroxyl radicals

photochemically under biological conditions, to study their subsequent damage of

nucleic acids [242]. This facet of reactivity has engendered a number of studies:

Chaulk et al. studied RNA cleavage by photolysis of NPT as a potential hydroxyl

radical “footprinting” methodology [243]. Douki et al. used NPT photolysis to study

hydroxyl radical induced oxidation of deoxyguanosine [244], and Telo utilized NPT

as a hydroxyl radical source for EPR studies of radical anions derived from reaction of

hydroxyl with uric acids [245]. Vrantza et al. synthesized deoxyguanosine derivatives

tethered to NPT groups: photolysis of these species led to the formation N-deoxygen-
ated species, the loss of the pyrithione group, and glycosidic bond cleavage [246].

The zinc complex of NPT (61) is used as a marine anti-fouling agent, and as a

component of various personal care products, and so its fate in natural waters is of

interest. Sakkas et al. demonstrated that the primary products of photolysis of 61 in

water under simulated solar irradiation were disulfide products with varying

degrees of deoxygenation at nitrogen. Photolysis is accelerated by the presence of

dissolved organic matter and nitrate [247].
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Aveline and Redmond also considered the photochemistry of the isomeric N-
hydroxy-4-pyrithione [248]. The photochemistry of this compound is complicated

somewhat by the fact that it exists in an equilibrium of tautomers (62/620), the
position of which is strongly dependent on solvent (the form 62 favored in less polar

solvents, Scheme 35). Unlike the 2-isomer, photolysis of N-hydroxypyrithione 62

does not yield hydroxyl radical, and the photochemistry is dominated by triplet

chemistry (including quenching by starting material, not shown in Scheme 35).

Photolysis of the N-oxide form leads to photodissociation of the S–H bond.

The N-alkoxyl-2-pyrithiones, by analogy with their hydroxyl analogues, also

undergo photolysis with homolytic N–O bond cleavage to generate alkoxyl radi-

cals, which are capable of guanine oxidation and ultimately DNA strand cleavage

[249] and cell damage [250].

Arnone et al. have performed a number of theoretical studies in order to elucidate

the mechanism of the photoreaction [251], and to design functionalized derivatives

[252] or alternative structures of photochemical precursors [253] that avoid undesirable

photolysis in ambient visible light. High-level CASPT2 calculations onN-methoxy-2-

pyrithione suggest that dissociation occurs following a π! π* transition to the S2 state
(the S1 state arising from an n ! π* transition). The authors also indicate that in the

case of the N-hydroxy analogue, dissociation occurs from the π ! π* S1 state, due to
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the stabilization of sulfur non-bonding orbitals by internal hydrogen bonding interac-

tions with O–H [251].

The synthetic utility of these species has been demonstrated by Hartung et al.,

who photolyzed pent-4-enyloxy derivatives of NPT and structurally similar thia-

zole-2(3H )-thiones in BrCCl3 to yield α-bromomethyltetrahydrofurans (Scheme

36) [254–257]. Hartung et al. demonstrated with chiral alcohol derivatives that the

alkoxypyridinethiones could be generated with inversion of stereochemistry at the

alcoholic carbon [258].

5.2 Barton Esters

The use of pyridine-2-thioneoxycarbonyl (PTOC) esters as carbon-centered radical

precursors was developed so extensively by the group of Barton that these com-

pounds are commonly referred to as Barton esters. These species are readily

prepared from acyl halides [259], and thermally decompose to yield alkyl radicals.

The photochemistry of these species closely mimics the thermal chemistry: photo-

excitation leads to N–O bond scission with high quantum yield (Φ ~ 0.5), and the

(typically) rapid decarboxylation of the formed acyloxy radicals leads to the

formation of alkyl radicals (Scheme 37). Both the pyrithiyl and carbon-centered

radicals may attack the sulfur of the PTOC ester [260], the latter reversibly [261],

leading to the generation of an additional equivalent of acyloxy radical.

Barton’s group used these compounds to generate alkyl radicals (including

radicals derived from amino acids) [262] capable of addition to a range of alkenes

in both intra- [263] and inter-molecular modes [264–267]. Similar reactions may be

observed for azo-compounds to generate hydrazine derivatives [268]. Alkylation of

heteroarenes may be achieved via alkyl radical attack on their heteroarenium salts

[269]. Alkyl radicals generated from Barton esters will attack xanthates, leading to

an overall deoxygenation of alcohols (the Barton McCombie reaction) – the

presence of a sulfone group on an adjacent carbon leads to formation of alkenes

[270]. In a similar vein, carboxylic acids may be two-carbon homologated to

α-ketocarboxylic acids via Barton esters [271]. Single carbon homologation is

achieved by radical attack on isocyanides [272].

Certain acyloxy radicals will not decarboxylate rapidly, and will exhibit chem-

istry similar to alkyl radicals to yield sulfenyl esters [273]. Similar species were

observed in matrix isolation studies of NPT, where photogenerated hydroxyl radical

reacted with pyrithiyl to generate 2-hydroxysulfanylpyridine [274].
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The photochemistry of Barton esters proceeds cleanly, with useful quantum yields

[260, 275], making these esters useful free radical precursors for LFP studies (partic-

ularly as their absorption maxima are near 355 nm, making them accessible to

photoexcitation by Nd-YAG lasers[276], although it can be shown that these species

may also decompose via two-photon processes) [277]. In particular, Newcomb’s group
has used a number of Barton ester precursors for alkyl radicals as part of their LFP

investigations of fast radical rearrangements [278–281], so-called radical clock reac-

tions. Barton esters have been used as precursors of enol ether radical cations via

fragmentation of β-phosphatoxy radicals (Scheme 38) [282], and have been used to

establish radicalcation“clock”cyclizationand fragmentation reactions [283,284].Sim-

ilar reactions occur for other good leaving groups, such as mesylates [285].

These same methods may also be used in product distribution studies: Boyles and

Carpenter used the Barton ester to compare and contrast the chemistry observed for a

free radical with that from a structurally similar singlet biradical [286]. Recently,

Kawamoto et al. used Barton ester photochemistry to estimate the rate of hydrogen

atom abstraction by alkyl radicals from cyanoborohydrides [287].

Barton esters may also be used to generate alkyl radicals from tellurides photochem-

ically, where an alkyl radical generated by Barton ester undergoes a group transfer

reactionwith an alkyl aryl telluride (this reactiondoes not occur for sulfides and selenides)

[288]. Attack of alkyl radicals formed fromBarton esters on sulfur leads to the formation

of thiols [289]. The photolysis of Barton esters in halogenated solvents (CCl4, CBrCl3 or

CF3CH2I) will yield halides, in high yields in the case of bromination [290, 291].

Alkyl radicals photogenerated from Barton esters may be shown to cleave

duplex [292], and supercoiled DNA [293], and Castagnino et al. have studied the

photorelease of alkyl radicals from non-polar Barton esters incorporated in cyclo-

dextrin hosts as a potential therapeutic vehicle [294]. Aveline and Redmond

utilized Barton esters (3, R ¼ benzyl, dimethylphenyl, tert-butyl) to assess their

phototoxicity as carbon centered radical precursors, relative to NPT (see above) and

a benzoyl derivative (3, R ¼ Ph) as oxygen centered radical precursors, the latter

due to the slow decarboxylation of the benzyloxyl radical [295]. The photochem-

istry of both alkyl (adamantyl) and aryl (nicotinyl) Barton esters was used to assess

the radical scavenging properties of chitosan [296].

The photochemistry of Barton esters has been used synthetically to generate

quinone sesquiterpene natural products, where the critical step is the addition of a

photochemically generated sesquiterpene alkyl radical to a suitably substituted

quinone [297]. In addition, Barton ester photolysis may be utilized to generate

heavily halogenated ring systems by reacting but-3-enylradicals with CF2CCl2
[298], and fused oxirane ring systems may be obtained by photochemical
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generation of oxiranyl radicals [299]. The generation of enolate radical cations

from photolysis of β-phosphatoxy Barton esters (Scheme 38), when trapped with

allyl alcohol, provides a synthetic pathway to spirocyclic ethers via radical cycli-

zation [300]. Incorporation of Barton ester groups on styrene leads to the formation

of polymeric materials that can be used photochemically to generate the so-called

hyperbranched copolymeric materials [301].

Species that might be thought of as Barton carbonates will yield carbonatyl

radicals on photolysis. Decarboxylation of the carbonatyl radical is slower than that

of the acyloxy radical, so much that these species may be trapped by internal

cyclization onto alkenyl side chains to generate cyclic carbonates [302]. Fragmen-

tation to generate phenoxyl radical is more facile, and Barton carbonates have been

used as photochemical precursors of phenoxyl radicals [303], and semiquinones

(including semiubiquinones, Scheme 39) [304]. These species disproportionate in

solution to yield quinones and hydroquinones, although the authors indicate that

under certain circumstances, a formal disproportionation may occur between

semiquinone and pyrithiyl radical.

Barton carbamates (63) have been used to generate N-centered radicals (Scheme

40) [305]. Esker and Newcomb have photochemically generated amidyl radicals

from carbamates (R1 ¼ alkyl, R2 ¼ acyl); where R1 contains a double bond,

cyclization is possible [306]. Burdi et al. have generated tryptophanyl radicals

from the carbamate derivative 64 by LFP [307].

N O
N

O

S

CO2CH2CH3

NHCOCH3

(64)

O

O
O

N

OCH3H3CO

HO

R
S

R =

hn

O

O
O

N

OCH3H3CO

HO

R

S

O

CO2

OCH3H3CO

HO

R

Scheme 39 Formation of oxygen-centered radicals from Barton carbonates

N O
N

O

R2

R1

S

hn
N O

N
O

R2

R1

S
(63)

N
R2

R1

+ CO2

Scheme 40 Formation of nitrogen-centered radicals from Barton carbamates

142 J.S. Poole



In an analog of earlier work involving the synthesis of selenoethers [308], Fong

and Schiesser have generated an iminyl radical indirectly from photolysis of Barton

ester 65, followed by decarboxylation and loss of formaldehyde to generate

1,2-benzoselenazole (Scheme 41) [309].

In addition to pyridine-2-thiones, free radicals have also been photochemically

generated from 1-acyloxy-2(1H )pyrimidine-2-thiones (66) [310].

N
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6 Concluding Remarks

As has been noted before, the photochemistry of heteroarene N-oxides is rich and

varied, and there remain some mechanistic questions to be resolved. Some mech-

anistic insight may be gained from continuing mechanistic investigation of nitrene

and azirine species. One of the issues yet to be resolved arises from the differences

observed in photochemistry from aprotic to protic solvents, with particular empha-

sis on examples such as the fragmentation of pyridine N-oxides in basic aqueous

solutions, and the changes in photochemistry observed for quinoline N-oxides
observed in Scheme 15. Advances in computational methodologies, including the

incorporation of solvation effects, may be able to provide some clarity as to the

nature of the lowest singlet excited state for the N-oxides and possible intermediates

such as 6 in non-polar, polar, and protic environments (with the additional caveat

that the N-oxide group is capable of hydrogen bonding, and specific solvent-solute

interactions may need to be considered). The oxidative capabilities of these species

appear to arise from mechanisms arising from singlet fragmentation to yield O(3P),

or to mechanisms involving electron transfer reactions.
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On the experimental side, spectroscopic techniques such as laser flash photolysis

and time resolved infra-red spectroscopy provide the ability to resolve the primary

photochemistry of these species. Traditional product distribution studies have

always been confounded by problems of secondary photochemistry, as well as

instability of products upon workup.

The photochemistry of N-oxides and their derivatives plays a significant role in

synthesis, polymer science, as well as medicinal and biological chemistry. Continuing

development of compounds with these functional groups drives us toward understand-

ing their photochemistry – a clearer picture has arisen over time, but there remain

worthwhile problems to solve both experimentally and computationally.
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