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Chiral heteroaromatic N-oxides can work as powerful electron-pair donors, providing suitable electronic

environments in the transition state formed within the reaction. The nucleophilicity of the oxygen atom in N-oxides,

coupled with a high affinity of silicon to oxygen, represent ideal properties for the development of synthetic

methodology based on nucleophilic activation of organosilicon reagents.

chiral heteroaromatic N-oxides  organocatalysis  asymmetric transformations stereoselectivity

1. Chiral Heteroaromatic N-Oxides as Organocatalysts

Properties of heteroaromatic N-oxides can be classified as strong Lewis bases because of N-O bond polarization

. They are able to activate the C-Si bond in halosilane compounds (Lewis acids), which makes them perfect

mediators for allylation and crotylation of aldehydes with allyltrichlorosilanes, which are called Sakurai–Hosomi–

Denmark-type reactions (see Scheme 1). This explains why allylation is the most popular testing reaction and is

very well examined. It has also become a standard testing ground for new chiral Lewis basic organocatalysts 

. The good selectivity is obtained when the catalyst allows the reaction to proceed via a closed cyclic chair-like

transition state involving hypervalent silicates, as shown in Scheme 1. Additionally, the resulting homoallylic

alcohols are considered the cornerstones of organic synthesis. Mostly, they are used in the synthesis of numerous

natural products as building blocks but also in the synthesis of drug candidates and other functional molecules 

. Apart from allylation there were also reported examples of using N-oxides in the catalytic ring-opening

of meso-epoxides , propargylation , allenylation , aldol reaction  and reduction of ketoimines

.

Scheme 1. Lewis base (LB) catalyzed allylation of aldehydes with substituted allyltrichlorosilanes.

1.1. Axially Chiral N-Oxides and N,N′-Dioxides
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The first mention of N-oxides and their catalytic asymmetric applications were related to those, containing axial

chirality and were developed by Nakajima et al. . Initially, compounds were based on 4,4’-biquinoline and 2,2’-

bipyridine N,N′-dioxide backbones (1 and 2, see Figure 1) which, apart from Nakajima’s work, were also

investigated by Feng and coworkers . A little later, Kotora et al. synthesized N-oxides with tetrahydroisoquinoline

 and bis(tetrahydroisoquinoline) frameworks . It is worth to highlight that organocatalysts 1 and 2 give, so

far, one of the highest results (both in terms of yield and enantioselectivity) in the allylation of benzaldehyde with

allyltrichlorosilane (85%, 88% ee (R) and 95%, 84% ee (S) respectively). Chang et al. received an analog of 1,

containing ethyl instead of methyl groups (3, see Figure 1) and describe their application as organocatalyst (10

mol%) in allylation of 4- metoxybenzaldehyde with allyltrichlorosilane. The chiral product was obtained with high

enantiomeric purity (92% ee) with satisfactory yield 66% , which slightly exceeds the result obtained with the

application of 1.

Figure 1. N-oxides possessing an axial element of chirality ((aR,R,S)-7, which possess also central chirality is

placed here due to the similarity of the structure).

1.2. N-Oxides Possessing Central Chirality

Much more attention through the past decade has been given to compounds with central chirality. The report of

Mlostoń and Jurczak from 2009 deserves to be mentioned . Authors presented novel chiral C2-symmetric

bisimidazole-N-oxides 9 (see Figure 2), derived from trans-1,2-diaminocyclohexane, thereby breaking the

tendency of catalysts based on pyridine or bipyridine N-oxides. Screening of catalysts in the reaction of

benzaldehyde with allyltrichlorosilane showed that the presence of phenyl group in the imidazole ring (R  in 9b)

has a positive effect on the reaction efficiency (3 examples, 84–86%). Unfortunately, the introduction of two phenyl

substituents (9d), only slightly increased enantioselectivity (from 43% ee to 53% ee). However, the presence of the
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second phenyl substituent in 9d caused the inversion of the absolute configuration of obtained homoallyl alcohol.

To improve the catalytic efficiency, different options of catalyst loading for (R,R)-9d, as well as reaction temperature

was checked. The best result (90%, 64% ee) has been received for a reaction carried out at 0 °C with 10 mol% of

(R,R)-9d. Also, estimation for a scope of aldehyde substrates was done. Higher enantioselectivity for m-

substituted, than for o-substituted benzaldehydes was noticed. The highest asymmetric induction was observed for

heteroaromatic aldehydes—furfural (76% ee) and thiophene-2-carboxyaldehyde (80% ee).

Figure 2. N-oxides possessing a central element of chirality.

Boyd presented the synthetic pathway to obtain bipyridine N-oxide derivatives 10 and corresponding N,N’-dioxides

11 , showed in Figure 2. It was found that the allylation reaction is slower when using the mono N-oxides, and

thus, the reactions applying them were carried out at higher temperatures (0 °C or −40 °C, 24 h), compared with

those using the corresponding N,N’- dioxides (−78 °C, 12 h). In that case, although the mono- and dioxides were
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applied to allylation of the same aldehydes with allyltrichlorosilane, it is difficult to compare the results

unambiguously. The optimal enantioselectivity was observed in the allylation of 4-methoxybenzaldehyde as a

substrate, using either N-oxides 10 (56–86% ee) or corresponding N,N’-dioxides 11 (59–80% ee), compared to

allylation of benzaldehyde (24–35% ee and 14–26% ee). The highest enantioselectivity (86% ee) was observed in

allylation of 4-methoxybenzaldehyde using 10b as a catalyst. Despite the clear difference in the enantioselectivity

of these reactions, their yields did not differ much and were mostly in the range of 30–40% (except 10a–60–72%).

Better yields were observed when using 11 as the catalyst, and the compound 11a gave the highest induction

(80% ee).

1.3. N-Oxides with Central and Axial Chirality

An interesting direction in the exploration of catalytically useful N-oxides is the combination of two types of chirality.

Researches mainly concentrate on symmetrically or unsymmetrically substituted chiral bis(tetrahydroisoquinoline)

N,N’-dioxides (Figure 3), which with their structure resemble compound 8. In 2008 Kotora et al. synthesized

symmetrically substituted by (R)-tetrahydrofuran-2-yl dioxides 32 (see Figure 3), which were tested in the allylation

of aromatic  as well as aliphatic aldehydes . Catalysts synthesis was based on cyclotrimerization of tetrayne

with (R)-tetrahydrofuran-2-carbonitrile, followed by oxidation of received bipyridines by m-CPBA. At the end

separation of a resulted mixture of diastereoisomers was necessary. A simple column chromatography on alumina,

gave isolated yields 48% for (aR,R,R)-32 and 28% for (aS,R,R)-32. The configuration was assigned by X-ray

crystallographic analysis. In allylation of benzaldehyde, 4-trifluoromethylbenzaldehyde or 4-methoxybenzaldehyde

performed in MeCN, at −40 °C for 1 h, with 1 mol% catalyst loading, both diastereomeric catalysts were effective

. Aldehydes were converted into corresponding homoallylic alcohols almost quantitatively (entries 1, 4, 10). Only

for allylation of 4-trifluoromethylbenzaldehyde using (aR,R,R)-32 the yield was slightly lower (82%, entry 10).

Applying the same catalyst, the enantioselectivity was lower for aldehyde with an electron-withdrawing group (15%

ee in comparison to 48% ee for benzaldehyde, entry 10) and higher for aldehyde substituted with an electron-

donating group (60% ee, entry 4). When (aS,R,R)-32 was used decrease of asymmetric induction for 4-

trifluoromethylbenzaldehyde was observed again (entry 10), but for 4-methoxybenzaldehyde obtained alcohol was

a racemate (entry 4).
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Figure 3. N-Oxides possessing two types of chirality—central and axial.

1.4. Helical-Chiral N-Oxides

A completely different group of N-oxide catalysts introduced Takenaka . Seminal report from 2008,

presented synthetic route to helical-chiral pyridine N-oxides 39–41 (see Figure 4) and results of their application in

desymmetrization of meso-epoxides . The catalytic reaction was performed for two epoxides possessing

aromatic groups and two alkyl epoxides. In all cases the efficiency of the reaction was good (68–80%).

Desymmetrization of aromatic meso-epoxides was characterized by higher enantioselectivity than for aliphatic

ones (73–94% ee versus 22–65% ee). Introduction of two additional aromatic rings to 39, creating branched

structure 41, allowed to obtain in all cases the highest ee values. For 1,5-cyclooctadiene oxide, the growth of

enantioselectivity was the most visible–33% ee with 41, in comparison to racemate obtained using 39. Epoxide ring

opening of several variously substituted cis-stilbene derivatives catalyzed by 41 was also examined. It could be

concluded, that the presence of the electron-withdrawing group in cis-stilbene has no effect on enantioselectivity (2

examples, 92–94% ee) but the presence of electron-donating group slightly decreases the enantioselectivity (87%

ee).
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Figure 4. Helically chiral N-oxides.

1.5. N-Oxides Possessing Planar Chirality

Compounds bearing [2.2] paracyclophane moiety 45–48 (see Figure 5), which represents planar chiral N-oxides

should also be briefly mentioned. Rowlands et al. presented a facile synthesis of the mentioned compounds in two

steps from [2.2] paracyclophane, based on Fagnou’s direct arylation . Then, obtained compounds were applied

in the allylation of benzaldehyde with allyltrichlorosilane. For catalysts 45b and 46b, the presence of methoxy

group in their structure caused decrease of the yield and enantioselectivity and also inversion of configuration from

R to S, in comparison to corresponding unsubstituted structures 45a and 46a–from 65%, 38% ee to 52%, 36% ee

and from 72%, 38% ee to 58%, 28% ee, respectively. Unsubstituted, mixed pyridine/pyridine N-oxide catalyst 47

was less effective (55% yield and 30% ee) compare to 46a and inversion of product configuration was also

observed, which might indicate that presence of N-oxide group plays a crucial role. It is also worth to compare the

results obtained by Rowlands and coworkers with those obtained by Andrus and coworkers . The latter group

synthesized aza-paracyclophane N-oxide catalysts 48. Among them (S)-48a turned out to be a brilliant catalyst for

allylation of various aromatic and aliphatic aldehydes with allyltrichlorosilane, giving 87–95% yield and 87–96% ee

. It is puzzling whether a structure containing aza-paracyclophane N-oxide would be effective catalysts or the

presence of an oxazoline group is essential.
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Figure 5. Planar chiral N-oxides.

2. Chiral Heteroaromatic N-Oxides as Ligands for Metal
Catalysis

Over the past decade, relatively little attention has been paid to the use of chiral heteroaromatic N-oxides as

ligands for metal complexes catalyzed reactions. Several mentions come from 2002–2003 and include (S)-1-CdI

complex as a catalyst for conjugate addition of thiol to enone or enal, providing 70–78% ee , and (R)-1-Sc(OTf)

complex as a catalyst for Michael addition of β-keto ester to methyl vinyl ketone or acrolein, giving almost

quantitative yield with moderate enantioselectivity of 38–84% ee . Chiral copper (II)-terpyridine mono-N-oxide

and di-N-oxide complexes were used in asymmetric cyclopropanation of styrene . Enantiomeric excess up to

83% and yield up to 97% were achieved. Currently, rather the applications of chiral alkyl amine N-oxides (mostly

proline N-oxide derivatives) as ligands for metal complexes, in various types of asymmetric reactions, can be found

in the literature . The different direction was presented by Wolińska, who used chiral pyridine N-oxide

derivatives possessing oxazoline moiety 49–51 (see Figure 6) for the asymmetric nitroaldol reaction, catalyzed by

a copper complex. Catalysts 49, used in Henry reaction of 3-nitrobenzaldehyde , gave high efficiency (80–88%)

but unfortunately, the enantioselectivity was low (11–14% ee). Chiral 3-oxazoline pyridine N-oxides substituted by

with 1,2,4-triazine ring (50, 51)  were also examined in nitroaldol reaction of m-nitrobenzaldehyde but all

attempts resulted in racemic nitroalcohol. An external base addition was tried and some improvement has been

observed . However, enantioselectivity grows (from racemate to 41% ee) only for bases with low pKa value. The

reason for the low catalytic effectiveness may be the relatively large distance between the complexation site (N-O)

and the stereogenic center.

Figure 6. N-oxide ligands used in Cu-catalyzed nitroaldol reaction.

3. Other Applications of Pyridine N-Oxides
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Without any doubt, N-oxides are used in asymmetric organocatalysis, but also their applications in different

branches of science are of great importance. They have significant synthetic value as intermediates in multi-step

syntheses. They are widely used to various functionalization of N-heteroaromatic compounds-this mainly concerns

the C-H bond in position 2. The examples of the application of N-oxides as synthetic intermediates in the industrial

synthesis of some pharmaceuticals are also described, e.g., pranoprofen or omeprazole . Compounds

containing in their structure the 2-mercaptopyridine-N-oxide moiety have anti-cancer, bactericidal, and fungicidal

activity . N-oxides are also a crucial component in personal care products such as soaps, toothpaste,

washing agents, shampoos and cosmetics . Interesting properties of the N-O bond caused that N-oxides are

used also in materials engineering. They consist of a wide group of polymer additives, e.g., crosslinkers,

vulcanization accelerators, epoxy resin hardeners, UV absorbers or additives for stereospecific polymerization of

polypropylene . The most attention is focused on polymers with N-oxide groups e.g., hyperbranched polyimide

N-oxide, which is used as photocatalyst . Their greatest advantages, in comparison to photocatalysts based on

inorganic compounds, are easy and cost-efficient synthesis and, particularly, the possibility of visible light

absorption without the necessity of structural modifications. Another example of the photocatalyst is light

crosslinked polymers, based on triazine N-oxide fragment. It has been shown that they are effective photocatalysts,

causing degradation of methyl orange, an azo dye employed as a pH indicator . Most dyes have a very stable

structure, which makes their degradation especially difficult and uncontrolled entry of these compounds into water

affects flora and fauna. In the case of water reservoirs where there is no flow of water, it might cause

eutrophication. N-oxides are also used in coordination polymers, among which semiconductor luminescent

materials with tunable luminescence are sought. This type of material can be applied in lighting and displays, as

well as in-memory devices and sensors. As an example can be mentioned coordination polymers with symmetric

and unsymmetrical ligands-4,4′- and 2,2′-bipyridine N,N’-dioxides and N-oxides . Recent reports concern also

pH-responsive polystyrene-b-poly(4-vinylpyridine-N-oxide) membranes  and the possibility of applying the

coatings from a solution of cellulose-N-methylmorpholine-N-oxide to paper . In the first case, at low pH the pores

open (the solution flow increases), and at high pH, the pores close (the solution flow is reduced). The membrane is

synthesized by oxidation of polystyrene-b-poly(4-vinylpyridine), which shows an inverse pH response and the

presence of both forms in membrane opens up an attractive way for pH-based separations . In other cases,

depending on the composition of the coating and whether is it continuous or porous, it is possible to improve the

tear strength, print quality as well as the adhesive or antibacterial properties of the paper. It also affects fire

resistance, thermal and electrical conductivity, and the friction coefficient.
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