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ABSTRACT: A one-step transformation of heterocyclic N-oxides to 2-alkyl,, aryl,
and alkenyl-substituted N-heterocycles is described. The success of this broad-scope :”" ]: A ]
methodology hinges on the combination of copper catalysis and activation by “: N*

lithium fluoride or magnesium chloride. The utility of this method for the late-stage
modification of complex N-heterocycles is exemplified by facile syntheses of new
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structural analogues of several antimalarial, antimicrobial, and fungicidal agents.

ubstituted N-heterocycles are important structural motifs of

bioactive compounds and advanced materials.' Hence,
methods that allow for regioselective construction of C— C
bonds to N-heterocycles have attracted continuous attention.>
In particular, introduction of substituents in the C2-position of
pyridines, quinolines, and related six-membered nitrogenous
heterocycles is an important strategy in heterocyclic synthesis
that represents a significant synthetic challenge.> One of the
most commonly used strategies is based on transition-metal-
catalyzed couphng reactions of organometallic reagents with 2-
haloazmes, which are prepared from the corresponding N-
oxides® (Scheme 1). However, despite its widespread use, this
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route has significant drawbacks. The synthesis of 2-haloazines
from the N-oxides is low yielding due to poor regioselectivity.
In addition, although significant progress has been achieved in
the development of catalytic coupling reactions of 2-haloazines,
most of the methods focus on construction of aryl—heteroaryl
bonds. A more recent strategy that has been developed by
Fagnou and other groups entails Pd- catalyzed CH functional-
ization of the heterocyclic N-oxides.® However, a reduction of
the N—O bond is required to produce the corresponding 2-
substituted N-heterocycles, and excess N-oxide is needed to
achieve good yields. It would be, therefore, advantageous to
devise a direct one-step method for regioselective conversion of
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heterocyclic N-oxides to 2-substituted N-heterocycles. We
herein report a coupling reaction of heterocyclic N-oxides
with Grignard reagents that directly affords 2-aryl-, alkyl-, and
alkenyl-substituted N-heterocycles regioselectively and in good
to excellent yields.

Grignard reagents have previously been known to react with
heterocyclic N-oxides to give predominantly, depending on
reaction conditions and the structure of the heterocyclic core,
variable ratios of addition and ring-opening products (Scheme
1). Based on early work by Kellog,7a Shiess,7b and Kato,®
Almgvist and Olsson” as well as Duan'® have significantly
improved the versatility of the method and showed that both
products can subsequently be converted to 2-alkyl- and aryl-
substituted N-heterocycles on treatment with dehydrating
reagents in a stepwise fashion.

We began our study by examining the reaction between
quinoline N-oxide and isopropylmagnesium chloride (Table 1)
in diethyl ether. While formation of product 3 was not observed
upon reaction of 1 and 2 in the absence of a catalyst, a yield of
53% was achieved in the presence of 10 mol % of copper(I)
chloride. Iron(II) chloride was less effective, leading to complex
reaction mixtures and a 36% yield of 3. Attempts to augment
the activity of the copper and iron catalysts by using phosphine,
NHC, and amine ligands were not successful. Similarly, cobalt
and nickel exhibited no appreciable catalytic activity (entries S—
7). Further experiments showed that copper(I) chloride was
superior to other copper(I) and copper(I) salts (e.g., entries 8
and 9).

Solvents were found to have a notable effect on the reaction
efficiency. Ethereal solvents (diethyl ether and methyl tert-butyl
ether) proved to be the optimal reaction media, while
formation of substantial amounts of side products was observed
in tetrahydrofuran (THF), toluene (entries 10 and 11), and
other nonethereal solvents. Ambient temperature (23 °C) was
found to be optimal, while diminished yields of coupling
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Table 1. Optimization of the Reaction Conditions.”
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PRl as
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1 & (10 mol %) 3
entry catalyst additive®  solvent  temp (°C)  yield (%)

1 Et,O 23 0
2 CuCl Et,O 23 53
3 FeCl, Et,0 23 36
4¢ FeCl,/SIMes THEF 23 0
5 CoCl, Et,0 23

6 Ni(PPh,),Cl, THF 23 3
7 NiCl,-dme Et,0 23

8 CuCl, Et,O 23 17
9 CuBr Et,O 23 21
10 CuCl THF 23 45
11 CuCl PhMe 23 38
12 CucCl Et,0 0 44
13 CuCl Et,O —20 25
14 CuCl Et,O S50 42
15 cuCl Licl Et,0 23 67
16 CuCl ZnBr, Et,0 23 0
17 CuCl tmeda Et,0 23 2
18 CuCl MgCl,  Et,0 23 95
19  cucl MgF, Et,0 23 37
20 CuCl LiF Et,0 23 96

“Reaction conditions: 1 (0.17 mmol), 2 (1. 5 equiv), catalyst (10 mol
%) in solvent (1 mL) under Ar for 12 h. ”1.5 equiv. “SIMes =1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene.

product 3 were observed at lower (—20 and 0 °C) and higher
(50 °C, in a sealed vessel) temperatures (entries 13 and 14).

In an effort to improve the yield, we then turned our
attention to additives, since it is known that the reactivity of
organomagnesium'' and organocopper'” species can be
modulated by Lewis acids and bases.

Encouragingly, addition of LiCl improved the yield to 67%.
At the same time, zinc bromide and N,N,N’,N’-tetramethyle-
thylenediamine (tmeda) completely suppressed the coupling
(entries 16 and 17). Surprisingly, when the reaction was run in
the presence of magnesium chloride, a clean conversion of N-
oxide 1 into product 3 took place (entry 18, 95% yield). It is
interesting that other magnesium salts (e.g., fluoride, entry 19)
were much less effective. On the other hand, lithium fluoride
exhibited comparable efficiency to magnesium chloride (entry
20).

After completion of the optimization study, we set out to
explore the scope of the novel method with other Grignard
reagents (16 reagents) and heterocyclic N-oxides (12
substrates) (Figure 1).

The reaction generally shows a broad scope for both
counterparts. Thus, both primary and secondary alkylmagne-
sium halides proved to be suitable nucleophiles for the reaction
with substituted quinoline, pyridine, and isoquinoline N-oxides
giving rise to the corresponding products in a highly
regioselective fashion.

Similarly, arylmagnesium halides afforded the desired
products in good yields; e.g., the o-tolyl group can be installed
in 61% yield. 2-Propenylmagnesium bromide also proved to be
a suitable nucleophile. With respect to the N-oxide counter-
parts, quinoline, isoquinoline, pyridine, phenanthridine, pyr-
azine, and quinoxaline N-oxides are viable substrates.
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Figure 1. Scope of the Azine N-Oxides and Grignard Reagents. (a)
Reaction conditions: 4 (0.17—1.3 mmol), RMgX (1.5—4 equiv),
MgCl, or LiF (1.5—4 equiv), catalyst (5—10 mol %), Et,0 (c = 0.2
M), at 23 °C under Ar for 12 h. (b) RMgCl was used as a nucleophile.
(c) The reaction was run with RMgBr. (d) RMgl was used. (e) The
reaction was run with LiF as an additive.

Halogenated substrates undergo chemoselective reaction at
the C2-position with Grignard reagents under these conditions,
including 4-chloroquinoline that is known to be Jprone to facile
nucleophilic displacement of the 4-chloro group.”” The hydroxy
group is also well tolerated, provided that an additional
equivalent of a Grignard reagent is added. The reaction has
been successfully carried out on preparative scale (e.g., 3 g of 2-
phenylquinoline from 1 and phenylmagnesium chloride) with a
94% yield.

The new method has been used for the synthesis of several
derivatives of biologically relevant heterocycles. 2'-Isopropyl-
and 2’-phenyl-substituted dihydrocinchonidine derivatives 6a,b
have been prepared from N-oxide 7 in 65 and 37% yields
(Scheme 2).

Similarly, antimicrobial drug chlorquinaldol 8a (63%) and
the 2-cyclohexyl analogue 8b (84%) have been accessed from
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Scheme 2. Synthesis of 2-Substituted Derivatives of
Cinchonidine, Chlorquinaldol, Cloxyquin, and Quinoxyfen
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N-oxide 9a as well as 2-methyl and 2-(m-methoxyphenyl)
derivatives 8c,d of an antimicrobial drug cloxyquin from N-
oxide 9b. In addition, the 2-phenyl derivative of selective
agrochemical fungicide quinoxyfen (Quintec) 10 has been
prepared in 68% yield.

The chemoselective preference for the C2-addition in 4-
chloroquinoline N-oxides has been exploited for a regioselective
synthesis of new structural analogues of antimalarial drugs
amodiaquine and chloroquine (Scheme 3). Both 4-amino-
quinolines have long been considered as the most important
drugs for the treatment and prophylaxis of malaria.'* However,
the emergence of widespread parasite resistance to these drugs
in every region where P. falciparum is prevalent has spurred
interest in new 4-aminoquinolines with improved pharmaco-
logical profiles.'® In addition, chloroquine has recently
demonstrated promising antitumor,'® antirheumatic,’” and
antiviral activities."®

The amodiaquine derivatives 11a,b were prepared in 42 and
77% combined yields from N-oxide 12 in two steps. The
copper-catalyzed reaction with a Grignard reagent and
magnesium chloride was followed by a condensation of
quinolines 13 with aniline 14. Similarly, chloroquine derivatives
15a,b that bear 2-cyclohexyl and 2-ethyl groups have been
synthesized in two steps by way of converting N-oxide 12 into
quinolines 16, followed by a samarium triflate catalyzed
displacement reaction with amine 17.

In conclusion, we have developed a direct catalytic synthesis
of 2-substituted nitrogenous heterocycles from Grignard
reagents and N-oxides. Magnesium chloride and lithium
fluoride have been identified as additives that drastically
improve the chemoselectivity of the reaction. The reported
transformation of heterocyclic N-oxides to 2-substituted
heterocycles can be used to access heterocyclic scaffolds of
practical synthetic and medicinal value as exemplified by facile
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Scheme 3. Preparation of 2-Substituted Derivatives of
Amodiaquine and Chloroquine
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late-stage modification of several antimalarial, antimicrobial,
and fungicidal agents.
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