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Abstract — A pseudo-intramolecular process has been developed. Compounds
having both an acidic hydrogen and a functionality serve as substrates in the
present method, and immediately form an ammonium salt after the addition of an
amine. When the amine is liberated under mild equilibrium conditions, both the
nucleophilic amine and the electrophilic substrate are in proximity and efficiently
react under mild reaction conditions. Although the reaction actually concerns an
intermolecular process, it proceeds as if it were an intramolecular process. Thus,
this method forms a novel procedure for synthesizing polyfunctionalized

compounds that are not easily available via alternative methods.

1. INTRODUCTION

Functionalized heterocyclic compounds constitute a large family of versatile organic compounds, which
are used for versatile purposes such as medicines, agrochemicals, and fluorescent dyes. In order to
prepare functionalized heterocyclic compounds, three methods are generally employed: (a) direct
introduction of a functional group, (b) built-in methods that employ a functionalized building block, and
(¢) ring transformations of a cyclic compound (Scheme 1). Although direct method a is the most
successful method to obtain the functionalized heterocyclic compounds, it is often also cumbersome as
the scaffold framework is not always sufficiently reactive. Built-in method b involves the incorporation of
a functional group to form the building block, and, indeed, is a powerful method in elaborate syntheses.
Ring transformation ¢ is an equally useful method for synthesizing complex skeletons that are not readily
available by alternative methods. Although these methods are complementary to each other, new methods
based on different concepts are need of the hour.

During our investigations on the functionalization of quinolone frameworks, we found a new concept that

involves a pseudo-intramolecular process. The present review will introduce the discovery process of the
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reaction and its development into an efficient new method for the preparation of functionalized

heterocyclic compounds under mild conditions.
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Scheme 1. Commonly used preparative methods for functionalized heterocycles.

2. FUNCTIONALIZATION OF THE 1-METHYL-2-QUINOLONE FRAMEWORK

1-Methyl-2-quinolone (MeQone) is a common partial structure in more than 300 quinoline alkaloids that
are mainly isolated from the Rutaceae family of plants.® Though naturally occurring MeQone derivatives
show a wide range of biological activities and are thus of onterest in current research,” attention is now
being focused on unnatural MeQones because of their pharmacological and physiological advantages.
However, it is not easy to functionalize the MeQone framework because of slight aromaticity of the
pyridone moiety; hence, new synthesis and functionalization methods, involving simple experimental

manipulations under mild conditions, need to be developed for the MeQone framework.>*

s
() en O
H/ I T O “NO
NT O T4% [ | i 2

82%, T S .

b
0N Me [0
DM Me 1 2N Me

Scheme 2. Cycloadditions of trinitroquinolone (1).

Though most MeQone derivatives are only slightly reactive, 1-methyl-3,6,8-trinitro-2-quinolone (1)
reveals a considerably high reactivity. As steric repulsion between the 1-methyl group and the 8-nitro
groups distorts the coplanarity of the MeQone framework,” the pyridone serves as a nitroalkene rather

than an aromatic compound, facilitating the facile functionalization of the MeQone framework. Indeed,
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the nitroalkene moiety (at the 3- and 4-positions) of 1 undergoes cycloaddition with electron-rich alkenes
or dienes (Scheme 2).° Furthermore, when 1 is treated with a nucleophile (Nu), regioselective
functionalization at the 4-position occurs, accompanied by elimination of the adjacent nitro group to
afford 4-functionalized 6,8-dinitroquinolones (2), a process called cine-substitution. Though this present
reaction, it is possible to employ versatile nucleophiles such as 1,3-dicarbonyl compounds,” ketones,®

nitroalkanes,” phenoxides,'® and amines™ (Scheme 3).
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Scheme 3. cine-Substituion of 1 affording 4-functionalized 6,8-dinitroquinolone (2).

In the cine-substitution using 1,3-dicarbonyl compounds, diketones, keto esters, as well as diesters can be
employed. Interestingly, thus-prepared a-quinolyl-B-keto ester (2b) exhibited different reactivity
compared to o-quinolyl-B-diketone (2a) (Scheme 4). Though the diketone (2a) could be isolated by
column chromatography and the pyrazolylquinolone (3) could be prepared by treatment of 2a with
methylhydrazine (4a), the B-keto ester, on the other hand, was deacylated under the same conditions,

suggests that introduction of an aryl group at the a-position activates the acyl group of the 3-keto ester.
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Scheme 4. Different reactivities observed for a-quinolyl B-diketone (2a) and -keto ester (2b).
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3. a-ARYLATION OF B-KETO ESTERS AND B-DIKETONE

Compared to a-aryl-B-diketones,”? a-aryl-B-keto esters cannot always efficiently be prepared, which
might be because of the instability of the acyl group. Indeed, the preparation of a-aryl-f-keto esters using
keto esters and aryl halides generally suffers from deacylation of the products.!®> Because the above
experiments unequivocally indicated that the acyl group of keto ester is surely activated by an a-aryl
group, we employed 2,4-dinitrophenyl (DNP) moiety as an activating group. The DNP group was readily
introduced by nucleophilic substitution of sodium enolate of ethyl acetoacetate (EAA-Na) with
1-chloro-2,4-dinitrobenzene (DNP-CI). Arylated acetylacetone (AA-DNP) was similarly prepared upon
the treatment of sodium enolate of acetylacetone (AA-Na) with DNP-CIL. On the other hand, under the
same conditions, introduction of the DNP group into diethyl acetonedicarboxylate (DEAD-H) afforded a
complex mixture, presumably because of the reactivity of multiple methylene groups. This problem was
addressed by using triethylamine as a base (Scheme 5). The 'H NMR data indicated that the prepared
EAA-DNP, AA-DNP, and DEAD-DNP were present in only the enol forms only.**
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Scheme 5. a-Arylation of B-keto ester DEAD-H with DNP-CI, using triethylamine as a base.

4. TRANSACYLATION OF EAA-DNP OR AA-DNP WITH PROPYLAMINE®

When EAA-DNP was allowed to react with propylamine (5a) in chloroform, transacylation efficiently
proceeded to afford N-propylacetamide (7a) and ethyl 2,4-dinitrophenylacetate (8) in quantitative yield.
On the other hand, incubation of EAA-H with 5a under the same conditions did not lead to product
formation, indicating that the acyl group was indeed activated by the DNP group. In the presented

transacylation, ethanol as well as acetonitrile could be employed as the solvent.
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Scheme 6. Transacylation of EAA-DNP with propylamine (5a).
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In order to further study the reaction, transacylation was monitored with '"H NMR. When propylamine
(5a) was added to a solution of EAA-DNP in deuterated chloroform, ammonium enolate (6a)
immediately formed. When the signals corresponding to 6a decreased, those of transacylated products (7a
and 8) also gradually increased, without forming any detectable by-products (Scheme 6). Although the
retro-Claisen condensation is a conventional reaction in organic chemistry, it still remains an important
protocol in elaborate syntheses.”” Though this method usually requires activation by metal species or
strong base, the present transacylation reaction efficiently proceeds under mild conditions without

involving the use of any activating agent.
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Figure 1. Monitoring the transacylation of EAA-DNP with propylamine (5a) by 'H NMR.
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Similar transacylation was observed in the reaction of AA-DNP with 5a, although the reaction rate was
considerably lower than that of EAA-DNP with 5a (75% conversion after 5 d). The lower reactivity
enabled the isolation of 2a and AA-DNP by column chromatography, indicating that the activated acyl

groups of a-aryl-f-keto esters can be used in the organic synthesis.

5. TRANSACYLATION OF a-ARYL-B-KETO ESTERS WITH AMINES®

Transacylation using a-aryl-B-keto esters was also applicable to amines other than 5a (Table 1). This
reaction was considerably affected by the steric bulk of amines. During the reaction of EAA-DNP with
propylamine (5a) at room temperature, 90% of 6a was consumed within 4 h. Although transacylation of
EAA-DNP with isopropylamine (Sb) proceeded at room temperature to quantitatively afford the
corresponding products (7b and 8), 15 h reaction time was needed to obtain 90% conversion. In the case
of tert-butylamine (5c¢), the formation of ammonium enolate 6c¢ was confirmed, but subsequent

transacylation did not proceed, even not at 140 °C in a sealed tube.

Table 1. Transacylation of EAA-DNP or DEAD-DNP with various amines (5).

OH O o 0
™0 + RNH, —- A e r’ﬂ “OEt
DNP CHC DNP
EAA-DNP or 5 1d Tord ]
DEAD-DMP
R R’ Temp. / °C Product Yield / %
H Pr rt Ta quant.
H i-Pr rt 7b quant.
H t-Bu 140° Tc 0
COOEt Pr rt 9a quant.
COOEt i-Pr 62 9b quant.
COOEt t-Bu 62" 9¢ quant.
H Ph 80 Te 0
H Ph 80“¢ Te 77
COOEt Ph 62 9e trace
COOEt Ph 627 9¢ quant.
COOEt p-NO,C¢H,4 62°¢ 9g trace
COOEt p-MeOC¢Hy rt 9h quant.

“In a sealed tube. 7 days. “ In the presence of 1 equiv. of NEt;.
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Susceptibility of transacylation reactions to the steric bulk of 5 was estimated by a competition reaction
(Table 2). This reaction precisely recognized the presence of a methyl group at the a-position of the
amino group; the different positions of a methyl group between the a- and the B-positions were also
effectively distinguished. The presence of a methyl group at the B-position was also recognized, although

the selectivity was lowered.

Table 2. Competitive transacylation upon incubation with two types of amine.

i BHE R'MNH j GL_ a9
e, . 2
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Scheme 7. Regioselective acylation of diamine (5d) by DEAD-DNP-mediated transacylation.

Because unsymmetrical malonic acid derivatives (9) were easily obtained, transacylation using
DEAD-DNP exhibited a higher synthetic utility as compared to that using EAA-DNP. Because the acyl
group of DEAD-DNP is activated by an electron-withdrawing ethoxycarbonyl group, it could be
transferred to fert-butylamine (5c¢) under high-temperature conditions (Table 1). As observed for

EAA-DNP, the transacylation of DEAD-DNP was sensitive to the steric bulk of the amines used,
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enabling regioselective acylation of 1,2-diaminopropane (5d). Hence, it should be noted that the acylation
of 5d with commercially available ethoxymalonyl chloride (10)™ cannot distinguish between the different
environments of the two amino groups, and triethylamine should be added in order to trap the generated
acid. On the other hand, DEAD-DNP exclusively acrylated the terminal amino group to afford 9d without
protecting the internal amino group in the absence of base (Scheme 7).

When EAA-DNP was allowed to react with aniline (5e), no anilinium enolate (6e) was formed because of
its low basicity, not even when the reaction mixture was heated. The observed inactivity was overcome by
adding triethylamine to the reaction mixture, thereby converting EAA-DNP into triethylammonium
enolate (6f), although heating and longer reaction time were required for transacylation. During the
reaction of DEAD-DNP with several aniline derivatives, a remarkable substituent effect was observed;
while the starting p-nitroaniline (5g) was recovered, even when the mixture was heated in the presence of
triethylamine, p-methoxyaniline (5h) effectively reacted at room temperature in the absence of
triethylamine to afford amide ester (9h) (Table 1). These experimental results indicate that the initial

formation of the ammonium enolate is crucial for efficient transacylation.

6. TRANSACYLATION OF a-ARYL-B-KETO ESTERS WITH ALCOHOLS

Under harsher conditions, the less nucleophilic and less basic ethanol (11i) also reacted with EAA-DNP
in the presence of triethylamine, while O-acylation proceeded without amine protecting group when
2-(tert-butylamino)ethanol (11j) was treated with EAA-DNP (Scheme 8). It is noteworthy that the latter
reaction rate was considerably higher than that of the former in the presence of triethylamine. In the case
of 11j, formation of ammonium enolate 6j is considered to facilitate the approach of the hydroxy group to
the EAA moiety, while, at the same time, the sterically hindered fert-butyl group prevents the reaction of

the amino group with the EAA moiety.
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Scheme 8. Chemoselective transacylation of alcohols without protecting amino group.
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7. A PLAUSIBLE REACTION MECHANISM OF TRANSACYLATION

On the basis of the above experimental facts, a plausible mechanism of the present reaction is as follows
(Scheme 9). Because of steric repulsion, the EAA and DNP moieties in the keto ester are tilted with
respect to each other at an angle of ca. 60°.1> When a sterically hindered substituent is introduced at the
a-position of the carbonyl group, only the keto form is destabilized giving rise to a stable enol.2? Indeed,
only signals corresponding to the enol form were observed in the 'H NMR of EAA-DNP and
DEAD-DNP. In addition, introduction of the DNP group into EAA-H increases its acidity by

approximately 7 orders of magnitude, making EAA-DNP a stronger acid than acetic acid.'>%

Hence,
upon addition of amines, a-aryl-B-keto esters are immediately converted to the corresponding ammonium
enolates (6) accompanied by fission of the intramolecular hydrogen bond. Formation of the keto form
(12) under equilibrium conditions brings the nucleophile and electrophile (amine (5) and 12 in Scheme 9)
in proximity, and this “intimate pair” effect then results in quantitative transacylation under mild
conditions. During the nucleophilic substitution of 12 with amine (5), the benzene ring rotates to attain
coplanarity with the adjacent carbonyl group, which assists in the elimination of the transacylated product.
The steric congestion of this “intimate pair” is responsible for the sensitivity of the reaction to the
bulkiness of the nucleophile, thus enabling regio- and chemoselective reactions; a second important factor
is the equilibrium between 6 and 12. The estimated difference of heat of formationbetween the keto and
the enol forms of EAA-DNP are 35.77 kJ/mol and AA- DNP are 39.16 kJ/mol, respectively. Because a

more stable enol form cannot easily convert to the corresponding keto form, transacylation using

AA-DNP is considered to be slower than that using EAA-DNP.
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Scheme 9. A plausible mechanism of transacylation reaction of keto ester with amines.
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In the case of less basic nucleophiles such as aniline (5e) and ethanol (11i), the addition of triethylamine
was necessary for the conversion of EAA-DNP to the corresponding ammonium enolates. However,
extended reaction times and a higher reaction temperature were required because of the absence of the
intimate pair effect in the intermolecular process. Even though the mixture was heated with triethylamine,
the reaction involving aniline was quite slow. On the other hand, the reaction with p-methoxyaniline (Sh)
efficiently proceeded at room temperature in the absence of triethylamine. O-Acylation of aminoethanol

(11j) was rather fast because of the formation of the intimate pair.

8. THE CONCEPT OF PSEUDO-INTRAMOLECULAR PROCESS

Transacylation efficiently proceeds via the intimate pair intermediate, which is reminiscent of an
intramolecular process even though the reaction actually concerns an intermolecular process. Hence, we
named the present reaction pseudo-intramolecular. The general concept of the pseudo-intramolecular
process is illustrated in Scheme 10. First, an acidic hydrogen attracts an amine by forming an ammonium
salt. When this amine is liberated under equilibrium, the nucleophilic amine and the electrophilic
substrate are situated in proximity, forming an intimate pair. This spatial proximity enables an efficient
reaction, which even though it actually concerns in an intermolecular process, proceeds similar to an

intramolecular process.

RMH;

FG"J““] ANH; @ = ,:f;;f
ge FG ]_ g

inlimate pair

Scheme 10. Concept of “pseudo-intramolecular process”.

The present reaction process requires a substrate that has an acidic hydrogen
as well as a second functionality. The acidic hydrogen atom functions as a
lure for attracting the amine, followed by an attack by the functional group,

which is reminiscent to the way in which a football fish attracts its prey. With

respect to oa-aryl-B-keto esters, the acidity of the hydrogen at the geminal
position is increased by the aryl group’s steric bulk. Therefore, we considered the electron-withdrawing

nitro group to be useful for substrate activation.
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9. TRANSACYLATION USING a-NITRO-B-KETO ESTERS*

Nitration of B-keto esters was readily accomplished by Laikhter’s method® using two-phase reaction
conditions (dichloromethane/sulfuric acid) to afford DEAD-NO; (Scheme 11). The electron-withdrawing
properties of the nitro group of DEAD-NO; prevent the formation of polynitrated keto esters during
nitration of DEAD-H. Because only nitrated compound DEAD-NO; dissolved in the organic layer, it

could easily be isolated from the reaction mixture by separating the organic layer after nitration.

a O O O 0 0
I NN temingHNO,  §
-~ - ~
El0 OEt Hz50./CHCls EtC T DEl
MO
DEAD-H 0 - -5 g
86% DEAD-NO,

Scheme 11. Nitration of DEAD-H by Laikhter’s method.

When a mixture of the resulting 2-nitro-3-oxoester (DEAD-NQO,;) and propylamine (5a) in
dichloromethane was stirred at room temperature for 1 d, nucleophilic substitution of the central carbonyl
group quantitatively proceeded to give amide ester (9a) along with ethyl nitroacetate (13). The same
DEAD-NO; could be employed in subsequent reactions without requiring any further increase in its
concentration or purification. The transacylation reaction was similarly effective when bulkier amines

(5b) and (5¢) were employed (Table 3).

Table 3. Transacylation of DEAD-NO, with amines or alcohols.

o o o o o
AN +  Mu-H 1
El0” 7 7 ost H Solv. Et0” 7 TMu
NO, 1d
S5or1d Sorid
DEAD-NO,
Nu-H Solv. Temp. / °C Product Yield / %
PrNH, S5a CH,(CI, rt 9a quant.
i-PrNH, 5b CH,Cl, 40 9b 62
t-BuNH, 5¢ CH,Cl, 40 9¢ 41
MeOH 11k MeOH rt 14k 92
MeOH* 11k CHCI; 60 14k 89
i-PrOH 11m i-PrOH 65 14m 59
-BuOH 11n -BuOH 807 14n 38

“ Five equivalents of MeOH were used. ” Reaction time: 3 days. ¢ #-BuOK was added.
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Because a strongly electron-withdrawing nitro group activates the adjacent carbonyl group more than the
DNP group, alcohols could also be employed as nucleophiles.®* When a solution of DEAD-NO, in
methanol (11k) was stirred at room temperature, unsymmetrical diester (14k) was obtained in high yield.
The amount of methanol (11k) could be decreased to 5 molar equivalents by conducting the reaction in a
chloroform solution under reflux conditions (Table 3). In addition, sterically hindered isopropanol (11m)
and tert-butyl alcohol (11n) could also be employed, yielding diesters (14m and 14n) in moderate yield,

although the latter compound necessitated the addition of potassium terz-butoxide.

10. STUDY ON REACTION MECHANISM

To clarify the transacylation mechanism, we monitored the reactions of DEAD-NQO; and propylamine
/methanol at room temperature by '"HNMR using chloroform-d as the solvent. Initially, signals for the
diastereotopic protons at the 4-position of DEAD-NO, were observed separately. However, upon the
addition of propylamine (S5a), the signals instantaneously merged while those corresponding to the
N-methylene protons of 5a shifted from 2.6 to 3.0 ppm. These changes indicated that the amine (5a)
abstracts a hydrogen at the 2-position of DEAD-NQO,, forming ammonium nitronate (15a). The signals
corresponding to 9a and 13 gradually increased while those of 15a decreased, leading to the complete
consumption of 15a within 3 h. However, upon the reaction of DEAD-NQO; with methanol (11k), the
diastereotopic methylene signals were stable, indicating that a nitronate 15a did not form. Indeed, 30 h of
reaction time were required for the consumption of 15a. In summary, these results indicated that the
former reaction proceeds via a pseudo-intramolecular process through the formation of ammonium
nitronate (15); on the other hand, the latter reaction proceeds only slowly because of the sluggishness of

the intermolecular process, in addition to the low nucleophilicity of methanol (11k).

Table 4. Comparison between the reactivity of aminoethanol (110) and ethanol (11p) with DEAD-NQO;.

O 0O 0 o O
J I L+ ron e M
EtO = CDCly  EtD OR
MMaorNlp 24°C
NO, 1do or 14p
DEAD-NO;

ROH Concentration/ mM  Time/h Yield / %
Me,NCH,CH,OH 124 2 90
Me,NCH,CH,OH 62 2 90

EtOH 124 2 6

EtOH 124 6 17

EtOH 62 6 3
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To confirm the accelerating effect of intimate pair formation, we monitored the reaction of
2-dimethylaminoethanol (110; 124 mM) and ethanol (11p; 124 mM) with DEAD-NO, by '"H NMR, using
chloroform-d as the solvent at 24 °C. Both the nucleophiles underwent O-acylation with DEAD-NO; to
give the corresponding diesters (140 and 14p). In the case of aminoethanol (110), the respective salt
(150) immediately formed after the addition of 110. A significant difference in the reactivity was observed
between the alcohols (110 and 11p). Although the reaction of 110 with 13 afforded 140 in 90% yield after
2 h, 14p was obtained in only 6% yield after the same reaction period. The reactivity of ethanol (11p) did
not increase when triethylamine was added to the reaction mixture, supporting the assumption that the
reaction of 110 proceeds via a pseudo-intramolecular process, in which an intimate pair is formed upon
deprotonation of DEAD-NQO; by the dimethylamino group (Table 4 and Scheme 12). Further experiments
under diluted conditions allowed us to determine whether the reaction proceeded via a
pseudo-intramolecular process or an intermolecular process. When the concentration of both DEAD-NO,
and (11p; 62 mM) were decreased to half their original value, the yield of 14p after 6 h substantially
decreased from 17% to 3%, suggesting that the reaction proceeds via an intermolecular mechanism. On
the other hand, aminoalcohol (110; 62 mM) was readily converted to 110 (90% after 2 h) despite being

diluted, supporting the pseudo-intramolecular process.
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Scheme 12. A plausible mechanism for the O-acylation of aminoethanol (110).

11. a-NITRO-3-KETO NITRILE

So far, the transacylation reaction was shown to proceed via a pseudo-intramolecular process, enabling a
highly efficient reaction under mild conditions. This observation prompted us to expand the concept to
other types of syntheses. Because the substrate for the pseudo-intramolecular reaction requires an acidic

hydrogen to recruit the amine as well as a second functional group, many compounds should exist that
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satisfy these criteria, where the molecular design and synthesis are not expected to be exceptionally
difficult. Hence, it is anticipated that the pseudo-intramolecular process can be applied to general organic
synthesis.

In the course of our study, we synthesized a considerable number of nitro compounds. The pyridinium
salt of nitroisoxazolone (16), for example, revealed a versatile reactivity, allowing the preparation of

2331 4-Nitro-8-keto nitrile (17) whose structure satisfies the

polyfunctionalized compounds (Scheme 13).
two criteria for a substrates in the pseudo-intramolecular reaction, was easily prepared by the ring
opening of pyridinium salt (16) followed by treatment with excess of acetone in one-pot.2* Here, we focus
on the structural features of 17, and our attempts to synthesize polyfunctionalized heterocycles using the

pseudo-intramolecular process.
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Scheme 13. Diverse reactivity of nitroisoxazolones.

12. SYNTHESIS OF 1,4-DIHYDROPYRIDINES?*

Addition of propylamine (5a) to a solution of keto nitrile (17) in acetonitrile resulted in the quantitative
formation of ammonium salt (18a), as indicated by a strong absorption of the cyano group in the IR
spectrum, which is a typical feature of the o-cyanonitronate framework. When a solution of 18a in
acetonitrile was heated under reflux, 3-nitro-2-propylamino-1,4-dihydropyridine (19a) was isolated in
71% yield. Although the transacylation reaction gave no by-product, several unidentified products were
formed during reaction. This presumably results from side reactions caused by the presence of multiple
functionalities on keto nitrile (17). A plausible mechanism for the present pseudo-intramolecular reaction
is illustrated in Scheme 14. Upon the heating of ammonium salt (18a), amine is expelled under

equilibrium to give an intimate pair (20). The liberated amine then attacks the proximate cyano group,
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which then attacks the acyl group to form a six-membered ring. Subsequent dehydration and proton
transfer form dihydropyridine (19a).

On the other hand, bulkier amines such as isopropylamine (Sb), terz-butylamine (Sc¢), and aniline (Se) did
not result in cyclization. The high sensitivity to steric hindrance is because of the congestion around the
reaction site of intimate pair (20). Insertion of a methylene group, which acts as a spacer between the
bulky group and the amino functional group, facilitated the cyclization to afford dihydropyridines
(19q—u), (Table 5). Because frameworks that contain both donor and acceptor moieties are often found as
partial structures of functional materials such as molecular electronic devices, chromophores, and
nonlinear optics,>> the present reaction will supplement conventional methods for preparing

1,4-dihydropyridines.

et 0
A NO; 5(_,, N {,:R./ NO;
LN SR ™. oy Y
b b b § b Co RN
M PriNH. M oML M BN
17 Sa 18a : =

ntimate pair 20

H MO
H < 2 I-|I-|—\‘-f MO, - HaD MOz
- Ol 2+ P HO. JFH ||
MM ur}'xﬁ'%’ Pr N -Pr
H
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Scheme 14. A plausible mechanism for formation of dihydropyridine (19a).

Table 5. Reactions of keto nitrile (17) with other amines (5).

[, MO,
||
T -R

O
.lexMwG” + ANH,

M

) Yo g, TN

R Product Yield / %
Et-CH,- 19a 71
i-Pr-CH,- 19q 63
t-Bu-CH;- 19r 48
c-Hex-CH,- 19s 59
Ph-CH,- 19t 80

(MeO),CH-CH,- 19u 74
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13. SYNTHESIS OF DIAZEPINE*

As stated above, a-nitro-d-keto nitrile (17) exhibits multiple functionalities. When a dinucleophilic
reagent is employed instead of monoamine, both nucleophilic and electrophilic sites remain within spatial
proximity, even after the formation of the ammonium salt. These sites will readily react to afford a new
framework. On the basis of this assumption, the reaction of keto nitrile (17) with various dinucleophilic
hydrazines (4) was studied.

When keto nitrile (17) was allowed to react with unsubstituted hydrazine (4b) at room temperature in
acetonitrile, diazepine (21) was obtained in 63% yield. The key step in this reaction involves hydrazone
formation via the pseudo-intramolecular process through the hydrazinium salt (22b) to afford hydrazone
(23), which then undergoes ring closure by nucleophilic attack on the cyano group (Scheme 15).
Interestingly, methylhydrazine (4a) exhibited a clearly different reactivity under the same reaction
conditions, which was considerably more complicated, giving rise to an intractable mixture. A similarly
complex reaction mixture was observed during the reaction of 17 with the bulky #-butylhydrazine (4¢). In
each case, the corresponding diazepines (24a and 24c) could possibly have been formed, yet isolation
failed because of the instability of the compounds. In the case of the unsubstituted hydrazine (4b),

diazepine (24b) could be converted to a stable form such as 21 by tautomerization (Scheme 15).

+ " A .
) ‘_':‘:,l'. M H-N_F:IHH 1l NH "
‘ =M NHNHR 4 H.. " Ml
,.JJ'L“-\J’ "H-r;jc 2 ||EI s -.éfN[:._ - M L.
7l t, 48 h “ A d \
22 . 23 d
R, MNH NH;
.-N_.!! A=H ML
M “-,r_-ND;_ -— N e M R=Me a
i i B30, i / H b
e ‘-m.-f"l:.ll_ __.--'"H"'%-H-"J'T LBu g
24 21

Scheme 15. Formation of diazepine (21) involving the pseudo-intramolecular hydrazonation.

During the present reaction, six-membered ring formation is also possible, as shown in Scheme 16. To
elucidate a plausible reaction pathway, density functional theory (DFT) calculations for simplified model
compound (25), bearing no methyl group at the B-position, were performed. Comparison of the activation
energies of either transition state showed that the activation energy for the seven-membered ring is lower
than that for the six-membered ring. Water plays an important role in the former mechanism; owing to the
proximity of these functional groups, a water molecule interacts with both the cyano and the amino

groups to undergo a water-assisted ring construction.
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Scheme 16. Calculated activation energies (£a) for different ring-closure modes, as estimated by DFT

calculations.

14. SYNTHESIS OF PYRIDAZINES™

Although formation of the intermediate hydrazone (such as 23) has been suggested, as illustrated in
Scheme 15, the intermediates were generally too reactive to be isolated. Hence, we attempted the
isolation of the hydrazones by using aromatic hydrazines. Indeed, the use of electron-deficient
4-nitrophenylhydrazine (4d) and 2,4-dinitrophenylhydrazine (4e) enabled to isolate the hydrazones (23d
and 23e) in quantitative yields: both the compounds spontaneously precipitated from solution within 3 h
of the addition of 4d and 4e to a solution of 17 (Scheme 17). When the isolated hydrazone (23d) in
DMSO was left to stand at room temperature for 1 d, a crystalline product was afforded, whose spectral
data quite significantly differed from that expected for the corresponding diazepine, indicating the
product to be pyridazine (26d) (Scheme 17). Using a similar procedure (70 °C),
2,4-dinitrophenylhydrazone (23e) could be transformed to the pyridazine (26e) in 69% yield.

NOLC
A" ,N 4-NO,CH NHNH., 4d MNHCHLND, 2 5H4
’/I'L;,_, . .-' Tl ._'- ll.- .-__M ND
N-EIH M-a1|:b£|h A TR L
: " i, 24 h
17 08% NO:
23d 86

Scheme 17. Hydrazonation of o-nitro-d-keto nitrile (17) and subsequent ring closure to afford

pyridazines (26d).
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It was observed that the pseudo-intramolecular hydrazonation of keto nitrile (17) afforded hydrazones
(23) upon treatment with hydrazines (4), displaying a distinct reactivity depending on the substituent.
These differences are attributed to the inherent basicities and nucleophilicities of the hydrazones. For the
unsubstituted and alkyl substituted hydrazones (23a—c), the nucleophilicity of nitrogens led to quick ring
closure, affording the diazepines (24a—c), from which 24b could be converted to the stable 21. For
aromatic hydrazones (23d and 23e), the aromatic ring bearing an electron-withdrawing substituent
stabilizes the hydrazone and decreases the nucleophilicity of the neighboring nitrogen. When these
hydrazones were heated in a polar solvent, tautomerization of the nitro group occurred, affording nitronic
acids (27e and 27f); the a-carbon of the cyano group was sufficiently electrophilic to allow attack by the
anilino nitrogen to form the pyridazine frameworks of 26d and 26e. DFT calculations
(B3LYP/6-31++G*) on model compounds (28 and 29) showed the electrophilicity of the nitronic acid
carbon (C,) to be considerably higher than that of the cyano group, which is in good agreement with the

experimental results (Figure 2).

Mea +0.011 au Me -0.817 au
Hop Hey, /7
g e

" .'E-::' Pt e B '|:-.'
T p —
~ FH T +1.173 au
N* N2
o o HO™ O
28 29

Figure 2. Electron density of model compounds (28 and 29), as estimated by DFT calculations.

15. TANDEM BICYCLIZATION USING DIAMINES®

Judging on the abovementioned results obtained from the use of hydrazines, we considered that
pseudo-intramolecular imination should unequivocally proceed at the carbonyl group when diamines such
as 30 were employed. As illustrated in Scheme 18 for 1,2-diaminoethane (30a), the reaction is initiated by
the deprotonation of the a-carbon of d-keto nitrile (17) to afford ammonium salt (31a), which brings the
two reactants, (17 and 31a) in proximity, giving rise to pseudo-intramolecular imination and yielding
zwitterionic imine (32a). When imine (32a) is heated, a small quantity of amine (33a) is formed under the
equilibrium conditions, and the nucleophilic character of the amino group and the electrophilic character
of the cyano group become reversed. As a result, two rings are simultaneously constructed by the
nucleophilic attack of the amino group on the imino carbon and the subsequent attack of the imino

nitrogen on the cyano group, yielding bicyclic product (34a) in 76% yield.
g yano group, y g bicyclic p y
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Scheme 18. A plausible mechanism for the tandem bicyclization of keto nitrile (17).

Table 6. Synthesis of diazabicyclic compounds (34 and 36) from keto nitrile (17) and diamines (30).

Mot
0 /A .
R A R Y. A
A M en Y o
PR T = A S AR
MO, H A1h B0O°C, 2h Hg” ™
17 (A" = Me) 30 .
35 (R' = H) 3R =Me)
36 (B = H)
R! R’ R’ n Product Yield/%
Me H H 1 34a 76
H H H 1 36 26
Me H Me 1 34b, 34b°¢ 65
Me Et H 1 34c¢ 79
Me H H 2 34d 85
Me H H 3 34e 23

“ A mixture of two regioisomers was formed in a 1:1 ratio.

The formation of 36 from 35 via bicyclization indicates that the presence of two methyl groups at the
B-position of the d-keto nitrile is not required for this reaction. When 1,2-diaminopropane (30b) was
employed, an equimolar mixture of regioisomers (34b and 34b’) formed, indicating that the initial
imination was unaffected by the presence of a methyl group on the ethylene chain. The reactivity of
diamine (32c¢), which carries an N-ethyl group, was similar to that of the unsubstituted diamine (32a), and
a bicyclic product (34¢) was obtained, leading us to conclude that the N-ethyl group did not interfere with

the reaction. This is noteworthy because it suggests that, in the present reaction, the primary amino group
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is preferred over the secondary amino group, even though they display similar basicity. It was furthermore
possible to construct relatively large condensed rings by employing diamines (32d and 32e). Indeed,
when wusing 1,3-diaminopropane (32d) was employed, bicyclization proceeded to afford
diazabicyclo[4.4.0]decane (34d) in 85% vyield. The use of 1,4-diaminobutane (32e) resulted in the
formation of a seven-membered ring.

Though a-nitro-6-keto nitrile (17) quantitatively affords 32a, d6-keto nitrile (37), which does not carry a
nitro group, remains unreacted, even after treatment with diamine (30a) under the same conditions as
those used for the preparation of 32a (Scheme 19). This result indicates that the presence of a nitro group
is prerequisite for the initial imination step. Because there are three carbons between the two functional
groups (the cyano group and the keto group) in 17, the nitro group cannot activate the carbonyl group by
an electron-withdrawing inductive effect. Therefore, the main role of the nitro group is to make the
a-hydrogen more acidic so that it can interact with diamine (30a) to form ammonium salt (32a), which is

an essential step in triggering the pseudo-intramolecular process, as shown in Scheme 18.

P _.-N H: %
Ha™ ™% HaN T
ﬁ ._.-Huh_q____.EN 30a l.-".'::? M
T y I
MalCM CH
ar r, 1h R

Scheme 19. Reaction of keto nitrile (37) with diamine (30a).

16. SYNTHESIS OF BICYCLIC COMPOUND FROM o-NITRO-3-KETO ESTER

a-Nitro-0-keto ester (38), which is easily prepared by the Michael addition of ethyl nitroacetate to
chalcone, could also be employed as a substrate. Indeed, this compound also satisfies the two criteria to
act as a substrate in the pseudo-intramolecular process. As expected, bicyclic compound (39) was
precipitated in 64% yield as a white solid from a solution of keto ester (38) and diamine (30a) in ethanol
(Scheme 20). Thus, the present bicyclization method involving a pseudo-intramolecular process is not

only applicable to a-nitro-d-keto nitriles (17 and 35) but also to a-nitro-6-keto ester (38).

O
o Ph O J_L
|I'. - N':I"
,JLV -0Et  HoN._—~~ TN T T
Ph H + NHz 4 Lv
O.H J0a EtOH N~ ""-.Fl|_I
Z rt, 1 d H Bh
28 G 29

Scheme 20. Bicyclization reaction of keto ester (38) and diamine (30a).
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17. CONCLUSION

A reaction concept involving a pseudo-intramolecular process was developed and applied to the
synthesis of polyfunctionalized heterocycles. Compounds that satisfied the two criteria —presence of an
acidic hydrogen and additional functional group(s)— could serve as substrates in the present process.
These requirements do not pose strict limitations on the substrate’s molecular design and synthesis.

When a suitable substrate was allowed to react with an amine, an intimate pair formed via the
intermediate ammonium salt, in which the nucleophilic amine and the electrophilic substrate are situated
in proximity to each other. This spatial proximity enables an efficient reaction and proceeds as if it were
an intramolecular process, even though it actually is an intramolecular process. Indeed, the reaction
efficiently proceeds under mild conditions without forming considerable amounts of by-products.
Furthermore, the steric congestion of the intimate pair makes the reaction sensitive to the bulkiness of the
nucleophile, which enables reactions to be conducted in a regio- and chemoselective manner.

The present method can be conducted by simple manipulations, under air, without being affected by
moisture, and affords multiply functionalized compounds that can be further converted into many new
compounds. Hence, the pseudo-intramolecular reaction is expected to emerge as a powerful tool in the

synthesis of polyfunctionalized compounds that cannot be prepared by alternative methods.
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