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Facile one-pot synthesis of 5-alkylidene-2,3,5,6,7,8-
hexahydroimidazo[1,2-a]pyridines
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A straightforward and efficient one-pot protocol for the synthesis of 5-alkylidene-2,3,5,6,7,8-hexahydroimidazo[1,2-
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a]pyridines is reported. When subjected to the reaction with ethylenediamine in refluxing dioxane, bis-a,B-alkynic ketones,

i.e. 1,9-diarylnona-2,7-diyne-1,9-diones, afford 5-alkylidene-2,3,5,6,7,8-hexahydroimidazo[1,2-a]pyridines. Generation of

three new C-N bonds, along with one C-C bond cleavage, during the reaction leads to the construction of unknown fused

five- and six-membered heterocyclic ring systems. The reaction goes through an imidazoline intermediate. Similarly, the

reaction of bis-a,B-alkynic ketones with 1,2-propylenediamine produces 2-methyl-substituted hexahydroimidazo[1,2-

a]pyridines. The skeletal diversity of the synthesized hexahydroimidazo[1,2-a]pyridines may be of use in pharmaceutical and

medicinal chemistry as the new and novel molecular entities and structural leads.

Introduction

Imidazo[1,2-alpyridine (IP) (1) and derivatives have emerged as
valuable structural features in pharmaceutical and material science
because of their easy availability, great stability and a wide range of
biological and material properties they possess (Scheme 1).1 In fact,
IP consists of five-membered imidazole moiety fused with six-
membered pyridine ring and constitutes one of the most important
bridgehead (ring junction) N-containing heterocyclic cores due to its
common appearance in the structures of numerous natural products
and drugs.? IPs have been reported to display a diverse range of
biological properties, including antiulcer, anticonvulsant, antifungal,
antiviral, anticancer, antiprotozoal, antibacterial, anti-inflammatory,
anthelmintic, analgesic, antituberculosis, antipyretic, antiepileptic,
and antitumor activities.3 They also act at various targets including
enzymes (CDK, MEK, PI3K and GSK3), receptors (ALK-5, KDR, mGIuRS5,
5HT, MHC-R1, H3, D4 and GABAA) and infectious agents (HCMV, VZV,
HSV-1, CXCR4 and CCR5).34 Moreover, they form the core structures
of a range of drugs, including Zolpidem (hypnotic, used in the
treatment of insomnia), Necopidem and Saripidem (sedative and
anxiolytic agent), Microprofen (prostanoid signaling modulator,
analgesic and NSAID) and Olprinone (for treatment of acute heart
failure) (Scheme 2).>¢ Importantly, benzo-fused and partially
reduced derivatives also exhibit interesting biological activities. For
instance, compound | is a useful potassium ion channel modulator
for treatment of neurological disorders.” Compound Il shows
cytotoxicity to the human cancer cell line MCF-7.8 Compound lll has
a high affinity for a peripheral benzodiazepine receptor and displays
anticancer activity as well (Scheme 2).° So, over the years, many
fruitful, mild and productive strategies have been developed for the
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synthesis of IPs and new variants continue to emerge due to their
immense importance.0
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Imidazo[1,2-a]pyridine 2,3,5,6,7,8-Hexahydroimidazol[1,2-a]pyridine
(IP) (2,3,5,6,7,8-HIP)

Scheme 1 Structures of imidazo[1,2-a]pyridine (IP) and 2,3,5,6,7,8-
hexahydroimidazo[1,2-a]pyridine (2,3,5,6,7,8-HIP)
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Scheme 2 Representative examples of imidazo[1,2-a]pyridine
containing compounds
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Scheme 3 Synthetic approaches for the synthesis of 2,3,5,6,7,8-
hexahydroimidazo[1,2-a]pyridines and their octahydro- and benzo-
fused derivatives

Sometimes, as compared to the parent compounds, partially
reduced derivatives may be more important from the point of view
of biological activity and material properties. Notably,
hexahydroimidazo[1,2-a]pyridines (HIPs) are less known.l In
particular, 2,3,5,6,7,8-hexahydroimidazo[1,2-a]pyridines
(2,3,5,6,7,8-HIPs)  (2) (Scheme 1), called also 1,7-
dizabicyclo[4.3.0]non-6-enes, are very limited and, to the best of our
knowledge, only a few examples of these molecules are available
(Scheme 3).1215 As shown by Mikhlina, Vorob'eva and Yakhontov,
catalytic hydrogenation of 2-(pyridin-2-ylamino)ethanol provided 2-
(3,4,5,6-tetrahydropyridin-2-ylamino)ethanol, which, upon
chlorination with thionyl chloride, followed by intramolecular
cyclization, generated 2,3,5,6,7,8-HIP (Scheme 3a).12 Anderson
research group displayed that the reaction of valerolactam
(piperidin-2-one) with 2-aminoethanol in the presence of
hydrochloric afforded 2-(3,4,5,6-tetrahydropyridin-2-
ylamino)ethanol, which, upon reaction with thionyl chloride,
produced 2,3,5,6,7,8-HIP (Scheme 3b).3 On the other hand,
Yamamoto research group first prepared 6-ethoxy-2,3,4,5-
tetrahydropyridine by the reaction of valerolactam with
triethyloxonium tetrafluoroborate. Then its reaction with aziridine
afforded  6-aziridin-1-yl-2,3,4,5-tetrahydropyridine.  Finally, its
rearrangement with molecular iodine or trimethylsilyl iodide gave
2,3,5,6,7,8-HIP (Scheme 3c).1* Similarly, Birman research group
prepared 6-methoxy-2,3,4,5-tetrahydropyridine derivative by the
reaction of valerolactam with dimethyl sulfate, which, upon reaction
with 2-aminoethanol hydrochloride, followed by treatment with
thionyl chloride, vyielded 2,3,5,6,7,8-HIP (Scheme 3d).1> It is
noteworthy as a close study that Liu and coworkers synthesized

acid

2| J. Name., 2012, 00, 1-3

alkyne-tethered benzimidazoles from the corresponding,S:hexyneic
acid methyl ester, o-phenylenediamine an®@ylOiddides> AR BASRA
investigated their intramolecular cyclizations under few conditions.16
These reactions led to formation of 1-alkylidene-1,2,3,4-
tetrahydrobenzo[4,5]imidazo[1,2-alpyridines  or  their iodo-
substituted derivatives depending upon the reagents (Scheme 3e).16
Easwar and coworkers investigated the reactions of cyclic Morita—
Baylis—Hillman ketones with ethylenediamine derivatives (Scheme
3f).17 The conjugate addition of diamine, followed by retro-Mannich
reaction, vyielded an imidazolinyl-substituted 1,3-diketone
intermediate, in which the condensation of secondary amine with
ketone afforded octahydroimidazo[1,2-a]pyridine
Notably, the value of 2,3,5,6,7,8-HIPs has been underrepresented in
medicinal chemistry due to the lack of efficient synthetic strategies.
An ever-growing aspect of these studies is to find novel derivatives,
which may provide a new mode of action for the treatment of a
specific disease. Accordingly, there is a continuous need to develop
new methodologies for the synthesis of such compounds since it may
increase their significance and potential in the related fields.
Vasilevsky and Alabugin reported that the reaction of diaryl-
substituted a,B-alkynic ketones with ethylenediamine (EDA) led to
formation of 2-aryl-4,5-dihydro-1H-imidazoles and aryl methyl
ketones (Scheme 4a).1® In fact, this reaction first proceeds by the
sequential bis-conjugate addition of EDA, yielding an imidazoline
intermediate, and then by the concerted retro-Mannich reaction of
imidazoline to afford 4,5-dihydro-1H-imidazole and aryl methyl
ketone.’® Due to our ongoing interest in the synthesis of new
heterocyclic molecules as potential pharmaceuticals and scaffolds,®
we have anticipated that the reaction of bis-a,B-alkynic ketones 1
with EDA might
provide dihydroimidazolyl-substituted a,B-alkynic ketones 2 (i.e. 6-
(4,5-dihydro-1H-imidazol-2-yl)hex-2-yn-1-ones) by a
mechanism, which could then undergo intramolecular conjugate
addition to vyield 5-alkylidene-2,3,5,6,7,8-hexahydroimidazo[1,2-
alpyridines 3 (Scheme 4b). To the best of our knowledge, this
approach has not been utilized previously for the synthesis of such

derivatives.

(namely 1,9-diarylnona-2,7-diyne-1,9-diones)

similar

hexahydroimidazo[1,2-a]pyridines 3. To our delight, we have found
that when treated with EDA in refluxing dioxane, bis-a,B-alkynic
the 5-alkylidene-2,3,5,6,7,8-
hexahydroimidazo[1,2-a]pyridines 3 in one-pot manner (Scheme 4b).

ketones 1 produced unknown
Notably, the formation of these molecules by the intramolecular
cyclization of linear precursors also represents a valuable tool in
terms of the synthetic methodology. Herein, we report the

preliminary results of this study.
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(b) This study: Synthesis of 5-alkylidene-2,3,5,6,7,8-hexahydroimidazo[1,2-a]pyridines
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Scheme 4 Strategies for the synthesis of 4,5-dihydro-1H-imidazoles
and 5-alkylidene-2,3,5,6,7,8-hexahydroimidazo[1,2-a]pyridines
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Results and discussion

Initially, we synthesized the necessary starting materials, i.e.
symmetrical and unsymmetrical bis-a,B-alkynic ketones 1 and 6,
respectively, according to similar literature protocols as depicted in
Scheme 5.20 When subjected to Sonogashira coupling with aryloyl
chlorides under palladium catalysis, 1,6-heptadiyne afforded doubly-
coupled symmetrical bis-a,B-alkynic ketones 1 and mono-coupled
a,B-alkynic ketones 5. Notably, bis-a,B-alkynic ketones 1 were
obtained as the major products from these reactions. We
synthesized 16 derivatives of bis-a,B-alkynic ketones 1, the yields of
which ranged between 33 and 64%. Mono-coupled a,B-alkynic
ketones 5 were also resulted from these reactions as the minor
products. Unfortunately, their formation could not be prevented.
The yields of mono-coupled a,B-alkynic ketones 5 varied between 6-
48% vyields. When needed, mono-coupled a,B-alkynic ketones 5
could be subjected once again to Sonogashira coupling with the same
aryloyl chlorides to generate symmetrical bis-a,B-alkynic ketones 1.
On the other hand, Sonogashira coupling of a,B-alkynic ketones 5
with different aryloyl chlorides afforded unsymmetrical bis-a,B-
alkynic ketones 6 (Scheme 5). By employing this approach, we
synthesized three derivatives of unsymmetrical bis-a,B-alkynic
ketones 6, the yields of which were varied between 40-72%. For the
identities and yields of the synthesized mono- and bis-a,B-alkynic
ketones 1, 5 and 6, see Supplementary Information.

[e} (o]
AN =z RN Z R i
) PACI,(PPh3), Ri cl
4 (1.0 equiv) (@ molo) 1 (1.2 equiv)
+ _ - +
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Scheme 5 Synthesis of bis-a,3-Alkynic Ketones

With bis-a,B-alkynic ketones in hand, we next investigated their
reactions with EDA. In order to test the reaction and optimize the
conditions, we examined the reaction of 1,9-diphenylnona-2,7-
diyne-1,9-dione (1a) with EDA as the model reaction as depicted in
Table 1. We first tried the reaction with 1.0, 2.0 and 3.0 equivalents
of EDA in refluxing dioxane, which afforded 5-alkylidene-2,3,5,6,7,8-
hexahydroimidazo[1,2-a]pyridine (HIP) 3a in 41-54% vyields (Table 1,
entries 1-3). Among them, the highest yield (54%) of product 3a was
obtained with 2.0 equiv. of EDA. When the same reaction was carried
out at room temperature, no any products were obtained (Table 1,
entry 4). We tested the reaction in the concentrated condition and
pressure tube as well (Table 1, entries 5 and 6), but the yields of 3a
(37 and 40%, respectively) did not improve. Then we tried the
reaction in refluxing toluene by using 1.0 and 2.0 equivalents of EDA,
generating HIP 3a in 48 and 53% yields, respectively (Table 1, entries
7 and 8). Notably, the reactions with 2.0 equiv of EDA in dioxane and

This journal is © The Royal Society of Chemistry 20xx

Organic& Biomolecular Chemistry

toluene at reflux conditions furnished HIP 3a in very clage,yiglds (54%
vs 53%). After these results, we continued®EHel P86 6mORMEIS 20
equivalents of EDA. The reaction in refluxing p-xylene furnished HIP
3a in 45% yield (Table 1, entry 9). Notably, longer reaction time at
high temperature somewhat decreased the yield of HIP 3a (35%),
possibly due to decomposition (Table 1, entry 10). Subsequently, we
performed the reaction in acetonitrile and chloroform, yielding HIP
3ain 31 and 37% yields, respectively (Table 1, entries 11 and 12). We
tested the reaction in alcohols and water as well (Table 1, entries 13-
18). Among them, the highest yield (44%) of product 3a was
observed in methanol. The reactions in butanol and water did not
produce any products (Table 1, entries 17 and 18). At last, we tried
the reaction in N,N-dimethylformamide and dimethyl sulfoxide at
120 °C (Table 1, entries 19 and 20). The reaction in DMF produced
the expected product 3a in 35% yield, but that in DMSO did not give
any products. It should be mentioned that during the optimization
reactions in Table 1, if the cyclization product HIP 3a formed, a
methyl ketone derivative 7a, namely acetophenone, was also
obtained from these reactions in varying yields (11-43%). This is
because the formation of dihydroimidazole moiety of intermediate
2a occurs along with the formation of acetophenone (7a) as it will be
discussed in the mechanism. In summary, the generality and
substrate coverage of the reaction was demonstrated by employing
1.0 and 2.0 equivalents of bis-a,B-alkynic ketones and EDA,
respectively, in refluxing dioxane.

Interestingly, HIP 3a was obtained as a single isomer from these
reactions although in principle it could result as the E or Z isomer or
a mixture of both isomers. We took NOESY spectrum of 3a in order
to assign the configuration of the exo double bond (see
Supplementary information). showed a
overhauser effect (NOE) arising from a through-space interaction

Spectrum nuclear
between vinylic hydrogen and methylene hydrogens adjacent to
tertiary nitrogen atom, as depicted in Table 1. Therefore, the
configuration of the exo double bond of 3a was defined as the E.
Afterwards, we explored the scope and limitations of the
methodology by employing a variety of bis-a,B-alkynic ketones 1 to
access 5-alkylidene-2,3,5,6,7,8-hexahydroimidazo[1,2-a]pyridines 3
(Table 2). It should be mentioned that hexahydroimidazol[1,2-
a]pyridines 3 are generally quite polar compounds and therefore
their characterization through column chromatography has been
laborious, but we have succeeded their isolation in most cases. In
fact, all reactions proceeded smoothly and provided the expected
hexahydroimidazo[1,2-a]pyridines 3. Importantly, during the course
of the reactions, three new C-N bonds were formed along with one
C-C bond cleavage, which enabled the formation of new fused five-
and six-membered heterocyclic ring systems 3. Overall, we
synthesized 16 derivatives of hexahydroimidazo[1,2-a]pyridines 3,
the yields of which changed from 17 to 56%. Halogen bonds play an
important role in medicinal chemistry because of their ability to
delicately influence drug-target interactions, such as binding affinity,
selectivity, structural rigidity and conformation control, and
absorption, distribution, metabolism and excretion (ADME)
properties of a drug.?! In particular, fluorine atoms can significantly
affect the biological activity, stability, and pharmacokinetics of
drugs.22 Therefore, we synthesized eight derivatives (3i-p) of
halogen-containing hexahydroimidazo[1,2-a]pyridines in 21-56%
yields. During the synthesis of hexahydroimidazo[1,2-a]pyridines 3,
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g Table 1 Optimization of the reaction conditions®?
é o) o) N2 °
% P™ == Ph , * Ph)j\CH3
8 Solvent, Temp., Time
o 7a
E' é 3a
g é Entry Equiv of EDA¢ Solvent Temp. (°C) Time (h) Yield of 3a (%) Yield of 7a (%)¢
% Z; 1 1.0 Dioxane 101 5 51 n.d.
23 2 2.0 Dioxane 101 4 54 41
g g 3 3.0 Dioxane 101 7 41 n.d.
g é 4 2.0 Dioxane rt 20 - -
g8 5 2.0 Dioxane 101 5 37 12
g % 6 2.0 Dioxane 101 5 40 n.d.
% 2 7 1.0 Toluene 110 3 48 n.d.
g § 8 2.0 Toluene 110 3 53 20
5 8 9 2.0 p-Xylene 138 2 45 29
g g 10 2.0 p-Xylene 138 6 35 n.d.
% % 11 2.0 MeCN 82 6 31 n.d.
-g 2 12 2.0 CHCls 62 6 37 13
g - 13 2.0 MeOH 65 6 44 11
< 14 2.0 EtOH 78 2 39 40
g‘ 15 2.0 n-Propanol 97 7 15 n.d.
& 16 2.0 Isopropanol 825 8 16 n.d.
17 2.0 n-BuOH 117 4 - -
18 2.0 Water 100 7 - -
199 2.0 DMF 120 6 35 43
20 2.0 DMSO 120 45 - -

9Reactions were performed on a scale of 0.25 mmol of 1,9-diphenylnona-2,7-diyne-1,9-dione (1a) in 5 mL of solvent under indicated conditions unless noted.
For workup and purification, see Experimental section and Supplementary information. ?Isolated yields. ‘Equivalency is given according to that of the starting
bis-a, B-alkynic ketone 1a.“n.d. = Yield not determined. ¢This reaction was carried out in a pressure tube by using 2.5 mL of solvent./This reaction was performed
in a pressure tube. 9This reaction was performed in 2 mL of solvent.
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o)
NH
0] 0] HzN/\/ ’ R o]
|
R \\ 4 R N + RJKCH3
Dioxane, Reflux C
N 7
1
3
o) o
(\N Me (\N Et (CH2)6CH3
N= N N=
3a (54%) (43%)° (42%) 3¢ (50%) (17%)
7a (41%) (33%)° (52%) 7c (39%) (44%)
O OMe o)
(\N OMe (\N SMe NMe,
N= N N= N
e (43%) £ (32%) 3g (46%) h (22%)
e (37%) (48%) 79 (n.d.) h (32%)
o) 0
Br Cl
I |
(\N (\N Br
N= N N= N
3i (56%) 3j (46%) 3k (28%) 31 (29%)
7i (n.d.) 7j (n.d.) 7k (60%) 71 (15%)
o} 0
- O
N= N N=
3m (32%) (48%) 30 (55%) p (21%)
7m (27%) (n d.) 70 (n.d.) ( 3%)

9Reactions were performed on a scale of 0.25 mmol of bis-a,8-alkynic ketones 1 and 0.50 mmol of ethylenediamine in 5 mL of dioxane at reflux. For workup
and purification, see Experimental section. %Isolated yields. ‘For the identities of aryl methyl ketones 7, see Supplementary information. n.d. = Yield not
determined. ¢Yield of the product obtained from the reaction performed on a 2.40 mmol scale of bis-a,B-alkynic ketones 1a (see Supplementary information).

aryl methyl ketones 7 were also resulted from these reactions in
varying amounts (15-60%) (Table 2). Notably, aryl methyl ketones
have emerged as the valuable precursors and intermediates for the
synthesis of a variety of medicinally important heterocycles.? It is
noteworth that the expected products hexahydroimidazo[1,2-
a]pyridine 3 and aryl methyl ketone 7 from a particular starting bis-
a,B-alkynic ketone 1 should form in a one-to-one ratio as evident
from their formation mechanism (Scheme 6). However, we were not
able to obtain these products in a one-to-one ratio from the column
chromatography. Possibly, they decomposed and/or underwent side

This journal is © The Royal Society of Chemistry 20xx

reactions to some extent. A similar situation was observed by
Vasilevsky and Alabugin during the isolation of 4,5-dihydro-1H-
imidazoles along with aryl methyl ketones (Scheme 4a).28 It is
noteworthy that we carried out the reaction of bis-a,B-alkynic
ketones 1a on a relatively larger scale (2.40 mmol) as well, which
generated hexahydroimidazo[1,2-a]pyridine 3a in 43% vyield, along
with acetophenone (7a) in 33% yield (Table 2). Although yields are
slightly lower than those in a small scale, it certainly indicates the
practical utility of the method as a synthetic tool.
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Table 3 Synthesis of 2-methyl-substituted 5-alkylidene-2,3,5,6,7,8-hexahydroimidazo[1,2-a]pyridinesa<¢

)\/NH2

HoN

AN

(6]
R Q\N RJ\CH
Dioxane, Reflux H3C—(\ _ 8
N 7

+
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9Reactions were performed on a scale of 0.25 mmol of bis-a,8-alkynic ketones 1 and 0.50 mmol of 1,2-propylenediamine in 5 mL of dioxane at reflux. For
workup and purification, see Experimental section. ®Isolated yields. For the identities of aryl methyl ketones 7, see Supplementary information.

In order to further widen the array of products, we also examined
the reaction of several bis-a,B-alkynic ketones 1 with 1,2-
propylenediamine (PDA) (1,2-diaminopropane) (Table 3). Although,
in princible, these reactions could produce two possible products,
they afforded 2-methyl-substituted 5-alkylidene-2,3,5,6,7,8-
hexahydroimidazo[1,2-a]pyridines 8, along with aryl methyl ketones
7. Notably, 3-methyl-substituted hexahydroimidazo[1,2-alpyridines
9 did not form in these reactions or formed in very low yields, which
escaped from the isolation. The position of the methyl group was
determined by an NOESY measurement. As depicted in Table 3,
NOESY spectrum of 8a showed NOE interactions between vinylic
hydrogen and diasterotopic methylene hydrogens (see also
Supplementary information), proving the indicated structure of 8a.
In fact, we synthesized five derivatives of 2-methyl-substituted HIPs
8in 23—-45% yields, along with the corresponding aryl methyl ketones
7 in 8-65% yields (Table 3). It should be noted that since the racemic
(achiral) PDA was used in these reactions, the racemic (achiral)
products 8 were obtained.

We investigated the reactions of few unsymmetrical bis-a,f-
alkynic ketones 6 with EDA as well. However, these reactions were

not clean and produced a mixture of inseparable products, from
which the expected products could not be isolated purely and their
clean NMR spectra could not be obtained. Consequently, we did not
devote much effort to the reactions of unsymmetrical bis-a,B-alkynic
ketones 6 with EDA.

The proposed mechanism for the synthesis of 5-alkylidene-
2,3,5,6,7,8-hexahydroimidazo[1,2-a]pyridines 3 is given in Scheme 6.
First, intermolecular conjugate (Michael-like) addition of EDA to bis-
a,B-alkynic ketone 1 generates B-enaminone 10. Then B-enaminone
10 undergoes a 5-exo-trig cyclization to afford imidazolidine 11 via
intramolecular conjugate (Michael-like) addition of primary amine
functionality to enaminone moiety. Subsequently, intermediate 11
experiences a retro-Mannich fragmentation via a six-membered
transition state to produce dihydroimidazolyl-substituted a,B-alkynic
ketone 2 along with aryl methyl ketone 7 after tauomerization. It
should be noted that formation of a,B-alkynic ketones 2 and aryl
methyl ketones 7 in these reactions is consistent with the findings of
earlier researchers.18 Finally, 6-exo-dig cyclization through another
intramolecular conjugate (Michael-like) addition at 2 provides the
corresponding hexahydroimidazo[1,2-a]pyridine 3 (Scheme 6).
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Scheme 6 Mechanism proposed for the formation of 5-alkylidene-
2,3,5,6,7,8-hexahydroimidazo[1,2-a]pyridines

It is noteworthy to mention that in the reaction performed by
Vasilevsky and Alabugin and their coworkers, the polarized alkyne
(C=C) unit is fully cleaved by the formation of final products as
depicted in Scheme 4a.18 However, in our reaction, such a cleavage
of one alkyne moiety creates an advantage because the resulting
intermediate 2 (dihydroimidazolyl-substituted a,B-alkynic ketone)
serves as the starting material for the synthesis of 2,3,5,6,7,8-
hexahydroimidazo[1,2-a]pyridine derivatives 3 (Scheme 4b and
Scheme 6). We performed few control experiments to capture the
intermediate product 2a. Therefore, we carried out the reaction of
1a at various temperatures (rt, 40 and 60 °C) in THF, methanol,
dioxane and toluene. At rt and 40 °C, only the first conjugate addition
step (1a — 10a) took place in these solvents, as concluded from H
NMR analysis of crude reaction mixtures, and we did not see any
evidence for the formation of any cyclic intermedate product. At 60
°C, a similar trend was observed in dioxane and toluene, producing
only the conjugate addition product. However, in methanol at 60 °C,
hexahydroimidazo[1,2-a]pyridine 3a was also formed in addition to
conjugate addition product, but in low amount (37%), and we could
not capture the intermediate product 2a in this reaction. In brief, in
these control experiments, we did not see any spectroscopic
evidence the formation of intermediate 2a. When the reaction was
carried out at 100 °C, such as in dioxane, final product 3a was
resulted along with aryl methyl ketone 7a. Presumably, the second
conjugate addition (10a — 11a) requires higher temperatures and
proceeds around 100 °C. Furthermore, once imidazolidine 11a is
formed, it undergoes an immediate fragmentation to vyield
intermediate 2a and aryl methyl ketone 7a. So far, our observations
are consistent with the findings of Vasilevsky and Alabugin on similar
systems.!8 In general, their experimental results and DFT calculations
showed that first conjugate addition of EDA to a,B-alkynic ketones
(as in 1 — 10) easily happens at room temperature while second
intramolecular conjugate addition (as in 10 — 11) obligates higher
temperatures such as 100 °C although it is a favored 5-exo-trig
closure according to Baldwin rules.?* Moreover, the activation
barriers for such 5-exo-trig ring closures have been calculated to be
substantial (>26-30 kcal/mol). They also found that the calculated
activation barrier for the fragmentation step (as in 11 — 2 + 7) is
slightly lower than that for the 5-exo-trig cyclization (as in 10 — 11),
indicating that second intramolecular conjugate addition (i.e. 10 —
11) is the rate-limiting step in this process. So, for our case, we
conclude that when the reaction reaches the sufficient temperature
(approximately 100 °C), the intermediate product 2 forms and
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immediately experiences another conjugate addition, between, its
secondary amine and a,B-alkynic ketonePRIhERioNAHES RS SR/
hexahydroimidazo[1,2-a]pyridine 3. Notably, the activation barrier
for 2 — 3 is much lower than those for 10 — 11 and 11 — 2. Since
the intermediate 2 contains both nucleophilic and electrophilic
centers in its structure, it enables a very fast intramolecular
cyclization via 6-exo-dig closure to produce the final product 3
(Scheme 6). This might be the reason why we could not observe the
formation of intermediate 2.

The proposed mechanistic rationale for the formation of 2-
methyl-substituted hexahydroimidazo[1,2-a]pyridines 8 is shown in
Scheme 7. The reaction of bis-a,B-alkynic ketones 1 with PDA first
produces in situ tautomeric dihydroimidazolyl-substituted a,B-
alkynic ketones 12 and 13, which then give rise to formation of 2- and
3-methyl-substituted HIPs 8 and 9, respectively, by a similar
mechanism given in Scheme 6. Notably, secondary nitrogen atom in
12 is farther from methyl substituent; so it is more available as a
nucleophile for the intramolecular conjugate addition to afford the
final HIP 8. However, in 13, methyl group increases the steric
hindrance around the nearby secondary nitrogen atom, making it
significantly less accessible for intramolecular conjugate addition to
lead to final HIP 9 although it is expected to be slightly more electron
rich (nucleophilic) due to the +l effect of adjacent methyl substituent,
as compared to that in 12. In brief, steric accessibility is more
dominant for nucleophilicity, and these reactions afforded 2-methyl-
substituted HIPs 8 through the intermediacy of 12 as the major or
single product as expected (Scheme 7).
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Scheme 7 Mechanistic rationale proposed for the formation of 2-
methyl-substituted 5-alkylidene-2,3,5,6,7,8-hexahydroimidazo[1,2-
alpyridines

Conclusions

In summary, we have uncovered a new and novel reaction of bis-a,f3-
alkynic ketones, i.e. 1,9-diarylnona-2,7-diyne-1,9-diones. When
treated with ethylenediamine in dioxane at reflux, bis-a,B-alkynic
ketones have produced 5-alkylidene-2,3,5,6,7,8-
hexahydroimidazo[1,2-a]pyridines in low to moderate yields. During
the course of the reaction, three new C-N bonds form along with one
C-Cbond cleavage, resulting in the formation of unknown fused five-
and six-membered heterocyclic ring systems. The reaction proceeds
via an intermediacy of five-membered imidazolidine ring. A similar
trend has been observed in the reaction of bis-a,B-alkynic ketones
with 1,2-propylenediamine, where only 2-methyl-substituted 5-
alkylidene-2,3,5,6,7,8-hexahydroimidazo[1,2-a]pyridines were
obtained. The skeletal diversity of the synthesized
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hexahydroimidazo[1,2-a]pyridine frame may provide many new
nitrogen-based heterobicyclic systems for drug discovery and
development.

Experimental

General procedure for the synthesis of 1,9-diarylnona-2,7-diyne-
1,9-diones 1 (Scheme 5). To a stirred solution of the proper aryloyl
chloride (3.0 mmol) in THF (12 mL) under argon was added
PdCIy(PPhs); (0.03 mmol) and EtsN (1.8 mmol), and the resulting
mixture was stirred for 10 min at room temperature and Cul (0.03
mmol) was added. After stirring the reaction mixture for another 10
min, 1,6-heptadiyne (4) (1.5 mmol) was added slowly, and the stirring
at room temperature continued until the end of the reaction (The
progress of the reaction was monitored by routine TLC analysis for
the disappearance of 1,6-heptadiyne (4) using 9:1 hexane/ethyl
acetate as the eluent). After the reaction was over, the solvent was
removed on a rotary evaporator, and ethyl acetate (50 mL) and a
saturated aqueous solution of NH4Cl solution (50 mL) were added.
After the layers were separated, the aqueous layer was extracted
with ethyl acetate (2 x 50 mL). The combined organic layers were
dried over MgS0O4 and evaporated on a rotary evaporator to give the
crude product, which was purified by flash chromatography on silica
gel using 9:1 hexane/ethyl acetate as the eluent to afford the
corresponding symmetrical 1,9-diarylnona-2,7-diyne-1,9-dione 1
and l-arylocta-2,7-diyn-1-one 5.

General procedure for the synthesis of 1-aryl-2-(2,3,7,8-
tetrahydroimidazo[1,2-a] pyridin-5(6H)-ylidene)ethanones 3 (Table
2). To a stirred solution of the proper 1,9-diarylnona-2,7-diyne-1,9-
dione 1 (0.25 mmol) in dioxane (5.0 mL) under argon was added
ethylenediamine (0.50 mmol), and the resulting mixture was
refluxed until the end of the reaction (The progress of the reaction
was monitored by routine TLC analysis for the disappearance of bis-
a,B-alkynic ketone 1 using 4:1 hexane/ethyl acetate as the eluent).
After the reaction was over, the solvent was removed on a rotary
evaporator, and the resulting crude product was purified by flash
chromatography on silica gel using 4:1 hexane/ethyl acetate,
followed by 1:1 methanol/ethyl acetate, as the eluent to afford the
corresponding 1-aryl-2-(2,3,7,8-tetrahydroimidazo[1,2-a]pyridin-
5(6H)-ylidene)ethanone 3 and aryl methyl ketone 7.
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