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their validation using theoretical evidences is the key to understand various mechanisms of optically active com-
pounds. A family of new ionic liquids (ILs) with various imidazolium cations and camphorsulfonate anion as environ-
mentally benign liquid salts have been synthesized and deployed for catalysis of 3-amino carbonyl compounds. The
products were formed using ILs as a homogeneous catalyst with excellent product yield and diastereoselectivity. The

Keywords: . . SO ) !
p-Amino carbonyl compounds effect of counter ions, Hammett acidity and viscosity of ILs along with solvent and temperature are explored in terms
Tonic liquids of reaction kinetics and product yields. Density functional theory (DFT) was used to investigate thermodynamical

Hammett acidity study of mechanistic pathway of the reaction. The DFT calculations predicted that the catalysis mechanism involved

DFT both counterions of the IL. Moreover, it is evidenced that the syn-pathway required lower activation energy while

Dual catalyst/solvent anti-pathway led to thermodynamically stable product. This study explores new avenues for using ILs as potential ho-
mogeneous catalysts for the production of stereoselective species.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Optically active B-amino carbonyl compounds are essential building
blocks for the synthesis of pharmaceutical and agrochemical target com-
pounds. Thus obtained molecules can be used as versatile intermediates
for preparation of amino alcohols, amino acids, peptides, lactams etc.
[1,2]. Additionally, these molecules are valuable chiral starting materials
for synthesis of bioactive natural products such as those belonging to alka-
loid family. Enantioselective Mannich-type reactions provide an efficient
strategy to synthesize chiral B-amino carbonyl derivatives. The con-
densed product of the reaction (Mannich base) is structural fragment of
several bioactive compounds such as antibiotics, vitamins, peptides, nu-
cleotides, alkaloids, steroid and hormones. These compounds show a
broad range of bioactivities, like antimalarial, antitubercular, vasorelaxing,
analgesic, anti-inflammatory, anticancer, antifungal, antioxidative etc.
[3-5]. Remarkable contributions have been made in the development of
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proficient chiral catalysts to quench the quest of controlled
enantioselectivity and/or diastereoselectivity. The various efforts include
preformed enolates, enolizable B-dicarbonyl, use of chiral metal com-
plexes, organocatalysts etc. for optimization of high enantioselective
Mannich reaction. Recent approaches for catalysis of Mannich reaction in-
clude organocatalyst [6], Bronsted acid [7], Lewis acid [8], catalyst free and
solvent free condition [9] etc. Conversely, these catalysts are accompanied
by several hindrances, such as waste production, corrosion and environ-
mental problems, which limit their usage. Other severe drawbacks in-
clude harsh reaction conditions, catalyst deactivation, difficulty in
product separation, long reaction time and ultimately low yield [10-13].
Also the use of organic solvents in reaction mixture usually leads to seri-
ous safety issues such as volatility, flammability and toxicity [14].
Recently, ionic liquids (ILs), also regarded as liquid salts, have been
used as promising alternates to traditional catalysts and/or solvents
[15-17]. Notably, they have been excessively explored as environmentally
benign solvents and/or efficient catalysts in construction of organic moie-
ties [18]. Beside high activity and selectivity, these versatile liquids are cen-
tre of interest as they possess unique properties like stability in air, easy
separation and purification processes, reusability, non-volatility, non-
flammability, noncorrosive nature, controlled immiscibility, low toxicity,
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Bronsted acidity, low vapor pressure, wide range of viscosities, high ther-
mal, oxidative and chemical stabilities [19-22]. The usage of Bronsted-
acidic ILs is in increased demand due to their high efficiency, recycling per-
formance and easy separation on reaction completion. The mechanistic
studies emphasizing the role of catalyst have also been performed for dif-
ferent catalysts including proline, Lewis and Bronsted acids and a wide va-
riety of organocatalysts for synthesis of 3-amino carbonyl compounds
[23-25]. Among the reported multicomponent reactions (MCRs), the
mechanism proposed for Mannich reaction is least controversial and reac-
tion route is almost largely acceptable [26]. However, most of these sug-
gested mechanisms focus on formation of C—C bond step, while
formation of iminium ion is not much highlighted. Insight grip on mecha-
nistic pathway is very significant to develop novel catalysts, upgrade
greener reaction conditions, for synthetic estimates, innovative appliances
and rational designs.

In this study, role of synthesized IL bearing camphorsulfonate moi-
ety as anion with imidazolium-based cations as catalytic entities has
been inspected deeply to develop a probable mechanism that is sup-
ported by both experimental and theoretical studies. The reaction pro-
ceeds via hydrogen bond-assisted mechanism and formation of
iminium ion with release of water molecule has been found as rate de-
termining step of the overall reaction. To extent of our knowledge, the
current study is first detailed investigation on influence of
camphorsulfonate-based IL on Mannich-type reactions and for iminium
ion formation as a critical intermediate for the entire mechanism.

2. Experimental
2.1. Chemicals and instrumentation

The starting materials used for synthesis of protic ionic liquids (PILs),
including 1,3-propane sultone 99%, 1,4-butane sultone 99%, 1-H-
imidazole 98%, 1-methylimidazole 99%, 2-methylimidazole 99%, 1-
ethylimidazole 99%, 2-ethylimidazole 98%, 1-butylimidazole 98%, 2-
phenylimidazole 98%, benzimidazole 98%, hydrochloric acid 35-37%,
trifluoroacetic acid 99%, sulfuric acid 99%, trifluoromethanesulfonic
acid 99%, p-methylbenzenesulfonic acid 98%, phosphoric acid 85 wt%
in H,0, methanesulfonic acid 99.5% and (+)-10-camphorsulfonic acid
98% were purchased from Sigma Aldrich, Malaysia. NMR spectra were
recorded on a 400 MHz NMR Joel spectrometer using D,0 or CDCl5 as
solvents. Chemical shifts were mentioned in ppm. IR spectra were re-
corded on a Nicolet FTIR spectrometer (400-4000 cm™!).

2.2. Synthesis of ionic liquids

The synthesis of PILs has been carried out by using a similar method as
reported in literature with some modifications [27-29]. The method in-
volved the solvent-less reaction of 1,3-propane sultone or 1,4-butane
sultone with N-methylimidazole in equimolar ratio affording respective
zwitterions that were further converted to PILs by acidification with differ-
ent protic acids (Scheme 1). In a typical experiment, 1,3-propane sultone
(12.2 g, 0.1 mol, 1 equiv.) was drawn into two-necked round bottom
flask equipped with drying tube and 1-methylimidazole (8.21 g, 0.1 mol,
1 equiv.) was added drop wise at room temperature. Within 10 min, the
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Scheme 2. Mannich reaction catalysed by imidazolium based ILs.

liquid reaction mixture turned to viscous material and further to white
solid. The synthesized zwitterion was washed several times with
diethylether, dichloromethane and ethyl acetate (10 mL each). After dry-
ing, zwitterion was further taken in equimolar concentration with differ-
ent protic acids (hydrochloric acid, trifluoroacetic acid, sulfuric acid,
phosphoric acid, methane sulphonic acid, trifluoromethane sulphonic
acid, p-toluenesulphonic acid and camphor-10-sulphonic acid) at
85-90 °C for 4-6 h (Scheme 1). The corresponding ILs were formed quan-
titatively with high purity as assessed by NMR.

2.3. Mannich reaction: a typical procedure

In a classic tryout, aniline (0.9 mL, 10 mmol, 1 equiv.), benzaldehyde
(1 mL, 10 mmol, 1 equiv.), cyclohexanone/acetophenone (10 mmol, 1
equiv.) and stoichiometric amount of catalyst were placed in a round
bottom flask with a magnetic stirrer at a constant temperature water
bath at 25 °C (Scheme 2) [30,31]. The reaction mixture turned turbid
within minutes and progress of reaction was continuously monitored
by TLC. After completion of reaction, as indicated by TLC, the IL was sep-
arated from the product by adding 3-5 mL of water. The solid product
was filtered, dried and then recrystallized using acetonitrile and further
dried in vacuo until constant weight was obtained. Finally the water
layer containing IL was concentrated using rotary evaporator. After
washing with diethylether and ethyl acetate, IL was then vacuum
dried at 70 °C for 12 h and was reused for next cycle.

2.4. UV-Vis acidity evaluation of PILs by Hammett equation

The camphorsulfonate-based ILs were dissolved in dried methanol
and 4-nitroaniline was added as an indicator. The ILs and indicator
were taken at concentration of 3 x 1072 mol/Land 7.5 x 10~> mol/L, re-
spectively. The resulting solutions were shaken vigorously and then left
to stand for overnight. Then UV-visible absorption study was carried
out for the determination of Hammett acidity function in the range of
300-800 nm using Cary Series spectrophotometer of Agilent
Technologies.

2.5. Viscosity measurement for camphorsulfonate-based PILs

Viscosity measurements were taken at ambient temperature using
an Anton Paar viscometer (SVM 3000). The instrument was initially

=\ —\ A
r.t. + 85-90 °© +
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Where A- = Cl', CF3COO', HSO4', H2P04' 5 CH3SO3' , CF3SO3' ,p-TS', CS-

n=1 and/or 2

Scheme 1. Schematic diagram of ionic liquid syntheses.
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calibrated using ultrapure Millipore-grade water, for which data was
established. The uncertainty of measurement is +0.32%.

2.6. DFT calculations

The thermodynamic parameters were computed setting DFT/B3LYP/
6-311G™*(++) basis sets for DFT/B3LYP/6-311G level optimized struc-
tures of every step in proposed mechanism and their corresponding
transition states using the Gaussian 03/Gauss view 09 software [16,32].

3. Results and discussion

The synthesized ILs were subjected to catalyse Mannich reaction
using cyclohexanone, benzaldehyde and aniline as model substrates at
ambient temperature. A variety of ILs were employed for this synthesis.
For that purpose, propanesultone and butanesultone-based ILs were
synthesized with same anions to check whether a small difference of
one atom of carbon on the side alkyl chain could lead to noticeable dif-
ference in terms of yield. The data collection of experimental outcomes
is outlined in Table 1. In the presence of IL, in mostly cases, reactions
underwent smoothly leading to the formation of product within half
hour to 1 h. Extending the reaction time beyond 60 min had practically
no effect on the yield of the product (entries 3, 8 and 9). Over all of the
tried ILs, [ 1MeimPS][CS] (entry 13) appeared to be the best promoter for
this reaction affording 93% of Mannich product in 15 min. The reactions
which gave low yields were further tried with ethanol (as solvent) using
same IL as catalyst and were also monitored at 70 °C but the results ob-
tained were insignificant (entries 3, 8 and 9).

From these results, it can be highlighted that ‘apparently’ the role of
cationic portion of ILs seemed to exert an insignificant role in the cata-
lytic activity and the contribution of the engaged anion was the key pa-
rameter. It can be justified from those reactions in which low yields
were observed (Table 1, entries 2, 3, 6, 7, 8, 9 and 10) where results
were regardless of the cation but highly dependent on the nature of
the anion. It was also observed that ILs formed from inorganic protic
acids of low pKa gave poor yield and vice versa. While comparing the re-
sults of ILs bearing same anion, it was found that the ILs with 1-
methylimidazolium-3-(3-propylsulfonic acid) ([1MeimPS] as cation)
gave comparable yields in shorter reaction time as compared to 1-

Table 1
Effect of imidazolium based PILs on yield of Mannich base.”
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methylimidazolium-3-(4-butylsulfonic acid) [1MeimBS] which might
be result of difference in viscosity of the respective ILs.

To further investigate the role of cation, some other imidazolium-
based ILs were synthesized using camphorsulfonate (anion of best pro-
moter) as anion. All the camphorsulfonate-based PILs were further used
to catalyse the model reaction of cyclohexanone (5 mmol), benzalde-
hyde (5 mmol) and aniline (5 mmol) at room temperature (Table 1, en-
tries 15-21). The results suggested that the catalytic activity of ILs was
not only depended on the nature of anion but cationic role was also sig-
nificant. All the reactions were performed thrice and an average value of
yield was reported for each IL. For the model reaction, all ILs gave high
yields (84-94%) as shown in Table 1. It was observed that ILs prepared
from 1-substituted imidazoles gave better yield than others. To deter-
mine the appropriate condition of temperature, the model reaction
was also investigated in the presence of [1MeimPS][CS] for 30 min at
different temperatures of 25, 40, 60, 80 °C and product was found in
93, 93, 90 and 86% yields, respectively. It was observed that increase
in temperature caused negative effect on the yield of the product that
may result from increased possibility of undesired product formation
that could be facilitated at higher temperature.

The Bronsted acidities of camphorsulfonate-based PILs were investi-
gated using Hammett method and measured by evaluating the proton-
ation extent of indicator in ILs. The maximal absorbance of
unprotonated 4-nitroaniline was observed at 371 nm in methanol. The
experimental results are summarized in Fig. 1 and Table 2. As displayed
in Table 2, the Hammett acidity function (Hp) can be expressed as:

Ho = pKa(In) + log ([In]/[InH"])

The corresponding Hy values were 1.47, 1.34, 1.59, 1.35, 1.48, 1.40,
1.44, 1.46 and 1.70 for [imPS][CS], [1MeimPS][CS], [2MeimPS][CS],
[1EtimPS][CS], [2EtimPS][CS], [1BuimPS][CS], [1MeimBS][CS],
[2PhimPS][CS] and [bnzimPS][CS], respectively (Table 2). The results in-
dicated that -SOsH functionalized ILs exhibited strong Bronsted acidity
and the acidity of [1MeimPS][CS] was strongest among the examined
PILs and acidity of [1EtimPS][CS] was very close to that of [1MeimPS]
[CS]. It was observed that the catalytic activity of camphorsulfonate-
based PILs for Mannich reaction was in excellent agreement with their
acidity order indicating that the progress of Mannich reaction was also
influenced by Bronsted acidities of respective PILs.

Entry Tonic liquid Solvent used Reaction time (min) Isolated yield (%)
1 Without IL -, EtOHP< 24 h 9,10P 13¢
2 [1MeimPS][Cl] - 30 22

3 [1MeimBS][Cl] -, EtOH"* 60, 24 h°¢ 19, 20°¢

4 [1MeimPS][CF5C00] - 20 77

5 [1MeimBS][CF5C00] - 45 76

6 [1MeimPS][HSO,] - 30 31

7 [1MeimBS][HSO4] - 55 29

8 [1MeimPS][CF5S05] -, EtOHP< 60, 24 h°< 30, 30", 31°
9 [1MeimBS][CF5S05] -, EtOH"¢ 60, 24 hP< 16, NR®, 19¢
10 [1MeimPS][CH3S05] - 60 32

11 [1MeimPS][p-TS] - 25 78

12 [1MeimPS][H,PO4] - 35 74

13 [1MeimPS][CS] - 15 93

14 [1MeimBS][CS] - 25 90

15 [imPS][CS] - 30 90

16 [2MeimPS][CS] - 30 88

17 [1EtimPS][CS] - 20 94

18 [2EtimPS][CS] - 30 91

19 [1BuimPS][CS] - 30 91

20 [2PhimPS][CS] - 45 90

21 [bnzimPS][CS] - 40 84

No reaction (NR).

¢ Reaction conditions: cyclohexanone (10 mmol), benzaldehyde (10 mmol), aniline (10 mmol) and IL (5 mmol); r.t.

" Yield in presence of solvent.
¢ Yield obtained at 70 °C.
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Fig. 1. The UV/Vis spectrum according to Hammett method.

From these results, it is revealed that the nature of the anion affects the
acidity of the sulfonic acid group which in turn affects its ability to function
as an acid catalyst. Wang et al. reported that when the sulfonic acid and
anion interaction is stronger, the IL has a stronger acidity [33]. Based on
the minimum-energy geometries of sulfonic acid functionalized ILs

Journal of Molecular Liquids 320 (2020) 114370

(SFILs), they considered that the SFILs have two adjacent acid sites. One
was the alkyl sulfonate group, and the other was the anion. The acidities
of SFILs depended both on the characteristics of the anions and on the sul-
fonate group. When the interaction between the anion and the sulfonic
acid proton was stronger, the dependence of the acidity of the SFIL on
the anion was more significant. In addition to alkyl sulfonic acid group,
the anion is also considered as available acidic site [34]. Hence the catalytic
activities and acidities of ~-SOsH based ILs depend on nature of anions as
well. In present study, camphorsulfonate and the imidazolium sulfonic
acid are both alkylsulfonic acids (albeit one contains a distant cationic
group). They both might have a similar pKa and thus the proton can be lo-
cated on both the imidazolium sulfonic acid and the camphorsulfonic acid,
which therefore increases the number of possible acidic sites in the IL
which in return aids in catalysis (Scheme 3).

To further explore the role of catalyst, the viscosities of
camphorsulfonate-based PILs were measured at ambient temperature
under atmospheric pressure as shown in Table 3. The viscosities of ILs
increased in order [imPS][CS] < [1MeimPS][CS] < [2MeimPS]
[CS] < [2EtimPS][CS] < [1EtimPS][CS] < [1MeimBS][CS] < [1BuimPS]
[CS] < [2PhimPS][CS] < [BnzimPS][CS]. Generally, it was found that
camphorsulfonate-based PILs with lower viscosities have shown better
yields of Mannich product but the observed trend was not regular. For
instance, the viscosity of [1MeimPS][CS] was 50.4% less than
[1MeimBS][CS], although there was difference of only one methylene
group in both PILs. The fast kinetics of [1MeimPS][CS] might be attrib-
uted to its low viscosity as compared with [1MeimBS][CS]. Furthermore,

Table 2

Hammett function values of investigated PILs.*
Entry IL Absorbance [In]%? [InH* %> Ho®
1 None 1.98 100 0 -
2 [imPS][CS] 1.49 75.25 2475 147
3 [1MeimPS][CS] 137 69.19 30.81 134
4 [2MeimPS][CS] 158 79.80 20.20 1.59
5 [1EGmPS][CS] 138 69.70 30.30 135
6 [2EtimPS][CS] 15 75.76 2424 1.48
7 [1BuimPS][CS] 143 7222 27.78 1.40
8 [1MeimBS][CS] 1.46 73.74 26.26 1.44
9 [2PhimPS][CS] 1.48 74.75 25.25 1.46
10 [bnzimPS][CS] 1.66 83.84 16.16 1.70

2 [In] = molar concentration of indicator.
> [InH™] = molar concentration of protonated indicator.

¢ Hp = pKa(In) + log([In]/[InH"]); (pKa = 0.99); solvent: methanol; ¢ (In) = 7.5 x 10~> moIL™"; ¢ (sample) = 3.0 x 1072 molL~'; temperature = 25 °C.

/\
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Scheme 3. Possible proton shift between sulfonate ions of [ 1MeimPS][CS].

Adapted from [33].

Table 3
Experimental viscosities (mPa.s) of camphorsulfonate-based PILs at ambient temperature and atmospheric pressure.®
IL [imPS] [1MeimPS] [2MeimPS] [1EtimPS] [2EtimPS] [1MeimBS] [1BuimPS] [2PhimPS] [BnzimPS]
[CS] [CS] [CS] [CS] [CS] [CS] [CS] [CS] [CS]
n 176.64 183.18 199.71 248.35 24145 363.41 477.39 639.98 673.65

¢ Standard uncertainty pis pi(T) = 0.01 K and the combined expanded uncertainty is p.(1)) 0.32% mPa.s.
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Scheme 4. Synthesis of cyclohexanone-based Mannich bases.

higher viscosities of [PhimPS][CS] and [BnzimPS][CS] might be resulted
in increased reaction time.

The scope of the cyclohexanone-based Mannich bases with formal-
dehyde and some benzaldehydes was investigated using [1MeimPS]
[CS] as dual reagent (Scheme 4). Although, by using ILs as catalyst
and/or solvent, aliphatic aldehydes have been reported to form
Mannich adduct in very low yield [35], but the present methodology
produced Mannich bases in high yield by using formaldehyde
(Table 4, entries 7-10). All the reactions underwent smoothly affording
85-94% yields in 15-45 min. It was noted that aryl aldehyde bearing
electron-donating substituent facilitated Mannich base in high yield as
compared to electron withdrawing substituent (Table 4). While by
using anilines, both electron-donating and electron with-drawing sub-
stituents proved to be equally advantageous for Mannich reaction as re-
ported in literature [11,36]. [1MeimPS][CS] was successfully reused four
times with slight decrease in activity. The IL retained its structure and
purity after four cycles as confirmed by NMR analysis of recycled ILs.

3.1. Mechanistic insight for formation of Mannich adduct in the presence of
[1MeimPS][CS]

The largely accepted mechanism suggests that iminium ion/enamine is
formed as an intermediate and hydrogen bonding is found to be essential
for C—Cbond formation between imine and catalyst [37,38]. In the current
study, two mechanistic pathways have been proposed emphasizing the
role of Bronsted imidazolium (Fig. S1) and both counter ions of
[1MeimPS][CS] (Fig. 2), as catalysing entities. To solve which of two pro-
posed pathways is effectively pursued to get more insight into the reaction
mechanism; DFT computational theory has been conducted. A comparison

of transition states and respective energies formed along both routes has
been made to investigate the role of catalyst for formation of C—N bond
(first step) and C—C bond (second step). The DFT studies have suggested
that mechanism 1(Fig. 2; involving role of both counter ions as catalytic
sites) is more plausible than mechanism 2 (Fig. S1; showing [1MeimPS] ™
as catalyst). The probable route (mechanism 1) is based on hydrogen
bonding-assisted mechanism where negative charge of camphorsulfonate
anion is stabilized by labile proton of aniline, while Bronsted proton of
imidazolium cation develops hydrogen bonding with carbonylic oxygen
of benzaldehyde (Fig. 2). In other words, the reaction is initiated with in-
teraction of cationic counter part of IL with carbonylic oxygen while nega-
tive charge of camphorsulfonate (anionic part of IL) shows interactions
with labile proton of aniline. The first step involves nucleophile attack of
aniline nitrogen atom on electrophilic carbonylic carbon of benzaldehyde
leading to formation of C—N bond (intermediate 2). This first step is sup-
ported with HOMO of aniline and LUMO of benzaldehyde. It can be ob-
served from Fig. 3 that most electron rich area in aniline is nitrogen atom
while most electron deficient area in benzaldehyde is carbon atom from
carbonyl moiety. In other words, HOMO map of aniline suggests that
HOMO can serve as delocalized orbital with substantial contribution
from N-atom. Whereas LUMO map of benzaldehyde certainly reveals
that the most deficient electron deficient area is carbonylic carbon. The
new C—N bond is formed along with simultaneous proton transfer from
side chain of imidazolium ion to carbonyl oxygen atom of benzaldehyde
via first transition state (TS1). Under influence of interactions between
counter ions of [1MeimPs][CS] and intermediate 2, isomerization of inter-
mediate 2 to more stable intermediate 3 takes place. Back donation of pro-
ton to imidazolium cation occurs by abstraction of hydrogen from
positively charged nitrogen of intermediate 3 leading to of intermediate

Table 4
Preparation of cyclohexanone based Mannich bases using [ 1MeimPS][CS] as catalyst.*
Entry Products Ry R Reaction time (min) Yield anti/syn®
(%)
b .
: la / y H < 15 93,94 100:0
y .
, Ib y \Fu § / \3\ 20 89 99:1
Ic { a \ H N 20 91 100:0
3 - N
1d / ook Ho/ 15 94 100:0
4 (__ TOCHs N ﬁC'
le N H /[ 25 90 99:1
5 A N /—CI
If " o S o 20 92 100:0
6 ./ ] /* 3
Ig H / 45 85 -
7 N
Ih H o 25 92 -
8 —N o
li H . 30 90 -
9 N
Ij H a 25 88 -
10 N NH

2 Cyclohexanone (10 mmol), aldehyde (10 mmol), amine (10 mmol), [1MeimPS][CS] (3 mmol) at room temperature.

b Reaction at 50 mmol scale.
¢ Determined by 'H NMR of crude reaction mixture.
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Fig. 2. Proposed catalytic cycle for mechanism 1 catalysed by [1MeimPS][CS].

Adapted from [16].

4 via TS2. The intermediate 4 further isomerises to more stable intermedi-
ate 5 by positional isomerization. The liberation of water molecule from in-
termediate 5 leads to formation of iminium ion (6) via TS3 through rate
determining step. The LUMO and HOMO maps of the iminium ion and

LUMO of imminium ion =E =-0.2741eV

enol form of cyclohexanone show the most electron deficient and suffi-
cient areas in respective molecules (Fig. 3). Hence, the nucleophilic attack
of enol form of cyclohexanone on (=N bond of iminium ion (6) lead to
formation of C—C bond (7) via TS4. The enol form of cyclohexanone and

LUMO of benzaldehyde = E = 0.08150eV

HOMO of enol =E =-0.335eV

Fig. 3. HOMO map of aniline and LUMO map of benzaldehyde (top), and LUMO map of iminium ion and HOMO map of enol form of cyclohexanone (bottom).
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Fig. 4. Energy diagrams of the pathways for the formation of product (8) through
proposed mechanisms and transition states; red lines reflect mechanism 1 (catalysed by
[1MeimPS][CS]), while mechanism 2 is presented by blue lines (catalysed by
[1MeimPS] ™).
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iminium ion (6) yielded protonated Mannich base via syn- and anti-
pathways. The final product (8) is formed by deprotonation of 7.

The potential energy diagram corresponding to both proposed
mechanisms is given as Fig. 4. The potential energy diagram clearly re-
vealed that the reaction pathway labelled from 1 to 8 is associated
with lower potential energy barrier for all steps as compared with the
reaction path corresponding of proposed mechanism 2 (1a-8a). When
the activation energy barriers were calculated, it was found that path
1a-8a presented 28 k]/mol higher barrier to reach first transition state
(AGrs1a > AGrst), 22 kJ/mol higher barrier for 2nd transition state
(AGrs2a > AGrsz) while 9 kJ/mol lower barrier towards 3rd transition
state (AGrs3a < AGrs3). For instance, the overall potential energy barrier
for steps 1a-8a is higher as compared with the potential energy barrier
for 1-8, so the action path 1-8 can be regarded to be more feasible as the
reaction will prefer to adopt the route with lower starting energy bar-
rier. The reaction path for 7-8 step is same in energy terms for both
mechanisms as in both cases, camphorsulfonate ion has to quench pro-
ton prom protonated product (7) to afford (8) as displayed in Fig. 4. The
optimized geometries of transition states involved in mechanism 1
catalysed by [1MeimPS][CS] are shown in Fig. 5. While the optimized
geometries of transition states involved in mechanism 2 catalysed by

TS3; AG=198.09 KJ/mol

\0+ H _-[1MeimPS]
3 LN

O

TS 4

TS4; AG=42.5 KJ/mol

Fig. 5. Optimized geometries of transition states involved in mechanism 1 catalysed by [ 1MeimPS][CS].
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Fig. 6. Energy profile of stereocontrol step for syn- and anti-pathways.

[1MeimPS]" are shown in supplementary information as Fig. S2. The
energy profile diagrams of mechanism 1 catalysed by [1MeimPS][CS]
and mechanism 2 catalysed by [1MeimPS]" are also provided in
supporting information as Figs. S3 and S4.

Theoretically, iminium ion (6) and enol form of cyclohexanone can
lead to protonated Mannich product (8) via syn- and anti-pathways. It
was noteworthy that, based on 'H NMR spectra of the crude products,
syn-isomer was not detected in the reaction mixture (Table 4). Interac-
tion of counterions of [1MeimPS][CS] with reactant substrates controls
the stereochemical outcome. The chair form of camphorsulfonate moi-
ety may serve as an effective stereocontrolling chiral element resulting
in excellent diastereocontrol. Theoretically, syn-product requires
lower activation energy i.e. 85.4 KJ/mol and anti-product needs 94.8
KJ/mol activation energy (Fig. 6). The anti-pathway yields the product
which is thermodynamically more stable i.e. —31.2 KJ/mol (Thermody-
namically favored product) while syn-pathway yields kinetically fa-
vored product ie. —22.8 KJ/mol (Fig. 6). Fig. 7 shows possible

Journal of Molecular Liquids 320 (2020) 114370

interactions of [1MeimPS][CS] with enol-form of cyclohexanone and
iminium ion (6), for formation of anti-product (8).

One pot three component condensation reaction of acetophenone
with different aldehydes and amines was further carried out under pre-
viously optimized reaction conditions. Using [1MeimPS][CS], all the re-
actions underwent smoothly giving 86-97% yields and were
completed within the time periods ranging from 15 to 55 min to provide
high yields of 3—-amino carbonyl compounds (Table 5). The effect of re-
action temperature on yield of model reaction (using acetophenone,
benzaldehyde and aniline) was determined by varying temperature
from 25 °C to 60 and 80 °C (Table 5, entry 2). It was found that the
yield dropped from 96% to 93 and 88% when reaction temperature
was increased from 25 °C to 60 and 80 °C, respectively. As the best
yield was obtained at 25 °C so further reactions were performed at
25 °C. Notably, it was observed that among various amines, diethyl
amine gave lowest yield and took longer time to react and the reason
might be attributed to steric factors. Among methyl-substituted
acetophenones, 3’-methyl acetophenone gave comparable yield in less
time duration as compared to 2’-methyl acetophenone and 4’-methyl
acetophenone. Among the studied acetophenones, the reactivity of
acetophenones (in terms of reaction time) bearing electron withdraw-
ing substituents was found to be higher as compared to those having
electron donating substituents. The electron withdrawing substituents
withdrew the electron density of aromatic ring and ultimately carbonyl
carbon became more electron deficient making hydrogens of methyl
group more labile. The products were separated by filtration after addi-
tion of small amount of water. The filtrate was reused without further
purification in next run after rotary evaporation. The catalyst was
recycled up to five times without significant decrease in catalytic activ-
ity. The systematic equation for reaction between acetophenone(s), al-
dehydes and amines is represented in Scheme 5.

4. Conclusion

Present methodology gives a simple and effective way to synthesize
Mannich adducts in high yield by straight forward one-pot condensa-
tion of Mannich reagents at ambient temperature in shorter reaction
time using camphorsulfonate-based PILs. The effect of anions followed

Fig. 7. Proposed interactions of [ 1MeimPS][CS] with enol-form and iminium ion (6), for formation of anti-product (8).
Adapted from [39].
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Table 5
Synthesis of 3-amino ketones using [1MeimPS][CS] as catalyst.?
Entry Products Ry R, R3 R4 Rs Reaction time (min) Yield
(%)
lla -H -H -H Y N 120°c4¢ 16°,17¢, 21, 26°
1 N/ TN
lla -H -H -H RN N 20, 15/, 308 96, 93", 88¢
2 ., —N—
1Ib -H -H -H -H N/ 40 89,91f
3
lic -H -H -H -H < o 30 95
4
1d -H -H -H -H N o , 30 96
5 y
lle -H -H -H -H N/ \NH 25 94
6 .
llla -CH; -H -H Y Ho, Ty 30 95
7 / S/
N N
liib -CH; -H -H -H Nﬁ 55 86
8 \
llic -CH3 -H -H -H N o 35 93
9
1id -CH3 -H -H -H NS 40 92
10 /
llle -CH3 -H -H -H N/ NH 35 92
1 N
IVa -H -CH; -H TN g ( 20 95
12 NI .
Vb -H -CH3 -H -H N/ 45 88
Ve -H -CH; -H -H < o 25 94
14 .
vd -H -CH; -H -H N T 25 94
15 — p
Ve -H -CH; -H -H N/iN y 30 93
16 —N ]
Va -F -H -H 7N\ H 7N 15 97
17 o N
Vb -F -H -H -H N/ 40 91
18 \
Ve -F -H -H -H N o 25 95
19
vd -F -H -H -H N 25 96
20 - y
Ve -F -H -H -H T 25 96
21 N NH
Via -OH -H -H N Ho 15 96
22 - N
Vib -OH -H -H -H N/ 45 91
23 \
Vic -OH -H -H -H < b 25 93
24
vid -OH -H -H -H N T 25 94
25
Vie -OH -H -H -H NN 30 93
26
Vilb -H -H -CH3 -H N/ 55 86
27 \
Viic -H -H -CHs -H N \O 30 91
28
Vild -H -H -CH3 -H T 35 92
29 7N\; ;
Vile -H -H -CH3 -H 30 91
30 N NH

Where “acetophenone (10 mmol), aldehyde (10 mmol), amine (10 mmol), [1IMeimPS][CS] (3.5 mmol) at room temperature.
bed & eReaction without IL at 25 °C, 40 °C, 60 °C and 80 °C, respectively.
f. 2Reaction with [1MeimPS][CS] at 60 °C and 80 °C, respectively.

by effect of cations was probed using different cations and anions to find catalysis pathway. Based on DFT outcomes of mechanistic study, it can
the best promoter for the reaction. Among the tried combinations of dif- be concluded that hydrogen bonded chiral organocatalysis serves a sig-
ferent cations and anions, [ 1MeimPS][CS] was found as an efficient cat- nificant role in formation of C—N and C—C bond. The release of water
alyst for catalysis of Mannich bases. Experimentally, it was found that molecule during formation of iminium ion has been depicted as rate de-
both cation and anion of [1mMeimPS][CS] were active participants in termining step of the whole reaction. Additionally, the final phase of
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Scheme 5. Synthesis of acetophenone based Mannich bases.

reaction, that is formation of C—C bond along with deprotonation of ox-
ygen atom is also facilitated by presence of both counterions of
[1MeimPS][CS]. The syn-route needs lesser activation energy as com-
pared to hypothetic anti-pathway but yields a less stable kinetically fa-
vored product. The anti-pathway results in formation of
thermodynamically favored product, which depicts that the pathway
catalysed with [1MeimPS][CS] is thermodynamically controlled.
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