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ARTICLE INFO ABSTRACT

Keywords: The study of the rotational barrier of the amide bond (C(=0)— N) by nuclear magnetic resonance (NMR) and
N-methyl-cinnamoyl chloroquinoline theoretical evaluation using the density functional theory (DFT) was investigated. Three new (E)-(3-((7-chlor-
3?;"1\1;;5 oquinolin-4-yl)amino)propyl)-N-methylacrylamides with variation of substitution on the aromatic ring were

investigated. The dynamic NMR study shows restricted rotation around the amide bond resulting in the struc-
tures exhibiting a pair of rotamers (syn— and anti—). The reaction mechanism showing the formation of the
tertiary acrylamide at room temperature from the reactant species was performed, using DFT/ M06—2X/ 6-
311+-+G(d,p) method. Furthermore, the anti— and the syn— rotamers about the amide bond were investigated
for each compound, using the same DFT method, to identify the relative stability of rotamers as well as the
barrier height for their interconversion. The investigation was performed in different media, including vacuum,
methanol, and aqueous media. The results suggest that the rotamers for each investigated molecule have minimal
energy difference so that both the anti— and the syn— rotamers can be considered to co-exist in different media.
An independent investigation of the secondary acrylamide suggests that the relative stability of the anti— and the
syn— conformational rotamers favour only the formation of the anti-rotamer.

Barrier height
Relative stability

1. Introduction

The continuous emergence of multidrug-resistant microorganisms is
a serious threat to public health. As a result, any model of drug design
that promises to address the rising problem of drug resistance is needed
[1]. The hybrid drug concept, especially in malaria, has been researched
in the hope of fighting multidrug-resistant P. falciparum infections.
Extensive reviews have been published relating to the synthesis and
biological activities of antimalarial hybrid molecules addressing drug
resistance, potency, toxicity, pharmacokinetics, metabolism, solubility,
and mode of administration [2-4]. One of the reported antimalarial
hybrids is the quinoline-cinnamic acids, Fig. 1. Authors discovered that
the linker to the quinoline and cinnamic acid fragments was crucial for
the activity [5,6].

In particular, the replacement of the dipeptide linker by amino-
amide significantly improved the antiplasmodial activities [5]. In our
lab, we have been synthesizing quinoline-cinnamic hybrids using
different amino-amide linkers (straight and branched) and different
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functional groups on the cinnamic ring and studying their structural,
physical, and antiplasmodial properties (unpublished data).

The resulting functional group of quinoline-cinnamic hybrid with
amino-amide linkers is acrylamide. Acrylamides on their own are known
to be important building blocks in chemistry and medicine. Generally,
they have effects in several applications such as siliceous composite
structures, in biology for electrophoresis, removal of dissolved metallic
nanoparticles from water, gene delivery devices, etc. [7,8]. The different
behavioural patterns of N-methyl acrylamide which resulted in a pair of
rotamers interested us hence their investigations in this study.

Rotamers are different conformations of a molecule that result from
the rotation around a single bond. Ordinarily, and in Nuclear Magnetic
Resonance (NMR), the rotamers cannot be isolated because of fast
interconversion at room temperature meaning only the average of the
rapidly equilibrating conformers is observable [9-12]. However, when
there is a high rotational energy barrier between conformers, as is the
case for the anti— and syn— conformers, it is possible to observe their
presence in the solution during the same NMR measurements. For
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Fig. 1. Skeleton structure of conjugated cinnamoylated-chloroquinoline
(CQ) compound.

instance, the combination of density functional theory (DFT) modeling
and low-temperature NOE assignment of rotamers about the C—N amide
bond showed the existence of non-covalent interaction between the
N-acyl piperidine and the amide carbonyl, resulting in distinct con-
formers being observed, Fig. 2a [13].

The use of NMR spectroscopy to study restricted rotation in amides
has been anciently explored [14-18]. The experimental methods on
NMR include variable NMR [19,20], exchange spectroscopy NMR [21,
22], and NMR line shape analysis [23,24].

The rotational barriers determined by dynamic NMR spectroscopy
indicate that the chemical nitrogen protons exchange as the C—N amide
bond rotates. Furthermore, the effect of hindrances to the free rotation
brought by different groups can stipulate the mixtures of conformers at
ordinary temperatures, Fig. 2b [25].

It is noted that functionally substituted amides that bring the rota-
tional anti— and syn— isomerism have been studied for a long time
[26-29]. However, the study of acrylamides is limited. Recently, Larina
et al. studied the rotational isomerism of functionally substituted ac-
rylamides by dynamic NMR spectroscopy and found that in solution,
they are in the form of Z — and E — isomers with E — rotamer being the
predominant form, Fig. 2¢ [30].

Our newly synthesized acrylamides bearing N-methyl group showed
interesting results compared to their unsubstituted analogues hence
worthy of further investigation. Not only did they exhibit the mixture of
rotamers at room temperature Fig. 2d, but they also showed the
conformational change arising under thermal conditions. Amide bonds
have been shown to exhibit rotamers due to restricted rotation arising
from the partial double bond character of the C—N amide bond [31]. The
lone pair of electrons on nitrogen conjugate with the carbonyl moiety
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leading to planarity at the nitrogen center. This conformation leads to
the formation of anti — and syn— rotamers detectable by NMR. This
phenomenon is sometimes observed in C—N amide bond-containing
compounds as observed in our compound library. In addition to the
variable NMR, the computational approach was used to evaluate the
influence of the methyl group at the N- substituent on the rotational
barrier. Therefore, the Density Functional Theory (DFT) approach was
utilized herein to obtain the rotamers, as a result of variation of the
C-N-C=O torsion angle, and to compare their energetic stabilities. For
interest’s sake, the presentation of results for the secondary amide is also
reported to identify the structural differences with the tertiary acryl-
amide structures.

2. Experimental
2.1. Materials

All chemicals (from Merck) and solvents (from Murula) were used
without any further purification.

2.2. Instrumentation

Bruker Optics 7.0 Alpha Fourier transformed Infrared (FTIR) spec-
trophotometer was used to study the functional groups and the ab-
sorptions were reported using the wavenumber scale in the 500-4000
cm-1 range. 'H NMR and '3C NMR spectra were recorded on a Bruker
400 MHz spectrometer at 27 °C-90 °C in dimethyl sulfoxide (DMSO-d6)
in the presence of tetramethylsilane (TMS) as internal standard. The
melting points were determined by Electrothermal 9200 Biichi LABO-
TEC melting point (B-5400) using a capillary tube. The masses were
determined by Tandem MS (MS/MS) experiments, typical mass accu-
racies with a mass error below 1 ppm were obtained using a mass cali-
bration solution of sodium iodide (Nal). High resolution was obtained
for MS and (MS/ MS) experiments using a mass-to-ratio (m/z) range of
100-1000. Argon gas was used as a collision gas for (MS/MS) experi-
ments along with MSE mode using a collision energy ramp of 12 eV to 25
eV for the generation of fragments.

2.3. Synthesis

Synthesis of cinnamoylated chloroquinoline analogues
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Fig. 2. Thermal-induced bond rotation. (a) Observed thermal C-N bond rotation [13], (b) C-N bond rotation due to increased temperatures [25], (¢) C-N bond
rotation of acrylamides [30], d) The effect of the bulky methyl group in the C-N rotation, a novel effect on these compounds.
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Synthesis of intermediate 2 was achieved by the nucleophilic sub-
stitution at the 4th position of commercially available 4,7-dichloroqui-
noline with propyl-diamine. On the other hand, acid chloride, 4 was
prepared from trans-cinnamic acids, 3 in the presence of toluene and
dimethyl formamide to give cinnamoylated chloroquinoline analogues
(5-6) [32] (which were synthesized as follows:)

A mixture of N-(7- chloroquinoline 4yl) alkyl-diamine, 2 (1.0 equiv.),
triethylamine (TEA) (3.0 equiv.) and 15 mL dry DCM was stirred at room
temperature for 15 min. Then, a solution of cinnamoyl chloride (4) and
dry DCM was added dropwise. The reaction mixture was stirred at room
temperature for 18 h, light-protected. The progress of the reaction was
monitored by thin-layer chromatography (TLC). After completion, the
solvent was evaporated from the mixture under reduced pressure. The
residue was dissolved in ethyl acetate/5 % NaOH mixture (1:1). The
reaction was taken up by liquid-liquid extraction using 5 % NaOH and
washed with water. The organic layer was dried over anhydrous mag-
nesium sulphate, filtered and excess solvent was removed under reduced
pressure before being purified by column chromatography using 5-30 %
(v/v) ethyl acetate/methanol followed by crystallization with hot
ethanol to afford compounds 5-6 as light-yellow solid/crystals.

2.3.1. Synthesis of N-(3-((7-chloroquinolin-4-yl) amino)propyl)
cinnamamide (5)

1H NMR (400 MHz, DMSO-dg) 5 8.39 (d, J = 5.4 Hz, 1H, H-3), 8.28-
8.24 (m, 2H, H-9, NH-15), 7.79 (d, J = 2.2 Hz, 1H, H-6), 7.56 (d, J = 6.8
Hz, 2H, H-20), 7.48-7.32 (m, 6H, H-21, H-18, H-8, H-22, NH-11), 6.64
(d, J = 15.8 Hz, 1H, H-17), 6.49 (d, J = 5.5 Hz, 1H, H-2), 3.33 (dd, J =
12.6, 6.6 Hz, 4H, H-12; H-14), 1.87 (p, J = 6.8 Hz, 2H, H-13). 13C NMR
(101 MHz, DMSO-dg) 5 165.2 (C-16), 151.9 (C-3), 150.1 (C-4), 149.0
(C-5), 138.6 (C-18), 134.9 (C-19), 133.4 (C-7), 129.4 (C-6), 128.9 (C-
20), 127.5 (C-21), 127.4 (C-22), 124.1 (C-9), 124.0 (C-8) 122.2 (C-17),
117.5 (C-10), 98.7 (C-2), 40.1 (C-14), 36.7 (C-12), 27.9 (C-13). IR (cm”
1): 3337 (N-H stretch), 3048 (C-H stretch), 1659 (C=0), 1622 (C=N),
1537.19 (C=C), 1137.7 (C-N). HRMS(ESI-TOF+): m/z Calculated for
C21H50CIN30:365.8560; found: 366.1408 (M+H). mp. 190-196 °C.

2.3.2. Synthesis of N-(3-((7-chloroquinolin-4-yl)amino)propyl)-N-
methylcinnamamide (6a)

1H NMR (400 MHz, DMSO) & 8.41 (d, J = 5.4 Hz, 0.49H) and 8.36
(d, J = 5.4 Hz, 0.56H, H-3), 8.32 (d, J = 9.0 Hz, 0.55H) and 8.26 (d, J =
9.0 Hz, 0.46H, H-9), 7.79 (d, J = 2.2 Hz, 1H, H-6), 7.67 (d, J = 6.8 Hz),
7.55-7.26 (m, 6H), 7.25-7.15 (m, 2H), 7.05 (d, J = 15.4 Hz, 0.30H, H-
18), 7.03 (s, 0.24H), 6.49 (d, J = 5.5 Hz, 1H, H-2), syn- rotamer, 3.67 (t, J
= 7.2 Hz, 1.15H) and anti- rotamer, 3.53 (t, J = 7.0 Hz, 0.89H, H-14),
3.34-3.24 (m, 2H, H-12), anti- rotamer, 3.18 (s, 1.35H) and syn- rotamer,
2.96 (s, 1.61H, H-16), syn- rotamer, 2.00 (p, J = 6.9 Hz, 1.16H) and anti-
rotamer, 1.91 (p, J = 7.2 Hz, 0.92H, H-13). 13¢ NMR (101 MHz, DMSO)
8 166.2 and 165.9 (C-17), 152.3 (C-3), 150.6 (C-1) 149.4 (C-5), 141.7
and 141.5 (C-19), 135.6, 135.4 (C-20), 133.9 (C-7), 129.9, 129.8, 129.2,
128.9, 128.4, 128.1, 127.9, (C21, C-22, C-23), 127.4, (C-6) 124.6 (C-9
and C-8), 124.4 (C-9), 119.1 and 118.5 (C-18), 117.9 (C-10), 99.2 and
99.1 (C-2), syn- rotamers, 47.2, and anti- rotamer, 45.8 (C-14), 40.6 and
40.2 (C-12), anti- rotamer, 35.7, and syn- rotamer, 34.1 (C-16), syn-
rotamer, 27.6, and anti- rotamer, 26.2 (C-13). IR (cm’l) 3333 (N-H
stretch), 3059 (aromatic C-H stretch), 1644 (C=0), 1575 (C=C), 1137
(C-N stretch quinoline), 761 (C-N stretch). HRMS(ESI-TOF+): m/z
Calculated for CgpH2oCIN3O: 379.1451; found: 378.1376 (M-H). mp.
118-120 °C.

2.3.3. Synthesis of (E)-3-(4-chlorophenyl)-N-(3-((7-chloroquinolin-4-yD)
amino)propyl)-N-methylacrylamide (6b)

1H NMR (400 MHz, DMSO) 6 8.40 (d, J = 5.5 Hz, 0.46H) and 8.34
(d, J = 5.4 Hz, 0.59H, H-3), 8.30 (d, J = 9.0 Hz, 0.56H) and 8.25 (d, J =
9.0 Hz, 0.51H H-9), 7.82 - 7.71 (m, 2H), 7.52-7.37 (m, 4H) and
7.37-7.26 (m, 2H), 7.25-7.17 (m, 1.52H), 7.05 (d, J = 15.4 Hz, 0.54H,
H-18), 6.48 (d, J = 5.4 Hz, 0.40H) and 6.45 (d, J = 5.4 Hz, 0.60H, H-2),
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3.66 (t, J = 7.1 Hz, 1.10H) and 3.52 (t, J = 7.0 Hz, 0.87H, H-14),
3.31-3.22 (m, 2H, H-12), 3.17 (s, 1.26H) and 2.94 (s, 1.59H, H-16), 1.97
(p, J = 6.9 Hz, 1.10H) and 1.89 (p, J = 6.8 Hz, 0.91H, H-13). 13¢ NMR
(101 MHz, DMSO) § 165.5 and 165.3 (C-17), 152.4 and 152.3 (C-3),
150.0 (C-1), 149.1 and 149.0 (C-5), 139.8 and 139.5 (C-19), 134.1 and
134.0 (C-2), 133.82 and 133.75 (C-20), 133.45 and 133.42 (C-7), 129.7,
129.3, 128.8, 128.5, 127.5 and 127.5 (C-8, C-6, C-21, and C-22), 124.2
and 124.1 (C-9), 123.9,119.6 and 118.9 (C-18), 117.51 and 117.49 (C-
10), 99.2 and 99.1 (C-2), 46.6 and 45.3 (C-14), 39.9 and 39.3 (C-12),
35.2 and 33.6 (C-16), 26.3 and 26.1 (C-13). IR (cm'l) 3419 (N-H
stretch), 3107 (aromatic C-H stretch), 1645 (C=0), 1576 (C=C), 1380
(C-N stretch quinoline), 1140 (C-N stretch aliphatic). HRMS(ESI-
TOF+): m/z Calculated for CyoHy1CloN30: 413.1062; found: 412.0987
(M-H). mp. 141-143 °C.

2.3.4. Synthesis of (E)-N-(3-((7-chloroquinolin-4-yl)amino)propyl)-3-(4-
methoxyphenyl)-N-methylacrylamide (6c)

1H NMR (400 MHz, DMSO) 6 8.40 (d, J = 5.4 Hz, 0.47H), 8.37 —
8.32 (m, 1.18H), 8.26 (d, J = 9.0 Hz, 0.44H, H-9), 7.83-7.76 (m, 1H, H-
6), 7.65 (d, J = 8.3 Hz, 1H), 7.50 — 7.42 (m, 1.63H) and 7.41 — 7.32 (m,
1.94H, H-8, H-18 and NH), 7.28 (d, J = 8.3 Hz, 1H), 7.04 (d, J = 15.4 Hz,
0.44H), 6.95 (d, J = 8.3 Hz, 0.90H), 6.85 (d, J = 15.3 Hz, 0.62H, H-18),
6.68 (d, J = 8.3 Hz, 1H), 6.48 (d, J = 5.4 Hz, 1H, H-2), 3.78 (s, 1.28H)
and 3.75 (s, 1.76H, H-24), 3.64 (t,J = 7.2 Hz, 1.27H) and 3.51 (t,J= 7.0
Hz, 0.90H, H-14), 3.33-.23 (m, 2H, H-12), 3.16 (s, 1.23H) and 2.94 (s,
1.71H, H-16), 2.04-.94 (m, 1H) and 1.95 - 1.84 (m, 1H, H-13). 3¢ NMR
(101 MHz, DMSO) & 166.0 and 165.7 (C-17), 160.4 and 160.2 (C-23),
152.0 (C-3), 150.1 (C-1), 149.1 (C-5), 141.1 and 140.8 (C-19), 133.5 (C-
7), 129.7 and 129.2 (C-22), 127.8 (C-10), 127.52 (C-6), 127.47 (C-20),
124.2 and 124.0 (C-8 and C-9), 117.5 (C-1), 116.0 and 115.4 (C-18),
114.2 and 113.9 (C-21), 98.8 and 98.7 (C-2), 55.3 and 55.2 (C-24), 46.7
and 45.3 (C-14), 39.9 and 39.3 (C-12), 35.2 and 33.6 (C-16), 27.0 and
25.7 (C-13). IR (cm'l) 3441 (N-H stretch), 2993 (aromatic C-H stretch),
1642 (C=0), 1574 (C=C), 1248 (C-N stretch quinoline), 1139 (C-N
stretch  aliphatic). @£HRMS(ESI-TOF+): m/z Calculated for
C23H4CIN3O,: 409.1557; found: 408.1480 (M-H). mp. 130-132 °C.

2.4. Computational details

All the reaction species were optimized using the M06-2X density
functional theory [33]. Meta-GGA functional is known for performing
well towards optimization of reaction species and reaction barrier height
energies [34,35]. The 6-311++G(d,p) basis set was selected because it
consists of polarisation and diffuse functions, which are necessary to
understand the properties of molecules and reaction mechanisms.

Calculations in solution were performed using five different solvents,
benzene, Dichloromethane (DCM), methanol, Dimethyl sulfoxide
(DMSO), and water. This selection was meant to assess the influence of
the solvent on the stability of the compounds, in different solvents as a
result of the difference in solvent polarity. The investigation in
dichloromethane (DCM) and dimethyl sulfoxide (DMSO) media was
meant to compare the results with experimental results for which these
media were used. The study in benzene and water was meant to mimic
the two extreme non-polar lipid mediums and polar aqueous mediums
that can be found within the biological system. The solvation model
based on density (SMD) was selected for utilization in the calculations
[36].

The transition state structures were obtained by using the QST3
approach available in Gaussian program. Intrinsic reaction coordinate
(IRC) calculations [37] were utilized to establish the connectivity be-
tween the reactant species and product species smoothly through the
determined transition state structure. Vibrational frequency calculations
were performed on the optimized species, using the same basis set as the
basis set used to optimize the structure. The Gaussian software program
[38] has been utilized throughout the study to optimize the structures.
The output geometries are visualized by using the GausView Program.
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3. Results and discussion
3.1. Synthesis and NMR analysis

To get a deeper understanding of the NMR behaviour of chlor-
oquinoline-N-methyl acrylamides in terms of their conformation at
room temperature, compounds were synthesized following our previ-
ously reported method [32] and an overview of the synthesis route to
these analogues is depicted in Scheme 1. Following the synthesis, the
interesting conformational arrangement of these compounds was stud-
ied using NMR spectroscopy.

Intermediate 2 was prepared by the aromatic nucleophilic substitu-
tion of chlorine under reflux for 8 h to afford the 4-amino-chloroquino-
line. In a separate flask, a catalytic amount of DMF was added to a
mixture of cinnamic acid with SOCI; in toluene at rt for 3 h to yield
cinnamoyl chloride 4. Later, intermediates 2 and 4 were conjugated in
the presence of triethylamine as a base in DCM at rt for 18 h to afford 5
and 6 in poor to moderate yields of 34 % and 54 % respectively. The 'H
NMR spectrum for compound 5, which depicted a total integration of 15
protons as expected, was compared with the newly synthesized com-
pounds 6.

Analysis of the proton signals for 5 showed a pentet at 1.87 ppm with
a J-value of 6.8 Hz corresponding to the ‘inner’ methylene group of the
linker and doublet of doublets integrated to 4 protons corresponding to
the terminal methylene protons at 3.33 ppm. Additionally, both NH-
protons overlapped with other methine protons of the quinoline and
aromatic rings depicting multiplet at 8.28-8.24 ppm and 7.48-7.32 ppm
respectively.

Compounds 6a-c obtained where R = -CH3z are unknown in the
literature yet their structural features might be of biological interest;
hence the reason their potential structural properties were studied.
Surprisingly, the 'H and '3C NMR spectrum inspection showed
complexity due to the substantial peak doubling as observed in Fig. 3.

Since precursor 2 has two secondary amine groups, the conjugation
reaction could have occurred at either position. The less likely nucleo-
philic reaction could occur at the NH-(CQ)-C-1) to give 7. Alternatively,
the reaction could happen at NH-(-CHj3) to afford 6. Lastly, it could take
place at both amines and afford the mixture of two products, 6 and 7
(Scheme 1). To investigate this further, compound 6a was reviewed and
will be used as the referral compound for this reporting in all the
experimental discussions. HRMS and FT-IR could not be used to deter-
mine the identity of the recovered product species because compounds 6
and 7 are structural isomers, however, HRMS confirmed the desired
mass to be 378.1376. NMR spectroscopy was then used to investigate
and confirm the recovered product because the technique can be used to
distinguish between structural isomeric product species. HMBC
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experiment can be used to identify the position of N-methyl because the
methyl protons would show a correlation to the C=0 signal for 6 but not
for compound 7.

The analysis of the HMBC spectrum (Fig. S7) showed the correlation
of the methyl signals confirming the recovery of compound 6. With
sufficient evidence that 6 was the formed compound, we hypothesized
that in solution, it’s likely that the compound exists as two rotamers
because of restricted rotation around the C—N amide bond giving rise to
the observed doubling of signals in both the 'H and 3C NMR spectrum
[39].

Given the results we observed with these compounds, we also
believed that the presence of the methyl group at N-15 was the sole
contributor to the observed rotamers because similar compounds (5)
devoid of the methyl group did not exhibit the doubling of 'H and 3C
signals. The two rotamers gave rise to two distinct signals for all the
resolved signals in the 'H NMR spectrum as shown in Fig. 3 and Table 1.
The highlighted methyl signals at 3.18 ppm and 2.96 ppm were the most
resolved peaks used to determine the rotational barrier. Similarly, in the
13C NMR spectrum, the methyl carbon groups exhibited double signals
at 35.7 ppm and 34.1 ppm. Furthermore, at face value, some of the
signals appear as though they are defined multiplets. For example, the
two triplets at 3.67 (t, J = 7.2 Hz, 1.15H) and 3.53 (t, J = 7.0 Hz, 0.89H,
H-14) can be mistaken for a doublet of triplets. However, the two triplets
do not correlate to the same carbon signal in the HSQC of 6a (Fig. 4),
meaning they are separate triplets for each rotamer. Secondly, the
integration of the doubling signals gives the desired total only when
added together. The partial integration for the triplets is 1.15 and 0.89
which gives a total 2.04 for the desired number of expected signals. This
is observed for all other doubling signals of 6a, 6b, and 6c.

Full assignment of the signals was achieved by using 2-dimensional
COSY, HSQC, and HMBC in addition to the 'H and '3C NMR. The
spectra are provided in the supporting documents. The distinction of the
N-CH2 protons H-12 and H-14 was done by COSY and HMBC analysis.
H-12 showed a COSY correlation to the NH proton in the aromatic ring
whilst H-14 showed a correlation to the carbonyl C-17 signal in the
HMBC spectrum. Doubling of signals was observed for almost all the 1>C
NMR signals revealing that the two rotamers are stable and have
different physical properties.

3.2. Variable temperature NMR analysis

To assess and confirm the presence of rotamer species, variable-
temperature (V1) NMR measurements were performed. Standard NMR
analysis is performed at 27 °C hence to determine the coalescence
temperature we analyzed the samples at 10 °C intervals. This technique
is well established and has been used for studying restricted bond

|
= 0 ~ ®
o+ HNTTN — _ )
cl N ! cl N y al N 54%

R =H, CH, 2
o o
XN Non ) XN
3
R Rq

Ry =H, Cl, OCH;

6 4
Compound R4 % yields
6a H 43
6b Cl 34
6c OCHj 53

Scheme 1. Synthetic route for preparation of compounds 5-6. Reagents and conditions: (i) 165 °C, 8 h (ii) SOCl,, toluene, 3 drops of DMF, RT, 3 h (iii) TEA, dry

DCM, RT, 18 h.
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Fig. 3. 'H and '3C NMR spectra for compound 6a.
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13 18
9 ok | 23
8 X2 16
<3
CITT; L\‘

No 'HNMR/ppm 13C NMR/ppm

2 8=6.49(d,J=5.5 8=99.2 §=99.1
Hz, 1H, H-2)
3 8§=8.41(d,J=5.4 5=836(d,J=54 &=1523
Hz, 0.49H) Hz, 0.56H, H-3)
9 8=28.32(d,J=9.0 5=826(d,J=9.0 5=124.2 8 =124.0
Hz, 0.55H) Hz, 0.46H, H-9)
14 syn rotamer 8 = 3.67  anti rotamer § = syn rotamer anti
(t,J =7.2Hz, 1.15H) 3.53 (t, J = 7.0 Hz, 5 =47.2 rotamer § =
0.89H, H-14) 45.8
13 syn rotamer = 2.00  anti rotamer § = syn rotamer anti
(p, J =7.0 Hz, 1.91 (p,J =7.2 Hz, 5=27.6 rotamer § =
1.16H) 0.92H, H-13) 26.2
12 3.34-3.324 (m, 2H, 40.6 40.2
H-12)
16 anti rotamer § = syn rotamer § = anti syn rotamer
3.18 (s, 1.35H, H-16) 2.96 (s, 1.61H, H- rotamer 8 = 5 =341
16) 35.7

rotation and determining rotational barrier energy [18,40].

For this procedure, the 'H NMR experiments are performed at
different temperatures whilst monitoring the coalescence of the rota-
meric signals. As the temperature of the sample mixture increases, more

energy is provided which destabilizes the rotamers equilibrium resulting
in a fast equilibrium and resultantly a coalescence of these signals is seen
to occur and become indistinguishable by NMR as the doubling signals
merge into one. The chemical shift difference between the rotamer
signals decreases until the signals coalesce. Once the coalescence tem-
perature, (T,), has been determined, there are various techniques used to
calculate the rotational barrier energy. One of the popular techniques
employs the Eyring Eq. (1), which is used to determine the energy
barrier AE, where R is the gas constant 8.314 JK, the estimated coa-
lescence temperature in Kelvins and Av is the difference in chemical shift
difference (55 — 8p) of the individual rotamer signals at low temperature;

AE =RT, {22.96 + In (3)} (@D)]
Av

For this work, a set of 'H NMR experiments were recorded over the
temperature range of 27-90 °C and back to 27 °C (Fig. 5) in DMSO.

There were several signals we could have used to determine the
rotational energy but for compound 6a the methyl signals had the best
baseline resolution hence their chemical shift was monitored as the
temperature increased. Coalescence of the methylene linker signals was
observed at 40 °C but it was approximately 60 °C for the methyl signals
and this was the temperature used to calculate the rotational barrier
energy. Using the Eyring equation it was determined to be 67.2 kJmol ™.
The greatest error in determining this value comes from accurately
measuring T, and from Fig. 5 T, falls between 50 and 60 °C. Given this
range, it is more accurate to report that the rotational energy barrier for
compound 6a is in the range of 65.1-67.2 kJmol . Similar studies have
been done on amide derivatives [31], where the rotational energy bar-
rier of 3-[(E)-(dimethylamino) methylidene-1,1-dimethylurea was
determined to be 68.6 kJmol! which is very similar to our
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Fig. 5. Stacked plot '"H NMR spectra of 6a over 27-90 °C in DMSO.

experimentally determined value. The rotational energy barrier was
determined to be the same for compounds 6b and 6¢. The 'H NMR
spectrum obtained at 90 °C also helped to assign the signals as all the
rotamers signals had coalesced (Fig. 6).

In addition to determining the rotational energy barrier between the
two conformational isomers, we also performed low-temperature (0 °C)
NOESY experiments to identify the syn and anti-signals. The experiments
were carried out in MeOD and interestingly the ratio of the conformers
decreased from 1:1.25 in DMSO to 1:1.1 in MeOD showing that the
solvent affects the stability of the conformers at room temperature
(Fig. 7). Pulsing either methyl signals during 1-D selective NOE at 27 °C
was not selective on the NMR time scale and 0 °C was determined to be
the optimal temperature before precipitation occurred. Loss of exchange

of the signals was observed at this temperature. Irradiation of the major
methyl signal at 3.04 ppm only generated NOE signals of the methylene
linkage at 3.70 ppm and 2.08 ppm. However, irradiating the minor
methyl signal at 3.21 ppm generates a NOE signal at 7.12 ppm (H-18) in
addition to the methylene signals at 3.60 ppm and 1.96 ppm. Given
these results, the major conformer is assigned to the syn configuration
whilst the minor conformer is assigned to the anti configuration.

3.3. Mechanism of formation for 6a-c species

The mechanism of the formation of 6a-c, each from its monomer
structures 2 and 4, has also been investigated to measure the barrier
height for its formation. The optimized reaction species (reactants,
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Fig. 6. Temperature-dependent NMR spectra of 6a in DMSO at (a) 27 °C, (b) 90 °C.
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methyl at 3.21 ppm at 0 °C

lective NOE of
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transition states, and product species) are shown in Fig. 8. The energy
versus reaction coordinate profile for the 6a reaction species is shown in
Fig. 9; Table 2 reports all the relative electronic energy and Gibbs free
energy values for all the reactions studied. It is evident that in each case,
the reaction may proceed through the formation of the reactant com-
plex. This is because the energy of RC is lower than the sum of the energy
of the isolated reactant species. The reactant species are stabilized by
possible intermolecular interactions involving the interacting mole-
cules. The 6a, 6b, and 6¢ reactant complex species are stabilized by the
presence of hydrogen bonds between the amide group at N15 and the
keto group at C17.

The transition state is characterized by the close approach of N15

2907
9
9

e IO 2y
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and C17 as well as the expulsion of the chloride ion. The N15—C17 has a
bond distance (A) of 1.808, 1.818, and 1.806 in the transition structures
of 6a, 6b, and 6¢, respectively. N15—C17 amide bond distances in the
given TS are longer than the standard covalent N—C amide bond length
of1.334 Ain secondary amides [41]. The N15—C17 bond in 6a, 6b, and
6¢ species has a bond vibration frequency value (cm ™) of 127, 126, and
132, respectively. The product complex species consists of the
chloroquine-cinnamic acid conjugate product species interacting with
the HCI by-product species.

The barrier height for the formation of the 6a, 6b, and 6c product
species is about 12 — 13 kcal/mol. The reaction Gibbs free energy for the
reactions has a negative value, which indicates that the reaction is

9 “J
4
RC24a) TS2-4a) PC6a)
92 @ 2
2780 W W a?: ¥
b aad “ﬁ“ J\.J J’:‘J
> *J‘ 9 ‘
- & a.‘ @f
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Fig. 8. Optimized reactant complex (RC), transition state (TS), and product complex (PC) reaction species for the formation of 6a, 6b, and 6c.
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Fig. 9. Energy (relative Gibbs free energy) versus coordinate for the reaction involving structure 2 (R1) and 4 (R2) shown in Fig. 7 with R = H. The reaction is
performed at room temperature using the M06—2X/ 6-311++G(d,p) method. A similar pattern was obtained when R = Cl and OCH3.

Table 2
Relative electronic energy (AE, kcal/mol) and relative free energy (AG, kcal/
mol) values for the species involved in the formation of 6a-c.

Structures Relative energy (AE, kcal/mol)  Relative free energy (AG, kcal/mol)
(2+4a)s, 0.0 0.0
RC(2.4a) -20.3 21.1
TS(2-42) 2.8 56.1
PCoa) ~77.9 —27.2
P iso —67.4 -52.9
(2 + 4b)is, 0.0 0.0
RC(2-4p) -19.7 30.9
TS(2-ab) 1.6 52.8
PCon) —77.6 ~25.8
P iso —68.9 —55.6
(2+40)iso 0.0 0.0
RC2.40) —21.1 18.7
TS(2-4¢) 6.1 57.1
PCec) -76.7 —25.3
P iso —63.7 —48.9

thermodynamically preferred towards the formation of the product
species.

3.4. Stability of the rotamers for the studied acrylamides

The product species 6a-c and 7a-c have various rotatable single
bonds, allowing for the existence of several conformers for each struc-
ture. The stability of the different conformers for each structure is
influenced by the steric hindrance emanating from close proximity of
the various substituent groups, the presence of non-covalent interactions
such as hydrogen bonding and =---C-H interactions as well as the anti-
and syn arrangement associated with the imide C—N group. The opti-
mized structures of the rotamers are shown in Fig. 10.

Among the 6a-c structures, the preferred structures are those that
form intermolecular hydrogen bond involving the C3—H group and the
017 atom for the results in vacuo. In the presence of the solvent, how-
ever, this intermolecular interaction appears to be weakened as 017
interacts with solvent molecules. The linear orientation of the aliphatic
chain is preferred to the bending orientation, except when the bending

of the chain would result in the formation of intermolecular hydrogen
bond. The influence of the imide C—N bond rotation on the stability of
the conformers was studied by also taking into account 5a to compare
the effect of the methylation at the amide group, which differentiates
tertiary and secondary amides. The rotamer for which the C-N-C17=017
torsion angle is near zero corresponds to an anti- while the rotamer for
which the C-N-C17=017 torsion angle is near 180° represents a syn-one.
The relative energy of the anti-, and syn- species are reported in Table 3.
Fig. 11 shows the rotational barrier for the formation of the syn-rotamer
from the anti-rotamer for the results in vacuo of the 5a, 6a, 6b, and 6c.
The formation of the syn-rotamer from the anti— rotamer or vice versa
generally goes through the formation of either the TSy or the TSgy,
transition state structures [26]. Previous studies on amides and carba-
mates have identified that in most cases, the TS,n is more preferred to
the TSy, transition state structure [42-44]. For this reason, we have
approached the investigation of the anti<>syn rotamer interconversion of
the herein synthesised amide derivatives through the formation of the
TSanti structure. The barrier height (kJ/mol) found in each antie syn
rotamer interconversion case is 66.6 for 6a, 65.2 for 6b, and 59.4 for 6c¢.
These prove that the NMR and computational methods are in excellent
agreement with one another. Following the calculations performed in
vacuo, the experimental values are slightly larger due to solvent and
other interactive molecular effects.

The formation of the syn— rotamer from the anti— rotamer in the case
of 5a has a much higher barrier height of 78.8 kJ/mol. Moreover, the syn
rotamer stability to the anti— in the case of 6a-c structures is =~ 1 kcal/
mol, indicating that both rotamers can be considered to co-exist in na-
ture. However, in the case of 5a, only the anti-rotamer can be consid-
ered to be stable, as the Boltzmann distribution (%) for this rotamer is
99.7 in vacuo, 98.8 in DCM, 97.5 in methanol, 95.4 in DMSO and 82.3 %
water solution. The stability of the syn-rotamer increases with the in-
crease in solvent polarity. In other words, the secondary amides of the
investigated structures are likely to favour the formation of only the
anti— rotamers in non-polar medium. However, tertiary amides of the
studied acrylamides (structures 6a-c) are likely to exist in the mixture of
both anti— and syn— rotamers, since the two structures are close to each
other in energy. the stability of one conformer with respect to the other
conformer is influenced by the medium in which the investigation is
carried out; for structure 6a and 6b, the syn—rotamer species is more
stable than the anti—rotamer species in all media except in DCM, for
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Fig. 10. M06—2X/ 6-314++G(d,p) optimized geometries for the interconversion of the anti-rotamer to form the syn-rotamer through transition state TS, for the
studied compounds

structure 6¢, the syn—rotamer species is more stable than the anti- substituent groups are far apart, thereby decreasing the steric hindrance
—rotamer species in all media. These results collaborate well with our between them. Table 4 provides a comparison of the stability between
experimental results reported herein. From a thermodynamic Gibbs free corresponding lowest-energy conformers of 6a-c and 7a-c. The outcome
energy data, it is reasonable to infer that among the 6a-c structures, the suggests that 6a, 6b, and 6c are significantly stable in comparison to 7a,
anti— rotamer evolves from the syn— rotamer, since the energy change 7b, and 7c respectively; indicating that the structure that is most likely
in such respective would correspond to a negative AG. to form is 6 rather than 7. These results are consistent with our exper-

The stability of the conformers of structures 7a-c is largely influ- imental results, which point to the formation of the NH-(-CH3) to afford
enced by the steric hindrances associated with the cinnamoyl and the 6.

aliphatic CHoCH,CH,NH(CH3) substitute groups at N11; it is evident
that the most stable conformers correspond to cases in which the two

10
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Table 3
Relative energy (kJ/mol) and relative free energy (kJ/mol) for the anti— and syn— rotamers of structures 5a and 6a-c calculated in different media using M06-2X/6-
31++G(d,p) calculation approach.

structures anti/syn relative energy (AE, kJ/mol) anti/syn relative free energy (AG, kJ/mol)

benzene DCM methanol DMSO water benzene DCM methanol DMSO water
Sa-ant 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5a-syn 14.4 10.9 9.0 7.5 3.8 21.1 17.8 18.8 18.0 13.3
6a-ant 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6a-syn 1.7 4.0 2.5 2.4 2.6 9.1 12.9 0.3 11.3 6.6
6b-ant 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6b-syn 3.3 4.0 5.2 1.1 8.9 14.1 11.8 0.8 11.0 -1.8
6a-ant 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6b-syn 8.4 2.8 3.5 -8.3 8.3 2.7 3.7 5.3 -4.0 3.4
90
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Fig. 11. Energy versus coordinate for the interconversion from anti rotamer to syn rotamer for 5a (blue colour), 6a (orange colour), 6b (grey colour), and 6c (yellow
colour) in vacuo. Results were obtained using M06—2X/ 6-31++G(d,p) method.

Table 4
Relative energies (kcal/mol) and selected torsion angle (°) in different media for the structures 6a-c and 7a-c; results obtained using M06—2X/6-311++G(d,p)
calculation method.

Structure Torsion angle ? Torsion angle value (°) in different media Relative energy (kcal/mol)

vacuum benzene DCM methanol DMSO water in vacuo benzene DCM methanol DMSO water
6a C14-N15-C17-017 0.8 -0.2 1.4 1.2 1.5 5.5 0.000 0.000 0.000 0.000 0.000 0.000
7a C1-N11-C17-017 -161.9 -164.6 -165.2 -166.5 -165.1 -164.3 2.961 3.660 5.207 5.543 5.534 5.271
6b C14-N15-C17-017 0.3 0.8 2.3 0.5 1.9 4.58 0.000 0.000 0.000 0.000 0.000 0.000
7b C1-N11-C17-017 -162.6 -164.7 -165.8 -166.2 -165.1 -164.5 2.941 3.833 4,721 5.646 5.058 5.528
6c C14-N15-C17-017 0.60 0.4 1.3 1.02 2.1 6.4 0.000 0.000 0.000 0.000 0.000 0.000
7c C1-N11-C17-017 -162.5 -164.7 -165.8 -166.4 -165.0 -164.5 2.705 3.641 5.016 5.545 5.419 5.441

“the oxygen atom on C17 is also given the number 17.

4. Conclusions determined computationally, and both methods were found to be in

excellent agreement. Owing to the NMR analysis, the rotational con-

The preparation and analysis of new cinnamoyl-chloroquinoline
derivatives was conducted. Using the known synthetic methods, and
after thorough purification by silica gel column chromatography and
crystallization, all the acrylamide compounds, 6a-c were obtained in
moderate yields and purities. For the first time, these biologically
important compounds’ stereodynamic behaviour was studied by dy-
namics and multinuclear 'H, 13C spectroscopy in DMSO-dg solution to
determine the barrier to their internal rotation. These barriers were also

11

formers resulting from the tertiary amide were recognized using VT
NMR experiments which proved that at higher temperatures (60 °C),
signals of all rotamers coalesced.

The results of DFT investigations calculations have confirmed our
experimental findings that 6a-c are preferred products to 7a-c results for
the synthesis of quinoline-cinnamic hybrid analogues using different
amino-amide linkers. Among the rotamers of 6a-c, it is evident that both
the anti— and syn— rotamers co-exist due to their minimal energy
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difference. Finally, a comparison of 5a and 6a structures suggests that
the presence of the methyl group at the amide nitrogen, N(CHs) could
account for the fact that both the anti— and the syn— rotamers co-exist
among the tertiary amide derivatives and that the syn— rotamer is the
most stable one as confirmed by the experimental NMR (NOE) results.
This is because, amidst the secondary amide derivatives such as 5a, only
the anti— rotamer is significantly stable.

Supporting information

Spectra data for all the compounds are provided. This material is
available as supporting information.
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