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Synthesis and characterization of functionalized 2° 
amines 2-(alkylamino)-3-chloro-1,4-naphthoquinones: 

Effect of N-substituents on crystal packings, 
fluorescence, redox and anti-microbial properties 

 

Abstract 

 
 

        Chemo-selective reaction of 2, 3-dichloro-1,4-naphthoquinone with different 

primary amines affords access to a series of derivatives such as 2-(alkylamino)-3-

chloro-1,4-naphthoquinone (1-6) and 2-(benzylamino)-1,4-naphthoquinone (7) in 

good yields. All the compounds 1-7 have been characterized thoroughly by 

microanalysis, standard spectroscopy and thermogravimetric method. Supramolecular 

structures of 1–4 and 7 have been studied by means of single-crystal X-ray diffraction 

to gauge the influence of substituents, present on amine functionality, on the 

association of molecules in the solid state. The study showed that the introduction of 

various amine N-substituents induces conformational changes that apparently modify 

the nature and number of donor-acceptor sites for noncovalent interactions, leading to 

diverse crystal packing patterns. Interestingly, the introduction of 2-(benzylamino)- 

and 2-(2-pyridylmethylamino)- substituents in 2 and 4; successfully switches on C-

Cl...π synthon, scarcely seen in the crystal packing of organic molecules. Compounds 
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1, 2, 4 and 5 fluoresces in the range of 350-620 nm with concomitant Stoke shifts of 

81, 131, 141 and 131 nm, respectively and their cyclic voltammograms evidence two 

quasi-reversible single-electron waves. All the compounds (except 5) exhibit first 

endothermic peak on the DTA curves without any mass loss due to the phase change 

attributable to the melting points of respective compounds. Remarkably, compound 5 

exhibits enhanced antibacterial activity against S. Aureus and proved to be more 

potent antibacterial agent than a well known drug “ciprofloxacin”. 

 

4A.1. Introduction  

The intermolecular forces that hold the molecules in the solid state are inadequately 

understood and hard to predict, particularly for organic solids [1]. Since the material’s 

properties are often governed by the way in which their constituent molecules are 

arranged, [2] any step taken into predictable molecular packing is a practical 

movement towards the ultimate goal of structural chemistry to design new solid of 

desired properties. The hydrogen bonds and stacking interactions including weak 

hydrogen bonds like C–H…O, [3] N–H…O, [4] C–H…π [5] and π…π [6] 

interactions
 
were considered as main directing tool in the organization of molecules in 

both chemistry as well as in biology. These were implicated successfully in the crystal 

engineering and supramolecular assemblies. However, the ability of halogen atoms to 

function as reliable sites for directing intermolecular recognition processes was 

largely overlooked until the 1990s. The halogen bonds have been recognized recently 

as another type of non-covalent interactions that can be used as a new tool for the 

organization of supramolecular systems and molecular crystals [7]. They have been 

shown to be accountable for the formation of a variety of stable supramolecular 

assemblies in crystals, [7c,8] biological systems, [9] solutions, [10]
 
and even in the 

gas phase [11]. A competition between hydrogen bonding and halogen bonding has 

been observed by Professor Aakeroy’s group and others, [12]
 
during supramolecular 

assembling of organic molecules in the solid state. Of more interesting, rational 

modifications of the hierarchy of intermolecular interactions in molecular crystal 

structures by using tuneable halogen bonds were developed [13]. In particular, 

halogen bond of the type C-H...Cl [7b,14] has been investigated significantly, 

however literature evidences a fewer report [8,15] on the existence of C-Cl…π 

interactions. A survey of the protein data bank (PDB) suggests only limited number of 
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C-Cl…π interactions, retrieved from crystal structures of protein–ligand complexes 

[15]. Thus, considerably larger data on C-Cl…π contacts should help us better 

evaluate the characteristics of such interactions in biomolecules and in structural 

chemistry.  

Apart from this, considerable attention has been paid on the functionalization 

of naphthoquinone derivatives and evaluation of their biological properties, [16] 

mainly due to their association in multiple biological oxidative processes, [17] and 

thus have a great impact on the biological systems. A large part of the biological 

activity of quinonoid systems is shown to be related to its capacity to generate free 

radicals via redox reactions which involve electrogenerated radical anion species 

(semiquinone) with long half-life periods and able to transfer the electron to another 

species in vivo [18].
 

Reportedly, naphthoquinone derivatives possess diverse 

biological properties that include antibacterial and antifungal,
 
[19] antiviral, [20] 

antimalarial [21] and anticancer [22] activity which have stimulated the study of these 

bioactive compounds in the field of medicinal chemistry.  

This paper outlines a facile synthesis, spectral, optical and thermal 

characterization of 2-(alkylamino)-3-chloro-1,4-naphthoquinones 1-6 and 2-

(benzylamino)-1,4-naphthoquinone 7 (Chart 1). The single crystal X-ray diffraction 

technique has been used to facilitate the understanding of structures and to review the 

influence of various N-substituents on the crystal packing patterns in the solid state. 

We have determined the crystal structure for five 2-substituted 3-chloro-1,4-

naphthoquinone derivatives and have analyzed the propensity of the formation of C–

Cl…π, C–H…Cl and C–H…π contacts in the presence of dominating C–H...O 

contacts and the directional preference in terms of crystal packing. These derivatives 

form an interesting class of compounds with synthetic versatility and effective anti-

microbial activities. Due to the increasing importance of halogen bonding in 

biological systems, [16]
 
the identification of C–Cl…π, C–H…Cl intermolecular 

interactions in 2 and 4 would add merit and assist the evaluation of the characteristics 

of such interactions in biomolecules and in structural chemistry. 
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Chart 1: Compounds 1–7 under investigation. 

 

4A.2. Results and discussion 

4A.2.1. Synthesis and characterization 

Chemo-selective reaction of 2, 3-dichloro-1,4-naphthoquinone with different primary 

amines efficiently yielded a series of novel 2-substituted-1,4-naphthoquinone 

derivatives such as 2-(alkylamino)-3-chloro-1,4-naphthoquinones (1-6) and 2-

(benzylamino)-1,4-naphthoquinone (7) in good yields (Scheme 1). The dual roles of 

amine as nucleophile and as a base, facilitate the formation of products in EtOH via 

removal of one chloro substituent with ease. Remarkably, only the reaction of 2,3-

dichloro-1,4-naphthoquinone with benzyl amine in refluxing DMF lead to the 

formation of 3-hydro analogue 7. Compounds 2, 6 and 7 have been synthesized by a 

modified literature procedures [23] and this modification was scalable to 95% for 2, 

90% for 6 and 70% in less time, unlike the original methods [23a,b,d].
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Scheme 1  Synthetic Protocol for 2-(alkylamino)-3-chloro-1,4-naphthoquinones (1-6) 

and 2-(benzylamino)-1,4-naphthoquinone (7) 

All the compounds 1-7 have been characterized thoroughly by microanalysis, 

standard spectroscopy and thermogravimetric method. The spectroscopic analysis 

data, such as GC-MS, IR, NMR and UV-visible spectra of the compounds 1-7 are 

consistent with their chemical formula determined by elemental analysis and the 

structures of 1-4 and 7 were elucidated from single crystal X-ray diffraction study.  

In the IR spectra of 1-7, the most characteristic bands observed between 3250– 

3350 cm
-1

 are diagnostic of υ(N-H) stretching vibrations. The weak intensity bands 

appeared in the regions of 3147-2931 cm
–1

 are attributable to the aromatic υ(C-H) 

stretching vibrations, whereas bands appeared in the regions of 850-820 cm
–1

 are 

assignable to the aromatic υ(C-H) out-of plane bending vibrations, a characteristic 

feature of phenyl ring of naphthoquinone moiety. Additionally, 1-7 display strong 

bands (1675–1683 cm
-1

)
 
and medium intensity bands (1140-1124 cm

–1
) due to 

υ(C=O) and υ(C-N) vibrations [24]. Unlike 7, compounds 1-6 display a sharp band in 

the region of 719-725 cm
-1

 due to υ(C-Cl) stretching vibrations. The 
1
H NMR spectra 

of 1-7, exhibit most characteristic signals in the range of δ = 6.10-7.82 ppm due to 

amine –NH moiety along with signals due to aromatic protons of naphthoquinone 

moiety and corresponding N-substituent with proper splitting pattern. Among these, –

NH signal in compound 4 is significant downfield shifted due to higher electron 

withdrawing nature of N-(2-pyridylmethyl) substituent. A singlet signal appeared at δ 
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= 5.82 ppm is assignable to the proton present at 3-position of 2- (benzylamino)-1,4-

naphthoquinone (7). In 
13

C spectra of 1-7, the most characteristic signals appeared in 

the range of δ = 181–176 ppm is attributable to the two quinonic carbonyl moieties. 

Compound 1 displays singals due to methine and methylene groups at 52.5 ppm and δ 

= 35-24 ppm regions, respectively. In case of compound 2-5, signal in the range of 

41–49 ppm are assigned to methylene carbon atoms whereas signals observed in δ = 

155–108 ppm regions are due to aromatic carbons. Compound 6, shows three upfield 

signals in δ = 44-19 ppm regions due to –CH2 while a signal appeared at δ = 13.7 ppm 

corresponds to –CH3 moiety of n-butyl substituent. The IR, 
1
H and 

13
C NMR spectral 

data for 1-7 are consistent with similar compounds reported in the literature. 

Compounds 1, 2, 4 and 7 were further characterized by mass spectroscopy. The 

molecular ion peak (m/z) corresponds to = (M+H) and gives the evidence for the 

formation of the desired compounds.  

Block shaped colourless crystals for 1, 2, 4 and golden-yellow crystals for 

compound 3, suitable for single crystal X-ray diffraction study, were grown from 

dichloromethane solution by slow evaporation at 4 °C. Our efforts to obtain single 

crystals of 5 and 6 suitable for XRD analysis using different crystallization techniques 

were unsuccessful. The crystal data and structure refinement for compounds 1-4 and 7 

are given in Table 1. 
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Table 1 Crystal data and structure refinement for compounds 1-4 and 7 

Identification code 1 2 3 4 7 

Formula C16H16ClNO2 C17 H12ClNO2 C15H10ClNO3 C16 H11ClN2O2 C17H13NO2 

Formula weight 289.75 297.73 287.69 298.72 263.30 

Temperature (K) 150(2)  293(2)  150(2)  150(2)  293 

Wavelength ( Å) 0.71073  0.71073  0.71073 0.71073  0.71073 

Crystal system Triclinic  Monoclinic Monoclinic  Monoclinic orthorhombic 

space group P -1 P 21/c P 21/c P 21/n Pna21 

a(Å) 8.1167(10) 10.2681(4) 7.4914(2) 5.0576(4) 10.8597(13) 

b(Å) 8.3589(10) 7.7447(3) 20.7986(5) 11.4615(7) 24.115(4) 

c(Å) 10.5321(13) 17.5818(9) 7.9056(2) 23.3465(11) 5.0303(7) 

α(°) 92.178(10) 90 90 90 90 

β(°) 104.565(11) 93.836(4) 93.019(2) 91.898(6) 90 

γ(°) 94.094(10) 90 90 90 90 

Volume(Å
3
) 688.68(15) 1395.03(10) 1230.07(5) 1352.60(15) 1317.3(3) 

Z 2 4 4 4 4 

Calculated density(mg/m
3
) 1.397 1.418 1.553 1.467 1.3275 

Absorption coefficient ( m/mm
-1

) 0.278 0.277 0.317 0.288 0.088 

F(000) 304 616 592 616 52.3 

Crystal size (mm
3
) 0.23 x 0.18 x 0.13  0.32 x 0.27 x 0.23  0.23 x 0.18 x 0.13  0.23 x 0.17 x 0.13  0.14 × 0.11 × 0.06 

θ range for data collection (°) 3.07 to 25.00 deg. 2.95 to 25.00 deg. 3.24 to 25.00 deg. 3.17 to 24.99 deg. 6.76 to 55.84° 

Index ranges -9<=h<=9,  

-9<=k<=9,  

-12<=l<=12 

-11<=h<=12,  

-5<=k<=9,  

-20<=l<=20 

-8<=h<=8,  

-24<=k<=21, 

-9<=l<=9 

-6<=h<=5, 

-13<=k<=13,  

-27<=l<=27 

-13 ≤ h ≤ 5,  

-31 ≤ k ≤ 28,  

-6 ≤ l ≤ 3 

Reflections collected / unique 5112 / 2429  

[R(int) = 0.0424] 

10267 / 2451 

[R(int) = 0.0451] 

8482 / 2164 [R(int) 

= 0.0165] 

8228 / 2368 [R(int) 

= 0.0779] 

1366 

[R(int) =0.0306] 

Completeness to theta = 25.00 (%) 99.8  99.9  99.8  99.9  99.9  

Data / restraints / parameters 2429 / 0 / 181 2451 / 0 / 194 2164 / 0 / 181 2368 / 0 / 191 1366/0/181 

Goodness-of-fit on F
2
 1.036 1.004 1.082 1.120 1.118 

Final R indices [I>2sigma(I)] R1 = 0.0637,  

wR2 = 0.1655 

R1 = 0.0441,  

wR2 = 0.1085 

R1 = 0.0295,  

wR2 = 0.0707 

R1 = 0.0652,  

wR2 = 0.1740 

R1 = 0.0718,  

wR2 = 0.1410 

Largest diff. peak and hole/ e Å
-3

 0.335 and -0.387  0.210 and -0.233 0.299 and -0.265 0.445 and -0.672 0.28 and -0.33 
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Table 2 Significant intermolecular interactions [Interatomic distances (Å), and bond 

angles (°)] found in compounds 1-4 and 7 

 

Compounds D─H…A D─H H…A D…A ˂DHA 

(β) 

˂α 

1 C13─H13a…O1 0.970 2.709 3.471 135.81 … 

C12─H12b…O2 0.970 2.716 3.628 155.96 

C16─H16b…O2 0.970 2.481 3.383 154.61 

2 C6─H6…O1 0.930 2.303 3.218 168.61 … 

N1─H1N…O2 0.862 2.295 3.051 146.38 

C17─H17…O2 0.930 2.715 3.533 147.26 

C9─Cl1… Cg 
[Cg: C16 C17 C12 C13 C14 C15] 

1.732 3.879 5.545 160.96 31.10 

3 N1─H1…O1 0.860 2.279 2.988 139.93 … 

C11─H11…O2 0.970 2.570 3.356 138.19 

C15─H15…O2 0.930 2.572 3.331 139.13 

C14─H14…O2 0.930 2.601 3.507 164.89 

C15─H15…Cl1
 

0.930 2.916 3.472 119.69 

4 C4─H4…O1 0.951 2.715 3.309 148.56 … 

C6─H6B…O1 0.990 2.460 3.400 126.66 

C2─H2A…O2 0.951 2.593 3.302 131.58 

C8─Cl1… Cg1 
[Cg1: C10C11 C12 C13 C14 C15] 

1.736 3.768 5.468 165.87 6.15 

C6─ H6A… Cg2 
[Cg2:  C7 C8 C9 C10 C15 C16] 

0.991 3.472 3.808 102.30 21.2 

C6─H6B… Cg3 
[Cg3: C1 N1 C2 C3 C4 C5] 

0.990 3.039 3.668 122.53 3.03 

7 C2─H2…O1 0.930 2.443 3.321 157.32 … 

N1─H1…O2 0.860 2.168 2.901 143.03 

C13─H13…O2 0.929 2.709 3.511 144.98 

C16─ H16… Cg1 
[Cg1: C4 C5 C6 C7 C8 C9] 

0.930 2.522 4.407 159.94 36.36 

C11─ H11b… 

Cg3 
[Cg2: C1 C2 C3 C4 C9 C10] 

0.970 3.480 4.280 143.62 11.66 

Cg1…Cg2 
[Cg3: C12 C13 C14 C15 C16 C17] 

… 4.187 … … … 

 

4A.2.2. Structural descriptions 

A careful analysis of single crystal X-ray diffraction data reveals that a change in the 

N-substituents in 1-4 and absence of chloro substituent in 7, changes the electronic 

nature as well as stereochemical conformations of the molecules. This can be clearly 

visualized from the different dihedral angles between the least squares plane through 

the naphthoquinone rings and that of amine substituents. The 3-chloro-1,4-

naphthoquinone moiety having extended conjugation hold the two naphthoquinone 

rings virtually planar. The angle between the least squares planes through benzene 

and quinone rings of naphthoquinones appeared in a range of 0.99-2.29° in 1-4 and 7. 

However, the angle between the least squares planes passing through the quinone ring 
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and various N-substituent ring, falls in the range of 61.88°-88.04° in all the molecules 

(except 4), attaining a ‘gauche’ conformational mode. Notably, the absence of chloro 

substituent in 7 diminishes the n-π electrostatic repulsive interactions and this 

molecule is largely deviates from a stable ‘gauche’ conformational mode, revealed by 

the dihedral angle (88.04°) between naphthoquinone ring and benzene ring of the N-

benzyl substituent. Contrarily, the presence of N-(2-pyridylmethyl) substituent in 4 

changes the dihedral angle between the planes of naphthoquinone ring and pyridine 

ring to 0.99° and thus induces coplanarity in the molecular framework. These 

conformational changes induced by various amine N-substituents in 1-4 and 7 

apparently modify the nature and number of donor-acceptor sites for noncovalent 

interactions, leading to diverse crystal packing patterns. This generates a scope for the 

control and fine tuning of the supramolecular assembly arise due to non-covalent 

interactions in these molecules. The supramolecular architectures arise due to a 

number of weak noncovalent intermolecular interactions in 1-4 and 7, can be 

described as follows. 

 

4A.2.2.1. X-ray structure of 2-(cyclohexylamino)-3-chloro-1,4-naphthoquinone 

[C16H16ClNO2] (1) 

Compound 1 crystallizes in chiral triclinic P-1 space group and the X-ray crystal 

structure show asymmetric unit contains full molecule of [C16H16ClNO2] as shown in 

Fig. 1(a). There are two such molecules in the unit cell. The selected bond distances 

(Å) and bond angles (°) for 1 are: C1-C6 1.475(4), C1-O1 1.211(3), C1-C2 1.522(3), 

C4-C5 1.499(4), C4-O2 1.223(3), C2-C3 1.370(4), C3-Cl1 1.738(2), C2-N1 1.337(3), 

N1-C11 1.463(3) Å and C6-C1-O1 122.0(2), C2-C1-O1 119.0(2), C5-C4-O2 

119.5(2), C3-C4-O2 122.6(3), C2-C3-Cl1 122.7(2), C1-C2-N1 110.5(2), C2-N1-C11 

131.2(2)°, respectively. The structural parameters are found to be in the normal range 

and have a good agreement with those observed for the similar compounds [25]. 

Interestingly, 1 containing cyclohexyl substituent on amine functionality adopts a 

‘gauche’ conformation, predominantly stabilized via a number of intermolecular 

CH...O interactions. The cyclohexyl group is primarily behaves as C-H donor and 

quinone group as C-H acceptor. Molecules of 1 are interconnected along a-axis in anti 

fashion through a number of CH...O interactions viz. C13-H13A...O1 (2.709 Å), C12-

H12B...O2 (2.716 Å) and C16-H16B...O2 (2.481 Å) donor-acceptor interactions. In 
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fact one of the ketonic oxygen (O2) is involved in the bifurcated hydrogen bonding, 

arranging a molecule parallely and another molecule anti- parallely along a-axis. The 

relevant parameters for the weak interactions are tabulated in Table 2. The molecules 

present in the asymmetric unit forms a supramolecular unit, consists of five molecules 

aggregate, as shown in Fig. 1(b). Interestingly, these supramolecular units can be used 

to generate infinite network along a-axis, forming a fascinating 1D tubular 

architecture as shown in Fig. 1(c) and Fig. 1(d).  

 

(a)

 

(b) 

   

          (c)                     (d) 

Fig. 1 (a) Thermal ellipsoidal plot of compound 1 with atom labeling scheme; (b) 

Supramolecular unit consists of five molecule aggregates involving CH...O 

interactions; (c) Spacefill representation of molecular packing along a-axis forming 

1D tubular architecture; (d) View of molecular packing in spacefill model along 

slightly tilted down from a-axis.  
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4A.2.2.2. X-ray structure of 2-(benzylamino)-3-chloro-1,4-naphthoquinone [C17 

H12ClNO2] (2)   

Compound 2 crystallizes in the centrosymmetric monoclinic P 21/c space group and 

the X-ray crystal structure show asymmetric unit contains full molecule of [C17 

H12ClNO2] as shown in Fig. 2(a). There are four such molecules in the unit cell. The 

relevant parameters are tabulated in Table 1. The selected bond distance (Å) and bond 

angle (°) for 2 are: C1-C2 1.471(3), C1-O1 1.210(3), C1-C10 1.519(3), C7-C8 

1.501(3), C8-O2 1.227(3), C8-C9 1.444(3), C9-Cl1 1.732(2), C10-N1 1.344(3), N1-

C11 1.467(3), C11-C12 1.518(3) Å and C2-C1-O1 121.5(2), C10-C1-O1 119.1(2), 

C2-C1-Cl0 119.38(18), C7-C8-O2 119.6(2), C9-C8-O2 122.2(2), C7-C8-C9 

118.16(18), C8-C9-C11 113.22(16), C10-C9-Cl1 122.83(18), C10-N1-Cl1 131.7(2), 

N1-C11-C12 112.56(17)°, respectively. These values followed the normal range and 

found consistent with similar type of compounds reported in the literature (vide 

supra). Notably, the presence of N-benzyl substituent efficiently changes the 

molecular orientation that has appeared to play a great role on crystal packing pattern 

of 2. Molecules of 2 appeared to be involved in an unusual C-Cl...π donor-acceptor 

interactions (Fig. 2(b)) along with CH...O and N-H...O {C6-H6...O1 (2.303 Å), N1-

H1...O2 (2.295 Å) and C17-H17...O2 (2.715 Å)} donor-acceptor interactions. It may 

be noted that similar to compound 1, O2 is involved in the bifurcated CH...O 

interactions. The relevant parameters for weak interactions present in compound 2 are 

given in Table 2. Probably, the anti-parallel orientations of phenyl and 

naphthoquinone rings, adopting ‘gauche’ conformation with dihedral angle of 72.79° 

is responsible for efficient C-Cl...π interactions. For such interactions to occur, it is 

not mandatory that the chlorine atom should be positioned directly above the phenyl 

ring plane with orthogonal orientation. Statistical data retrieved from PDB suggest 

that in majority cases of protein–ligand complexes, [15] the frequency distributions of 

α angle (angles between the vector along the Cg‒Cl line and the normal to the plane 

of the ring) and  angle ( C–Cl‒Cg º) as shown in Fig. 3, varies in the range of 20-

30 º and160-180 º. Compound 2 display Cl...Cg distance (3.879 Å) and favourable α 

angle (31.10°) in the standard range [15,26]. The α angle was calculated from α = 

90°-θ where θ is the angle of intersection of the phenyl ring plane (58.90°) and the β 

angle C9-Cl1


Cg (Cg: C16 C17 C12 C13 C14 C15) of 160.96° is adequately large to 

facilitate the effective C–Cl...π interactions. In solid state, the molecule present in the 
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asymmetric unit forms four donor-acceptor contacts viz. C6-H6(naphthoquinone)...O1, N1-

H1...O2, C17-H17(benzylic)...O2 and C11-Cl11... π(benzylic) interactions that leads to a 

five molecules supramolecular aggregate as shown in Fig. 2(b). Notably, C-Cl...π 

donor-acceptor interactions efficiently managed the anti orientation of packed 

molecules limiting the growth of self-assembly along c-axis, however, the 

dimensionality has been extended along b-axis through C-H...O and N-H...O 

interactions leading to the fascinating 1D infinite supramolecular chair-like 

architecture as shown in Fig. 2(c) and Fig. 2(d).  

 

 
(a) 

 
(b) 
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(c)                                                                              (d) 

Fig. 2 (a) Thermal ellipsoidal plot of compound 2 with atom labeling scheme (b) 

supramolecular unit consists of five molecule aggregates involving CH...O, NH…O 

and Cl…π interactions (c) Formation of 1D infinite supramolecular chair-like 

architecture (d) Spacefill representation of molecular packing along b-axis. 

 

Fig. 3 Protocol for Cl...π interactions: d is the distance between the phenyl ring 

centroid (Cg) and the H atom; V is the vector normal to the plane of phenyl ring; α is 

the angle between the d and V vector, and β is the C–Cl...π angle. 

 

4A.2.2.3. X-ray structure of 2-(furfurylamino)-3-chloro-1,4-naphthoquinone 

[C15H10ClNO3] (3)  

Compound 3 crystallizes in the centrosymmetric monoclinic P 21/c space group and 

the X-ray crystal structure show asymmetric unit contains full molecule of 

[C15H10ClNO3] as shown in Fig. 4(a). Similar to the compound 2, there are four 

molecules in the unit cell. The relevant parameters are tabulated in Table 2. The 

selected bond distance (Å) and bond angle (°) for 3 are: C1-C2 1.454(2), C4-O1 

1.220(18), C2-C3 1.370(2), C1-O2 1.228(18), C2-Cl1 1.734(15), C3-N1 1.341(19), 
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N1-C11 1.469(19), C11-C12 1.487(2) Å and C2-C1-O2 121.74(14), C10-C1-O2 

120.19(14), C1-C2-Cl1 114.14(11), C3-C2-Cl1 122.46(12), C5-C4-O1 121.75(13), 

C3-C4-O1 118.81(13), C3-N1-C11 130.63(13), N1-C11-C12 113.46(12), C2-C3-N1 

130.82(14), C4-C3-N1 111.01(12)°, respectively and the structural parameters are 

found consistent with similar type of compounds reported in the literature (vide 

supra). The amino, methylene and furfuryl groups of 3 behave as X-H donor whereas 

quinone group is essentially performs are X-H acceptor. For instance, The C14-H14 

and C15-H15 groups associated with furfuryl and O2 and Cl11 groups of 

naphthoquinone are involved in formation of closing contacts with two different 

molecules via C14-H14...O2 and C15-H15...Cl11 donor-acceptor contacts, 

respectively and these interactions evidently lead to an attractive spiral-like 

arrangements along a-axis as shown in Fig. 4 (b) and (c). It may be noted that C15-

H15 group is also involved in the interaction with ketonic O2 group of 

naphthoquinone. Unlike 1 and 2, the ketonic O2 group in 3 is involved in tri-furcated 

hydrogen bonding, holding two molecules along a-axis through C14-H14(furfuryl)...O2 

and C15-H15(furfuryl)...O2 contacts apart from a molecule c-axis through along C11-

H11a(methylene)...O2. This tri-furcated C-H…O hydrogen bonding interaction arranged 

the molecules in ac plane an attractive combed shape assembly as shown in Fig. 4(d). 

Second ketonic group O1 of the molecule present in asymmetric unit forms N1-

H1...O1 donor-acceptor closing contact with another molecule and arranging it in 

‘anti’ fashion in bc plane. The relevant parameters for weak interactions present in 

compound 3 are tabulated in Table 2. The supramolecular unit consists of eight 

molecules aggregate as shown in Fig. 4(b) which on multiplication, leads to a 

fascinating 3D supramolecular architecture (Fig. 4(f).  

 

 
(a) 
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(b)                                                      (c) 

 

(d)  

 

 
(e)                                                                                   (f) 

Fig. 4 (a) Thermal ellipsoidal plot of 3 with atom labelling scheme; (b) Formation of 

spiral shaped molecular arrangement of 3 through C15-H15…Cl and C14-H14…O2 
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donor-acceptor contacts along a-axis; (c) Spacefill representation of spiral shaped 

assembly; (d) Spacefill representation of an attractive combed shape assembly via 

trifurcated C-H…O hydrogen bonding in ac plane; (e) Supramolecular unit consists of 

eight molecule aggregate involving NH...O, CH...O, CH...Cl hydrogen bonding 

interactions; (f) Formation of 3D infinite supramolecular architecture in capped stick 

model, view along c-axis. 

4A.2.2.4. X-ray structure of 2-(2-pyridylmethylamino)-3-chloro-1,4-

naphthoquinone [C16 H11ClN2O2] (4)  

Similar to the compounds 2 and 3, compound 4 bearing N-(2-pyridylmethyl) 

substituent also crystallizes in the centrosymmetric monoclinic P 21/c space group 

and the X-ray crystal structure show asymmetric unit contains full molecule of 

[C16H11ClN2O2] as shown in Fig. 5 (a). There are four such molecules orthogonally 

arranged in the unit cell. The relevant parameters are tabulated in Table 1. The 

selected bond distance (Å) and bond angle (°) for 4 are: C9-C10 1.492(5), C9-O1 

1.226(4), C15-C16 1.483(5), C16-O2 1.212(4), C9-C8 1.452(5), C16-C7 1.518(5), 

C8-Cl1 1.736(3), C8-C7 1.371(3), C7-N2 1.338(4), N2-C6 1.449(4), C5-C6 1.513(4) 

Å and C10-C9-O1 120.4(3), C8-C9-O1 121.6(3), C9-C8-Cl1 114.6(2), C7-C8-Cl1 

122.2(3), C15-C16-O2 122.0(3), C7-C16-O2 119.1(3), C7-N1-C6 130.2(3), N2-C7-

C16 111.0(3), C5-C6-N2 109.5(3)°, respectively and the structural parameters are 

found consistent with similar type of compounds reported in the literature (vide 

supra). Of more interesting, the 2-pyridylmethyl substituent on the amino 

functionality of 4 drastically decreases the dihedral angle and preferentially adopt the 

lower energy molecular conformation which is nearly coplanar to that of 

naphthoquinone moiety (dihedral angle 11.12°), offering a large number of sites for 

weak interactions. The molecules present in the asymmetric unit forms a 

supramolecular unit consists of six molecules aggregate as shown in Fig. 5(b). For 

instance, molecules of 4 are arranged in a zig-zag fashion, forming a chain along b-

axis through an emerging C-Cl1... π (Cg1: C10 C11 C12 C13 C14 C15; 3.768 Å) and 

a cooperative bifurcated hydrogen bonding C4-H4...O1 (2.715 Å), C6-H6B...O1 

(2.460 Å) donor-acceptor interactions as shown in Fig 5(c) and Fig 5(d) which is 

indeed extended along c-axis via C2-H2A...O2 (2.593 Å) donor-acceptor contacts. 

These zig-zag chains are apparently translated into orthogonally arranged layers along 

c-axis through cooperative C6-H6A…π (Cg2: C7 C8 C9 C10 C15 C16; 3.472 Å) and 

C6-H6B….π (Cg3: C1 N1 C2 C3 C4 C5; 3.039 Å) donor-acceptor integrations. The 
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structural parameters for these interactions are summarized in Table 2. All the three 

kinds of donor-acceptor interactions provide an opportunity to extend the 

dimensionality of supramolecular architecture and develop a 3D infinite network (Fig. 

5(g)) that illustrates a number of voids along a-axis in the spacefill model as shown in 

Fig. 5(h).  

 
(a) 

 
(b) 

 

(c)              (d)                                       (e)                                                    (f) 
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(g)                                                          (h) 

Fig. 5 (a) Thermal ellipsoidal plot of 4 with atom labelling scheme; (b) 

Supramolecular unit consists of six molecule aggregate involving CH...O, CH...π and 

CCl...π interactions; (c) Capped stick and (d) Spacefill representation of orthogonal 

molecular arrangement of 4 forming zig-zag chain along b-axis through cooperative 

C-Cl…Cg1 (C12 C11 C10 C15 C14 C13) and bifurcated C-H…O interactions; (e) 

Capped stick and (f) Spacefill representation showing translation of zig-zag chains 

into layers along c-axis through cooperative C6H6A…Cg2 (quinone) and 

C6H6B….Cg3 (pyridine) donor-acceptor integrations; (g) Capped stick and (h) 

Spacefilled representation of 3D stacking of molecules of 4 along a-axis illustrating 

voids. 

 

4A.2.2.5. X-ray structure of 2-(benzylamino)-1,4-naphthoquinone [C17H13NO2] 

(7) 
 

Unlike other compounds, compound 7 crystallizes in the polar orthorhombic Pna21 

space group and the X-ray crystal structure show asymmetric unit contains full 

molecule of [C17H13NO2] as shown in Fig. 6 (a). There are four such molecules 

arranged parallely along b-axis in the unit cell. The relevant parameters are tabulated 

in Table 1. The selected bond distance (Å) and bond angle (°) for 7 are: C9-C10 

1.473(7), C10-O1 1.219(6), C10-C1 1.496(7), C1-C2 1.359(7), C3-C4 1.496(8), C3-

O2 1.243(6), C2-C3 1.419(8), C1-N1 1.337(6), N1-C11 1.439(6), C11-C12 1.503(8) 

Å and C9-C10-O1 122.6(5), C1-C10-O1 119.6(5), C4-C3-O2 119.2(5), C2-C3-O2 

121.7(6), C1-N1-C11 124.1(5), N1-C11-C12 116.2(5)°, respectively and the 

structural parameters are found to be consistent with earlier structure [23b]. 

Interestingly, presence of the N-benzyl substituent and absence of 3-chloro substituent 

from naphthoquinone, greatly affect the crystal packing pattern of 7. Surprisingly, it 

appears that absence of chloro substituent is not affecting the distortion of the 

naphthoquinone moiety and found almost consistent to that of compound 2. However, 

absence of repulsive interaction between chloro group and aromatic substituent leads 

to nearly orthogonal arrangement of the rings (naphthoquinone and phenyl) 

possessing dihedral angle of 88.04°. The molecule present in the asymmetric unit 

exhibit vast number of intermolecular contacts that includes two CH...O, one NH...O, 
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two CH...π and one π...π donor-acceptor interactions: C2-H2...O1 (2.443 Å), C13-

H13...O2 (2.709 Å), N1-H1...O2 (2.168 Å), , and C16-H16...π(Cg1) (3.522 Å), C11-

H11b...π(Cg3) (3.480 Å) and π(Cg1)... π(Cg2) (4.187 Å), (where, Cg1: C4 C5 C6 C7 

C8 C9; Cg2: C1 C2 C3 C4 C9 C10; Cg3: C12 C13 C14 C15 C16 C17), respectively. 

Similar to other compounds, one of the ketonic oxygen O2 is involved in bifurcated 

CH...O interactions. As a result of all these interactions, the molecules present in the 

asymmetric unit forms a supramolecular unit consists of nine molecules aggregate as 

shown in Fig. 6(b). The structural parameters for weak interactions observed in 

compound 7 are tabulated in Table 2. Individually, C2-H2...O1 and C13-H13...O2 

donor-acceptor interactions mutually connect the molecules along a-axis, while N1-

H1...O2 donor-acceptor interactions lead to 1D network in the ac plane.  Moreover, 

the π(Cg1)... π(Cg2) and C11-H11B... π(Cg3) interactions mutually involved in the 

formation of a cavity ~4.187  6.922 Å
2
 and these donor-acceptor interactions 

contributing for replication of cavities along c-axis. Fascinatingly, C16-H16...π(Cg1) 

donor-acceptor interactions predominantly contribute to 1D stacking of molecules 

leading to the right handed helical packing along b-axis with helical pitch 24.634 Å as 

shown in Fig. 6(c). When these interactions are extended, it leads to the formation of 

layers containing helically arranged molecules. Each layer consists of parallel helices 

(either P or M helical) separated by ~ 3.769 Å and lower layer consist the opposite 

helices to that of upper layer. These two layers are forming a grid like structure with 

cross-section angle of 23.57° and separation distance between layers is ~ 2.901 Å. A 

view along a axis is shown in Fig. 6(d). The mutual effect of all the interactions 

resulted into a fascinating three dimensional architecture contains a number of 

openings along a axis as shown in Fig. 6(d) and Fig. 6(f).  

 

 
(a) 
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(b) 

 
(c) 

  
(d) 



Chapter 4A 
 

 Page 165 
 

 

 
                                  (e)                                                                   (f) 

 

Fig. 6 (a) Thermal ellipsoidal plot of 7 with atom labelling scheme; (b) 

Supramolecular unit consists of nine molecule aggregates involving CH...O, CH...π 

and π...π interactions; (c) Helical packing of 7 along b axis through C16-H16...π 

interactions; (d) Grid like packing of P and M helical layers in 7, view along a axis; 

(e) Capped stick view of three dimensional arrangement of molecules along c axis; (f) 

View of molecular packing in spacefilled model along c-axis illustrating voids in the 

packed molecules. 

 

4A.2.3. UV-visible absorption and fluorescence properties 

The UV-visible absorption (Fig. 7) and fluorescence spectra (Fig. 8) of all of the 

compounds 1-7 were obtained at room temperature from 10
–5

 M CH2Cl2 solution and 

10
−5

 M DMF solution samples respectively and the pertinent results are summarized 

in Table 3. The assignments of UV-visible absorption and emission bands were 

performed based upon the absorption and emission spectra of those of closely related 

compounds
 
[27-29].  

The UV-visible absorption spectra of 1-7 showed the expected benzene and 

naphthoquinone bands in 270–277 nm and 327–334 nm regions mainly arises due to 

π→π* ectronic transitions [23c]. In addition, a low energy broad band is observed in 

the visible region centered between 440 nm and 473 nm. This latter absorption is 

typical of amino-substituted of aminosubstituted benzoquinones, naphthoquinones 

and anthraquinones [30] and is assigned to CT transitions and weak n→π* transitions 

of the carbonyl group in the quinone (Table 3). Notably, this broad band in the visible 

region for compound 1 and 6 showed significant bathochromic shift relative to all 

other compounds, probably due to +I effects of N-cyclohexyl and N-n-butyl 

substituents, respectively. 
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Table 3 UV-visible absorption and fluorescence spectral data for 1-7 

Entry UV-visible spectral data 

(10
−5

 M CH2Cl2) 

Fluorescence spectral data 

(10
−5

 M DMF) 

λmax nm 

(ε, L Mol
-1

 cm
-1

) 

Transitions 

 

Wave  

number (cm
-1

) 

λex 

(nm) 

λem (nm) (Intensity) 

1 277 (100205) 

334 (8014) 

473 (12985) 

π→π* 

π→π* 

n→π* 

36036 

29940 

21142 

277 

 

358(5), 613(16) 

 

2 275 (68146) 

331 (6685) 

461 (8873) 

π →π* 

π→π* 

n→π* 

36364 

30211 

21678 

275 406(43) 

3 273 (102221) 

334 (10534) 

457 (12476) 

π→π* 

π→π* 

n→π* 

36630 

29940 

21881 

   --          Not fluorescent 

4 277 (77518) 

327 (15019) 

465 (8304) 

π →π* 

π→π* 

n→π* 

36140 

30581 

21551 

277 

 

418(32), 553(29), 605(36) 

 

5 273 (90855) 

327 (14341) 

459 (10808) 

π →π* 

π→π* 

n→π* 

36523 

30581 

21786 

273 

 

412(64), 546(21) 

 

6 276 (80642) 

332 (4558) 

470 (8474) 

n→π* 

π→π* 

n→π* 

36231 

30120 

21276 

    --         Not fluorescent 

7 270 (76100) 

330 (8191) 

440 (10312) 

π →π* 

π→π* 

n→π* 

37037 

30303 

22727 

    --          Not fluorescent 

 

Apart from this, fluorescence spectra indicate that the compounds 1,2,4 and 5 

fluoresces in the range of 350-620 nm upon excitation at their respective λmax values 

of 277, 275, 277 and 273 nm, with concomitant Stoke shifts of 81, 131, 141 and 131 

nm, respectively. The spectrum of each compound is indeed composed of two broad 

bands and comparable to those of the closely related compounds [31]. Compound 1 

bearing cyclohexyl substituents exhibits weak emission property (5 a.u. at 358 nm and 

16 a.u. at 613 nm) from locally excited (π*→π) state at room temperature. However, 

the alteration of cyclohexyl substituents to benzyl substituents in compound 2 causes 

significantly increases in fluorescence (43 a.u. at 406 nm). Surprisingly, the 

fluorescence property of compound 4 (32 a.u. at 418 nm; 29 a.u. at 553 nm) and 5 (64 

a.u. at 412 nm; 21 a.u. at 546 nm) differ significantly and infer a great role of the 

position of pyridyl nitrogen on their fluorescence property. The earlier studies [32, 33] 

reveal that the fluorescence behavior of molecule is greatly depends upon the 

arrangement of molecular fragments leading to polymorphism, conformational 
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rigidity of the fluorophore (dihedral angles), intermolecular interactions π…π or C-

H…π interactions and upon the nature of substituents.  

 

Fig. 7 UV-visible absorption spectra of compounds 1-7 in 10
–5

 M CH2Cl2 solution. 

 

Fig. 8 Fluorescence spectra of compounds 1, 2, 4 and 5 in 10
–5

 M DMF solution. 
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4A.2.4. Thermogravimetric studies for 1-7 

A thermogravimetric study of 1-7, performed under N2 atmosphere from room 

temperature to 750 °C at a heating rate of 10 °C/min, and thermal analysis data of all 

the compounds is given in Table 4.  

Table 4 Thermogravimetric data for 1-7. 

Entry Mp °C Mass Loss% 

(Temperature 

range °C) 

Residual Content DTG 

(°C) 

DTA 

(°C) 

1 116.7 64 % (200-550) 36 % char 250.6 116.7(endo), 

253.3(exo) 

2 112.4 62.7 % (180-700) 37.3 % char 201.6, 460 112.4(endo), 

201.9(exo) 

3 147.3 44.7% (150-700), 

 

Mass loss continues 

after 750 °C. 

173.7, 220.1 147.3(endo), 

177.4(exo) 

4 160.4 42% (150-700), 

 

Mass loss continues 

after 750 °C. 
161.4 160.4(endo), 

192.7(exo) 

5 151.8 35.1% (150-700), 

 

Mass loss continues 

after 750 °C. 
146.3 151.8(endo) 

6 109.8 64.5% (200-500) 35.5 % char 110.2, 126.9 109.8(endo), 

220.6(exo) 

7 153.9 92.4% (205-400) 7.6 % char 275.4 153.9 (endo) 

 

A single (compound 1, 5-7) or multi (compound 2-4) stage thermal 

degradation patterns were observed on TG curves. All the compounds (except 5) 

exhibit first endothermic peak on the DTA curves without any significant mass loss 

on corresponding TG curves due to the phase change attributable to the melting points 

of respective compounds. However, other DTA peaks are attributed to exothermic 

elimination of molecular fragments due to the thermal degradation, confirmed by 

DTG curves. Compounds 3-5, bearing aromatic heterocyclic N-substituents appeared 

to be thermally unstable and the mass loss for these starts at ~150 °C, however other 

compounds are thermally stable up to 200 °C (supplimentary information Figure 

S23). Despite of the similar type of molecular framework, the diversity in the thermal 

stability of these compounds could be attributed to the presence of various 

intermolecular interactions in the solid state, leading to diverse crystal packing 

patterns (vide supra).  

 

4A.2.5. Cyclic Voltammetric Study 

Electrochemical investigations of 1-7 were performed in the potential ranges +0.5 to -

2.0 V at scan rate of 50 mVs
-1

from 1.0 mM CH2Cl2 solutions containing 
n
-Bu4NPF6 
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(0.1 M) as supporting electrolyte. The voltammograms for 1-7 are shown in Fig. 9 and 

electrochemical data is represented in Tables 5. The electrochemical examination of 

1-7 clearly demonstrates the quasi-reversible redox behavior of 1, 2, 4 and 5. Similar 

to the electrochemical behavior of methyl-halogenated naphthoquinones, [34] these 

compounds primarily exhibit two single-electronic waves due to eletcroredution of 

naphthoquinone functionality to semiquinone radical anion and then to dianion, 

respectively. Both the waves are reversible in nature. The separation between each 

cathodic and corresponding anodic peak, Ep at 50 mV/s scan rate is larger than 59 

mV (Table 5) and the ratio of the current intensity of the cathodic and anodic peaks 

are different from unity, suggesting a quasi-reversible nature of both the redox 

couples of 1, 2, 4 and 5. Notably, compound 4 bearing N-(2-methylpyridine) 

substituent displays an additional peak in cathodic scan (Ep
#
c) as well as in 

corresponding anodic scan (Ep
#
a) which resulted into a significant cathodic shift of 

the electroreduction peaks associated with naphthoquinone moieties, probably due to 

increased electron density caused by initial electroreduction of 2-pyridine center [35].
 

However, the voltammograms of other compounds display similar features, except the 

differences in the cathodic/anodic current peak heights (Fig. 9). Unlike these 

compounds, the cyclic voltammograms of compounds 3, 6 and 7 display only one 

single-electronic wave in a cathodic scan due to eletcroredution of naphthoquinone 

functionality to semiquinone radical anion under similar condition as shown in Fig. 9.  

 

Table 5 Electrochemical data for the compounds 1-7 

 

 

Entry EpIc(V) EpIIc(V) Ep
#

c(V) EpIa(V) EpIIa(V) Ep
#

a(V) ΔEpI(V) ΔEpII(V) ΔEp
#
(V) 

1 -0.962 -1.555 - -0.698 -1.151  0.264 0.404 - 

2 -0.941 -1.526 - -0.620 -1.089  0.321 0.437 - 

3 -1.145 - - -0.537 -1.112  0.608 - - 

4 -1.118 -1.746 -0.480 -0.619 -1.167 -0.274 0.499 0.579 0.206 

5 -0.998 -1.606 - -0.585 -1.108  0.413 0.498 - 

6 -1.373 - - -0.619 -1.284  0.754 - - 

7 -1.348 - - -0.785 -1.343  0.563 - - 
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Fig. 9 Cyclic voltammograms of a 1 mM solution of compounds 1-7 in CH2Cl2 

containing 0.1 M tetra-n-butylammonium hexafluorophosphate as the supporting 

electrolyte. 

 

4A.2.6. Biological evaluation  

In the light of antibacterial action of quinines [36] all the naphthoquinone derivatives 

1-7 were screened for their antibacterial activity against two gram positive bacteria S. 

aureus and B. subtilis and two gram negative bacteria E. coli and P. aeruginosa by 

Broth dilution method [37]. These compounds were further evaluated for their in vitro 

antifungal activity against C. albicans and A. niger. Concentration of compounds was 

varied from 10 µg/ml to 600 µg/ml. Analysis suggests that solvent had no 

antibacterial or antifungal activities against any of the tested microorganisms. For 

comparison purpose, two standard drugs ciprofloxacin and flucanazole were taken as 

reference and tested under the similar conditions. The lowest concentrations of the 

compounds that prevented visible growth i. e. minimum inhibitory concentration 

(MIC) of the naphthoquinone derivatives 1-7 against inhibited organisms is 

summarized in Table 6. A careful comparison of antibacterial activity of compounds 

1–7 with a well known antibaterial drug ciprofloxacin (MIC against S. Aureus: 15 

µg/ml and  MIC against B. Subtilis: 5 µg/ml) showed that compounds 4 and 5 showed 

best activity against both of the gram positive bacteria S. aureus and B. Subtilis (Table 

6). However, compounds 1, 3, 6 and 7 displays less activity against both of the gram 
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positive bacteria, except compound 6 performing moderate activity against B. 

Subtilis. Further results suggest that all compounds exhibit moderate activity against 

both of the gram negative bacteria, except compound 2 performing less activity 

against E. coli. The presence of N-methylpyridine substituents in 4 and 5 is apparently 

brings them about extreme potent activity against both of the gram positive bacteria. 

Remarkably, compound 5 exhibits enhanced antibacterial activity against S. Aureus 

and proved to be more potent antibacterial agent than ciprofloxacin. All these 

naphthoquinone derivatives showed high MIC values (600 µg/ml) against both of the 

fungus, except compounds 4 and 5 bearing pyridine N-substituents, performing 

moderate (MIC 300 µg/ml) activity against C. Albicans (Fig. 10).  

 

Table 6 MIC determination of antibacterial and antifungal agent (µg/ml) 

Entry MIC (µg/ml) 

S. aureus B. subtilis E. coli P. aeruginosa C. albicans A. niger 

(gm +ve bacteria) (gm -ve bacteria) (Fungi) 

1 >600   600  200  200  >600  >600 

2   200   100  600  200  >600  >600 
3 >600   600  300  200  >600  >600 
4   20     10  300  300    300  >600 
5   10     10  200  200    300  >600 
6   600   300 300  200    600  >600 

7 >600 >600 200  200  >600  >600 
Ciprofloxacin 15 5 15 10 - - 

Flucanazole - - - - 10 40 

 

 

Fig. 10 Zone of inhibition of compound 4 and 5 of antibacterial against Staphylococus 

aureus  

 

In general, the naphthoquinone derivatives are found to exhibit better anti-microbial 

properties than a number of recently reported coumarin derivatives [38] against the 
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same set of microbes. Further comparison of antibacterial properties of 4 and 5 with 

those of closely related compounds [16e,39] against S. aureus, suggest that these 

compounds showed better activity than a number of 1,4-naphthoquinone derivative 

such as 2-Arylamino-3-chloro-1,4-naphthoquinones, 2-Amino-3-arylsulfanyl-1,4-

naphthoquinones, 2-Arylamino-3-arylsulfanyl-1,4-naphthoquinones.  

 

4A.3. Conclusion 

This study allows us to conclude that the introduction of various amine N-substituents 

in 1-4 and 7 induces conformational changes that apparently modify the nature and 

number of donor-acceptor sites for noncovalent interactions, leading to diverse crystal 

packing patterns. The N-(phenylmethyl)- and N-(2-pyridylmethyl)- substituents in 2 

and 4; successfully lead to the opening of an emerging C-H...π synthon, scarcely seen 

in the crystal packing of organic molecules. This synthon, efficiently managed the 

anti orientation of molecules of 2 and limits the growth of self-assembly along c-axis, 

however, the self-assembly can be extended along b-axis through cooperative C-H...O 

and N-H...O interactions leading to the fascinating 1D infinite supramolecular chair-

like architecture. The molecules of 4 are arranged in a zig-zag fashion, forming a 

chain along b-axis via cooperative C-Cl... π and bifurcated hydrogen bonding. The 

mutual effect of all interactions in 4 resulted into the formation of fascinating 3D 

infinite network, illustrating a number of openings along a-axis in the spacefill model. 

The fluorescence study indicates that the compounds 1, 2, 4 and 5 fluoresces in the 

range of 350-620 nm with concomitant Stoke shifts of 81, 131, 141 and 131 nm, 

respectively and their cyclic voltammograms evidence two quasi-reversible single-

electron waves. All the compounds (except 5) exhibit first endothermic peak on the 

DTA curves without any significant mass loss on corresponding TG curves due to the 

phase change attributable to the melting points of respective compounds.  A careful 

comparison of antibacterial activity of compounds 1–7 with a well known antibaterial 

drug ciprofloxacin (MIC against S. Aureus: 15 µg/ml and  MIC against B. Subtilis: 5 

µg/ml) showed that 4 and 5 showed best activity against both of the gram positive 

bacteria S. aureus and B. Subtilis. The presence of N-pyridylmethyl substituents in 4 

and 5 is apparently brings them about extreme potent activity against S. aureus and B. 

Subtilis. Interestingly, compound 5 exhibits enhanced antibacterial activity against S. 

Aureus and proved to be more potent antibacterial agent than ciprofloxacin. 
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4A.4. Experimental Section 

4A.4.1. Material and physical measurements 

All the chemicals and solvents used in this work were of laboratory grade available at 

various commercial sources and used without further purification. Melting points 

were recorded in open capillaries and uncorrected. Thin Layer Chromatography was 

performed on Merck 60 F254 aluminium coated plates. Elemental analyses (C, H, N) 

were performed on a Perkin-Elmer 2400 analyzer. Mass spectra were obtained on 

Thermo-Fischer DSQ II GCMS instrument. FT-IR (KBr pellets) spectra were 

recorded in the 4000-400 cm
–1

 range using Perkin-Elmer FT-IR spectrometer. The 

NMR spectra were obtained on a Bruker AV-III 400 MHz spectrometer in CDCl3 

solvent. UV-visible spectra were recorded on a Perkin Elmer Lambda 35 UV-visible 

spectrophotometer and the optical characterization of solid samples was performed by 

using the UV-visible transmittance measurements. Fluorescence was recorded on 

JASCO make spectrofluorometer model FP-6300. TGA/DTA plots were obtained 

using SII TG/DTA 6300 in flowing N2 with a heating rate of 10 °C min
–1

. 

Electrochemical measurements were performed on a CH Instruments 600C 

potentiostat, using a Pt disk as the working electrode, Ag/AgCl as the reference 

electrode and a Pt wire as the counter electrode. Voltammograms were recorded by 

using anhydrous solutions of the amines (put general name) in CH2Cl2 solutions 

(1.0mM) containing tetra-n-butylammonium hexafluorophosphate (0.1M) as 

supporting electrolyte. The synthesized compounds were screened for their in vitro 

antibacterial activity against S. Aureus, B. Subtilis, E. Coli, P. aeruginosa and 

antifungal activity against C. albicans, A. niger at the Division of Centralnkashiba 

Advance Diagnostic Laboratory, Surat, Gujarat, India. 

 

4A.4.2. Synthesis of compounds 1-7 

4A.4.2.1. General procedure for synthesis of 2-(alkylamino)-3-chloro-1,4-

naphthoquinones (1-6)  

To yield a series of 2-(alkylamino)-3-chloro-1,4-naphthoquinone derivatives, 

corresponding amine (cyclohexyl amine (0.5 mL, 4.404 mmol), benzyl amine (0.481 

mL, 4.404 mmol), furfuryl amine (0.427 mL, 4.404 mmol), 2-picolyl amine (0.476 

mL, 4.404 mmol), 3-picolyl amine (0.475 mL, 4.404 mmol) or n-butyl amine (0.460 

mL, 4.404 mmol) was added in 30 mL of  absolute ethanol containing 1 equivalent of 
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2,3-dichloro-1,4-napthaquinone (1g, 4.404 mmols). The reaction mixture was stirred 

at room temperature for 6 hours. During these hours, a change in the colour of the 

reaction mixture was observed from yellow to red. The progress of the reaction was 

monitored by the TLCs. The reaction mixture was dried under vacuum and the residue 

was washed several times with saturated Na2CO3 solution followed by 3 × 10 mL of 

distilled water. The red coloured product was finally dried under vacuum and 

preserved in desiccator for analysis. The elemental analysis, FT-IR and NMR data for 

compounds 1-6 are given as follows:  

1. Yield 1260.25 mg, 99%. M.p. 116.7 °C. Elemental analysis: Calcd. for 

C16H16ClNO2 (289.09): C, 66.32; H, 5.57; N, 4.83. Found: C, 66.80; H, 5.68; N, 

4.79. ES-MS: 290.61 (M+H), (50%); 287.76 (M-2H), (100%). IR (KBr disc, cm
–

1
): 3303s, 2931m, 2852m, 1675s, 1634m, 1596s, 1564s, 1515s, 1451m, 1331s, 

1291s, 1251m, 1234m, 1154m, 1132m, 1079w, 963w, 847w, 822w, 783w, 722s, 

679m, 647w, 619m, 560w, 544w, 467w. 
1
H NMR (400 MHz, CDCl3): δ (ppm) 

8.17 (dd, 1H, -Ph), 8.06 (dd, 1H, -Ph), 7.75 (td, 1H, -Ph), 7.63 (td, 1H, -Ph), 6.12 

(s, 1H; NH), 4.44 (m, 1H, CH), 2.09 (dd, 2H, CH2), 1.80 (m, 2H, CH2), 1.38 (m, 

6H, CH2). 
13

C NMR: δ (ppm) 180.6 (C=O), 177 (C=O), 134.9 (C-N), 132.8, 

132.4, 129.7, 126.8 (all corresponds to the carbons of Ph), 52.5, 34.6, 25.3, 24.5 

(all corresponds to the carbons of cyclohexyl moiety).  

2. Yield: 1242.61 mg, 95%. M.p. 112.4 °C. Elemental analysis: Calcd. for 

C17H12ClNO2 (297.06): C, 68.58; H, 4.06; N, 4.70. Found: C, 68.35; H, 4.22; N, 

4.65. ES-MS: 297.78 (M+H); (40%). IR (KBr disc, cm
–1

): 3279s, 2935w, 1683s, 

1638m, 1598s, 1565s, 1516s, 1443m, 1332s, 1299s, 1254s, 1136m, 1066m, 

1029m, 934w, 913w, 867w, 823m, 753m, 725s, 699s, 680m, 607m, 595m, 545m, 

494m, 445m. 
1
H NMR (400 MHz, CDCl3): δ (ppm) 8.18 (dd, 1H, -Ph), 8.058 (dd, 

1H, -Ph), 7.75 (td, 1H, -Ph), 7.65 (td, 1H, -Ph), 6.26 (s, 1H, NH), 7.3 (m, 5H, -Ph), 

5.07(s, 2H, CH2). 
13

C NMR: δ (ppm) 180.4 (C=O), 176.9 (C=O), 144 (C-N), 

137.8, 134.9, 132.6, 129.7, 129, 128, 127.7, 126.9 (all corresponds to the carbons 

of Ph), 48.9 (benzylic CH2). 

3. Yield: 1175.32 mg 93%. M.p. 147.3 °C. Elemental analysis: Calcd. for 

C15H10ClNO3 (287.03): C, 62.62; H, 3.50; N, 4.87. Found: C, 62.55; H, 3.49; N, 

4.95. ES-MS: 286.27 (M-H), (100%); 287.20 (M), (56%); 288.19 (M+H), (37%). 

IR (KBr disc, cm
–1

): 3324s, 3147w, 3125w, 1680s, 1639m, 1599s, 1569s, 1519s, 
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1431m, 1357m, 1334m, 1300s, 1250s, 1205m, 1139s, 1064s, 1008m, 933m, 

901w, 864w, 823w, 756s, 721s, 693m, 679m, 605m, 550m, 478m. 
1
H NMR (400 

MHz, CDCl3): δ (ppm) 8.16 (dd, 1H, -Ph), 8.05 (dd, 1H, -Ph), 7.75 (td, 1H, -Ph), 

7.65 (td, 1H, -Ph), 6.23 (s, 1H; NH), 7.42 (d, 1H, CH of furanyl moiety), 6.35-

6.38 (m, 2H, CH of furanyl moiety), 5.08(s, 2H, CH2). 
13

C NMR: δ (ppm) 

180.3(C=O), 176.9(C=O), 150.6 (C-N), 143.8, 142.8, 134.9, 132.6, 132.5, 129.8, 

126.9, 110.6, 108.4 (all corresponds to the carbons of Ph/furanyl moiety), 41.8 

(benzylic CH2). 

4. Yield: 1194.17 mg 91%. M.p. 160.4 °C. Elemental analysis: Calcd. for 

C16H11ClN2O2 (298.05): C, 64.33; H, 3.71; N, 9.38. Found: C, 64.55; H, 3.79; N, 

9.35. ES-MS: 298.55 (M+H), (5%), 262.79 (100%). IR (KBr disc, cm
–1

): 3252s, 

3067w, 1683s, 1605s, 1575s, 1566s, 1496s, 1480m, 1444m, 1432m, 1330s, 1295s, 

1288s, 1251m, 1208m, 1139m, 1016m, 839m, 760m, 719s, 679m, 639w, 547m. 

1
H NMR (400 MHz, CDCl3): δ (ppm) 8.68 (d, 1H, -Py), 8.19 (dd, 1H, -Ph), 8.10 

(dd 1H, -Ph), 7.75 (td, 1H, -Ph), 7.67 (td, 1H, -Ph), 7.34 (m, 3H, Py), 7.82 (s, 1H, 

NH), 5.22 (s, 2H, CH2). 
13

C NMR: δ (ppm) 180.6 (C=O), 176.8 (C=O), 155.1, 

148.7, 144.3, 137.3, 134.8, 132.6, 132.5, 129.9, 126.8, 126.7, 122.8, 121.9 (all 

corresponds to the carbons of Ph/pyridyl moiety), 48.4 (benzylic CH2). 

5. Yield: 1181.28 mg 90%. M.p. 151.8 °C. Elemental analysis: Calcd. for 

C16H11ClN2O2 (298.05): C, 64.33; H, 3.71; N, 9.38. Found: C, 64.37; H, 3.68; N, 

9.31. ES-MS: 297.65 (M-H), (5%). IR (KBr disc, cm
–1

): 3171m, 3007w, 1683s, 

1644m, 1601s, 1572s, 1521s, 1444m, 1424m, 1328s, 1292s, 1255s, 1184w, 1136s, 

1063m, 1035w, 1028w, 820w, 795w, 723m, 708m, 680w, 635w, 612m, 547m, 

503w, 451w. 
1
H NMR (400 MHz, CDCl3): δ (ppm) 8.66 (d, 1H, -Py), 8.61 (dd, 

1H, -Py), 8.18 (dd 1H, -Ph), 8.07 (dd, 1H, -Ph), 7.75 (td, 1H, -Ph), 7.67 (td, 1H, -

Ph), 7.40 (m, 1H, -Py), 7.75 (m, 1H, -Py), 6.31  (s, 1H, NH), 5.11 (s, 2H, CH2). 

13
C NMR: δ (ppm) 180.3(C=O), 176.9(C=O), 149.4, 149.0, 143.7, 135.2, 135, 

135, 133.7, 132.7, 129.7, 126.9, 123.8 (all corresponds to the carbons of 

Ph/pyridyl moiety), 46.2 (benzylic CH2). 

6. Yield: 1077.61 mg 93%. M.p. 109.8 °C. Elemental analysis: Calcd. for 

C14H14ClNO2 (263.07): C, 63.76; H, 5.35; N, 5.31. Found: C, 63.95; H, 5.29; N, 

5.35. ES-MS: 262.04 (M-H), (26%). IR (KBr disc, cm
–1

): 3279s, 3064m, 1651s, 

1559s, 1507w, 1499m, 1456m, 1427s, 1365m, 1237s, 1172w, 1164w, 1063s, 
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1031m, 1003w, 924w, 785w, 744m, 726s, 698s, 591m, 556s, 505s, 418w. 
1
H 

NMR (400 MHz, CDCl3): δ (ppm) 8.18 (dd, 1H, -Ph), 8.059(dd, 1H, -Ph), 7.74 

(td, 1H, -Ph), 7.64 (td, 1H, -Ph), 6.10 (s, 1H, NH), 3.88 (t, 2H, CH2), 1.70 (m, 2H, 

CH2), 1.48 (m, 2H, CH2), 1.43 (t, 3H, CH3). 
13

C NMR: δ (ppm) 180.6 (C=O), 

176.9 (C=O), 134.9, 132.8, 132.4, 129.7, 126.8 (all corresponds to the carbons of 

Ph), 44.7, 33, 19.8(all corresponds to CH2), 13.7 (CH3).  

 

4A.4.2.2. General procedure for synthesis of 2-(benzylamino)-1,4-

naphthoquinone (7)  

2,3-dichloro-1,4-napthaquinone (300 mg, 1.321 mmol) and benzyl amine (0.288 mL, 

2.642 mmol) were added in 10 mL of DMF and the reaction mixture was allowed to 

reflux for 4 hours. Reaction progress was monitored by TLC. The reaction mixture 

was cooled at room temperature. The reaction mixture was then quenched with of ice 

cold water and the crude product was recovered by vacuum filtration. The desired 

compound was purified by column chromatography (1:5 ethyl acetate: petroleum 

ether) to yield a red coloured solid. 

7. Yield: 271.24 mg, 78%. m.p. 162
 
°C. Elemental analysis: Calcd. for C17H13NO2 

(263.09): C, 77.55; H, 4.98; N, 5.32. Found: C, 77.67; H, 5.05; N, 5.41. ES-MS: 

262.85, 263 (M+H); (100%). IR (KBr disc, cm
–1

): 3333s, 3061w, 1683s, 1594s, 

1563s, 1503s, 1452m, 1440m, 1360s, 1338s, 1305m, 1259s, 1216m, 1151w, 

1124s, 1097w, 1066m, 1027w, 1006m, 943s, 846s, 782m, 728s, 694m, 609m, 

547m, 482m, 458w, 451w, 416m. 
1
H NMR (400 MHz, CDCl3): δ (ppm) 8.115 

(dd, 1H, -Ph), 8.082(dd, 1H, -Ph), 7.755 (td, 1H, -Ph), 7.66 (td, 1H, -Ph), 6.25 (s, 

1H, NH), 7.38 (m, 5H, Ph), 5.82 (s, 1H, -Ph), 4.07(s, 2H, CH2). 
13

C NMR: δ 

(ppm) 183.1 (C=O), 181.9 (C=O), 147.7, 135.9, 134.8, 133.5, 132.1, 130.5, 129, 

128.2, 127.7, 126.3, 126.2, 101.7 (all corresponds to the carbons of Ph), 

46.8(CH2). 

 

4A.4.3. X-ray crystallography and data collection 

Crystals of 1-4 and 7 suitable for X-ray crystallographic study were obtained in 

dichloromethane by slow evaporation at 4 °C. Intensity data were collected on Oxford 

diffraction X Calibur diffractometer equipped with Eos CCD detector at 150 K for  

[C16H16ClNO2] 1, [C17H12ClNO2] 2, [C15H10ClNO3] 3, [C16H11ClN2O2] 4 and 
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[C17H13NO2] 7, respectively. Monochromatic Mo-Kα X-ray (λ=0.71073 Å) was used 

for the measurements.  Data were collected and reduced by using the ‘‘CrysAlispro’’ 

program [40]. An empirical absorption correction using spherical harmonics was 

implemented in ‘‘SCALE3 ABSPACK’’ scaling algorithm. The crystal structures 

were solved by direct methods using SHELXL-97 [41] and the refinement was carried 

out against F
2
 using SHELXL-97 program package [42].

 
All non-hydrogen atoms 

were refined anisotropically. Electronic Supplementary Information (ESI) available: 

Additional figures and CIF files. See CCDC reference numbers 986339 for 1; 986337 

for 2; 986340 for 3; 986336 for 4 and 986338 for 7.  
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4A.6. Spectra 

4A.6.1. IR spectra 

 

 

Figure S1. IR spectrum of the amines 1-7 
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4A.6.2. NMR spectra 

 

Figure S2. 
1
H NMR spectrum of compound 1 

 

 

Figure S3. 
13

C NMR spectrum of compound 1 
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Figure S4. 
1
H NMR spectrum of compound 2 

 

Figure S5. 
13

C NMR spectrum of compound 2 
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Figure S6. 
1
H NMR spectrum of compound 3 

 

 

Figure S7. 
13

C NMR spectrum of compound 3 
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Figure S8. 
1
H NMR spectrum of compound 4 

 

Figure S9. 
13

C NMR spectrum of compound 4 
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Figure S10. 
1
H NMR spectrum of compound 5 

 

 

Figure S11. 
13

C NMR spectrum of compound 5 

 



Chapter 4A 
 

 Page 188 
 

 

Figure S12. 
1
H NMR spectrum of compound 6 

 

 

Figure S13.  
13

C NMR spectrum of compound 6 
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Figure S14. 
1
H NMR spectrum of compound 7 

 

 

Figure S15. 
13

C NMR spectrum of compound 7 
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4A.6.3. GC MS spectra 

Figure S16. GC MS spectra of compound 1 

Figure S17. GC MS spectra of compound 2 

Figure S18. GC MS spectra of compound 3 
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Figure S19. GC MS spectra of compound 4 

 

Figure S20. GC MS spectra of compound 5 

 

Figure S21. GC MS spectra of compound 6 
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Figure S22.  GC MS spectra of compound 7 

 

4A.6.4. Thermogravimmetric data 
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Figure S23. TG/DTA of the compounds 1-7. 


