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ABSTRACT

Theoretical studies were conducted on the molecular structure and
vibrational spectra of 2-amino-5-bromo-4-methylpyridine (ABMP). The
FT-IR and FT-Raman spectra of ABMP were recorded in the solid
phase. The molecular geometry and vibrational frequencies of ABMP in
the ground state have been calculated by using the ab initio HF
(Hartree-Fock) /6-311+G(d,p) and density functional methods (B3LYP)

Keywords invoking 6-311+G(d,p)/6-311++G(d,p) basis set. The optimized
FTIR, geometric bond lengths and bond angles obtained by HF method show
FT-Raman, best agreement with the experimental values. Comparison of the
HOMO, observed fundamental vibrational frequencies of ABMP with calculated
LUMO, results by HF and density functional methods indicates that B3LYP is
TED, superior to the scaled Hartree-Fock approach for molecular vibrational
NMR, problems. The difference between the observed and scaled wave number
ABMP. values of most of the fundamentals is very small. A detailed

interpretation of the FT-IR and FT- Raman, NMR spectra of ABMP was
also reported. NBO analysis has been performed in order to elucidate
charge transfers or conjugative interaction, the intra-molecule
rehybridization and delocalization of electron density within the
molecule. UV-vis spectrum of the compound was recorded and the
electronic properties, such as HOMO and LUMO energies, were
performed by time dependent density functional theory (TD-DFT)
approach. Finally the calculations results were applied to simulated
infrared and Raman spectra of the title compound which show good

agreement with observed spectra.

Introduction

The pyridine derivatives have an important position in the
heterocyclic compounds and are important in bactericidal,
fungicidal, germicidal and pharmacological activities [1]. And
they can be used as nonlinear materials and photochemicals.
Pyridines are widely used in pharmacological and medical
applications. Some of them show anesthetic properties and
have been used as drugs for certain brain diseases [2-4].
Pyridine tagged oligosaccharides have been widely used for
sensitive qualitative and quantitative analysis by high
performance liquid chromatography with fluorescence
detection [2]. Pyridine is used in preparation of cytidine
analogs [5] and it is also immensely used as a reagent in
analytical chemistry. The vibrational spectra of 6-methyl
pyridine have been investigated by several authors [6-9].
Extensive research in the last decade has shown that organic
compounds often possess a higher degree of optical non-
linearity than their inorganic counterparts. The literatures [10-
12] supported by data banks [13-18] of various national and
international journals an attempt has been made in this study
to interpret the vibrational spectra of 2-amino-5-bromo-4-
methylpyridine (ABMP) are performed by combining the
experimental and theoretical information using density
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functional theory (B3LYP) and ab initio (HF) [19] to derive
information about electronic effects and intramolecular charge
transfer responsible for biological activity. The atomic
charges, distribution of electron density (ED) in various
bonding and antibonding orbitals and stabilisation energies,
E® have been calculated by natural bond orbital (NBO)
analysis. The NMR, HOMO-LUMO energy gap have been
constructed at B3LYP/6-311++G(d,p) level to understand the
electronic properties, electrophilic and nucleophilic active
centres of MMP and ABMP.
Experimental and Computational Details
Experimental

The pure sample of 2-amino-5-bromo-4-methylpyridine
(ABMP) was obtained from Lancaster Company, UK that is of
spectroscopic grade and hence used for recording the spectra
as such without any further purification. The FT-IR spectra of
ABMP is measured in the BRUKER IFS 66V spectrometer in
the range 4000 - 400 cm™'. The FT-Raman spectrum of MMP
and ABMP was also recorded in FT-RAMAN BRUKER RFS
100/S instrument equipped with Nd:YAG laser source
operating at 1064 nm wavelength and 150 mW powers in the
range 3500 - 50 cm .
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Computational

The initial geometry of ABMP was optimized using the
ab initio (HF) and B3LYP of GAUSSIAN 09W program
package [20]. The vibrational frequency analysis was
computed using ab initio (HF/6-311+G(d,p)) and B3LYP/ 6-
311+G(d ,p)/6-311++G(d,p) method to determine the nature of
a stationary point found by geometry optimization. All the
calculations such as first hyperpolarizability, HOMO-LUMO,
NMR, NBO analysis were carried out by using B3LYP/6-
311++G(d,p) method. It can be noted that the calculated
frequencies are harmonic while the observed frequencies
contain anharmonic contributions. The observed frequencies
are generally lower than the calculated frequencies due to
anharmonic nature of molecular vibrations. In principle, we
should compare the calculated frequencies with experimental
harmonic frequencies. However, as all the vibrations are more
or less anharmonic, harmonic frequencies are not directly
observable. Despite they can be deduced theoretically, it
requires detailed knowledge of both quadratic and anharmonic
force constants and is only feasible for every molecule. It
should be pointed out that reproduction of observed
fundamental frequencies is more desirable practically because
they are directly observable in a vibrational spectrum.
Therefore, comparison between the calculated and the
observed vibrational spectra helps us to understand the
observed spectral features. In order to improve the agreement
of theoretically calculated frequencies with experimentally
calculated frequencies, it is necessary to scale down the
calculated frequencies by using the scale factors 0.914, 0.87,
0.99 and 1.07 for HF/6-311+G(d,p) and for B3LYP/6-
311+G(d,p) set is scaled 0.955, 0.93, 1.01, 0.99, and 1.07 and
B3LYP/6-311++G(d,p) basis set is scaled with 0.96, 0.947,
1.01, 1.07 and 0.99. Hence, the vibrational frequencies
theoretically calculated at HF/6-311+G(d,p), B3LYP/6-
311+G(d,p) and B3LYP/6-311++G(d,p) are scaled down by
using MOLVIB 7.0 version written by Tom Sundius [21-23].
Results and Discussion
Geometrical parameters

The molecular structure ABMP belongs to C; point group
symmetry. For C; symmetry there would not be any relevant
distribution. The molecule consists of 18 and 16 atoms and
expected to have 42 normal modes of vibration of the same
(A) species under C; symmetry. The optimized structural
parameters are calculated at ab initio (HF) 6-311+G(d,p) and
DFT (B3LYP) levels with the 6-311+G(d,p)/6-311++G(d,p)
basis set are listed in Tables 1 in accordance with the atom
numbering scheme given in Fig.1, respectively for ABMP and
the calculated geometrical parameters are compared with X-
ray diffraction result. Detailed description of vibrational
modes can be given by means of normal coordinate analysis.
For this purpose, the full set of 53 standard internal
coordinates (containing 11 redundancies) for ABMP are
presented in Table 2. From these, a non-redundant set of local
symmetry coordinates are constructed by suitable linear
combinations of internal coordinates following the
recommendations of Pulay and Fogarasi [24] which are
presented in Table 3, respectively for ABMP. The
experimentally and theoretically calculated IR, Raman
frequencies are presented in Table 4 respectively for ABMP.
The FT-IR and FT-Raman spectra of the ABMP are shown in
Figs. 2,3.
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Figure 1. Molecular structure of 2-amino-5-bromo-4-
methylpyridine
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Fig 2. Observed and calculated IR spectrum of 2-amino-5-
bromo-4-methylpyridine
(a) Observed
(b) HF/6-311+G(d,p)
(c) B3LYP/6-311+G(d,p)
(d) B3LYP/6-311++G(d,p)
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Table 1. Optimized geometrical parameters of 2-amino-5-bromo-4-methylpyridine obtained by HF/6-31+G(d,p) and B3LYP/6-

311G+(d,p) and 6-311++G(d,p) methods and basis set calculations

Bond Value (A) Exp? Bond Angle Value (°) Exp? Dihedral Angle Value (°)

Length HF/ B3LYP/ | B3LYP/ HF/ B3LYP/ B3LYP/ HF/ B3LYP/ | B3LYP/
6- 6- 6- 6- 6- 6- 6- 6- 6-
31+G( 311+G( 311++G( 31+G(d,p) 311+G(d, 311++G 31+G(d, 311+G( 311++G(
d.p) d.p) d.p) p) (d.p) p) d.p) d.p)

N1-C2 1.3191 1.3375 1.3375 1.395 C2-C1-Cé 118.095 117.94 117.94 123.6 C6-N1-C2-C3 -0.2325 -0.3137 -0.3062

N1-C6 1.3226 1.3339 1.3339 1.340 C1-C2-C3 122.35 122.29 122.29 118.5 C6-N1-C2-N7 177.903 177.47 177.47

C2-C3 1.4019 1.4065 1.4065 1.394 C1-C2-C7 116.76 116.37 116.37 C2-N1-C6-C5 0.3869 0.4119 0.4177

C2-H7 1.372 1.3812 1.3813 C3-C2-C7 120.85 121.29 121.29 C2-N1-C6-Br16 -179.84 -179.87 -179.88

C3-C4 1.3789 1.3901 1.3901 1.394 C2-C3-C4 119.88 120.23 120.23 N1-C2-C3-C4 -0.0619 -0.013 -0.0217

C3-H10 1.075 1.0848 1.0848 C2-C3-C10 119.83 120.05 120.05 N1-C2-C3-H10 179.35 179.49 179.45

C4-H5 1.3989 1.4046 1.4046 1.395 C4-C3-C10 120.26 119.7 119.7 C7-C2-C3-C4 -178.12 -177.69 -177.69

C4-C11 1.505 1.5033 1.5033 C3-C4-C5 116.68 116.32 116.32 118.1 C7-C2-C3-H10 1.2895 1.808 1.7812

C5-N6 1.3755 1.3878 1.3878 1.340 C3-C4-Cl11 120.69 120.90 120.90 N1-C2-N7-H8 156.55 157.10 156.99

C5-Br15 1.895 1.92 1.92 C5-C4-C11 122.61 122.76 122.77 N1-C2-N7-H9 15.705 15.705 15.7168

C6-H16 1.0748 1.0851 1.0851 C4-C5-C6 119.33 119.93 119.94 123.3 C3-C2-N7-H8 -25.299 -25.081 -25.2048

N7-H8 0.9937 1.0074 1.0074 C4-C5-Br15 121.63 121.37 121.36 C2-C3-N7-H9 -166.12 -166.48 -166.48

N7-N9 0.995 1.0091 1.0092 C6-C5-Br15 119.02 118.68 118.68 C2-C3-C4-C5 0.2049 0.2428 0.238

C11-H12 1.0825 1.0909 1.0909 N1-C6-C5 123.64 123.25 123.25 C2-C3-C4-C11 -179.94 -179.93 -179.932

C11-H13 1.0842 1.0934 1.0934 N1-C6-H16 116.24 116.50 116.50 H10-C3-C4-C5 -179.20 -179.26 -179.237

C11-H14 1.0842 1.0933 1.0933 C5-C6-H16 120.10 120.24 120.24 H10-C3-C4-H11 0.6472 0.5617 0.5924

C2-N7-H8 117.76 118.06 118.04 C3-C4-C5-N6 -0.0654 -0.1537 -0.1364
C2-N7-H9 114.94 114.84 114.81 C3-C4-C5-Br15 179.86 -179.99 -179.99
H8-N7-H9 115.18 115.34 115.31 C11-C4-C5-C6 -179.91 -179.97 -179.96
C4-C11-H12 110.60 110.88 110.88 C11-C4-C5-Br15 0.0144 0.1786 0.1809
C4-C11-H13 110.69 110.92 110.91 C3-C4-C11-C12 0.0699 0.0562 0.0248
C4-C11-H14 110.68 110.89 110.89 C3-C4-C11-C13 120.59 120.811 120.78
H12-C11-H13 108.68 108.60 108.60 C3-C4-C11-C14 -120.42 -120.65 -120.69
H12-C11-H14 108.66 108.58 108.58 C5-C4-C11-C12 179.91 179.87 179.84
H13-C11-H14 107.40 106.82 106.82 C5-C4-C11-C13 -59.563 -59.374 -59.40
C5-C4-C11-C14 59.416 59.158 59.125
C4-C5-C6-C1 -0.2396 -0.1791 -0.1979
C4-C5-C6-C16 -179.99 -179.88 -179.88
Br15-C5-C6-C1 179.83 179.67 179.66
Br15-C5-C6-H16 0.0715 -0.0357 -0.0261

For numbering of atom refer Fig. 1.
®Value taken from Ref [33]

Table 2. Definition of internal coordinates of 2-amino-5-bromo-4-methylpyridine

No. (i) | Symbol [ Type | Definition®

Stretching

1-2 R; C-H C3-H10, C6-H6

3 Qi C-Br C5-Bri5

4-6 i C-N C2-N1, C6-N1, C2-N7

7-11 P;i C-C C2-C3, C3-C4, C4-C5, C5-Ce, C4-C11

12-14 ri C-H methyl C11-H12, C11-H13, C11-H14

15-16 Qi N-H, N7-H8, N7-H9

In-plane bending

17-22 0 ring N1-C2-C3, C2-C3-C4, C3-C4-C5,
C4-C5-C6, C5-C6-N1, C6-N1-C2

23-25 Bi C-C-H C4-C11-H12, C4-C11-H14, C4-C11-H13

26-28 O H-C-H H12-C11-H14, H12-C11-H13, H13-C11-H14

29-30 Vi C-C-C C3-C4-C11, C5-C4-C11

31-33 Z; C-C-H C2-C3-H10, C4-C3-H10, C5-C6-H16

34 Vi N-C-H N1-C6-H16

35 € N-C-N N1-C2-N7

36,37 & N-C-Br C4-C5-Br15, C6-C5-Brl5

38,39 i C-N-H C2-N7-H9, C2-N7-H8

40 Vi H-N-H H8-N7-H9

Out-of-plane bending

41-42 0; C-H H10-C3-C2-C4, H16-C6-N1-C5

43 Di C-C C11-C4-C3-C5

44 L N-C N7-C2-N1-C3

45 o; C-Br Br15-C5-C4-C6

Torsion

46-51 Ti tRing N1-C2-C3-C4, C2-C3-C4-C5, C3-C4-C5-CB6,
C4-C3-C6-N1, C5-C6-N1-C2, C6-N1-C2-C3

52 T tC-NH, C2-N7-H9-H8

53 T, tC-CH, (C5,C3)-C4-C11-(H12,H13,H14)

#For numbering of atoms refer Fig. 1.
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Table 3. Definition of local symmetry coordinates of 2-amino-5-bromo- 4-methylpyridine.
No. (i) Type Definition®
1-2 CH Ry, R,
3 CBr Qs
4-6 CN 97, 9s: Qo
7-11 CcC P7, Pg, Pg, P10, P11
12 CHs; ss
: (rig+r+rs)/ \/§
13 CHj ass
3 (2rig + ria+ rys) / \/6
14 CH; ops
30 (ria-ras) / \/6
15 NH,ss
’ (d1e+ 920) / \/5
16 NH,ips
2 (%15 - 920) / \/E
17 R trigd
g (047 - Qgg + g9 = Oipp + 0lpp - Glgp) / \/6
18 R symd ho
(-0137 - Ogg + 20139 - Olp - Olp1 + 2003) / 12
19 R asymd
(0147 - ag + g0 - Op1) / \/E
20 CHs; sb
? (-B2z - Boa - Pas+ 026+ 027+ G2)/ \/E ,
21 CHsipb
3P (026 - 627- 20 28)/ \/6
22 CH;opb
? (-026 + 027)/ \/E
23 CHg ipr
: P (2B3s- Bas- Bl VB
24 CH; opr
’ (Boa- Bl N2
25 bCC
(Va9 - Va0) /\/E
26,27 b CH
(Zs1-Z3) ! \/5 , (Zsz - v34) / \/E
28 b CN
(&35) /\/E
29 b CBr
(535~ 33) 12
30 NH,rock
’ (N3 - N3o) /\E
31 NH,twist
? (Nag + Mag) /\/E
32 NH,sciss
? (240 - Mo - Nas) /\/E
33,34 o CH 641, 642
35 ® CC P43
36 o NC Ya4
37 o NBr Wy5
38 tRtrigd
g (Tas - Ta7 + Tug - Tag ¥ Tsp - Ts1) / \/6
39 tRsymd
(Ta6 - Tag + Tag - T51) / \E
40 tRasymd Iy
(-Tag + 2747 - Tag - Tag + 2150 - T51) / 12
41 ’CN-NHZ T52, T53
42 ’CC-CH3 Ts4

Y The internal coordinates used here are defined in Table 2.
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Table 4. The observed (FTIR and FT-Raman) and calculated (unscaled and scaled) fundamental harmonic frequencies (cm™),
of 2-amino-5-bromo-4-methylpyridine are analysed based on SQM force field calculation using HF/6-
311+G(d,p), B3LYP/6-311+G(d,p) and B3LYP/6-311++G(d,p) method and basis set calculations

Calculated Calculated
. frequency (cm™) Calcylate_d frequency frequency (cm™)
Observed frequencies quency (cm™) with B3LYP/ q y
with 6-3L1+G(d,p) with B3LYP/ Assignments (TED %)
HF/6-311+G(d,p) P 6-311++G(d,p) 9 °
FTIR RFT' Unscale Scaled | Unscaled Scaled Unscale Scaled
aman d d
3493(vs) - 3949 3772 3696 3490 3696 3495 NH2ass(99)
3390(s) 3391(vs) 3924 3676 3599 3388 3585 3392 NH2ass(98)
3110(s) - 3872 3512 3469 3371 3469 3114 vCH(97)
- 3101(vs) 3758 3462 3364 3330 3164 3104 vCH(95)
2887(w) - 3682 3588 3345 3310 3115 2889 CH3s5(96)
- 2773(w) 3566 3473 3288 3271 3088 2775 CH3ips(94)
2215(s) 2213(w) 3200 3190 3035 3003 3035 2218 CH30ps(90)
- 1690(w) 1904 1856 1746 1705 1701 1696 vwCC(77), CH3ss(21)
1681(w) - 1887 1840 1734 1723 1699 1683 vCC(67), CH3ips(23), CH3ops, (9)
1674(vw) 1851 1810 1722 1705 1682 1675 vCC(61),CH30ps(17),CH3ss(12), vCN(10)
- 1662(vw) 1841 1801 1712 1706 1699 1666 vCC(60), vCN(23), CH30ps(12)
1642(s) - 1814 1799 1685 1672 1785 1644 VCC(65),0CN(24), CH3ips(11)
- 1612(s) 1808 1757 1678 1664 1778 1617 NH2sisc(56),0CC(21),0CN(14),NH2sisc(9)
1496(w) - 1754 1730 1666 1656 1730 1499 VCN(59),0CC(19),NH2sisc(15),CH3ipr(11)
- 1492(s) 1736 1723 1655 1641 1715 1494 vCN(57),CH3ipb(18),CH30pr(14), vCC(10)
- 1414(w) 1689 1678 1648 1613 1638 1419 vCN(55),CH3sb(25),CH3ipr(13), vCC(9)
1393(s) 1395(w) 1678 1667 1629 1601 1623 1397 CH3ipb(52), vCN(27),bCC(12), CH3ipr(8)
1387(w) 1388(w) 1665 1598 1611 1589 1612 1398 CH3sb(53), bCH(20), vCC(16), vCN(11)
1252(w) - 1654 1578 1601 1567 1604 1257 bCH(50), CH3ipr(32),CH30pr(17)
1243(w) - 1625 1564 1578 1556 1586 1249 bCH(56), CH3opr(22),NH2rock(13)
1202(w) | 1200(w) 1612 1556 1572 1534 1574 1209 CH30ph(62), bCH(21),Rtrigd(17)
- 1170(w) 1607 1546 1535 1523 1535 1174 NH2rock(68), Rtrigd(16),bCC(14)
1142(w) | 1141(w) 1599 1534 1523 1514 1524 1148 CH3opr(59), Rsymd(20),NH2 wag(9)
991(w) 993(w) 1306 1291 1288 1267 1224 997 CHB3ipr(55), Rasymd(25),NH2rock(15)
- 881(w) 1047 1023 1009 991 1301 887 bCC(59), NH2wag(19),Rsymd(12)
874(w) - 1001 989 982 967 1278 879 Rtrigd(53), NH2rock(24), bCN(19)
- 861(w) 999 987 970 960 1267 868 Rsymd(51), bCH(20),bCN(17), ®CH(11)
- 850(w) 991 978 947 913 999 859 NH2wag(49), bCH(21), Rasymd(17), vCBr(13)
- 842(vw) 979 960 931 912 978 847 Rasymd(61), bCC(13), bCBr(10), ®CH(8)
- 768(w) 968 950 923 860 961 777 bCN(55), ®CC(26), bCBr(18)
645(w) - 956 944 921 840 846 652 oCH(51), vCBr(22), tRtrigd(18), bCBr(9)
633(w) - 945 902 896 829 834 639 oCH(44), bCN(25), tRsymd(21), ®CC(10)
- 610(w) 816 757 676 657 824 617 ®CC(58), ®CH(28), tRasymd(14)
528(w) - 800 789 648 620 814 532 vCBr(67), ®CH(32)
- 512(w) 789 747 671 610 790 523 bCBr(69), tRtrigd(23)
507(w) - 675 644 623 604 588 519 tRtrigd(59), ©CH(20), tRasymd(17)
- 503(w) 651 612 594 580 564 515 tRsymd(56), bCBr(27), tRtrigd(12)
497(w) - 693 608 568 493 534 508 tRasymd(53), ®CN(27), tRsymd(19)
- 310(w) 678 632 541 530 512 317 NH2 twist(57), ®CBr(13), ®CN(9)
- 210(w) 666 634 596 507 499 218 ®CN(50), NH2 twist(32), ®CBr(16)
- 152(w) 567 467 431 399 380 159 »CBr(51), tRasymd(29), NH2 twist(17)
- 101(w) 421 389 329 294 192 110 tCCH3(59)

Abbreviations: v - stretching; b - in-plane bending; - out-of-plane bending; asymd - asymmetric; symd - symmetric; t -
torsion; trig - trigonal; w - weak; vw - very week; vs - very strong; s - strong; ms - medium strong; ss - symmetric stretching; ass -
asymmetric stretching; ips - in-plane stretchingj; ops - out-of-plane stretching; sb - symmetric bending; ipr - in-plane rocking; opr - out-
of-plane rocking; opb - out-of-plane bending.
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Figure 3.0Observed and calculated Raman spectrum of 2-
amino-5-bromo- 4-methylpyridine
(a) Observed
(b) HF/6-311+G(d,p)
(c) B3LYP/6-311+G(d,p)
(d) B3LYP/6-311++G(d,p)

C-H vibrations

The hetero aromatic structure shows the presence of C-H
stretching vibration in the region 3100-3000 cm™ which is the
characteristic region for the identification of such C-H
stretching vibrations. These vibrations are not found to be
affected due to the nature and position of the substituents. In
the present investigation, the C—H vibrations are observed at
3151 cm™ in the FTIR spectrum and at 3110 cm~ and 3101
cm® in the FTIR and FT-Raman spectra for ABMP,
respectively. The C-H in-plane-bending vibrations usually
occur in the region 1390-990 cm™ and are very useful for
characterization purposes. Substitution patterns on the ring can
be judged from the out-of-plane bending vibrations occur in
the region 900-675 cm™ and these bands are highly
informative [25]. Therefore, the IR peaks observed at 1252,
1243 cm™ in the ABMP have been assigned to, C-H in-plane-
bending vibrations. The C-H out-of-plane bending vibrations
are observed at 645, 633 cm™ in the FTIR spectrum for
ABMP.
C-C vibrations

The C-C heteroaromatic stretching vibrations are
occurring near 1650-1400 cm™ are good group vibrations [25].
With heavy substituents, the bonds tend to shift to somewhat
lower wavenumbers and greater the number of substituents on
the ring, broader the absorption regions. As predicted in the
earlier references, in the present investigation, the C-C
stretching vibrations observed at 1681, 1674, 1642 cm™ in
FT-IR and 1690, 1662 cm~ in FT-Raman for ABMP, are
confirmed by their TED values. Most of the ring vibrational
modes are affected by the substitutions in the hetero aromatic
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ring of ABMP. In the present study, the bands are observed at
881 cm™ in Raman for ABMP, have been designated to ring
in-plane bending modes by careful consideration of their
quantitative descriptions. The ring out-of-plane bending
modes of ABMP are also listed in Table 4, respectively.
C-N vibrations

In hetero aromatic compounds, the C-N stretching
vibrations usually lies in the region 1400 - 1200 cm™. The
identification of C-N stretching frequencies is a rather difficult
task. Since the mixing of vibrations is possible in this region
[25]. The IR and Raman bands found at 1496 cm and 1492,
1414 cm" have been assigned to C—N stretching vibrations of
ABMP. The C-N bending vibrations and deformations are in
close agreement with literature value and also supported the
TED values.
C-Br Vibrations

The vibrations that are belonging to the bond between the
ring and the halogen atoms are worth to discuss here, since
mixing of vibrations are possible due to the presence of heavy
atoms on the periphery of the compound [175]. C-X bond
show lower absorption frequencies as compared to C-H bond
due to the decreased force constant and increase in reduced
mass. Further, Br causes redistribution of charges in the ring.
Bromine compounds absorbed in the region 650-485cm™due
to the C-Br stretching vibrations. In ABMP, C-Br stretching
vibrations are observed at 528 cm™in the IR spectrum, and the
Raman spectrum, the peaks are observed at 512 cm~' for
ABMP have been assigned to C-Br in-plane-bending
vibrations. The observed C-H out-of-plane bending modes
show consistent agreement with the computed B3LYP
method.
CH; group vibrations

The investigated molecule under consideration possesses
CHj; groups in fourth position of ABMP. For the assignments
of CH; group frequencies one can expected that nine
fundamentals can be associated to each CHj; group, namely
three stretching, three bending, two rocking modes and a
single torsional mode describe the motion of methyl group.
The above modes are defined in Table 4. The CH; symmetric
stretching frequency is identified at 2887 cm™ in the FTIR
spectrum for ABMP. The CHj in-plane stretching vibrations
are identified at 2773 cm~" in FT-Raman spectrum for ABMP.
The CH; symmetric bending and CHj in-plane bending
frequencies are attributed at 1393, 1387 cm" in the FTIR and
at 1395, 1388 cm~ FT-Raman spectrum for ABMP. These
assignments are supported by literature [25]. The in-plane
rocking and out-of-plane rocking modes of CH; group are
found at 991 cm™ and 1142 cm' in the FTIR and at 993 cm™
and 1141 cm~' FT-Raman spectrum for ABMP. The bands
obtained at 2490, 2481 cm™ and 1190, 1185 cm™ in the FTIR
spectrum and at 2215, 1202 cm~" in the FTIR and at 2213,
1200 cm~' FT-Raman spectrum for ABMP assigned to CHs
out-of-plane stretching and CHj; out-of-plane bending modes,
respectively. The assignment of the bands at 101 cm~ FT-
Raman spectrum for ABMP attributed to methyl twisting
mode.
NH, vibrations

The molecule under consideration possesses NH, group
and hence six internal modes of vibration are possible such as
symmetric stretching, asymmetric stretching, scissoring,
rocking, wagging and torsional mode for ABMP respectively.
The frequency of asymmetric vibration is higher than that of
symmetric one. The frequencies of amino group in the region
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3500 - 3300 cm™ for NH stretching, 1700 - 1600
cm® for scissoring and 1150 - 900 cm™ for rocking
deformation [25]. In the present investigation, the asymmetric
and symmetric stretching modes of NH, group are assigned at
3493 cm™ in FTIR and 3390 cm™ in FTIR and 3391 cm™ in
FT-Raman spectrum respectively. The band observed at 1612
cm™ in FT-Raman spectrum is assigned to NH, scissoring
mode. The rocking, wagging, twisting deformation vibrations
of NH, contribute to several normal modes in the low
frequency region. The band observed at 1170 cm™ in Raman is
assigned to NH, rocking vibrations and the FT-Raman band
observed at 850 cm™ is assigned to NH, wagging modes, and
the band observed at 310 cm™ in Raman is assigned to NH,
twisting modes [25].

Prediction of Non-Linear Optical Properties

The first hyperpolarizability (o) of this novel molecular
system and the related properties (B, ap) of ABMP are
calculated using the HF/6-311+G(d,p) and B3LYP/6-
311++G(d,p) basis set, based on the finite field approach. In
the presence of an applied electric field, the energy of a
system is a function of the electric field. The first
hyperpolarizability is a third-rank tensor that can be described
by a 3 x 3 x 3 matrix. The 27 components of the 3D matrix
can be reduced to 10 components due to the Kleinman
symmetry [26]. It can be given in the lower tetrahedral. The
components of B are defined as the coefficients in the Taylor
series expansion of the energy in the external electric field.
When the external electric field is weak and homogenous, this
expansion becomes:

E = Eo— toFu — 1/2045FaFp — 1/6Bofy Fo FpFy +.......

where Ey is the energy of the unperturbed molecules, F, the
field at the origin and p,, a.p and BB, are the components of
dipole moment, polarizability and the first
hyperpolarizabilities, respectively. The total static dipole
moment p, the mean polarizability oo and the mean first
hyperpolarizability Bo, using the X, y, z components they are
defined as
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n= (Hx2+uy2+uzz)m

%= (%)EX+ayy+aZZ)/:23 2 2 2
o =2"" [(oxc— 0‘yy) + (0yy — 0z7)" F (Ozz — Ox)” + 60" )
Bo= (BB, +p.") °

Buec = 3/5 [(Bx2+[3y2+[322)1/2]

12

where
Bx = Bxxx T Bxyy +Bxzz
By = B)’W + Byxx +Byzz
Bz = Brzz + Boxx tBayy

The By components of GAUSSIAN 09W program package
output are reported in atomic units and therefore the calculated
values are converted into e.s.u. units (1 a.u. = 8.3693 x 10®
e.s.u.). The calculated value of hyperpolarizability and
polarizability of ABMP are tabulated in Table 5. We can
conclude that the title molecules are an attractive object for
future studies of non-linear optical properties.

Homo-Lumo Analysis

This electronic absorption corresponds to the transition
from the ground to the first excited state and is mainly
described by one electron excitation from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) [25,26]. Many organic molecule,
containing conjugated m electrons are characterized by large
values of molecular first hyper polarizabilities, are analyzed
by means of vibrational spectroscopy. In most of the cases,
even in the absence of inversion symmetry, the strongest band
in the Raman spectrum is weak in the IR spectrum and vice-
versa. But the intra molecular charge from the donor to
acceptor group through a single-double bond conjugated path
can induce large variations of both the molecular dipole
moment and the molecular polarizability, making IR and
Raman activity strong at the same time. The analysis of the
wave function indicates that the electron absorption
corresponds to the transition from the ground to the first
excited state and is mainly described by one-electron
excitation from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied orbital (LUMO). In

Table 5. Nonlinear optical properties of 2-amino-5-bromo-4-methylpyridine calculated at HF/6-311++G(d,p) with
B3LYP/6-311+G(d,p) and 6-311++G(d,p) method and basis set calculations

NLO behaviour HF/

6-311+G(d,p)

B3LYP/
6-311+G(d,p)

B3LYP/
6-311++G(d,p)

Dipole moment ()

0.7372 Debye

1.2195 Debye 1.5799 Debye

Mean polarizability (o)

0.8325 x 10 esu

0.9314 x 10 esu | 0.9346 x 10" esu

Anisotropy of the polarizabilty (A,)

1.0530 x 10 ¥ esu

1.1681 x 10 esu | 2.4044 x 10 esu

First hyperpolarizability (B)

2.2104 x 100 esu

3.9039 x 10 esu | 2.1918 x 107 esu

Vector-first hyperpolarizability (Byec)

1.3262 x 10 ¥ esu

2.3423 x 100 esu | 1.3150 x 107 esu

Table 6. HOMO-LUMO energy gap and related molecular properties of 2-methoxy-6-methylpyridine and 2-
amino-5-bromo-4-methylpyridine

Molecular Properties B3LYP/6-311++G(d,p)
HOMO -0.2249

LUMO -0.0378

Energy gap 0.1871

lonisation Potential (1) 0.2249

Electron affinity (A) 0.0378

Global softness (s) 10.6894

Global Hardness (n0J) 0.09355

Chemical potential (n) -0;1313

Global Electrophilicity (o) 0.09208
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ABMP, the HOMO s located over heterocyclic ring and
the HOMO-LUMO transition implies an electron density
transfer to the CHs, Br group from heterocyclic ring and
oxygen atom, whereas in ABMP the HOMO is located over
heterocyclic ring, especially on amino and oxygen atom, and
the HOMO-LUMO transition implies an electron density
transfer to the heterocyclic ring from amino group and oxygen
atom. Moreover, the compositions of HOMO and LUMO for
ABMP are shown in Fig. 4, respectively. The HOMO-LUMO
energy gap of ABMP were calculated at B3LYP/6-
311++G(d,p) level, which reveals that the energy gap reflects
the chemical activity of the molecules. The LUMO as an
electron acceptor (EA) represents the ability to obtain an
electron donor (ED) and HOMO represents ability to donate
an electron donor (ED). The ED groups to the efficient EA
groups through [I-conjugated path. The strong charge transfer
interaction through I-conjugated bridge results in substantial
ground state Donor-Acceptor (DA) mixing and the appearance
of a charge transfer band in the electron absorption spectrum.
The HOMO-LUMO energy gap explains the fact that eventual
charge transfer interaction is taking place within the
investigated molecules.

Global and local reactivity descriptors

Based on density functional descriptors global chemical
reactivity descriptors of compounds such as hardness,
chemical potential, softness, electronegativity and
electrophilicity index as well as local reactivity have been
defined [25-27]. Pauling introduced the concept of
electronegativity as the power of an atom in a compound to
attract electrons to it. Hardness (1), chemical potential (u) and
electronegativity (y) and softness are defined follows.

N = %(6°EIaN?)ve = Yo aWoN) v
M = (6E/oN)v()
¥ = -H = -(6E/oN)v(r)

where E and V/(r) are electronic energy and external
potential of an N-electron system respectively. Softness is a
property of compound that measures the extent of chemical
reactivity. It is the reciprocal of hardness.

S=1/n

Using Koopman’s theorem for closed-shell compounds,
n, u and y can be defined as
n={-A)/2
K =-(1+A)/2
x = (1+A)/2

where A and | are the ionization potential and electron
affinity of the compounds respectively. Electron affinity refers
to the capability of a ligand to accept precisely one electron
from a donor. However in many kinds of bonding viz.
covalent hydrogen bonding, partial charge transfer takes
places. Recently Parr et al. [28] have defined a new descriptor
to quantity the global electrophilic power of the compound as
electrophilicity index (), which defines a quantitative
classification of the global electrophilic nature of a compound
have proposed electrophilicity index () as a measure of
energy lowering due to maximal electron flow between donor
and acceptor. They define electrophilicity index () as
= /2

The usefulness of this new reactivity quantity has been
recently demonstrated in understanding the toxicity of various
pollutants in terms of their reactivity and site selectivity [29-
31]. The calculated value of electrophilicity index describes
the biological activity for ABMP respectively. All the
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calculated values of HOMO-LUMO, energy gap, ionization
potential, Electron affinity, hardness, potential, softness and
electrophilicity index are shown in Table 6.
NBO Analysis

The NBO analysis is carried out by examining all possible
interactions between ‘filled” (donor) Lewis-type NBOs and
‘empty’ (acceptor) non-Lewis NBOs, and estimating their
energetic important by 2" order perturbation theory. Since
these interactions lead to loss of occupancy from the localized
NBOs of the idealized Lewis structure into the empty non-
Lewis orbitals, they are referred to as delocalization
corrections to the zeroth-order natural Lewis structure. For
each donor NBO (i) and acceptor NBO (j) with delocalization
i — j is estimated as
B9 = ABj=  F@)?

a—
€;-g;

where g; is the donor orbital occupancy e and & are
diagonal elements orbital energies and F(i, j) is the off
diagonal NBO Fock matrix element. The larger E? value, the
more intensive is the interaction between electron donors and
acceptors, i.e., the more donation tendency from electron
donors to electron acceptors and the greater the extent of
conjugation of the whole system. DFT (B3LYP/6-
311++G(d,p)) level computation is used to investigate the
various second-order interactions between the filled orbitals of
one subsystem and vacant orbitals of another subsystem,
which is a measure of the delocalization or hyper-conjugation
[27]. NBOs are localized electron pair orbitals for bonding
pairs and lone pairs. The hybridization of the atoms and the
weight of each atom in each localized electron pair bond are
calculated in the idealized Lewis structure. A normal Lewis
structure would not leave any antibonding orbitals, so the
presence of antibonding orbitals shows deviations from
normal Lewis structures. Anti bonding localized orbitals are
called non-Lewis NBOs. In order to study the small deviations
from idealized Lewis structure, the Donor—Acceptor
interaction approach is adopted. In ABMP, n(C5-C6) —
n*(C3-C4) interaction is seen to give a strong stabilization
54.01 kJ/mol. This strong stabilization denotes the larger
delocalization. The interesting interactions in ABMP molecule
are LPIN7, LP3Br15 with that of antibonding N1-C2, C5-C6.
These two interactions result the stabilization energy of 39.91,
19.83 kJ/mol respectively. This highest interaction around the
ring can induce the large bioactivity in the molecule. This
shows that the lone pair orbital participates in electron
donation in the molecule. The calculated values of E® are
shown in Table 7 ABMP, respectively.

99

(First excited state)

(CGround Stat=)

Figure 4. HOMO-LUMO Plot of 2-amino-5-bromo-4-
methylpyridine
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Table 7. Second-order perturbation theory analysis of Fock matrix in NBO basis of 2-amino-5-bromo-4-
methylpyridine using DFT/B3LYP/6-311++G(d,p)basis set

Donor(i) | Type | ED/e | Acceptor(j) | Type | ED/e | E®3(kd/mol) | E(j)-E(i)° (a.u) | F(i,j)*(a.u)
N1-C2 T 0.8556 | C3-C4 T 0.2200 | 22.8028 0.33 0.054
N1-C2 T C5-C6 T 59.5901 0.31 0.085
C2-C3 o 0.9898 | C4-C11 o 0.0157 | 7.6148 1.09 0.056
C3-C4 c 0.9824 | C4-C5 c 0.0110 | 9.1629 1.27 0.067
C3-C4 o C5-Brl5 o 11.7570 0.80 0.060
C3-C4 T 0.8369 | N1-C2 T 0.1614 | 60.7098 0.26 0.080
C3-C4 T C5-C6 T 33.3046 0.27 0.059
C3-H10 | o 0.9890 | N1-C2 o 0.0072 | 9.5395 1.06 0.062
C3-H10 | o C4-H5 c 8.4098 1.10 0.060
C5-C6 T 0.8400 | N1-C2 T 0.1808 | 27.6144 0.27 0.055
C5-C6 T C3-C4 T 54.0154 0.30 0.078
C6-H16 | o 0.9913 | N1-C2 o 0.0112 | 8.8282 1.06 0.060
N7-H8 | o 0.9928 | N1-C2 o 0.0019 | 8.5772 1.17 0.062
Cl1-H14 | o 0.9873 | C3-C4 T 0.0035 | 9.0374 0.54 0.047
N1 LP(1) | 0.9502 | C2-C3 o 0.0032 | 20.0832 0.88 0.084
N1 LP(1) C2-N7 o 9.4976 0.66 0.050
N1 LP(1) C5-C6 o 17.4054 0.87 0.077
N7 LP(1) N1-C2 T 39.9153 0.33 0.077
Bri5 LP(3) | 0.9704 | C5-C6 o 0.0001 | 19.8321 0.30 0.052
N1-C2 T C3-C4 T 309.2394 0.02 0.084
C5-C6 T C3-C4 T 318.7371 0.02 0.080

2 E@ means energy of hyper conjugative interaction (stabilization energy).
® Energy difference between donor and acceptor i and j NBO orbitals.
°F(i, j) is the Fork matrix element between i and j NBO orbitals.

Table 8. The calculated shifts of carbon and hydrogen atoms of 2-amino-5-bromo-4-methylpyridine using
B3LYP/6-311++G(d,p) GIAO method

Atom position Isotropic chemical shielding tensor(e)(ppm) | Chemical shifts(d) (ppm)
Theoretical | Expt* | A

N1 -60.9321 319.332

c2 13.6642 158.801 152.60 | -11.201

C3 64.2451 118.221 105.32 | -7.901

C4 28.9526 143.513 118.04 | -5.473

C5 48.9346 123.531 145.75 | -21.781

C6 31.5196 140.946 156.32 | -40.626

N7 180.2596 78.1404

H8 28.9900 28.99

H9 29.4642 29.4642

H10 25.4426 25.4426

C11 157.8617 24.6039 2226 | -2.343

H12 29.8866 29.8866

H13 29.7247 29.7247

H14 29.3506 29.3506

H16 23.8295 23.8295

#Taken from Ref [34] and A (3exp-Oine); difference between respective chemical shifts.
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B¢ and 'h Nmr Spectral Analysis

The molecular structure of ABMP is optimized by using
B3LYP method with 6-31++G(d,p) basis set. Then, GIAO *C
calculations of the title compound are calculated and
compared with experimental values [32] are shown in Table 8.
Relative chemical shifts are then estimated by using the
corresponding TMS shielding calculated in advance at the
theoretical level as reference. Changes in energy needed to flip
protons are called chemical shifts. The location of chemical
shifts (peaks) on a NMR spectrum are measured from a
reference point that the hydrogens in a standard reference
compound —(CHy),4S; or tetramethylsilane (TMS)—produce.
The amount of energy necessary to flip protons in TMS is
assigned the arbitrary value of zero 6. Chemical shifts are
measured in parts per million magnetic field strength
difference (3-scale), relative to TMS. The experimental values
of ABMP for 'H and **C isotropic chemical shielding for TMS
were 159.38, 157.86 ppm, respectively [32]. All the
calculations are performed using GAUSSVIEW molecular
visualization program and Gaussian 09W program package.
The result shows that the range **C NMR chemical shift of the
typical organic compound usually is > 100 ppm [85,86], the
accuracy ensures reliable interpretation of spectroscopic
parameters. In practice, it is easier to fix the radio wave
frequency and vary the applied magnetic field than it is to vary
the radio wave frequency. The magnetic field “felt” by a
hydrogen atom is composed of both applied and induced
fields. The induced field is a field created by the electrons in
the bond to the hydrogen and the electrons in nearby 7 bonds.
When the two fields reinforce each other, a smaller applied
field is required to flip the proton. In this situation, a proton is
said to be deshielded. When the applied and induced fields
oppose each other, a stronger field must be applied to flip the
proton. In this state, the proton is shielded. Electronegative
atoms such as Br, O,, NH, and halogens deshield hydrogens.
The extent of deshielding is proportional to the
electronegativity of the heteroatom and its proximity to the
hydrogen. Electrons have an heterocyclic ring, double bonded
atoms, and triple bonded atoms deshield attached hydrogens.
These bromine, amino and oxygen atoms show
electronegative property, so that the theoretical chemical shift
of C,, C;, C4, Cs and Cg seems to be for ABMP 158.801,
118.221, 143.513, 123.531 and 140.946 ppm. The chemical
shift of C, is greater than the other carbon values. This
increase in chemical shift is due to the substitution of more
electronegative oxygen and amino atoms in the heterocyclic
ring. The presence of electronegative atom attracts all electron
clouds of carbon atoms towards the oxygen and amino atoms,
which leads to deshielding of carbon atom and net result in
increase in chemical shift value. The NMR shielding surfaces
of C,4 is shown in this work the chemical shift () for carbon
atoms presented in the MMP and ABMP in gas phase has been
studied and experimental *C, 'H-NMR isotropic shielding of
carbon and Hydrogen atom are shown in Fig. 5. In the NMR
shielding surfaces, the blue region represents shielding and red
region represents de-shielding are shown in Fig. 6. The
relationship between the experimental chemical shift and
computed GIAO/B3LYP/6-31++G(d,p) levels for *C are
shown in Fig. 7 and ABMP, respectively.
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Figure 5. Observed *C NMR spectrum of 2-amino-5-
bromo-4-methylpyridin

Figure 6. NMR shielding surface of 2-amino-5-bromo-4-
methylpyridine
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Figure 7. Computed and experimental values of 2-amino-5-
bromo-4-methylpyridine
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Conclusion

The optimized geometries, harmonic vibrational wave
numbers and intensities of vibrational bands of 2-amino-5-
bromo-4-methyl pyridine have been determined using HF/6-
311+G(d,p), DFT/6-311+G(d,p) and DFT/ 6-311++G(d,p)
methods and basis sets. This DFT based quantum mechanical
approach provides the most reliable theoretical information on
the vibrational properties of the molecules. The scaled
B3LYP/6-311++G(d,p) results are the best over the other basis
set. The influence of CH3 group and the electron withdrawing
nature of Br atom in the ABMP were also discussed. NMR
(*H and *C) spectral studies were carried out. The normal
modes of ABMP have been studied by FTIR and FT-Raman
spectroscopies. The HOMO-LUMO energy gap of ABMP
calculated at the HF/311+G(d,p), DFT/6-311+G(d,p) and
DFT/6-311++G(d,p) level reveals that the energy gap reflect
the chemical activity of the molecule. Lower in the HOMO-
LUMO energy gap explains the eventual charge transfer
interactions taking place within the molecule. NBO analysis
has been performed on ABMP molecule in order to elucidate
intermolecular hydrogen bonding, charge transfer (CT),
rehybridization, delocalization of electron density and
cooperative effect due to L(N1) — ¢*(C-C) for ABMP. The
assignments of most of the fundamentals provided in the
present investigations are believed to be unambiguous.
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