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Abstract

The molecular structure, intramolecular hydrogen and vibrational frequencies of 4-methylamino-3-penten-2-one were investigated by a
series of density functional theoretical (DFT) calculations and ab initio calculation at the post-Hartree–Fock (MP2) level. Fourier transform
infrared and Fourier transform Raman spectra of this compound and its deuterated analogue were clearly assigned. The calculated geometrical
parameters show a strong intramolecular hydrogen bond with a N· · ·O distance of 2.622–2.670̊A. This bond length is about 0.02̊A shorter
than that in its parent, 4-amino-3- penten-2-one which is in agreement with spectroscopic results. Furthermore, the conformations of methyl
groups with respect to the plane of the molecule and with respect to each other were investigated.
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. Introduction

Hydrogen bonding is an important phenomenon in many
hemical and biological systems, and hydrogen bonding
omplexes have been extensively studied by a wide range
f experimental techniques and calculations[1–10]. Studies
n intramolecular hydrogen bonding have become increas-

ngly popular in the past[10–20]. These systems are attractive
ecause they have a quite high thermodynamic stability and
uniform structure[20–23]. The stability of inramolecularly
ydrogen-bonded complexes allows performing experimen-

al studies in a wide range of temperatures and solvents. The
eto-amine form of�,�-unsaturated-�-ketoenamines are sta-
ilized by a strong intramolecular hydrogen bond (NH· · ·O)

1,2,24,25]. The hetronuclear NH· · ·O is even more impor-
ant than the homonuclear OH· · ·O bond because of its out-
tanding importance in protein folding and DNA pairing and
ts even-growing application in molecular recognition and
rystal engineering problems[26–28]. The vibrational spec-
ra of�,�-unsaturated-�-ketoenamines have been the subject
f few investigations[1,2,25], which support the existence of

a strong intramolecular hydrogen bond of chelating natu
keto-amine form of these compounds. This hydrogen b
formation leads to an enhancement of the resonance con
tion of the�-electrons, which causes a marked tendenc
equalization of the bond orders of the valance bonds in
resulting six-member chelated ring. Therefore, it seems
any parameter that affects the electron density of the che
ring will change the hydrogen bond strength.

In the previous work[1], we showed that the strength
such a bridge enhances when an electron-withdrawing g
replaces the H atom in� position (position 3 inFig. 1),
the same as�-diketones[29]. In the case of�-diketones
several experimental data suggests that the hydrogen
becomes stronger when bulky or electron-releasing gr
are involved in�-position[30,31]. By analyzing the subst
tution effect of simple substitutes such as methyl group
electron-releasing group with the steric effect on the s
ture, it is possible to study the inductive and steric eff
for this kind of substitution. Yet, the effect of substitut
on the nitrogen atom (seeFig. 1) of ketoenamines has be
investigated neither experimentally nor theoretically.

A crystalline derivative of 4-amino-3- penten-2-o

∗ Corresponding author. Tel.: +98 561 2224803; fax: +98 561 8438032.
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(hereafter APO) is 4-methylamino-3-penten-2-one (hereafter
MeAPO). The solubility of this compound is low and crystal-
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Fig. 1. View of MeAPO showing the atomic numbering scheme used in the
text.

lized spontaneously during preparation. MeAPO is an inter-
esting compound among the substituted APO derivatives so
far investigated. It has a relatively simple structure, at ambi-
ent temperature it is solid and this compound is only involved
in intramolecular hydrogen bond. Whereas, in the case of
APO, experimental evidences indicate presence of an inter-
molecular hydrogen bond in the solid state, completely, and
in solution partially[2].

The aim of the present paper is to predict the structure
and vibrational spectra (harmonic wavenumbers, and rela-
tive intensities for Raman and IR spectra) of MeAPO by
means of density functional theory (DFT) levels. Comparing
of MeAPO and APO geometrical parameters gives a clear
understanding of substitution effects of hydrogen atom with
methyl group (on N atom) on structure and hydrogen bond
strength of the system. The calculated harmonic force con-
stants of MeAPO were used for predicting the Raman and
IR spectra of deuterated species. The calculated vibrational
frequencies are compared with the obtained experimental
results.

2. Experimental

Acetylacetone and all solvents were purchased from
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Solution of DMeAPO (deuteration done on amine pro-
ton) was prepared by shaking solution of MeAPO in CCl4
with D2O for period of up to 24 h. However, the crystalline
DMEAPO was prepared from CCl4 solution of DMeAPO
which was dried over anhydrous Na2SO4 followed by remov-
ing the organic layer under reduce pressure.

The infrared spectra were taken on a Nicolet 800 spec-
trometer. The Raman spectra were collected employing a
180◦ back scattering geometry and a Nicolet 910 Fourier
Transform Raman spectrometer.

The Raman spectrometer was equipped with a ZnSe beam
splitter and a liquid N2 cooled germanium detector. Rayleigh
filtering was afforded by a set of two holographic technology
filters. Laser power at the sample was 40 mW. The NMR
spectra were obtained on a FT-NMR, Brucker Aspect 3000
spectrometer at 100 MHz frequency in CDCl3 at 22◦C and
TMS as internal standard.

3. Method of analysis

It is well known that an adequate treatment of electronic
correlation effects is important in calculations on H-bonded
species[33]. In the present study, the molecular equilibrium
geometry, vibrational frequencies and infrared and Raman
intensities were computed with the GAUSSIAN98W soft-
w ity
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luka. Chloroform and deuterated chloroform were st
ver 3Å molecular sieves.

The concentration of the samples for1H NMR and FTIR
easurements was 0.1 mol dm−3.
MeAPO was synthesized by the modification of

ethod given for APO in Ref.[32].
The amount of 10 g (0.1 mol) acetylacetone was disso

n 60 cm3 methylamine solution 40%, refluxed for 4 h a
hen stirred continuously for 24 h at room temperature. M
ure was extracted (3× 100 ml) with chloroform. Organi
ayer was dried using anhydrous Na2SO4, filtered and evap
rated under reduced pressure. The crude product was

allized from CHCl3. Yield 6.1 g (61%) of colorless crysta
.p. 39.9◦C, literature 39–40◦C, 1H NMR (CDCl3): δ 1.91

s, 3H, CH3), δ 1.99 (s, 3H, CH3), δ 2.94 (s, 3H, CH3), δ 4.98
s, 1H, CH�) andδ 10.7(s, 1H, NH bonded). The elemen
nalysis was correct.
-

are system[34] by using a selection of modern dens
unctional and ab initio MP2 level. The B[35] or B3 [36]
r G96 [37] exchange functional were combined with
W91[38] or LYP [39] correlation functionals, resulting

he four different functionals BLYP, G96LYP, B3PW91 a
3LYP. A series of calculation on MeAPO were perform
ith medium size 6-31G* (142 basis functions, 268 primi
aussians) and 6-31G** (175 basis functions, 301 prim
aussians) basis sets. Application of the B3LYP, BLYP
96LYP density functional was repeated with the la
asis set, 6-311++G** (253 basis functions, 387 primi
aussians).

. Results and discussions

.1. Molecular geometry

The molecular equilibrium geometry predicted with
3LYP, B3PW91, BLYP, G96LYP density functionals a
b initio MP2 level are given inTable 1. The geometry o
eAPO and the numbering of the atoms is given inFig. 1.

t is apparent that replacement of the PW91 correlation f
ional with the LYP functional leads to the prediction o
horter O· · ·H distance, corresponding to a more symm
al H-bond. A somewhat similar tendency is observed w
96 functional is replaced by the B3 and B hybrid excha

unctionals. On the other hand, the main effect of me
ubstitution on the nitrogen atom is shortening of the N· · ·O
istance and lengthening of the NH bond length, compare
ith the corresponding value for APO[1,2]. Calculations
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Table 1
Comparison of theoretical geometric parameters of MeAPO at differents levels of theory

B3LYPa G96LYPa B1LYPa B3LYPb B1LYPb G96LYPb B3PWP91b B3LYPc B1LYPc G96LYPd MP2a

Bond lengths
C3 C4 1.386 1.398 1.382 1.387 1.385 1.399 1.385 1.386 1.385 1.397 1.380
C2 C3 1.437 1.442 1.441 1.436 1.436 1.441 1.434 1.436 1.436 1.439 1.439
C2 O6 1.250 1.266 1.246 1.251 1.248 1.267 1.249 1.247 1.244 1.262 1.255
C4 N7 1.348 1.358 1.350 1.347 1.347 1.357 1.343 1.346 1.345 1.355 1.350
C1 C2 1.523 1.534 1.523 1.522 1.522 1.533 1.516 1.519 1.519 1.539 1.516
C4 C5 1.506 1.515 1.507 1.506 1.506 1.514 1.501 1.504 1.505 1.513 1.503
C3 H9 1.084 1.090 1.083 1.083 1.082 1.089 1.084 1.081 1.080 1.087 1.085
N7 H10 1.026 1.039 1.021 1.027 1.024 1.042 1.029 1.024 1.021 1.036 1.023
N7 C8 1.448 1.457 1.448 1.448 1.448 1.457 1.442 1.451 1.451 1.460 1.448
O6· · ·H10 1.806 1.778 1.839 1.783 1.799 1.748 1.756 1.815 1.828 1.793 1.837
O6· · ·N7 2.655 2.656 2.675 2.640 2.648 2.637 2.622 2.655 2.660 2.660 2.670
dc c dc c 0.0509 0.0438 0.0587 0.0495 0.0516 0.042 0.0482 0.0496 0.0518 0.0425 0.0585

Bond angles
C4 C3 C2 123.0 123.1 123.3 122.8 122.8 122.8 122.5 123.2 123.2 123.3 123.1
C3 C2 C1 118.3 118.5 117.23 118.4 118.3 118.7 118.2 118.4 118.4 118.5 117.2
C3 C4 C5 120.9 121.2 120.83 120.1 120.9 121.2 121.1 120.8 120.7 121.0 121.0
N7 C4 C3 121.2 120.4 121.5 121.0 121.2 120.2 120.8 121.3 121.5 120.6 121.8
C3 C2 O6 123.5 123.4 123.6 123.4 123.4 123.3 123.4 123.2 123.2 123.2 123.6
C4 N7 H10 112.9 112.1 113.3 112.7 112.9 111.7 112.3 113.4 113.6 112.5 113.6
C4 N7 C8 126.1 126.6 126.1 126.0 126.0 126.5 126.0 126.0 126.0 126.5 125.5
N7 C4 C5 117.8 118.3 117.6 118.0 117.9 118.5 118.1 117.9 117.8 118.3 117.2
C8 N7 H10 120.9 121.2 120.5 121.3 121.0 121.8 121.7 120.6 120.3 121.0 120.8
C2 C3 H9 119.0 119.0 118.6 119.1 119.0 119.2 119.2 118.9 118.9 118.9 118.7
O6 C2 C1 118.1 118.0 119.1 118.1 118.2 118.0 118.4 118.4 118.4 118.3 119.2
N7 H10 O6 137.6 139.5 136.6 138.3 137.7 140.5 139.1 136.7 136.2 138.5 136.1

a Calculated with 6-31G* basis set.
b Calculated with 6-31G** basis set.
c Calculated with 6-311++G** basis set.

at all computational levels predict that the N· · ·O distance
in MeAPO is about 0.02̊A shorter than that in APO. These
structural changes in MeAPO suggest a stronger hydrogen
bond in MeAPO than that in APO[1,2]. This conclusion
is consistent with the NMR proton chemical shift of 9.7
and 10.7 ppm for the hydrogen-bonded proton in APO and
MeAPO, respectively. On the other hand, upon methyl sub-
stitution on the nitrogen atom both CC and C O bond
lengths are increased whereas CC and C N bond lengths
are decreased (in comparison to APO). Lengthening of dou-
ble bonds and shortening of single bonds could be attributed
to increasing of�-electrons delocalization in the chelate ring
of MeAPO, which in turn causes the hydrogen bond become
stronger than APO.

An interesting point, which is noteworthy, is the planarity
of the chelated ring in MeAPO (the same as APO), which
is caused by the formation of a strong intramolecular hydro-
gen bond and�-electron conjugation in the chelated ring.
According to all calculations, the hydrogen of NHCH3 group
is completely in the plane of the chelated ring. This implies
that the electron lone pair of the nitrogen atom is almost
completely takes part in the�-electron delocalization of the
chelated ring.

The conformations of methyl groups with respect to the
plane of the molecule and with respect to each other are
shown inFig. 2. The energy values and dihedral angles of
t e

geometries, the dihedral angles listed inTable 2were held
constant and all the remaining parameters were varied until
the minimum energy was achieved. The dihedral angleφ1
(H14C5C4N7) at the most stable conformation (1) is 180◦,
which is about 70 and 1700 cal/mol (calculated at B3LYP/6-
31G** level) more stable than the eclipsed (5) and staggered
(4) conformers, respectively. However, the dihedral angleφ2
(H19C8N7C4) at the most stable conformation (1) is 179.7◦,
which is only 0.37cal/mol (calculated at B3LYP/6-31G**
level) more stable than the eclipsed conformer (6). The
calculated barrier to rotation for the CH3 attached to the
carbonyl group and the CH3 attached to the nitrogen atom
are about 53 and 592 cal/mol (calculated at B3LYP/6-31G**
level), respectively.

4.2. Vibrational analysis

The fundamental vibrational frequencies for MeAPO
obtained at MP2 level and different DFT levels were com-
pared with the experimental values by means of regression
analysis. The superior quality results are produced from the
B3LYP level. In the regression analysis a set of 48 vibra-
tional bands was selected, corresponding to fundamentals
numbers:ν1–ν48. The regression parameters, linear corre-
lation coefficient,R-square and standard deviation (S.D.),
are listed inTable 3. As it is obvious in this table, the best
r .49
hese conformers are listed inTable 2. For each of the nin
 esults are obtained with B3LYP, resulting in S.D. = 13
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Fig. 2. Conformations of MeAPO optimized at B3LYP/6-31G** level.

and 15.81 cm−1 for B3LYP/6-31G** and B3LYP/6-31G*,
respectively. It is noteworthy that any of the present DFT
calculations leads to better correlation with experimental
wavenumbers than the more time-consuming MP2 procedure
(Table 3).

The Raman spectra of MeAPO and DMeAPO in the solid
phase are shown inFig. 3. Lorentzian function has been
utilized for deconvolution[2,3,40,41]of the IR spectra of
MeAPO in the solution phase in 3200–2800 cm−1 region
and deconvoluted spectrum is shown inFig. 4. The decon-
voluted IR spectra of MeAPO and DMeAPO in the CCl4
solution in 1800–800 cm−1 region are shown inFigs. 5 and 6,
respectively. The infrared and Raman band frequencies for
MeAPO and DMeAPO in the solid phase and in CCl4 solution
along with the calculated frequencies and their assignments
are given inTables 4 and 5, respectively. All calculated fre-
quencies at different levels and basis sets are compared in
Table 6.

The calculated frequencies are slightly higher than the
observed values for the majority of the normal modes. Two
factors may be responsible for the discrepancies between

the experimental and computed spectra of MeAPO and
DMeAPO. The first is caused by the environment. The second
reason for these discrepancies is the fact that the experimental
value is an anharmonic frequency while the calculated value
is a harmonic frequency.

4.3. Band assignment

The band assignment presented here obey the follow-
ing criteria: (a) the observed band frequencies and inten-
sity changes in the infrared and Raman spectrum of the
deuteration analogue confirmed by establishing one to one
correlation between observed and theoretically calculated
frequencies. (b) Comparison in some cases with reported
vibrational assignment of characteristic molecular groups
and bond found in different molecules. (c) The visual 3D
computerized representation of the normal modes.

4.3.1. 3600–1700 cm−1 region
In this region, CH stretching of the CH3 groups, olefinic

CH stretching and the NH/ND stretching are expected to be
observed.
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Table 3
Regression analysis of fundamental wavenumbers with theoretical
corresponds

Levels Linear correlation
coefficient

R-square Standard
deviation

B3LYP/6-31G** 0.999899 0999798 13.4952
B3LYP/6-31G* 0.999876 0999753 15.81139
B1LYP/6-31G** 0.999856 0999711 16.14094
B3PW91/6-31G** 0.999836 0999672 17.20268
G96LYP/6-31G* 0.999816 0999632 18.2163
B3LYP/6-311++G** 0.999792 0999584 19.3781
G96LYP/6-311++G** 0.999781 0999563 19.85902
G96LYP/6-31G** 0.999777 0999554 20.06008
B1LYP/6-31G* 0.999774 0999548 20.18144
B1LYP/6-311++G** 0.999755 0999510 21.03194
MP2/6-31G* 0.999706 0999411 23.04563

In the infrared and Raman spectra of MeAPO in the solid
phase a medium band was observed at about 3165 cm−1. In
solution, this band slightly shifts to upper frequencies and
appears at 3171 cm−1. This band shows no intensity change
on dilution. Upon deuteration, this band disappears and a new
band appears at about 2275 cm−1. According to the theoreti-
cal calculations, we assign this band to NH (involved in an
intramolecular hydrogen bond) stretching. The correspond-
ing band for APO[2] is observed at about 3180 cm−1. Lower
band frequency shift of NH stretching mode in MeAPO in
comparison with that for APO suggests stronger intramolec-
ular hydrogen bond in MeAPO in comparison with that APO.
The Raman spectrum of MeAPO shows a medium band at
3079 cm−1. According to the calculation and in comparison
with APO [2], this band is attributed toνCH�. The Raman
spectrum of MeAPO and its deuterated analogue clearly
shows seven bands at 3013, 2999, 2987, 2965, 2937, 2915 and

F
ig. 3. Raman spectra of MeAPO ((—) bottom) and DMeAPO ((· · ·) top).
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Fig. 4. Deconvoluted infrared spectrum of MeAPO in solid phase in
3200–2800 cm−1 region, the experimental spectra (top) and the results of
fitting (bottom).

2885 cm−1, which are very close to the corresponding bands
observed in the Raman spectrum of APO[2] and therefore
assigned to the CH3 stretching modes. Furthermore, decon-
volution of infrared spectrum of MeAPO shows another weak
bands in this region (seeFig. 4). It seems that these bands are
overtones of strong bands at 1700–1400 cm−1 region.

4.3.2. 1700–1000 cm−1 region
Beside the CH3 deformation and rocking, NCH3 stretch-

ing and in plane CH� bending modes, five bands are expected
to be observed in this region in relation to the chelated ring
modes which are attributed to CO, C C, C C, C N stretch-
ing and the N H in-plane bending modes.

The infrared spectrum of MeAPO apparently shows only
one band in the 1650–1600 cm−1 region. This band in
the solid phase and in the CCl4 solution appears at about
1615 cm−1. However, by deconvolution of the infrared spec-
trum of MeAPO in this region a medium band appears
at about 1640 cm−1(seeFig. 5). The corresponding band
in the Raman spectrum occurs at 1633 cm−1, but its rela-
tive intensity is more than its corresponding band in APO
[2], which occurs at 1623 cm−1. Our normal mode analysis
shows that this band is due to the asymmetric CC C O
stretching which is slightly coupled toδNH. Upon deuter-
ation, this band shows a lower frequency shift of about
Fig. 5. Deconvoluted infrared spectrum of MeAPO in CCl4 in 1800–800 cm−1 r
egion, the experimental spectra (top) and the results of fitting (bottom).
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Table 4
Fundamental band assignment of MeAPOa

Theoreticalb Infrared Raman Assignment

Frequencies IR,I R, I Solid CCl4 Solid

1 3321 36 24 3167(m) 3171(6) 3165(6) νNM
2 3219 2 33 3067(w) 3077(11) 3079(11) νCH�

3 3159 3 25 3012(vw) 3014(5) 3013(10) νaCH3

4 3147 5 36 2997(w) 3000(11) 2999(3) νaCH3

5 3140 6 33 2997(w) 3000(11) 2999(3) νaCH3

6 3120 4 54 2984(w) 2986(3) 2987(6) νaCH3

7 3097 4 43 2967(w) 2969(3) 2965(sh) νaCH3

8 3072 10 46 2934(w) 2935(19) 2937(3) νaCH3

9 3056 3 100 2917(vw) 2920(3) 2915(58) νsCH3

10 3049 6 91 2917(vw) 2920(3) 2915(58) νsCH3

11 3027 20 94 2889(w) 2894(9) 2885(sh) νsCH3

12 1687 100 33 1635(sh) 1641(32) 1633(7) νaC C C O +δNH
13 1662 92 12 1615(s) 1615(90) 1617(22) νsC=C C=O +δNH
14 1567 26 19 1565(s) 1580(90) 1560(12) νaC C=C N + δCH
15 1537 3 9 1521(m) 1519(54) 1520(65) δaCH3

16 1526 4 7 1489(w) 1484(17) 1488(5) δaCH3

17 1513 11 1 1461(m) 1457(17) 1463(21) δaCH3 + δNH
18 1510 5 12 1461(m) 1457(17) 1464(21) δaCH3

19 1507 10 17 1453(sh) 1441(50) 1450(5) δaCH3

20 1505 1 6 1453(sh) 1441(50) 1450(5) δaCH3

21 1493 5 21 1434(ms) 1432(35) 1438(10) δsCH3

22 1441 3 8 1423(m) 1420(18) 1425(5) δsCH3

23 1417 6 12 1380(ms) 1380(23) 1380(17) δsCH3

24 1384 55 9 1349(s) 1356(49) 1341(16) νaC=C C +δNH
25 1327 38 12 1291(s) 1304(100) 1293(32) νsC=C C +δCH�

26 1233 7 3 1195(mw) 1193(15) 1200(30) δCH�

27 1200 2 1 1152(w) 1160(13) 1156(19) νN CH3 +ρCH3

28 1157 0.1 1.5 1106(sh) 1095(4) 1105(6) πCH3

29 1119 6 1 1069(s) 1079(26) 1074(10) δNH +ρCH3

30 1075 0.1 0.3 1039(w) 1041(3) 1038(5) πCH3

31 1055 4 0.5 1015(ms) 1016(23) 1014(15) πCH3

32 1045 2 2 1005(sh) 1007(4) 1004(sh) ρCH3

33 1009 6 3 968(ms) 972(28) 970(8) ρCH3

34 947 1 1 930(m) 934(6) 936(18) νaC CH3 + δC C O +δCH
35 857 0.1 3 859 (sh) 836(12) 852(sh) νC CH3 + δC C N + δCH
36 814 13 1 827(s) 820(10) 831(39) (γNH +γCH) out of phase
37 745 12 1 730(s) * 726(19) (γNH + �CH) in phase
38 655 3 4 650(m) 650(14) 655(100) ∆ + δC CH3

39 647 – 0.1 635(vw) 628(6) 637(10) Γ

40 551 0.3 1 555(mw) 543(3) 558(26) Γ

41 536 1 3 535(m) 531(9) 534(53) ∆ + δC CH3

42 398 2 2 415(m) 420(3) 412(11) νasN· · ·O +�C CH3

43 372 1 2 n.m. n.m. 389(72) ∆ + δC CH3

44 291 0.3 0.3 n.m. n.m. 309(18) ∆ + δC CH3

45 211 0.3 1 n.m. n.m. 234(34) Γ +γC CH3

46 195 0.1 1 n.m. n.m. 221(16) ∆ + δC CH3

47 193 1 0.3 n.m. n.m. 201(sh) ∆ + δC CH3

48 147 – – n.m. n.m. 179(75) Γ +γC CH3

49 113 1 0.1 n.m. n.m. n.m. τCH3

50 68 1 0.05 n.m. n.m. n.m. τCH3

51 29 0.5 0.1 n.m. n.m. n.m. τCH3

Frequencies are in cm−1 and intensities are relative.
a IR, infrared; R, Raman;I, calculated relative intensity;ν, stretching;δ, in plane bending;γ, out of plane bending;ρ, rocking in plane;π, rocking out of

plane∆, in plane ring deformation;Γ , out of plane ring deformation; v, very; s, strong; m, medium; w, weak; sh, shoulder;τ, torsion; n.m., not measured; *,
solvent overlapped, relative intensities are given in parentheses.

b Unscaled fequencies, clculated at B3LYP/6-31G** level.



H. Raissi et al. / Spectrochimica Acta Part A 62 (2005) 1004–1015 1011

Table 5
Fundamental band assignment of DMeAPOa

Theoreticab Infrared Raman Assignment

Frequencies IR,I R, I Solid CCl4 Solid

1 3219 2 33 3066(w) 3076(8) 3078(20) νCH�

2 3159 2 25 3013(vw) 3015(5) 3014(43) νaCH3

3 3148 4 37 2997(w) 2999(10) 3000(50) νaCH3

4 3139 5 32 2997(w) 2999(10) 3000(50) νaCH3

5 3120 3 54 2983(w) 2986(3) 2986(sh) νaCH3

6 3099 3 44 2966(w) 2968(3) 2963(92) νaCH3

7 3072 8 46 2935(w) 2936(18) 2938(42) νaCH3

8 3056 2 100 2917(w) 2919(32) 2917(75) νsCH3

9 3049 4 91 2917(w) 2919(32) 2917(15) νsCH3

10 3028 15 91 2888(w) 2893(32) 2887(3) νsCH3

11 2442 20 11 2275(mw) 2286(6) 2278(14) νND
12 1684 52 6 1631(s) 1635(100) 1630(22) νaC C C O
13 1585 100 15 1575(m) 1571(37) 1568(8) νsC C C O +δND
14 1564 23 20 1556(m) 1563(6) 1554(3) νaC C C N + δCH
15 1537 2 10 1518(w) 1520(93) 1522(5) δaCH3

16 1526 2 7 1486(w) 1457(8) 1484(90) δaCH3

17 1511 11 11 1462(m) 1457(8) 1462(25) δaCH3

18 1507 0.4 17 1462(m) 1457(8) 1462(25) δaCH3

19 1505 1 6 1451(mw) 1442(10) 1451(sh) δaCH3

20 1502 14 5 1451(mw) 1441(10) 1451(sh) δaCH3

21 1484 23 14 1436(ms) 1419(45) 1434(20) δsCH3

22 1440 0.2 10 1423(m) 1419(45) 1423(12) δsCH3

23 1417 4 12 1384(s) 1379(11) 1380(30) δsCH3

24 1326 37 11 1310(w) 1314(15) 1311(10) νaC· · ·C· · ·C +δCH�

25 1272 5 2 1231(s) 1247(55) 1239(3) νsC· · ·C· · ·C +δCH +δND
26 1207 6 2 1153(ms) 1194(56) 1170(15) δCH� + δND
27 1185 0.1 1 1135(vw) 1138(7) 1134(2) νN CH3 +ρCH3

28 1153 – 1 1069(ms) 1095(7) 1099(2) πCH3

29 1075 0.2 0.2 1038(vw) 1041(6) 1040(70) πCH3

30 1055 3 0.5 1016(m) 1015(10) 1015(3) πCH3

31 1049 2 2.5 1004(w) 1005(5) 1007(2) ρCH3

32 1011 2 3 1000(vw) 975(6) 977(4) ρCH3

33 961 3 1 960(w) 950(10) 955(2) δND +υN CH3

34 946 0.3 1 940(m) 942(15) 940(27) νaC CH3 + δC C O +δCH
35 850 0.2 3 842(mw) 830(8) 845(41) νC CH3+ δC C N + δCH
36 756 1.5 1 734(mw) * 735(4) γCH�

37 677 6 0.1 – 660(15) 675(4) γND
38 652 2 5 651(m) 648(10) 652(100) ∆ + δC CH3

39 580 3 1 672(mw) 560(4) 575(27) Γ

40 533 1 3 571(w) 530(5) 532(65) ∆ + δC CH3

41 529 2 1 533(w) 505(14) 515(5) Γ

42 397 1.5 2 412(m) 431(1) 408(sh) νaNDO +δC CH3

43 370 1 1.5 n.m. n.m. 386(75) ∆ + δC CH3

44 291 0.2 0.2 n.m. n.m. 309(3) ∆ + δC CH3

45 211 0.2 1 n.m. n.m. 231(24) ∆ + δC CH3

46 194 0.2 0.7 n.m. n.m. 221(sh) ∆ + δC CH3

47 191 1 0.3 n.m. n.m. 199(5) ∆ + δC CH3

48 146 – – n.m. n.m. 180(63) Γ +γC CH3

49 113 0.5 0.1 n.m. n.m. n.m. τCH3

50 67 0.7 0.1 n.m. n.m. n.m. τCH3

51 29 0.4 0.1 n.m. n.m. n.m. τCH3

Frequencies are in cm−1 and intensities are relative.
a IR, infrared; R, Raman;I, calculated relative intensity;ν, stretching;δ, in plane bending;γ, out of plane bending;ρ, rocking in plane;π, rocking out of

plane∆, in plane ring deformation;Γ , out of plane ring deformation; v, very; s, strong; m, medium; w, weak; sh, shoulder;π, torsion; n.m., not measured; *,
solvent overlapped, relative intensities are given in parentheses.

b Unscaled Frequencies, clculated at B3LYP/6-31G** level.
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Fig. 6. Deconvoluted infrared spectrum of DMeAPO in CCl4 in 1800–800 cm−1 region, the experimental spectra (top) and the results of fitting (bottom).

4 cm−1, which is in close agreement with the theoretically
calculated, 3 cm−1frequency shift (calculated at B3LYP/6-
31G**). Therefore, we assign the band at about 1630 cm−1

in DMeAPO to νaC C C O. The infrared spectrum of
MeAPO shows a strong band at about 1615 cm−1. The
corresponding Raman band appears as a medium band at
1617 cm−1. In DMeAPO, this band shifts toward lower fre-
quencies and appears at about 1570 cm−1. The corresponding
band in APO, which occurs at 1605 cm−1, upon deuteration
shifts downward about 50 cm−1 [2]. Theoretical calculations
suggest that this band is due to the symmetric CC C O
stretching which is strongly coupled toδNH.

The strong infrared band at 1565 cm−1 in the solid phase
moves to 1580 cm−1 in solution. The upper frequency shift
of this band in solution (15 cm−1) suggests more stretching
character for this band. According to the DFT calculations,
this band is mainly due to the asymmetric CC C N stretch-
ing which is coupled to CH� in plane bending mode. Another
strong IR band in this region is a band at about 1350 cm−1.
The corresponding Raman band appears as a medium band
at 1341 cm−1. By the help of the theoretical calculations
and intensity considering we assign this band to asymmetric
C C C stretching mode coupled to NH in plane bending
mode. Upon deuteration, this band shifts to 1310 cm−1 and,

according to the calculations, its coupling toδND is com-
pletely removed. In the case of DMeAPO, this band is coupled
mainly to theδCH�. The strong infrared and Raman band at
about 1290 cm−1 assigned to symmetric CC C stretching
mode which is coupled toδCH�. An increase in the frequency
of this band by going from solid to CCl4 solution also suggests
that this band has mainly a stretching character. In DMeAPO,
this band considerably shifts to lower frequencies and appears
at about 1240 cm−1 with a decrease in its Raman intensity.
According to the theoretical calculations, this band is due to
the symmetric CC C stretching +δCH� which is strongly
coupled toδND. The decrease in the Raman intensity of this
band upon deuteration is due to decreasedνsC C C char-
acter of the vibration and strongly coupled the calculated
results. The corresponding band in APO also shows a down
shift of about 20 cm−1 upon deuteration. It should be men-
tioned that this band in APO and its deuterated analogous is
assigned mainly toνsC C C N [2]. The change in the vibra-
tional mode of this band could be attributed to the more band
equalization in the chelated ring due to the stronger H bond
in MeAPO than that APO. According to the ab initio calcula-
tions (at B3LYP/6-311++G** level), the C2 C3 and N7 C4
distances in MeAPO are shorter than those in APO (0.006,
0.001Å, respectively) but the C3 C4 and C2 O6 distances
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Table 6
All calculated frequencies at different levels and basis sets

B3LYP/6-
31G**

B3LYP/6-
31G*

B3LYP/6-
311++G**

B1LYP/6-
311++G**

G96LYP/6-
311++G**

B1LYP/6-
31G**

B1LYP/6-
31G*

B3PW91/6-
31G**

G96LYP/6-
31G**

G96LYP/6-
31G*

MP2/6-
31G*

1 3319 3347 3347 3392 3168 3371 3420 3295 3137 3146 3447
2 3217 3218 3198 3212 3123 3230 3222 3228 3102 3134 3256
3 3158 3159 3136 3145 3062 3170 3172 3174 3080 3078 3227
4 3142 3149 3124 3134 3050 3154 3170 3166 3065 3066 3221
5 3141 3140 3116 3126 3045 3154 3159 3158 3061 3057 3217
6 3119 3120 3096 3105 3021 3130 3116 3135 3040 3036 3186
7 3099 3099 3077 3088 2999 3110 3111 3118 3020 3016 3179
8 3068 3073 3053 3064 2980 3081 3085 3083 2987 2987 3161
9 3051 3055 3035 3044 2964 3062 3062 3057 2976 2977 3104

10 3045 3049 3030 3041 2956 3057 3060 3055 2971 2971 3104
11 3020 3028 3009 3021 2939 3033 3040 3027 2943 2947 3091
12 1686 1691 1660 1671 1599 1699 1712 1700 1622 1631 1731
13 1662 1669 1626 1637 1558 1672 1683 1674 1590 1596 1695
14 1562 1567 1547 1554 1496 1570 1572 1573 1510 1516 1598
15 1521 1536 1508 1517 1469 1531 1546 1515 1482 1496 1571
16 1510 1526 1499 1506 1462 1520 1534 1504 1474 1490 1557
17 1499 1516 1487 1496 1451 1509 1525 1491 1464 1481 1549
18 1495 1511 1481 1490 1446 1504 1517 1489 1459 1474 1538
19 1490 1506 1479 1488 1445 1499 1515 1482 1455 1471 1535
20 1488 1505 1474 1483 1440 1497 1509 1479 1453 1470 1534
21 1479 1492 1466 1475 1425 1488 1502 1471 1437 1450 1521
22 1426 1442 1415 1424 1377 1436 1452 1420 1388 1404 1468
23 1402 1418 1389 1398 1349 1411 1418 1392 1363 1379 1437
24 1380 1396 1367 1374 1325 1389 1408 1379 1337 1353 1424
25 1321 1326 1309 1315 1268 1327 1329 1326 1279 1284 1351
26 1227 1235 1219 1226 1178 1235 1241 1227 1186 1194 1258
27 1193 1201 1184 1191 1142 1201 1209 1196 1151 1159 1226
28 1148 1156 1139 1146 1104 1156 1164 1144 1114 1122 1178
29 1115 1122 1106 1111 1070 1120 1127 1119 1080 1088 1139
30 1064 1075 1058 1065 1028 1071 1081 1057 1034 1045 1086
31 1044 1055 1039 1047 1007 1051 1056 1038 1011 1023 1065
32 1038 1047 1034 1039 1004 1045 1053 1032 1009 1018 1062
33 1002 1009 997 1002 962 1007 994 996 969 976 1010
34 946 947 940 944 909 950 951 952 914 915 963
35 856 857 848 852 817 859 853 863 825 825 867
36 816 803 809 800 810 808 786 835 824 805 748
37 751 748 756 755 730 753 744 750 731 730 686
38 655 657 653 656 636 660 664 663 632 635 671
39 645 646 647 649 628 646 635 640 626 627 606
40 551 551 554 557 534 554 551 549 532 532 546
41 536 537 537 539 519 539 544 537 519 520 530
42 400 400 396 396 386 401 399 400 390 391 399
43 373 374 372 372 359 374 366 370 361 363 370
44 292 292 292 292 276 294 289 289 279 279 296
45 212 212 211 208 204 212 204 209 208 207 209
46 198 200 197 190 183 197 195 197 188 196 199
47 195 197 192 187 171 195 186 193 186 186 185
48 150 149 148 145 146 150 149 150 147 146 147
49 104 103 104 99 94 103 100 98 101 101 93
50 61 56 58 50 35 58 39 55 56 51 8
51 36 34 23 38 31 22 18 35 27 24 5

are longer in MeAPO, than the corresponding bond length
in APO (0.001, 0.005̊A, respectively). The corresponding
band in the deuterated analogue is coupled to the ND in
plane bending mode, which explains the frequency shift upon
deuteration.

The Raman spectrum of MeAPO shows a medium band at
1074 cm−1. The corresponding IR band appears as a strong
band and upon deuteration disappears. According to the the-

oretical calculations this band is mainly due to the NH in
plane bending mode, which is coupled toρCH3. In the case
of DMeAPO, this mode is coupled mainly to theνC CH3
and appears, as it is predicted by calculations, at around
960 cm−1.

By considering the theoretical calculations and compar-
ing with the spectra of APO[2], the bands at about 1520,
1490, 1461, 1450, 1435, 1420 and 1380 cm−1 were assigned
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to the CH3 deformation modes and the band at about 1195
was assigned to the olefinic CH in plane bending mode. The
bands at about 1105, 1040, 1015 and 1005 cm−1 are assigned
mainly to the CH3 rocking modes.

4.3.3. Below 1000 cm−1

In this region, we expect to observe CCH3 stretching,
C3C2O6 and C3C4N7 deformations, NH and C H� out of
plane bending modes and in plane and out of plane ring defor-
mation modes.

Theoretical calculations suggest that the band at about
930 cm−1 is due to asymmetric CCH3 stretching mode,
which is somewhat, coupled to the in plane C3 C2 O6 and
CH� bending modes. Upon deuteration this band shows an
upward frequency shift of about 10 cm−1. The corresponding
band in APO (980 cm−1) [2] shows also an upward frequency
shift upon deuteration. The infrared band at 859 cm−1 shows
a downward frequency shift upon deuteration, which is in
agreement with our theoretical calculations, we assign this
band to the CCH3 stretching mode coupled to the in plane
C3 C4 N7 and CH� bending modes.

The vibrational spectra of MeAPO indicate two bands at
about 830 and 730 cm−1, which the former completely dis-
appear in DMeAPO. According to our calculations, these
two bands are caused by (γNH +γCH ) out of phase, and
i
a ed at
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The N· · ·O stretching mode in the APO spectrum at
360 cm−1 also shows considerable upward frequency shift
(412 cm−1) by CH3 substitution on the Nitrogen atom. This
frequency shift also supports the presence of stronger hydro-
gen bond in MeAPO compared to that in APO.

5. Conclusion

The structure, intramolecular hydrogen and vibrational
spectra of MeAPO have been measured and analyzed by the
aid of calculations at the density functional theory (DFT) lev-
els and post-Hartree–Fock (MP2) level and considering its
spectral behaviors upon deuteration. Superior results were
obtained with B3LYP/6-31G**. All theoretical calculations
and experimental results reveal that the intramolecular H-
bond by methyl substitution on the Nitrogen atom of APO
become stronger than that APO.

Theoretical calculations show that the hydrogen of
NHCH3 group is in the plane of the chelated ring. Analysis
of the vibrational spectra indicates strong coupling between
the chelated ring modes.
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