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ABSTRACT

In this work, the complete vibrational assignments of cationic, neutral and hydrochloride species of alkaloid tropane and their
force fields were studied in gas and aqueous solution phases by using the experimental available FT-IR spectrum of tropane
hydrochloride in the solid state and hybrid calculations derived from the density functional theory (DFT). The normal internal
coordinates for all species were employed to compute the corresponding force fields and force constants by using the scaled
guantum mechanical force field (SQMFF) methodology at the B3LYP/6-31G* level of theory. In the vibrational analyses, the
normal internal coordinates corresponding to rings of six and five members were employed for the bicyclic (N-methyl-8-a-
zabicyclo[3.2.10]octane) group because it can be considered as formed by two fused piperidine and pyrrolidine rings,
respectively. Here, the redundant internal coordinates due to the C-N-C group shared by both rings was identified and then,
removed. This way, the complete assignments of the 66, 69 and 72 vibration normal modes expected for the neutral, cationic and
hydrochloride tropane species respectively are reported for first time. Here, the very good agreement that exist between the
predicted IR spectrum for the cationic form with the corresponding experimental one for tropane hydrochloride reveals that in the
solid state tropane hydrochloride is as cationic, as expected because it is a salt. In addition, the structures optimized for the cationic
and hydrochloride species confirm the fast N-methyl inversion in gas phase and in aqueous solution at room temperature, as was

reported in the literature.

INTRODUCTION

The alkaloid tropane hydrochloride, whose IUPAC name is 8-
Azabicyclo[3.2.1]octane, n-methyl- hydrochloride present a
bicyclic (N-methyl-8-a-zabicyclo[3.2.10]octane) group in their
structure with a tertiary nitrogen atom which confers to all the
tropyl alkaloids and their derivatives remarkable pharmacological
and medicinal properties [1-27]. From the pharmacological point
of view the most important tropyl alkaloids are scopolamine,
cocaine and atropine being tropane the most simple, as
mentioned by Gyermek [28]. In the literature there are many
studies related with the biological activities of those alkaloids or
with their detection by using high-performance liquid
chromatography, NMR spectroscopy or other techniques [4,7-
9,16,18,22,24] but few studies are reported on the infrared and
Raman spectra and their corresponding assignments [8,25]. So far,
none of the aforementioned alkaloids, including the tropane, were
studied from the vibrational point of view probably due to that the
presence of that bicyclic ring in its structures makes it difficult to
assign the observed bands. The constructions of the normal
internal coordinates of that ring are not simple due to the existence
of two fused piperidine and pyrrolidine rings sharing a common C-
N-C group [28]. This bicyclic ring with a tertiary nitrogen atom
confers to all tropane alkaloids anticholinergic activities, as
reported by Pauling and Datta [23]. The vibrational studies of these
alkaloids are of interest to their detection especially because the
tropane derivatives undergo fast N-methyl inversion in aqueous
and methanol solutions at room and low temperature, as reported
by Lazny et al. by using NMR spectroscopy and DFT calculations
[24]. Hence, the vibrational spectroscopy is a quick, easy and useful
technique to their identifications taking into account the
importance of these alkaloids for the human health. Our aims in
this work are: (i) to study theoretically the alkaloid tropane in its
neutral, cationic and hydrochloride forms by using DFT
calculations in gas and agueous solution phases and, (ii) to perform
the complete assignments of those three species by using the
experimental available FT-IR spectrum of tropane hydrochloride,
their corresponding normal internal coordinates and the force
fields computed with the SQMFF procedure [29]. Here, the
structures of those three tropane species in both media were first
optimized by using the hybrid B3LYP/6-31G* method [30,31] and,
then, their corresponding force fields were performed at the same
level of theory with the SQMFF methodology. Whereas the normal
internal coordinates for the bicyclic group were built knowing that

the (N-methyl-8-a-zabicyclo[3.2.10]octane) group is constituted
by two fused piperidine and pyrrolidine rings, as mentioned by
Gyermek [28], both of six and five members, respectively where
the redundant internal coordinates corresponding to the C-N-C
group common shared by both rings was first identified and, then,
removed. In addition, the force constants were also reported for all
those species in both media and, latter compared with other
reported for cyclic nitrogen compounds with different properties
[32]. The methodology employed here for the alkaloid tropane and
their coordinates, later, will be used in a future to perform the
force fields for other alkaloids, such as scopolamine or atropine.

COMPUTATIONAL INFORMATION

In this work, the GaussView [33] and Gaussian 09 programs [34]
were used to model and optimize the three neutral, cationic and
hydrochloride tropane structures in gas and aqueous solution
phases using the hybrid B3LYP/6-31G* method [30,31]. It is
necessary to clarify that structurally, for the piperidine ring
according their potential energy surface are expected various
conformations which are, half-chair, boat, twist-boat or chair,
being the most stable and abundant the chair form, as mentioned
by Gyermek [28] and, as experimentally were reported for other
tropane alkaloids by using X-ray diffraction [35,36] and vibrational
circular dichroism [37]. For these reasons, all structures of those
tropane species were optimized with the piperidine ring in chair
conformation. The theoretical structures can be seen in Figure 1
while the identifications of the two fused piperidine and
pyrrolidine rings belong to the (N-methyl-8-a-zabicyclo
[3.2.10]octane) group, both of six (R1) and five members (R2),
respectively is shown in Figure 2.

&

Figure 1: Molecular theoretical structures of different species of
alkaloid tropane: a) neutral, b) cationic and, ¢) hydrochloride and
|
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the atoms numbering.

The studies of those species in solution were carried out with the
self-consistent reaction field (SCRF) method and the integral
equation formalism variant polarised continuum (IEFPCM) model
at the same level of theory [38,39] because both methods consider
the solvent effects. On the other hand, the solvation model
(PCM/SMD) [40] was employed to compute the solvation energies
of those species while the volumes variations involved in the
solvation process were computed with the Moldraw program [41]
at the same level of theory. Furthermore, the force fields were
calculated by using the SQMFF approach [29] and the Molvib
program [42] while the normal internal coordinates for the three
species were similar to those reported by Pulay et al [43] for six and
five member's rings. Here, the coordinate corresponding to one of
the three deformation ring for the six members ring was removed
because the C-N-C group is shared by both rings. Subsequently,
the calculated force fields for those three tropane species in both
media and at the same theory level were used to perform their
complete assignments by using the Potential Energy Distribution
(PED) 10%. Later, the force constants in both media were also
calculated from their corresponding force fields transformed from
Cartesian coordinates to normal internal which were later
compared with those cyclic nitrogen species structurally associated
to the tricyclic bisguanidine compound and to the toxic agent,
saxitoxin [32].

Piperidine

Pyrrolidine

Me

Figure 2: The bicyclic (N-methyl-8-a-zabicyclo[3.2.10]octane)
group common to all alkaloids tropane and the identifications of
both fused rings, piperidine and pyrrolidine where R1 correspond
to the six members and R2 to the five members.

RESULTS AND DISCUSSIONDIPOLE MOMENTS AND
SOLVATION ENERGIES

For the neutral, cationic and hydrochloride tropane forms, the
total energies, dipole moments, volume variation and solvation
energy were calculated in gas and aqueous solution phases by
using the hybrid B3LYP/6-31G* method. The results can be seen in
Table 1.

TABLE-1

Calculated total energies (E), dipole moments (y), volume
variations (V) and solvation energies (G) for the neutral, cationic
and hydrochloride tropane forms in gas and aqueous solution
phases.

B3LYP/6-31G*

Gas phase
Species | E (Hartrees) y Y
(D) (A3)
Neutral -368.6284 0.76 154.3
Cation -369.0200 2.96 161.3
H-Cl -829.4529 9.43 182.7
PCM
E (Hartrees) y Y Vv
(D) (A3) (A3)
Neutral -368.6324 1.39 154.8 0.5
Cation -369.1070 4.26 159.8 -1.5
H-Cl -829.4824 13.96 182.8 0.1
Solvation energy (kJ/mol)
Gu# Gne Gc
Neutral -10.49 0.75 -11.24
Cation -228.21 15.34 -243.55
H-Cl -77.38 15.05 -92.43

Analyzing exhaustively the values we observed that the
hydrochloride species in both media present the higher dipole

moment and volume values but that species has the lowest volume
variation in solution while the cationic form present the higher
volume contraction in solution, as expected because this ionic
species is highly hydrated in solution due to their higher solvation
energy. Here, the uncorrected solvation energy was calculated as
the difference between the total energies in aqueous solutions and
the values in gas phase while the corrected values are defined as
the difference between the uncorrected and the total non-
electrostatic solvation energies where the total non electrostatic
terms due to the cavitation, dispersion and repulsion energies are
computed with the SMD model [40]. The volume values calculated
for the three tropane species are in satisfactory agreement with
the value of 142 L3 mentioned by Gyermek [28]. Obviously, the
hydrochloride form is the more voluminous compound in both
media due to the Cl atom present in their structures. On the
contrary, the neutral species has the lower solvation energy values
in correlation with their low dipole moment values in both media.
Note that the dipole moment values for all the species increase
slightly in solution due to the solvation.

STRUCTURAL STUDY IN GAS PHASE AND IN AQUEOUS
SOLUTION

The calculated geometrical parameters for the neutral, cationic
and hydrochloride tropane forms in gas and aqueous solution
phases are presented in Table 2 compared with the corresponding
experimental values reported for the two compounds that contain
the bicyclic (N-methyl-8-a-zabicyclo[3.2.10]octane) group, 3a-
Bromotropane Hydrobromide Monohydrate (BHM) [35] and
6B, 7B-Epoxy-laH,5aH~tropan-3a-yl(-)-2,3-Dihydroxy-2-
phenylpropionate from its n-Butylbromide [36].

In Figure 3 it is compared the stereoscopic view of the
experimental structure of cation BHM with those optimized for the
neutral, cationic and hydrochloride tropane forms. Note that the
neutral form is optimized with the N-CH3-group in the same
equatorial position than that experimental structure but the other
cationic and hydrochloride forms of tropane were here optimized
with the N-CH3-group in inverted axial position, as observed in
Figure 3 and, as suggested by Lazny et al. by using NMR
spectroscopy and DFT calculations [24]. This preference is related
probably to that there are lower interactions when the distances
with the H atoms are higher or in some cases to the formation of H
bonds, as reported by Munoz el al for the (2)-(3S,6S)-3a,6b-
Diaceto xytropane derivative [37]. On the other hand, we should
take into account that in the calculations the molecule is free while
in the solid state the interactions due to the forces of crystalline
packing are important. The theoretical and experimental
parameters for the three species are compared in Table 2 by using
the root mean square deviation (RMSD) values. In this table, only
some distances and bond angles are reported because the three
structures are practically symmetrical, as observed by the same N-C
and C-C bonds that present the six and five member's rings.
Hence, we observed that the better bond lengths and angles are
obtained when those parameters are compared with the n-
Butylbromide structure. Notice that for the hydrochloride species
in agqueous solution the same rmsd values are obtained for the
bond lengths (0.016 L) and angles (2.8s), respectively. In general,
the parameters of the neutral and hydrochloride species increase
in solution but, in particular, for the cationic structure we observed
the decreasing in the C-C, N-C and N-CH, distances and bond
angles as a consequence of their volume contraction in this
medium. In relation to the dihedral angles, we observed that the
neutral species is different from the cationic and hydrochloride
structures due principally to their C-C-N-CH, and C-C-N-CH,
dihedral angles corresponding to the six (A6) and five (A5)
member's rings. Later, these differences could justify that the
optimized structures for the neutral species are different from
those predicted for the cationic and hydrochloride forms, as
observedin Figure 3.

VIBRATIONAL STUDY

The neutral, cationic and hydrochloride tropane structures in both
media were optimized by B3LYP/6-31G* calculations with C1
symmetries. Here, for the neutral, cationic and hydrochloride
tropane species are expected 66, 69 and 72 vibration normal
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modes, respectively where all modes present activities in the
infrared and Raman spectra. The infrared spectrum of tropane
hydrochloride in the solid phase and recorded in the 4000-680 cm-
' region was taken from that experimental available from Ref [44]
and the comparisons with the corresponding predicted by
B3LYP/6-31G** calculations for the neutral, cationic and
hydrochloride forms in gas phase can be seen in Figure 4.

TABLE-2
Comparison of calculated geometrical parameters for the neutral,
cationic and hydrochloride tropane forms in gas and aqueous
solution phases compared with experimental ones for tropane
derivatives

Figure 3: Comparison among the stereoscopic view of the
experimental structure of cation 3a-Bromotropane Hydrobromide
Monohydrate [35] with those optimized for the neutral, cationic
and hydrochloride tropane forms.

na AU
|
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Paramet B3LYP/6-31G*a Exp Exp°
ers Neutral Cationic  |Hydrochlori
de
Gas | PCM | Gas [ PCM | Gas [ PCM
Bond lengths (A)
N-CH’ [1.458]1.467|1.496(1.491(1.478|1.486(1.520(4)[1.520
N-C |1.478/1.487(1.539|1.528(1.507|1.521|1.450(4)|1.530
N-C [1.478]1.487|1.539(1.528(1.508|1.521|1.580(4)|1.530
C-C(A5)|1.560| 1.556|1.542|1.541(1.544{1.542(1.490(5)|1.520
C-C(A5)|1.560| 1.556|1.542|1.5411.544{1.542(1.600(4)|1.520
C-C(A6)]1.539)1.538(1.533|1.5311.535|1.532(1.580(4)|1.540
C-C(A6)|1.540| 1.540|1.541]1.541]1.543|1.542(1.520(4)|1.540
C-C(A6)|1.540| 1.540|1.541]|1.541|1.543|1.542(1.460(4)|1.540
C-C(A6)]1.539)1.538|1.533|1.5311.535|1.532(1.460(4)|1.540
RMSD | |0.063|0.061|0.058|0.058]0.059|0.016
RMSD 110.037/0.032(0.014/0.015]|0.021(0.016
Bond
angles
©)
C-N-C [113.5[111.8{118.0[{117.7[118.2[117.6[108.0(3)[113.0
C-N-C |113.5[111.8]118.0|/117.7{118.2|117.6{112.0(2)[112.0
C-N- [101.6/100.8(101.6/102.0(102.6{102.1{101.0(2)[101.0
C(A5,A6
)
N-C- |105.2|105.3/100.4/100.6|100.5/100.7(103.0(3)[104.0
C(A5)
C-C- [103.6/103.7(105.4/105.3[104.9{105.1{105.0(3)[107.0
C(A5)
N-C- |107.2|107.8|109.0/108.9]109.8/109.4{104.0(3)[109.0
C(A6)
C-C- |111.0/111.2{111.9{111.9[111.5[111.7|117.0(3)|113.0
C(A6)
RMSDI1| 3.1 28 | 46| 45|49 | 28
RMSDII| 16| 1.4 |29 | 28 | 3.1 238
Dihedral angles (°)
C-C-N- [-161.|-165.5|-59.8|-59.5|-61.8|-59.7
CH3(A6)| 6
C-C-N-|78.6| 75.0 |179.7{179.3|178.4{179.3
CH3(A5)
C-C-C-C|-54.3|-54.5 -51.3|-51.7 |-52.5]-52.1

.

i PR

aThis work, bRef [35] for 3a-Bromotropane Hydrobromide
Monohydrate, cRef 36] for 68, 7B-Epoxy-laH, 5aH~tropan-3a-yl(-)-
2,3-Dihydroxy-2-phenylpropionate from its n-Butylbromide; A6,
sixmember'sring; A5, five member'sring..
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Figure 4: Comparisons between the experimental FTIR spectrum
of tropane hydrochloride in the solid state with the corresponding
predicted for their neutral, cationic and hydrochloride species in
the gas phase at B3LYP/6-31G** level of theory.

We observed a very good correlation between the spectra
predicted for the cationic form and the corresponding
experimental one, as expected because it is clear that the solid
sample is a chloride salt. The predicted Raman spectra for all the
species were first converted from scattering activities to relative
Raman intensities and, these new spectra are shown in Figure 5.
These corrections were performed considering a laser excitation
frequency of 634 nm by using that equation reported in the
literature [45,46]. The observed and calculated wavenumbers
together with the corresponding assignments for the neutral,
cationic and hydrochloride tropane forms can be seen in Table 3.
The complete assignments for the three tropane species were
performed by using their normal internal coordinates and force
fields calculated in both media with the SQMFF methodology [29]
and the Molvib program [42]. Here, the definitions of natural
internal coordinates are presented in Table 4 only for the tropane
hydrocloride species because it has higher vibration modes. For the
cationic species it is necessary to remove those coordinates related
to the H-Cl group while for the neutral species the coordinated
related to N-H group should be removed. Besides, only those PED
contributions 10 % were considered to perform the assignments
of the observed bands to the normal vibration modes. In this study,
we have used those scale factors calculated by Rauhut and Pulay
[29] using the 6-31G* basis set. Furthermore, a short discussion of
the assignments for some groups is presented at continuation.

Band Assignments

NH modes. Obviously, these modes are only expected for the
cationic and hydrochloride species. For instance, in the anti-
hypertensive clonidine hydrochloride the N-H stretching mode is
assigned to 3427 cm-' and in the monomer neutral this mode is
observed at 1711 cm-' [47], in nitrogen species derived from
tricyclic bisguanidine compound these modes are assigned at
3403 and 3397 cm-'[32] while in N-benzylamides [48] and other
compounds containing this stretching modes are assigned
between 3480 and 3254 cm-' [49-51]. Hence, the IR band of
medium intensity at 3419 cm-1 is easily assigned to that mode for
the cationic species while for the hydrochloride species is assigned
to the weak band at 1626 cm-' because in this species that mode is
predicted at 1760 cm-', as indicated in Table 3. Here, the broad
band at 3419 cm- is typical of inter-molecular N-H--:N bonds, as
reported for compounds containing N-H groups [32,47,48]. The
in-plane deformation modes for the cationic and hydrochloride
species are predicted coupled with other modes between 1532
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and 1277 cm-' while in  N-benzylamides [48] are observed
between 1508 and 1513 cm-"; hence, the bands between 1626
and 1393 cm-' are assigned to those vibration modes. Here, it is
necessary to explain that in both cationic and hydrochloride
species the N atom has sp3 hybridization and, for this reason, the
constructions of the normal internal coordinates for the N-H group
in that case is tetrahedral and different from those species
containing the N atom with sp2 hybridization [47-51] because in
this case the group N-H is planar. Later, there are not out-of-plane
deformation modes in the cationic and hydrochloride species.

CH modes. In the three neutral, cationic and hydrochloride
species are expected only the C-H stretching and rocking modes
because the C atom present sp3 hybridization, in form similar to
the N-H groups. Hence, the C-H stretching modes are assigned
between 2996 and 2985 cm-' because the SQM calculations
predicted these modes for the three species in that region while
the group of bands between 1351 and 1219 cm-' can be easily
assigned to the rocking modes for the three species, as detailed in
Table 3.

Ch3 modes. Nine normal vibration modes are expected for each
neutral, cationic and hydrochloride tropane species because they
have a CH3 group in their structures. Hence, three antisymmetric

TABLE - 3 Observed and calculated wavenumbers (cm-') and assignments for the neutral, cationic and hydrochloride tropane farms

and symmetric stretching modes, three antisymmetric and
symmetric deformation modes, two rocking modes and one
twisting mode are expected. Table 3 shows clearly that in the
three species the stretching modes are calculated as practically
pure modes between 3098 and 2966 cm-' where in the cationic
species is predicted at higher wavenumbers than the other ones
while the deformation modes are predicted

M.\Mh hal

ﬁl binati MJ,&!L ] IL ‘1
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W s
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Figure 5. Comparisons between the predicted Raman spectra of
neutral, cationic and hydrochloride tropane species in the gas
phase at B3LYP/6-31G** level of theory.

Exp® B3LYP/6-31G* Method’
Hydrochloride Cationic Neutral
IR sQwm’ Assignments® sQm® Assignments® sQm® Assignments®
3419m 3280 N3-H25
3098 aCH,
3054 aCH, 3054 aCH,
3041 aCH,
3023 aCH,(C7) 3024 aCH,(C7)
3014sh 3011 aCH,(C8) 3011 aCH,(C8)
2997 aCH,(C6)
2996 C2-H12
2994 C4-H13
2988 C4-H14 2984 aCH,(C5) 2986 aCH,
2985 C2-H13 2984 aCH,(CT) 2986 aCH,(C4)
2977 aCH,(C6) 2977 sCH,
2966 sCH,
2966 SCH.(C7) 2971 SCH,(C8) 2967 aCH,(C5)
2960sh 2965 sCH,(C5) 2966 aCH,(C7)
2961 aCH,(C1) 2964 sCH,(C7) 2957 sCH(C2,C3)
2959 SCH,(C8) 2957 aCH,(C6)
2949 sCH,(CT) 2948 aCH(C2,C3)
2947vs 2948 sCH,(C5) 2947 aCH,
2942 sCH,(C6) 2945 aCH,(C8)
2941 SCH,(C4)
2930vs 2932 sCH,(C6) 2935 sCH,(C5)
2929 SCH,(C5) 2918 SCH,(C6)
2929 sCH,(CT) 2915 sCH,(C7)
2911 sCH,(C8)
2805vs 2834 sCH,
2684vs 1393+1266=2659 1426+1266=2692
2576s 1482+1086=2568
1626w 1760 N3-H26
1608sh 1532 pN3-H26
1482vs 1485 5CH,(C8) 1481 8CH,(C4), 5CH,(C5)
1476vs 1477 6aCH, 1478 daCH,
1476vs 1475 5CH,(CT), 5CH,(C5) 1475 8aCH., pN.-H25 1475 5aCH,
1459sh 1461 5CH,(C8) 1461 8CH.(C5) 1466 5CH,(C8)
1455s 1459 SCH,(C8) 1454 &aCH,
14555 1453 5CH,(C6) 1451 5CH.(C6) 1453 8CH,(C4), 6CH,(C5)
1449sh 1448 5aCH,, 5CH,(C1) 1447 5CH,(C7)
1443sh 1445 5aCH, 1446 5CH,(C1)
1443sh 1442 SCH,(C7) 1434 6aCH,, pN3-H25 1439 SCH,(C6)
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1426, | 1416 p'N,-H26, N,-H26 1412 8sCH, 1420 SsCH’
1393, | 1400 5,CH, 1402 p'N,-H25 pC2-H12
1382sh| 1379 wagCH,(C6) 1385 | wagCH,(C5), wagCH,(C1) | 1377 wagCH,(C6) wagCH,(C7)
1382sh| 1377 | wagCH,(C5), wagCH,(C1) | 1383 | wagCH,(C1), wagCH,(C6) | 1377 wagCH,(C8)
1359, | 1360 | wagCH2(C6), wagCH,(C5) 1361 wagCH,(C6) wagCH,(C7)
1351, | 1354 p'C,-H13 1357 wagCH,(C6) 1359 pC,-H11
1351, 1348 pC4-H13
1345sh| 1343 | wagCH,(C7) wagCH,(C8) | 1342 wagCH,(C8)
1328w | 1335 wagCH,(C7) 1334 wagCH,(C7) 1326 p'C3-H11
1324w | 1313 p'C4-H14, pC,-H13 1322 p'C2-H10
1299w 1302 p'C4-H13 1308 wagCH,(C4), wagCH*(C5)
1284vw| 1286 pC4-H14
1280vw 1277 pC4-H13, p'N3-H25
1266, | 1274 wagCH,(C8) 1275 pCH,(C5), pCH,(C1) 1266 pC2-H10
1266, 1265 pCH,(CB), pCH,(C7)
1254w | 1248 pCH,(C8) 1239 R,(A1), wagCH,(C4)
1235w | 1234 R,(A1), pCH,(CT) 1238 pCH,(C7) 1238 0'CH,
1219w 1232 p'C2-H12 1229 pCH,(C5), pCH,(C4)
1185sh| 1184 pCH,(C7)
1180w | 1183 p'CH,
1173sh| 1173 pCH,(C6) 1173 pCH,(C6),6CH,(C8) 1163 pCH,(C8)
1154m 1157 p'CH,, pCH,(C5) 1156 pCH, pCH,(C4)
1149sh| 1142 pCH,(C5), pCH,(C1) 1139 p'CH, 1138 pCH,
1132sh 1132 oCH, 1134 o'CH,
1128m | 1128 pCH3 1114 N1-C9
1086vs | 1085 N3-C9
1067, | 1061 C6-C1 1058 R,(A1), BR,(A2) 1071 C6-C8
1067, | 1053 R,(A1) 1056 C6-C5
1031vs 1029 N3-C9 1043 R'(A1), BR,(A2)
1031vs | 1006 R,(A1), R,(AT) 1000 R,(A1), R,(A1) 1011 R,(A1), R,(A1)
981w | 989 BR,(A2), BR,(A2) 998 N1-C2
972w | 959 C7-C8, R,(A21) 967 wCH,(C7)
951vs | 952 C7-C4,C2-C8 954 C5-C4 954 C2-C6
945vs 952 C7-C4, C2-C8 942 wCH,(C4), wCH,(C5)
933sh | 928 wCH,(C7) 916 C7-C8,wCH,(C6)
888m | 917 C7-C8, wCH,(C6) 906 BR,(A2) 919 C2-C4,C3-C5
867sh 913 C4-C5
857, | 850 C7-C8 844 C7-C8 840 wCH,(C8)
831vw | 826 C6-C5 818 C7-C8
813w | 811 wCH,(C5), wCH,(C1) 814 ce-C1 810 WCH,(C6) wCH,(C7)
800w 802 wCH,(C5), wCH,(C1)
776m | 780 C2-C1C5-C4 784 C3-C7
776m | 761 N3-C2 770 C2-C1 750 N1-C3
729m 739 BR,(A2)
729m 733 N3-C2 731 BR'(A2)
723sh | 716 wCH,(C8) 714 wCH,(C8)
706vw | 710 | PBR,(A2),BR,(A2),N3-C4,
680w | 652 wCH,(C6) 673 N3-C4 675 BR,(A2), R,(AT)
639 wCH,(C6)
563 N1-C9
535 N3-C9 516 N3-C9
502 BR,(A1) 489 BR,(A1), BR,(A2)
480 BR,(A1) 473 BR,(AT) 484 BR,(AT)
434 BR,(AT)
380 R,(AT) 389 R1(AT)
372 R1(A1)
365 R,(A1) 362 R,(AT) 366 BN,-C9
301 BN,-C9 300 BN,-C9 298 Ry(A1)
285 R,(A1), R(A1)
274 R(A1), R(AT) 268 R,(A1)
216 CI10-H26
193 R,(A1) 195 R,(A2),wCH, 205 wCH,
192 R,(A2), R,(A21) 191 R,(A1), R,(AT)
180 R,(AT) 185 R,(A2), R,(A2)
170 R,(A2)
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151 wCH,
86 8CITOH26N3
46 N3-H26, p'N3-H26
Abbreviations: v, stretching; B, deformation in the plane; v, S |a(H11-C1-C2)+ a(H12-C1-C6)+ a(H11-C1-|  CHL(C7)
deformation out of plane; wag, wagging; t , torsion; R, C6)+ a(H12-C1-C2)
deformation ring 1, torsion ring; , rocking; w, twisting; 8, Se |a(H11-C1-C2)+ a(H11-C1-C6)+ a(H12-C1-| WCH,(C7)
dgformation; a, Iladrytisy';nmeztricT;hls, syrrllmb'e:tric; (Awl),dpiperi(tjine C2)+ a(H12-C1-C6)
Ring1; (A,), pyrrolidine Ring2. “This work, "From scaled quantum
meghargiczs)fc?ryce field; ‘Frorr?Ref [44). q Su 5 a(H11-C1-H12)+a(C2-C1-C6) CH,(C8)
Ses | a(H11-C1-C2)+ a(H12-C1-C2)- a(H11-C1- | wag CH,L(C8)
TABLE - 4 Definition of Natural Internal Coordinates for the C6)- a(H12-C1-C6)
tropane hydrocloride specie Sk |a(H11-C1-C2)+ a(H12-C1-C6)+ a(H11-C1-|  CH,(C8)
Modes Internal coordinate Definition C6)+ a(H12-C1-C2)
S, rC-H C2-H13 S, |a(H11-C1-C2)+ a(H11-C1-C6)+ a(H12-C1-| wCH,(C8)
S, rC-H C4-H14 C2)+ a(H12-C1-C6)
S r(C1-H11)-r(C1-H12) aCH,(C1) Sie | 2a(H24-C9-H23)- a(H23-C9-H25)- a(H25- aCH,
S, r(C1-H11)+r(C1-H12) aCH,(C1) C9-H24)
S, r(C5-H15)-r(C5-H16) aCH,(C5) S a(H23-C9-H25)- a(H25-C9-H24) aCH3
S r(C5-H15)+r(C5-H16) aCH,(C5) Seo | a(H24-C9-H23)+ a(H23-C9-H25)+ a(H25- sCH3
S, r(C6-H17)-r(C6-H18) aCH,(C6) C9-H24)-
S r(C6-H17)+r(C6-H18) aCH,(C6) (H25-C9-N3)+ H24-C9-N3)+(H23-C9-N3)
S, r(C7-H19)-(C7-H20) aCH,(C7) ST | 2(H25-C9-N3)- H24-C9-N3)-(H23-C9-N3) CH3
St r(C7-H19)+(C7-H20) aCH,(C7) S, H24-C9-N3)-(H23-C9-N3) 'CH3
S, r(C8-H21)-r(C8-H22) aCH,(C8) S.; | (C2-N3-C9-H23)+ (C4-N3-C9-H23)+ (C2- wCH3
S, r(C8-H21)+r(C8-H22) aCH,(C8) N3-C9-H24)+
S, 2r(COH25)-1(CIH23)-r(CIH24) aCH, (C4-N3-C9-H24)+ (C2-N3-C9-H25)+(C4-
.. r(COH23)-1(COH24) aCH, N3-C9-H25)
. (COM25)+(COH23)+1(COM24) <ch. S.. |2(H13-C2-C1)+ (H13-C2-C8)- (H13-C2-N3)| C2H13
3. N3-H26 N3-126 S (H13-C2-C8)- (H13-C2-N3) '"C2H13
5. CIo-H26 CIT0-H26 S, |2(H14-C4-N3)+ (H14-C4-C5)- (H14-C4-C7)| C4H14
S, N3-C2 N3-C2 S, (H14-C4-C5)- (H14-C4-C7) "C4H14
5., N3-C4 N3-C4 S (C9-N3-C4)+ (C9-N3-C2) N3-C9
Sy N3-C9 N3-C9 See (C9-N3-C4-C2) N3-C9
S, rC2-C1 C2-C1 Se | 12-1/2[2a (C6-C1-C2)-a (C1-C2-C3)-a| BR2(AT)
S, rC6-C1 C6-C1 (C2-C3-C4)
S, C6CS C6CS + 2a (C3- C4-C5)- a C(%z}-cs-c@ - a (C5-C6
22“ :Eé:gi Eéjgi S, | V2 [a(C4-C5-C6)- a(C1-C2-N3)+ a(C5-C6- | PBR3(AT)
25 C1) - a(C2-N3-C4)]
>r rc7-C4 €7-C4 S | 6-1/2 [t (C1-C2- C3-C4) - t (C2-C3-C4-C5) R,(AT)
S rc7-C8 C7-C8 +1(C3- C4-C5-C6)
S,e 5a(H11-C1-H12)+a(C2-C1-C6) CH,(C1) -t (C4-C5-C6-C1) + 1 (C5-C6-C1-C2) -
Sy a(H11-C1-C2)+ a(H12-C1-C2)- a(H11- |wag CH,(CT1) (C6-C1-C2-C3)]
C1-C6)- a(H12-C1-C6) S |72 [1(C3- C4-C5-Ch)+ T (C1-C2- C3-CA)- t]  RyAT)
Sy | a(H11-C1-C2)+ a(H12-C1-C6)+ a(H11-| CH,(CT) (C6-C1-C2-C3)
C1-C6)+ a(H12-C1-C2) +1(C4-C5-C6-C1)]
S, |a(H11-C1-C2)+ a(H11-C1-C6)+ a(H12- | wCHLC1) See [12-1/2 [t (C1-C2- C3-C4) + 2t (C2-C3-C4-|  R,(A1)
C1-C2)+ a(H12-C1-C6) C5) - (C3- C4-C5-C6)
S, 5 o(H11-C1-H12)+a(C2-C1-C6) CH,(C5) B A A
S, | a(H11-C1-C2)+ a(H12-C1-C2)- a(H11- [wag CH,(C5) 5. | (N3-CA-C7) + a[ (CA-C7-C8) + (C2-N3- BRAD)
C1-C6)- a(H12-C1-C6) Ca)] +b [ (C7-C8-C2) + (C8-C2-N3)]
Sw  |aH11-C1-C2)+ a(H12-C1-CE)+ a(H11-|  CH,(C5) Ses | (@b) [(C4-C7-C8)- (C2-N3-CAHT+ (1-a)[ | BR,(A2)
C1-C6)+ a(H12-C1-C2) (C7-C8-C2) - (C8-C2-N3)]
Sis [a(H11-C1-C2)+ a(H11-C1-C6)+ a(H12- | WCH,(C5) Ser | (C7-C8-C2-N3) + b [ (N3-C4-C7-C8) + R(A2)
C1-C2)+ a(H12-C1-C6) (C2-N3-C4-C7] + a [ (C4-C7-C8-C2) + (C8
S 5 a(H11-C1-H12)+a(C2-C1-C6) CH,(C6) C2ZN3-C4)]
5 2 Se | (a-b) [ (C8-C2-N3-C4) - (C4-C7-C8-C2)] + R,(A2)
S, a(H11-C1-C2)+ a(H12-C1-C2)- a(H11- |wag CH,(C6) (1-a) [ (C2-N3-C4-C7) - (N3-C4-C7-C8)]
C1-C6)- a(H12-C1-C6) Se | 2(H26-N3-C9)- (H26-N3-C4)-(H26-N3-C2) N,-C9
S |a(H11-C1-C2)+ a(H12-C1-C6)+ a(H11-|  CH,(C6) Sy (H26-N3-C4)-(H26-N3-C2) 'N3-C9
C1-CoM+ a(H12-C1-C2) S, (CI10-H26-N3) 5CI10-H26-N3
S |a(HT1-C1-C2)+ a(H11-C1-CO)+ a(H12- |, CH,(CE) S, | (CI10-H26-N3-C2)+ (CI10-H26-N3-C4)+ | H26-N3
C1-C2)+ a(H12-C1-Ce) (CI10-H26-N3-C9)
Sio 5a(H11-C1-H12)+a(C2-C1-C6) CHZ(C7) a=cos 144s, b=cos 72s
Su a(H11-C1-C2)+ a(H12-C1-C2)- a(H11- |wag CH,(C7) Abbreviations:, stretching; 6 deformation in the plane;

C1-C6)- a(H12-C1-C6)
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, deformation; a, antisymmetric; s, symmetric; A,, Ring 1
(piperidine); A,, Ring 2 (pyrrolidine) coupled with deformation or
rocking modes between 1478 and 1400 cm-' and, for this reason,
those two modes in the three species are assigned, as indicated in
Table 3. On the other hand, the rocking modes are predicted
between 1183 and 1128 cm-'while the twisting modes between
205 and 151 cm-' and, for these reasons, in each species those
modes were assigned according to SQM calculations. These CH,
vibration modes in nitrogen species derived from tricyclic
bisguanidine compound [32] and in N-benzylamides [48] are
assigned in the same regions.

CH, modes. The three tropane species have each five CH, groups
for which are expected ten antisymmetric and symmetric
stretching modes and five deformation, wagging, rocking and
twisting modes. The two stretching modes are predicted between
3024 and 2911 cm-', the deformation modes between 1485 and
1442 cm-', the wagging modes between 1385 and 1274 cm-, the
rocking modes between 1274 and 1142 cm-' and the twisting
modes between 967 and 639 cm-'. In some of the three species, all
these modes appear strongly coupled among them, as observed in
Table 3. This way, they were assigned according to SQM
calculations and in the same regions expected for compounds
containing that CH, group [32,47,48,50].

Skeletal modes. The three IR bands, one with medium intensity
and the other two very intense, at 1128, 1086 and 1031 cm-1 are
clearly assigned to the N-CH3 stretching modes of the neutral,
hydrochloride and cationic species, respectively because the SQM
calculations predicted those modes at 1141, 1085 and 1029 cm-1,
as observed in Table 3. The two N-C stretching modes
corresponding to both rings are predicted in different regions,
thus, in the hydrochloride species those modes are predicted at
761 and 710 cm-1, in the cationic species at 733 and 673 cm-1
while in the neutral species at 998 and 750 cm-1. Then, the IR
bands at 981, 776, 729, 706 and 680 cm-1 are easily assigned to
those vibration modes of the three tropane species. In relation to
the six and five member's ring (see Fig. 3), these are formed by the
fused piperidine and pyrrolidine rings. In the first case, we
expected three deformations which are, BR1(A1), BR2(A1) and
BR3(A1)and three torsionrings (R1, R2 and R3) while in the second
one only two deformations (BR1(A2), BR2(A2)) and two torsion
rings (R1 and R2) are expected. Here, the redundant internal
coordinates was identified as BR1(A1) for which, it was removed.
In general, we observed that these modes are strongly mixed
among them, as can be seen in Table 3. The assignments of these
modes was performed according to the SQM calculations and
taking into account those reported for species with similar rings
[32,47-51]. Remain skeletal modes can not be assigned because
the IR spectra only was recorded in the 4000-680 cm-1 region.

FORCE CONSTANTS

The force fields for those three tropane species expressed in
Cartesian coordinates by using the B3LYP/6-31G* method were
computed with the SQMFF approach [29] and the Molvib program
[42]. Later, those force fields transformed to internal coordinates
were used to calculate the force constants at the same level of
theory. Table 5 shows a comparison of those main scaled internal
force constants for the neutral, cationic and hydrochloride tropane
species in gas and aqueous solution phases with those reported for
cyclic nitrogen species structurally associated to the tricyclic
bisguanidine compound in gas phase at the same level of theory
[32]. Comparing first the values for the tropane forms, we
observed that the f(vN-H) constant in gas phase for the cationic
species is higher than the corresponding to hydrochloride, as
expected because the predicted N-H distance in the cationic form
is 1.025 A while in the other one the distance is 1.135 A. Hence,
that geometrical parameter justifies the higher value in the cationic
species. In solution, the value increase for the hydrochloride
species while remains practically constant for the cationic form.
Hence, in general all force constants increase in the cationic forms
because this species is strongly hydrated in solution, this species
presents higher solvation energy and, as a consequence this
species undergoes a volume contraction in this media where we
observed decreasing in the C-C, N-C and N-CH, distances and

bond angles, as was analyzed in section 3.2. On the contrary, in the
hydrochloride species we observed increase in the f(vN-H) constant
but a decreasing in the f(N-CH,) and f(C-N) constants which can be
attributed to the N-CH, and C-N distances values because these
parameters increase in solution, as observed in Table 2.

TABLE-5

Comparison of main scaled internal force constants for the
neutral, cationic and hydrochloride tropane forms in gas and
aqueous solution phases compared with those reported for cyclic
nitrogen species.

B3LYP/6-31G*

Force Tropane® Tricyclic® | STX"
constant bisguani
dine
Neutral | Cationic |Hydrochlorl Cyclic
ide
Gas| PCM | Gas | PCM | Gas |PCM| CN | CC
f( N-H) 5.97|5.98 2.7014.69|6.46|6.67| 6.00

f(N-CH,) |4.69| 4.52 |4.09| 4.21|4.42|4.26
f(C-N) |4.16] 3.97 |3.11| 3.35|3.73|3.48|5.00|4.12| 4.42
f(CH,) |4.78/ 4.78 |4.88| 4.88 | 4.85|4.87|4.83]4.91| 4.93
f(CH,) ({4.72| 4.79 |5.10{ 5.13 |5.03|5.11]4.85(4.91
f(C-H) |4.78 4.82 14.92]4.99 14.90|4.96
f(C-C) [4.05| 4.06 |4.17|4.21 |4.16|4.20|3.87(3.78| 3.87
f(CH,) [0.74] 0.72 |0.75| 0.72 |0.74|0.73]0.76|0.75| 0.76
f(CH,) 10.58] 0.57 |0.56| 0.56 |0.56 | 0.56 |0.56]0.56

Units are mdyn A-' for stretching and mdyn A rad-’ for angle
deformations “This work, °From Ref. [32]

For the neutral species, the f(v N-CH,) and f(v C-N) constants
decrease in solution according increase the respective distances in
this medium. Comparing the values of the three species with those
reported for the cyclic nitrogen species and saxitoxin [32], we
observed that the higher f(vN-H) values are calculated for those
cyclic compounds. The differences could be justified probably
because the N atoms belong to the N-H groups have sp’
hybridization while in the tropane species the N atoms present sp’
hybridization. This means that in the cyclic species the N-H atoms
are in a plane while in the tropane species there is a tertiary
nitrogen atom where the N-H group is in a tetrahedron and not
planar, asin the cyclic species.

CONCLUSIONS

The mostimportant results of this work are the following:

« The cationic, neutral and hydrochloride structures of tropane
species were theoretically determined in gas and aqueous
solution phase by using the B3LYP/6-31G* method while the
solvation energies for those three species were predicted by
using the SCRF/PCM/SMD methods.

= Our results confirm the fast N-methyl inversion in gas phase
and in aqueous solution for the cationic and hydrochloride
species in relation to the neutral species at room temperature,
asreported in the literature.

« The force fields for those three species in both media were
obtained at the same level of theory by using the SQMFF
procedure and the complete assignments of the 66, 69 and 72
vibration normal modes expected for the neutral, cationic and
hydrochloride tropane species, respectively are reported for
firsttime.

« The normal internal coordinates for all species were employed
to compute the corresponding force fields where, in particular,
for the bicyclic (N-methyl-8-a-zabicyclo[3.2.10]octane) group
was considered as formed by two fused piperidine and
pyrrolidine rings, six and five member’s rings, respectively. The
redundantinternal coordinates due to the C-N-C group shared
by both rings was identified and then, removed from the
corresponding force fields.

« The tropane hydrochloride in solid state is in their cationic
form, as expected because it is a salt and, besides, the
corresponding predicted IR spectrum for this species is in very
good agreement with the experimental one.

H 622 |

{ www.worldwidejournals.com F



PARIPEX - INDIAN JOURNAL OF RESEARCH

VOLUME-6 | ISSUE-8 | AUGUST-2017 | ISSN - 2250-1991 | IF : 5.761 | IC Value : 79.96

» The identifications of all the normal internal coordinates are
very important for the elucidation of all the tropane alkaloids
and their derivatives, because these results will be used in a
future to perform the force fields for other alkaloids, such as
scopolamine or atropine and, on the other hand, with the
assignments reported here it is possible the detection of these
important alkaloids by using vibrational spectroscopy.
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