ROYAL SOCIETY

OF CHEMISTRY

NJC

View Article Online

View Journal | View Issue

Vibrational and conformational studies of
1,3-diaminopropane and its N-deuterated
and N-ionised derivatives¥

’ '.) Check for updates ‘

Cite this: New J. Chem., 2017,
41, 10132

Sofia R. O. Mendes,® Ana M. Amado, {22 John Tomkinson,”
M. Paula M. Marques (2 and Luis A. E. Batista de Carvalho (2 *®

A vibrational and conformational analysis of the linear alkylpolyamine 1,3-diaminopropane (1,3-dap) is
reported, using vibrational spectroscopy (Raman, Fourier Transform Infrared (FTIR) and inelastic neutron
scattering (INS)) coupled to theoretical approaches at the Density Functional Theory (DFT) level. The
quantum mechanical calculations were carried out using the mPW1PW functional and the 6-31G* basis
set, for the isolated molecule, the condensed phase, and solutions in both water and carbon
tetrachloride. The most stable geometries were calculated to be GGG'G and TG'GG’ for the gaseous
phase and the CCl, solution, and TTTT, TGTT and TTTG for the condensed phase and the aqueous
solution. Since the relative populations obtained for the different 1,3-dap conformers were very similar,
the corresponding experimental spectra reflect the presence of a mixture of species. The vibrational
data obtained for 1,3-dap in its pure form - unprotonated, totally protonated (N-ionised) and
N-deuterated — as well as for its aqueous and CCl, solutions, were assigned in the light of the theoretical
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Introduction

Rotational isomerism in linear alkylamines that has been the
subject of various studies' ™ is influenced by different factors,
from steric and dipolar effects to hyperconjugative and hydro-
gen bonding interactions.>*** Moreover, the stability of this
kind of system is strongly dependent on the balance between
intra and intermolecular interactions.®%¢78

Although polyamine crystals were found in human seminal
liquid by Leeuwenhoek about three hundred years ago, only very
recently has the biological importance of these compounds been
acknowledged. In fact, both 1,3-diaminopropane (H,N(CH,);NH,,
1,3-dap) and 1,4-diaminobutane (H,N(CH,),NH,, 1,4-dab,
putrescine) are precursors of the biogenic tri- and tetramines
spermidine (H,N(CH,);NH(CH,),NH,, spd) and spermine
(H,N(CH,)3;NH(CH,),NH(CH,);NH,, spm), which play key physio-
logical functions, namely in eukaryotic cell proliferation and
differentiation. Since changes in their biological levels are known
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results presently obtained and experimental data previously gathered for similar compounds.

to be responsible for a significant effect on cellular proliferation
and DNA replication, intracellular polyamine levels are related to
carcinogenesis and neoplastic growth.'® To date, several studies
have reported different biological functions for 1,3-dap, namely, a
regulator of ornithine decarboxylase (ODC, one of the main
enzymes involved in the polyamine biosynthetic pathway)****
and a carcinogen biomarker.>*>** However, the exact nature of the
mechanisms involved, at a molecular level, is still unknown,
which highlights the relevance of gathering detailed structural
and conformational information on this compound, in order to
understand its main biochemical role. Actually, few structural and
spectroscopic studies have been performed for this system and even
these are limited to narrow regions of the vibrational spectra.'®***>
1,3-dap is also quite relevant at an industrial level, namely in food
and pharmaceutic industries. Regarding the latter, it may be used
for the design of new diuretic>® and anticancer””*° drugs.

Cancer is one of the pathologies with the greatest impact
on society, responsible for a high annual mortality rate.*’
Currently, cisplatin (cis-diamminedichloroplatinum(u)) is one
of the most widely used and effective chemotherapeutic
agents.*>*® However, it acts in a narrow range of tumours and
is associated with severe side effects such as neurotoxicity,**
ototoxicity®® and nephrotoxicity,>® as well as with acquired
resistance that limits its prolonged clinical administration. To
overcome these limitations and mitigate the deleterious side
effects of chemotherapy is a challenging goal that may be
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achieved through the rational design of new anticancer agents,
namely polynuclear platinum and palladium complexes with
linear polyamines (biogenic polyamines and their analogues).
In fact, these types of Pt(u) and Pd(u)-polyamine chelates
were shown to display promising cytotoxic properties via an
unconventional interaction with DNA,>’ 302337744

With a view to understand both the antitumor activity of
these compounds and the structural dependence of such
activity, it is crucial to have deep knowledge of their aliphatic
ligands. Hence, the present work aimed at a conformational
study of 1,3-dap, one of the smallest diamines, as well as its
N-ionised derivative, using DFT methods and vibrational
spectroscopy (both optical - Raman and FTIR - and neutron
scattering techniques). The changes in the corresponding
conformational equilibria induced by different media polarities
were evaluated. In order to assist the assignment of the vibra-
tional spectra, the N-deuterated species [ND,(CH,);ND,] were
prepared and analysed.

Experimental
Chemicals

1,3-Diaminopropane (>99%), 1,3-diaminopropane dihydro-
chloride (>98%), carbon tetrachloride (99.9%) and deuterium
oxide (99.9 atom% D) were obtained from Sigma-Aldrich (Sintra,
Portugal).

1,3-Dap-N-d, and [1,3-dap-N-d¢]*"-2Cl~ were prepared by
repeatedly stirring (three times for ca. 1 h at room temperature)
a mixture of either 1,3-dap-N-h, or [1,3-dap-N-he]**-2Cl~ and
D,O (ca. 10% excess), followed by distillation using a V-800
Biichi Vacuum Controller (50 mbar; 323 K). Purification of the
samples was carried out shortly before running the spectra:
the liquids were distilled under vacuum while the salts were
recrystallized (sometimes repeatedly) from ethanol : water (1:1)
(being obtained as white needles). Air or moisture sensitive
samples (both the uncharged and the deuterated amines) were
always kept on molecular sieves and handled in a glovebox,
under a nitrogen or argon atmosphere.

Vibrational spectra

Raman spectroscopy. Raman spectra were obtained on a
triple monochromator Jobin-Yvon T64000 Raman system (focal
distance 0.640 m, aperture f/7.5) equipped with holographic
gratings of 1800 grooves mm™'. The premonochromator stage
was used in the subtractive mode. The detection system was a
liquid nitrogen cooled non-intensified 1024 x 256 pixel (1”)
Charge Coupled Device (CCD) chip. A Coherent (model Innova
300-05) Ar' laser was used as the light source, the output of
which at 514.5 nm was adjusted to provide ca. 80 mW at the
sample position. A 90° geometry, between the incident radia-
tion and the collecting system, was employed. The entrance slit
was set to 200 um. An integration time of 3 s and 10-15 scans
were used in all experiments.

In order to record the low-temperature Raman spectra of
1,3-dap and 1,3-dap-N-d, (240 K, solid phase) a home-made

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

View Article Online

NJC

Harney-Miller type assembly was used, and the temperature
was monitored by the resistivity of a calibrated thermocouple.
Samples were sealed in Kimax glass capillary tubes of 0.8 mm
inner diameter. Under the above-mentioned conditions, the
error in wavenumbers was estimated to be within 1 cm™".

FTIR spectroscopy. The Fourier transform infrared (FTIR)
spectra were recorded in a Bruker Optics Vertex 70 FTIR spectro-
meter purged by CO,-free dry air, in the 400-4000 cm™ " range,
using KBr disks (ca. 0.5% (w/w)). A Ge on KBr substrate beam-
splitter and a liquid nitrogen cooled Mercury Cadmium Telluride
(MCT) detector were used. The spectra were collected for 2 minutes
(ca. 140 scans), at a 2 cm ™ resolution, and the 3-term Blackman-
Harris apodization function was applied. Under these conditions,
the accuracy in wavenumbers was well below 1 cm ™.

INS spectroscopy. Inelastic neutron scattering is particularly
useful for the study of this kind of hydrogenated compound,
yielding complementary information to that obtained from
Raman and FTIR since it allows the observation of some low
frequency modes unavailable to the optical techniques. The
neutron scattering cross-section of an atom (o) is characteristic
of that atom and independent of its chemical environment,
with the value for hydrogen (80 barns) far exceeding that of
all other elements (ca. 5 barns). Hence, the INS spectra are
dominated by the vibrational modes involving a significant
hydrogen displacement («;), and the intensity from a powdered
sample at energy v; is represented by

22 2,2
si(0un) = 4 exp (1) o)

where Q (A™") is the momentum transferred from the neutron
to the sample and o; (A) is associated with a weighted sum
of all the displacements of the atom. Therefore, experimental
data provide the energies of the vibrational transitions
(the eigenvalues, v;) as well as the atomic displacements
(the eigenvectors, u;). Additionally, the spectral intensities can
be quantitatively compared with DFT-calculated values, allow-
ing us to relate molecular geometry (calculated results) with the
experimental spectroscopic features, thus providing a reliable
conformational insight of the system under study.

The INS spectra were obtained in the TOSCA spectrometer®>*®
at the ISIS Pulsed Neutron Source of the STFC Rutherford
Appleton Laboratory (United Kingdom). This is an indirect
geometry time-of-flight, high resolution ((AE/E) ca. 1.25%),
broad range spectrometer. The compounds (2 to 3 g for the
solids and ca. 5 mL for the liquids) were placed in thin walled
aluminium cans, which filled the beam (4 x 4 cm). To reduce
the impact of the Debye-Waller factor (the exponential term in
eqn (1)) on the observed spectral intensity, the samples were
cooled to cryogenic temperatures (ca. 10 K).

Quantum mechanical calculations

The quantum mechanical calculations were carried out using
the GAUSSIAN program package®” within the Density Functional
Theory (DFT) approach. The mPW1PW method, which comprises
a modified version of the exchange term of Perdew-Wang and
the Perdew-Wang 91 correlation functional®*® was used, along
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with the all-electron double-zeta split valence basis set
6-31G(d).”°

All different permutations of skeletal dihedral angles - 60°
(gauche, G), 180° (trans, T) or —60° (gauche’, G') — were consid-
ered in the definition of the starting geometries for optimization,
which was performed without any symmetry constraints, with
the following convergence criteria for the cutoffs of forces
and step sizes: 0.000015 Hartree Bohr " for maximum force,
0.000010 Hartree Bohr ' for root-mean-square force, 0.000060
Bohr for maximum displacement and 0.000040 Bohr for root-
mean-square displacement.

The harmonic vibrational wavenumbers, as well as the
Raman activities and infrared intensities, were obtained at
the same level of theory as the geometry optimization, in order
to confirm that the geometries correspond to a real minimum
in the potential energy surface (no negative eigenvalues) as well
as to estimate the zero-point vibrational energy (ZPVE) and the
thermal corrections. The obtained wavenumber values were
scaled according to Merrick et al.:>* 0.9499 and 0.9828, respec-
tively, above and below 500 cm ™.

In order to simulate the pure liquid phase, and the aqueous
and carbon tetrachloride solutions, self-consistent reaction
field (SCRF) calculations were performed considering the tabu-
lated dielectric constants at 25 °C (¢ = 10.9, 78.39 and 2.228 for
1,3-DAP, H,0 and CCl, respectively). The polarisable continuum
model (PCM) approach was used with the simple united atom
topological model option (UAO) to set the atomic radii, as
implemented in GAUSSIAN."

Moreover, aiming at verifying the reliability of the conforma-
tional energy differences obtained using the mPW1PW/6-31G(d)
method, both wB97XD’> long-range-corrected and M06-2X"
meta-hybrid functionals, in conjunction with the all-electron
triple-zeta split valence (TZVP) basis set, were used. Additionally,
energy single point calculations on the DFT optimised geometries
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using coupled cluster singles and doubles (triple) [CCSD(T)]**
(often considered as the computational chemistry “gold standard”),
along with 6-311++G(2d,p), were performed.

Results and discussion
DFT conformational analysis

H,N-CH,-CH,-CH,-NH,. 1,3-dap can adopt different confor-
mations, mainly by varying the dihedral angles around the
N'-C*, ¢*-C7, ¢’-C'° and C'°-N" bonds (Fig. 1).

Table 1 comprises the conformational energy differences,
populations, thermochemical data and dipole moments obtained
using DFT calculations, for twenty three conformations of this
compound. The estimation of the AE-based populations,
assuming similar entropy contributions to the free energy of
the distinct conformers, is not strictly correct since differences
of up to 3.40 kJ mol " were found for the entropy term (TAS).
Thus, AG-based populations at 298.15 K, calculated according
to the Boltzmann law, are also presented in Table 1.

Conformations TGG'T and GGG'G’ were not found to be
potential energy surface minima, since some of their calculated
vibrational frequencies were imaginary (negative). Singularly,
this result was only obtained for the isolated molecule, i.e., when
solvent effects were considered, using the SCRF-PCM approach,
these geometries were shown to be true energy minima
(see below).

The most populated geometries were GGG'G (28%) and
TG'GG’ (20%), for which intramolecular (N)H---N hydrogen
bonds can be established (Fig. 1). The remaining conformers
have calculated populations of less than 7%. Thus, it is possible
to predict that the 1,3-dap gas phase system should contain
different conformers in simultaneous equilibria with a pre-
dominance of the GGG'G and TG'GG’ geometries.

GGG'G

TG'GG’

Fig. 1 Schematic representation of some conformers of 1,3-diaminopropane.

10134 | New J. Chem. 2017, 41, 10132-10147

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017


http://dx.doi.org/10.1039/c7nj00810d

Published on 31 July 2017. Downloaded by Universidade de Coimbra on 19/09/2017 09:43:10.

Paper

View Article Online

NJC

Table 1 Calculated (MPW1PW/6-31G*) conformational energies, populations (P)), thermochemical data (at 298.15 K and 1 atm) and dipole moments (u)

of 1,3-dap conformers

Conformer” §; AE (K mol™) AE,,..” (k] mol™) P(AE,.) (%) AH (k] mol™) TAS (k] mol™") AG (k] mol™) P(AG) (%) u° (D)
GGG'G 2 0.00 0.00 28.0 0.00 0.00 0.00 19.8 1.80
TG'GG’ 2 1.03 0.84 19.8 0.96 0.32 0.64 15.2 3.21
TGGG' 2 4.04 3.47 6.7 3.90 1.61 2.30 7.7 2.90
TTTT 1 539 3.57 3.2 4.74 1.22 3.52 2.3 2.04
GGGG' 2 428 4.32 4.7 4.63 0.96 3.67 4.4 1.76
GG'G'G 2 594 4.37 4.6 5.17 2.06 3.11 5.5 0.86
TTGG' 2 6.44 4.45 4.5 5.50 2.94 2.56 6.9 2.89
TTTG 2 6.65 4.67 4.1 5.91 3.17 2.74 6.4 1.77
TGTT 2 641 4.69 4.0 5.65 2.61 3.04 5.6 1.64
GTGG' 2 6.92 5.18 3.3 6.13 2.57 3.57 4.5 1.41
TGTG 2 725 5.54 2.8 6.50 2.66 3.84 4.1 1.80
TGGT 2 6.54 5.62 2.7 6.20 0.12 6.09 1.6 1.27
GTTG 2 820 6.25 2.1 7.50 1.46 6.04 1.6 1.46
GTG'G 2 828 6.39 2.0 7.51 3.23 4.28 3.4 1.63
TTGG 2 7.87 6.43 2.0 7.40 2.60 4.80 2.7 1.69
TGTG' 2 847 6.61 1.8 7.63 2.88 4.75 2.8 2.05
GTTG' 1 9.65 7.47 0.6 8.79 3.40 5.39 1.1 2.73
TGGG 2 952 7.57 1.2 8.52 2.83 5.69 1.9 1.90
GTG'G’ 2 10.05 8.40 0.9 9.49 2.96 6.53 1.3 1.65
GGTG 2 10.92 9.04 0.7 10.15 3.05 7.10 1.1 2.68
GGGG 2 12.29 11.03 0.3 11.92 1.15 10.77 0.2 1.83
TGG'T 15.89 13.38 12.41 —1.79 14.19 1.17
GGG'G/ 23.75 20.68 20.02 —0.81 20.84 2.67

“ See Fig. 1. b AEzpyg, zero-point vibrational energy corrected relative energies. © Population according to AEzpyg values. d Population according to

AG values. 1D =1/3 x 107?° C m.

The conformational stability of a molecule is influenced
by various intramolecular effects, including steric, inductive,
mesomeric, hyperconjugative, H-bonding and entropic inter-
actions. For 1,3-dap it was found that the latter are particularly
important (Table 1). Actually, the relative conformer popula-
tions taking into account the Gibbs energy lead to a slight
population change: GGG'G (19.8%) and TG'GG’ (15.2%), the
remaining conformers accounting for 65% of the total
population.

The decrease of the relative GGG'G and TG'GG’ populations,
when considering the Gibbs energy, is mainly due to the fact
that the entropic component of these two conformations is
much smaller than that calculated for all others, for which
there is an additional stabilization resulting in positive TAS
values, above 1 kJ mol~" (Table 1).

The reliability of these predictions was checked against the
CCSD(T) gold standard approach, for the twelve most stable
conformers (Table S1, ESIT). It should be stressed that all the
methodologies confirm GGG’G as the lowest energy conforma-
tion. Despite this, there is no agreement in the ordering of
conformational energy differences using different functionals.
Furthermore, the root-mean-square deviations (RMSDs) of AE
present lower values when wB97XD and M06-2X functionals
with triple-zeta quality basis sets were used, but the RMSD of
AG obtained using the mPW1PW/6-31G(d) method displays the
lowest value (Table S1, ESIT). These findings support the claim
of Padrio et al.'* that mPW1PW/6-31G(d) is a suitable tool to
study these kinds of systems.

Table 2 presents the conformational energy differences,
populations, thermochemical data and dipole moments for
pure (liquid) 1,3-dap, obtained using SCRF-PCM calculations

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

considering 298.15 K and the dielectric constant of the corres-
ponding medium (in this case 1,3-dap itself).

Considering the energy values corrected for the zero-point
vibrational energy (ZPVE), the most stable conformation in
the condensed phase was found to be TTTT (Fig. 1), with a
predicted population of ca. 13% at 298 K. In fact, due to the
small energy differences between conformers, the system under
study should consist of a diversified mix at room temperature.
Thus, the presence of the TTTG and TGTT conformers, which
have the same energy, is also expected, with approximate
populations of 11.5%. All other conformers have populations
lower than 7.5% but, as they are in larger number, they are
responsible for ca. 65% of the total population in the pure
liquid phase (Table 2).

When considering the population distribution based on
Gibbs energies, this conformer mixture undergoes profound
changes, being mostly comprised of TTTG (13.9%) and TGTT
(13.1%) species, while the all-trans conformation (TTTT)
becomes the fifth most populated one (7.5%, Table 2). In fact,
this conformer does not display the additional entropic stabili-
zation that occurs in most other conformations which have a
positive TAS value (Table 2).

It should, however, be noted that the currently performed
calculations only consider intermolecular interactions in the
condensed phase in a global manner, through the dielectric
constant of the medium, and do not take into account the
specific nature of interactions such as intermolecular hydrogen
bonds. In this perspective, the three-dimensional structure of
the TTTT conformer will enable an interplay between the NH,
groups of the 1,3-dap molecules, i.e. the intermolecular connec-
tion between two adjacent molecules, much more easily than, for

New J. Chem., 2017, 41, 10132-10147 | 10135
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Table 2 Calculated (MPW1PW/6-31G*) conformational energies, populations (P,), thermochemical data (at 298.15 K and 1 atm) and dipole moments (u)

of 1,3-dap conformers in the pure liquid phase simulation (SCRF-PCM)

Conformer” S§; AE (K mol™) AE,,..” (k] mol™) P(AE,e) (%) AH (k] mol™) TAS (k] mol™) AG (k] mol™) P(AG) (%) u° (D)
GGG'G 2 3.12 4.59 4.0 3.58 —0.85 4.43 2.4 2.42
TG'G'G’ 2 1.51 3.34 6.7 2.28 —0.95 3.23 3.9 3.92
TGGG’ 2 3.35 3.78 5.5 3.46 2.25 1.22 9.0 3.48
TTTT 1 0.00 0.00 13.2 0.00 0.00 0.00 7.5 2.55
GGGG'’ 2 5.82 6.77 1.6 6.28 1.16 5.12 1.8 2.08
GG'G'G 2 6.14 6.02 2.2 5.75 1.18 4.57 2.3 1.45
TTGG’ 2 3.36 3.06 7.5 2.99 1.91 1.08 9.5 3.54
TTTG 2 2.27 2.02 11.4 2.07 1.90 0.17 13.9 2.13
TGTT 2 1.83 2.02 11.4 1.83 1.51 0.32 13.1 1.97
GTGG’ 2 5.23 4.97 3.4 4.86 1.65 3.21 4.0 1.80
TGTG 2 3.61 3.71 5.7 3.52 1.48 2.04 6.4 2.17
TGGT 2 2.37 3.90 5.3 3.15 —1.42 4.57 2.3 1.33
GTTG 2 4.55 4.19 4.7 4.31 0.32 3.99 2.9 1.83
GTG'G 2 6.30 5.93 2.3 5.93 2.13 3.81 3.1 1.98
TTGG 2 4.38 4.73 3.7 4.51 1.30 3.21 4.0 2.00
TGTG’ 2 4.55 4.50 4.1 4.39 1.76 2.63 5.0 2.55
GTTG' 1 5.23 4.75 1.9 4.92 2.20 2.72 2.4 3.41
TGG'G 2 6.08 6.10 2.1 5.88 1.68 4.20 2.6 2.44
GTG'G’ 2 7.10 7.13 1.4 7.04 1.69 5.36 1.6 2.10
GGTG 2 6.92 6.93 1.5 6.81 1.58 5.23 1.7 3.36
GGGG 2 9.00 9.80 0.5 9.43 —0.40 9.82 0.3 2.32
TGG'T 1 11.28 11.39 0.1 11.30 2.48 8.82 0.2 1.44
GGG'G’ 1 12.58 13.75 0.0 13.12 0.01 13.11 0.0 3.50

“ See Fig. 1. b AEzpyg, zero-point vibrational energy corrected relative energies. © Population according to AEzpyg values. d Population according to

AG values. 1D =1/3 x 107?° C m.

example, the GGG'G conformer (Fig. 1; more stable in the gas
phase) that has a non-linear geometry. In fact, the formation of
this type of intermolecular bond is rendered much more difficult
for the latter due to steric hindrance factors. The occurrence of
intramolecular H-bonds, in turn, is not possible in the TTTT,
TTTG and TGTT conformers, thus favouring the intermolecular
ones. The additional stabilization of the system caused by these
close contacts can have profound implications in the corres-
ponding conformational equilibria.

It should also be mentioned that despite the pronounced
changes in the conformational equilibrium due to the effect of
the environment - gaseous vs. pure liquid - one cannot establish
any correlation, either positive or negative, between the energy
and dipole moment values for the distinct conformers.

For the simulation of the aqueous solution of 1,3-dap, when
considering the population based on the electronic energy
(ZPVE corrected), the conformational mixture is composed
mainly of the TTTT (15.0%), TGTT (12.2%) and TTTG (12.0%)
species. The remaining conformers, with populations below
8%, contribute ca. 60% (Table S2, ESIt) to the whole popula-
tion. When the Gibbs energy is considered some differences
are observed, the most prominent one being the decrease of
the all-trans population, from 15.0% to 8.3% and the increase
of conformers TTGG’, from 7.6% to 9.6%, and TGGG’, from
5.3% to 9.4%. The stabilization of the latter is due to a very
high value of entropy (TAS = 2.62 kJ mol ') when compared
with the other conformers, in particular the TTTT conformer
(Table S2, ESI¥).

The water being a polar solvent, its polarity is prone to affect
1,3-dap’s conformational stability. It would be expected that the
conformations with a higher dipole moment would be favoured

10136 | New J. Chem. 2017, 41, 10132-10147

in aqueous solution. However this is not the case, with the
presence of conformations with an intermediate dipole
moment (& 2.2 Debye) being preferred. As mentioned earlier,
effects other than the dipole moment appear to be more
relevant for determining the conformational stability of this
system. Actually, once more no correlation is found between
the conformer energies and their calculated dipole moments
(Table S2, ESIt).

In turn, for the 1,3-dap/CCl, solution it is possible to forecast
the existence of two conformations with higher stability, TG'GG’
(14.6%) and GGG'G (13.8%) (Table S3, ESIt; Fig. 1). Nevertheless,
there are drastic differences in this conformational equilibrium
when the populations are determined considering the Gibbs
energy values: six conformers with populations between 8.7
and 10.5% (TTTG, TG'GG’, TGTT, TGGG’, GGG'G and TTGG';
Table S3, ESIt). Note that the most populated conformations
considering AEzpyg (TG'GG’ and GGG’G) show negative entropy
values (AS), ie. in these two conformers the entropic factor
plays a destabilising role. Conversely, for conformers TTTG, TGTT,
TGGG' and TTGG' the TAS value is higher than 2.0 kJ mol ™",
which results in an additional stability and very low AG values.
Since carbon tetrachloride is non-polar, it would be expected that
the most stable conformations adopted by 1,3-dap in CCl,
solution were the less polar ones. Instead, the opposite was
observed: three of the most stable conformations display the
largest dipole moment values (>3.1 Debye). This evidences
that, once again, the dipole moment is not a decisive parameter
in the conformational equilibrium of this system.

Table S4 (ESIf) contains the structural parameters for the
most stable conformations in each medium considered in the
present work. It is possible to conclude that for the same

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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conformation but different chemical environments, the differ-
ences between bond lengths, angles and dihedral angles are
negligible. There are no experimental values reported in the
literature (X-ray diffraction, neutron diffraction, etc.) for a compar-
ison with the values presently obtained. It is believed, however,
that there are good estimates for real systems insofar as the
methodology has proven very effective in other systems."***

[H5N-CH,-CH,-CH,-NH;]**. Table 3 presents the conforma-
tional energy differences, populations, thermochemical data
and dipole moments obtained for different conformations
of the 1,3-dap N-ionised derivative ([1,3-dap-N-hg]**). Since
both amine groups are protonated (NH;'), the hydrogen
atoms bound to nitrogen are rendered equivalent. Therefore,
the conformational analysis becomes much simpler, with
the number of possible conformations with minimal energy
being drastically decreased. In fact, only three conformers
were found, one being much more stable than the others:
the all-trans conformer (TT) with a population predicted to
be ca. 99%.
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Vibrational analysis

H,N-CH,-CH,-CH,-NH,. Fig. 2 comprises the Raman and
FTIR spectra of liquid (pure) 1,3-dap, whereas Fig. 3 presents
the Raman and INS spectra in its solid phase.

The experimental wavenumbers are presented in Table 4,
along with the DFT calculated values for the TTTT conformer
(Cyy symmetry). In this conformation the molecule displays
39 normal vibrational modes distributed by four symmetry
species, as follows: 124, + 84, + 9B; + 10B,. All these vibrations
are Raman- and INS-active, whereas only 31 fundamental modes
are expected on the infrared spectra as the eight 4, vibrations are
IR-inactive. Actually, INS being a non-optical vibrational technique
it is not subject to the optical selection rules.

The agreement between the experimental and calculated
wavenumbers, after scaling according to Merrick et al®' in
order to correct for the anharmonicity of the normal modes of
vibration, was found to be rather good (Fig. S1, ESI). In fact,
since the calculated energy differences between the five most

Table 3 Calculated (MPW1PW/6-31G*) conformational energies, populations (P,), thermochemical data (at 298.15 K and 1 atm) and dipole moments (u)

of [HsN-CH,-CH,-CH,-NHs]?* conformers

Conformer  §;  AE.“ (kfmol™)  P(AE,.)" (%)  AH (kJ mol %) TAS (k] mol™")  AG (K mol™")  P(AG) (%)  u*(D)
TT 1 0.00 99.6 0.00 0.00 0.00 98.9 1.36
TG 2 14.83 0.4 14.87 2.24 12.63 1.1 2.18
GG 2 27.09 0.0 27.48 3.37 24.10 0.0 1.64

@ AEzpyr, zero-point vibrational energy corrected relative energies. ” Population according to AE,pyy, values. ¢ Population according to AG values.

91D=1/3 x 10°2° Cm.
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Fig. 2 Raman (100-1800 and 2600-3500 cm™) and FTIR (400-1800 and 2600-3500 cm™) spectra of 1,3-diaminopropane in the liquid phase.
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stable conformers does not exceed ca. 1 k] mol™*, all of these
conformers are significantly populated at room temperature
(Table 2). However, the calculated values for the low frequency
region (below 600 cm %), which is the most conformationally
sensitive one, are remarkably consistent with the sole presence
of conformer TTTT for solid 1,3-dap. Table 4 also contains
the complete assignment of 1,3-dap experimental bands to the
normal modes of vibration. It is worth mentioning that most
of the observed frequencies can be considered as group
frequencies, i.e. highly localized on a particular group within
the molecule.

A full assignment of the vibrational spectra was carried out
considering both nondeuterated and N-deuterated samples, as
the deuteration clearly evidences which bands correspond to
vibrations of the NH, groups: (i) in the 3150-3400 cm ™" region,
the NH, symmetric (vs) and antisymmetric (v,s) stretching
vibrations (Fig. 2 and 3), that are detected at 2350-2550 cm ™"
for 1,3-dap-N-d, (Fig. 4), displaying the expected wavenumber
red shift of ca. 1.37x; (ii) the scissoring modes of the amine
groups («NH,) at ca. 1600 cm ' (Fig. 2), that deviate to
ca. 1197 em™ ' upon deuteration (Fig. 4); (iii) the NH, twisting
at 1353 cm™ " (Fig. 2), which are observed at 1153 cm™" for the
deuterated compound (Fig. 4); (iv) the FTIR broad and intense
NH, wagging at 875 cm™ ' (Fig. 2), that is downward shifted
(by ca. 100 cm™ ') in the ND, counterpart (Fig. 4); and (v) the
amine torsion at 431 cm™ ', detected as a shoulder of the
longitudinal acoustic mode 1 (LAM1) in the Raman spectrum
of solid 1,3-dap (Fig. 3), that emerges as a weak but well defined
Raman band at 324 em ™" in solid 1,3-dap-N-d, (Fig. 4).

As expected, vibrational modes not directly related to the
amine groups do not show comparable wavenumber shifts
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upon deuteration. However, there are some interesting devia-
tions in the low wavenumber region that should be mentioned.
In particular, the bands at 513, 412 and 373 cm ™" in the Raman
spectrum of liquid 1,3-dap (Fig. 2), assigned to the NCC skeletal
deformations, display small displacements to lower wave-
numbers in the 1,3-dap-N-d, spectrum (23, 14 and 14 cm
respectively). Actually, the nitrogen atoms involved in the SNCC
modes are linked to deuterium atoms, so that the amine group,
considered as a whole, has a greater mass (18 instead of 16 u).
Thus, while the force constant remains equal, since it is the
same vibrational mode, there is a displacement of the bands
due to a mass effect.

The amine wagging vibrations, in turn, are particularly
interesting, as they are highly sensitive to the increase of
hydrogen bond type interactions in the solid phase:* an upward
shift of ca. 30 cm™ " is observed when going from the liquid to
the solid, from ca. 875 to ca. 905 cm™ "' (Fig. 2 and 3). This
vibrational mode, extremely weak in the Raman spectrum, is
clearly observed by INS at 908 cm™ ' (Fig. 3). A similar shift
is observed by Raman for the ND, wagging mode with A,
symmetry, at 803 and 830 cm ' for the liquid and solid
samples, respectively (Fig. 4). An analogous shift in both the
nondeuterated and N-deuterated molecules, i.e. an equivalent
change in the corresponding force constants, reveals that
hydrogen bond type and deuterium bond type interactions
have the same magnitude.

Analysis of the INS spectrum of 1,3-dap (Fig. 3) allows us to
observe signals not available to the optical techniques (Raman
and FTIR). Firstly, the bands corresponding to the longitudinal
and transversal acoustic modes (LAM and TAM, respectively),
previously assigned by the authors,*"** are only detectable by

2892
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Fig. 3 INS (0-1700 cm™) and Raman (50-1700 cm™ and 2600-3500 cm™) spectra of 1,3-diaminopropane in the solid phase.
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Table 4 Vibrational (FTIR, Raman and INS) experimental and DFT-calculated harmonic wavenumbers (cm™

N-deuterated derivative in the liquid and solid states

Y
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of 1,3-diaminopropane and its

Experimental
1,3-DAP 1,3-DAP-ND,
Liquid Solid Liquid Solid
FTIR Raman Raman INS FTIR Raman Raman Calculated” Tentative assignment”
— 81 77 — 80 — External mode
— 91 87 — 92 — External mode
— 107 101 — — External mode
— 124 120 — 124 — External mode
— 138 134 — 139 — External mode
— 150 — — External mode
— 180 174 — 172 120 By 0CCN (out-of-plane; TAM2)
180
— 200 191 — 190 123 A, JCCN (out-of-plane; TAM1)
~199
— 219 — 209
— 249 — 180 Ay ONCCN (in-plane; LAM3)
— 276 — 271
— 324 A, 7ND,
— 373 — 359 ONCC
— 412 423 408 — 398 4111 395 Ay ONCCN (in—plane; LAMl)
431 ~440 298 A, TNH,
463 466 438 B, ONCCN (in-plane; LAM2)
515 513 490 0CCC + 6 NCC
528 T™NH, (H-bonded)
718 324 + 411
723 B, ®ND,
736
769 ~770 743 743 748 714 B, pCH,
~765 768 wND,
803 830 Ay ®ND,
~ 830 834
819 820 820 788 A, pCH, + tCH, + tNH,
875 892 908 888 B, wNH,
912 875 A, ®wNH,
910 915 vCC
947 v CC
954 B, tCH, + tNH,
976 1005 1002 979 984 996 995 B, v,CC (+a)NH2)
1019 1019 v CC
~1035 1039 1039 v CC
1068 1070 1062 1072 1066 1070 1060 1044 Aq vsCC
1076 1072 1057 B, v,CN + 1,CC
1095 1095 1104 1104 1097 1099 1084 1104 Ay vsCN
1153 {ND,
1197 1196 1213 aND,
~1235 1243 tCH,
1257 1255 ~1270 1276 1238 B, ®CH, + tCH,
1297 1290 1290 1300 1305 1309 1276 A, tCH,
1317 1321
1353 1357 1357 1338 A, {NH, + tCH,
1389 1390 1364 1364 1369 1373 1368 1355 B, wCH,
1419 1419 «CH,
1435 1441 1451 1443 1442 1445 1450 1428 Ay aCH,
1471 1472 1470 1471 1479 1475 1455 Ay aCH,
1498
1554 aNHD
1601 1598 B, oNH,
1603 1611 1620 1599 Aq aNH,
— 2366 2370 2358 1sND, (D bonded)
— 2424 2434 2431 vsND,
— 2506 2511 2483 v,ND,
~2690 ~2690 2702 2722 2718 Overtone or combination mode
2760 2760 — 2755 Overtone or combination mode
2839 ~2845 2882 Ay vsCH,
2855 2858 2868 — 2864 2871 2871 2904 A, vCH,
2892 — 2893 2917 B, v,CH,
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Table 4 (continued)
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Experimental

1,3-DAP 1,3-DAP-ND,

Liquid Solid Liquid Solid

FTIR Raman Raman INS FTIR Raman Raman Calculated” Tentative assignment”
2926 2900 2928 — 2933 2911 2930 2953 By v,CH,

~2930 — 2955 v,CH,

~3190 3190 ~3185 — vsNH, (H bonded)
3285 3302 ~3250 — 3263 VsNH,
3359 3363 3320 — 3341 v,NH,

“ For the TTTT conformer (C,, symmetry) of 1,3-diaminopropane at the mPW1PW/6-31G* level within the SCRF approach: calculated values scaled
according to Merrick et al.:*> 0.9499 and 0.9828, above and below 500 cm ™", respectively. b Abbreviations: §, deformation; T, torsion; o, wagging; ¢,
twisting; p, rocking; o, scissoring; v, stretching; s, symmetric; a, antissymmetric; TAM, transverse acoustic mode: LAM, longitudinal acoustic mode.
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Fig. 4 FTIR (400-1700 and 2000-3100 cm™?) and Raman (1001700 and 2000-3100 cm™) spectra of 1,3-diaminopropane-N-d, in the liquid phase.
Raman (50-1700 and 2000-3100 cm™?) spectrum of 1,3-diaminopropane-N-d, in the solid phase.

INS (excluding LAM1 which is also observed in Raman). Also
the INS signal at 743 cm ™", ascribed to CH, rocking, is hardly
seen in the Raman spectrum (Fig. 3). These observations are
not surprising, since the vibrational techniques currently used
are based on different physical processes: light scattering vs.
neutron diffraction.

Regarding the Raman signals at 373/359 and 513/490 cm ™ *,
detected for the pure liquids (nondeuterated/N-deuterated,
Fig. 2 and 4), they are completely absent from the solid phase
spectra (Fig. 3 and 4). Actually, there is a fairly good corres-
pondence between the INCCCN values predicted for the all-trans

10140 | New J. Chem., 2017, 41, 10132-10147

geometry and the ones that remain on the solid phase vibrational
spectra, which allow us to conclude that only the TTTT conformer
is present in the solid sample, while the liquid consists of
simultaneous equilibria of different conformers. In fact, when
a gauche geometry around one of the CC bonds is considered,
the skeletal deformation modes are predicted to be at 351 and
504 cm ! (calculated values for the TGTT geometry), in close
agreement with the band wavenumbers that disappear in the
liquid — solid transition. It should be emphasized that the five
most stable conformers (TTTT, TTTG, TGTT, TTGG' and TGGG')
account for 53% of the liquid phase population (Table 2).
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Fig. 5 Raman spectra (2500-3500 cm™) (upper) and the second deri-
vative (bottom) of 1,3-diaminopropane aqueous solution at different molar
fractions.

Solvent effect

In order to assess the influence of environment polarity on
the liquid 1,3-dap conformational equilibria, solutions of this
diamine in both a polar solvent (water) and an apolar one
(carbon tetrachloride) were prepared and the Raman spectra
were recorded. Moreover, different molar fractions amine/
solvent were used to evaluate possible concentration effects.
Regarding the aqueous solutions (Fig. S2, ESI{) some small
changes could be observed upon dilution: (i) a 9 em™" upward
shift of the SNCC mode at 373 cm™ ", assigned to an increased
preference for a gauche arrangement around one of the CC
skeletal bonds; (ii) the narrowing of the amine groups relating
bands at 1603 and 3302 cm™’, probably due to a lower con-
formational dispersion; and (iii) the apparent intensity decrease

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 6 Raman spectra (2500-3500 cm™) (upper) and the second deriva-
tive (bottom) of 1,3-diaminopropane/CCl, solution at different molar
fractions.

of the 910 cm ™" band, owing to the narrowing/downward shift of
the NH, wagging mode that occurs in the same region and is
clearly detected for both liquid (by FTIR, at 875 cm™ ') and solid
sample (by Raman, at 892 cm™ ') spectra. A progressive shift to
higher wavenumbers (< 15 cm™") of the CH, symmetric and
antisymmetric stretching bands with increasing molar fractions
of water was also detected, due to the solvent polarity (Fig. 5). In fact,
it is known that these stretching modes are sensitive to interchain
interactions and to the polarity of the environment.*""** The
observed Raman blue shift exposes a hydrophobic repulsive
effect of water on the hydrophobic methylene groups of
1,3-dap,”” which leads to an additional stabilisation of the
conformers with a gauche arrangement of the alkyl chain.
Concerning the carbon tetrachloride solutions (Fig. S3, ESIT),
the vibrational bands from the solvent hinder a clear observation
of the solute signals and do not allow us to determine any
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intensity changes in the 350-550 cm™' range. However, the
bands do not seem to be affected by dilution in this apolar
solvent. Interestingly enough, the appearance of a new 1,3-dap
band upon dilution at 877 cm ™! can be assigned to a change
in conformational equilibrium, particularly to the presence of
conformers not detected in the pure liquid. In the higher
wavenumber region, in turn, there is an opposite behaviour to
the one detected in aqueous solution: the methylene stretching
signals do not undergo significant changes, while the amine
stretching bands experience both a blue shift and an intensity
enhancement with increasing dilution (Fig. 6). Moreover, a
simultaneous intensity decrease of the 3200 cm™ " band, which
is assigned to the ,NH, mode when the amine group is involved
in hydrogen bond type close contacts, is observed (Fig. 6). In fact,
when the CCl, molar fraction is increased, 1,3-dap molecules
“not connected”, i.e. not involved in H-bonds (neither intra- nor
intermolecular), are predominant.

[H5N-CH,-CH,-CH,-NH;]**. Fig. 7 comprises Raman, FTIR
and INS spectra of [H;N-CH,-CH,-CH,-NH;]** 2C1~ while Fig. 8
presents the spectra of the N-deuterated molecule.

Experimental wavenumbers are presented in Table 5,
along with the DFT calculated values for the TT conformer
(Coy symmetry), the hegemonic configuration (99%, Table 3).
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For the solid samples, the occurrence of intermolecular
interactions has a pronounced effect on the vibrational spectra.
This is particularly important when amine systems are targeted,
as they are prone to form extensive intermolecular hydrogen
bond networks. By neglecting the effect of those interactions,
significant deviations between the calculated and the experi-
mental data are frequently observed.

Not surprisingly, the vibrational modes that are mostly
affected concern the terminal -NH;" groups as they are directly
involved in intermolecular interactions. Among the 18 related
modes, the most affected are, as previously found,”>° the
stretching modes (vsNH; and v,sNH;) and the two torsional
vibrations (tNH;). These were found to be downward and
upward shifted, respectively, by more than 300 cm™?, due to
N-H- - -Cl interactions. The effect on the deformation modes
(0sNH;3 and 0,sNHj3) is comparatively insignificant, with an
upward shift of less than 50 cm™'. The NH;" rocking modes
(oNH3), on the other hand, are slightly more affected than 6NHj,
with a negligible blue shift as compared to the ¥NH; and TNH;
modes (between 56 and 86 cm ). Besides the —-NH;-related
modes, only one other type of fundamental vibrations was found
to be considerably affected by the presence of N-H.---Cl inter-
actions: the two NC stretching modes (v,NC and v,NC) were
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Fig. 7 FTIR (400-1700 and 2600-3300 cm™?), INS (0-1700 cm™) and Raman (10-1700 and 2600-3300 cm™™) spectra of solid 1,3-diaminopropane-

N-hg2+-2CL.
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Fig. 8 FTIR (400-1700 and 2000-3200 cm™Y), INS (0-1700 cm™Y) and Raman (100-1700 and 2000-3200 cm™?) spectra of solid 1,3-diaminopropane-

N-de2+-2CL.

found to be upward shifted by more than 150 cm™*, probably as

a consequence of the proximity of the N-C bond to the N-H.- - -Cl
contacts.

As a consequence of the significant shifts promoted by
N-H- - -Cl close contacts, several changes were observed in the
relative ordering of the vibrational modes. If these are not
considered, the assignment of the experimental vibrational
spectra is inaccurate. A reported vibrational spectroscopic analysis
of 1,2-ethylenediamine dihydrochloride ([H;N(CH,),NH;]** 2C17)*
allowed us to conclude that a precise theoretical forecast of the
vibrational frequencies requires a molecular adduct comprising
one cation surrounded by six chloride counterions, in a crystal
structure based arrangement. However, such a molecular model
tends to become too computationally expensive as the diamine
size increases.

In order to overcome this limitation, a methodology has
recently been developed and tested to correct the vibrational
frequencies predicted for the isolated amine, in its cationic
form, for the effects of the interactions with the counterions,
without their explicit consideration in the calculation.® The
correction factors to be used were determined by considering the
whole series of o,o-diamine hydrochlorides ([H;N(CH,),NH;]*
2Cl7, n = 2-10 and 12; for more details see ref. 56).

Table 5 contains the experimental vibrational frequencies
(FTIR, Raman and INS) and the corresponding assignments
of solid [H3N(CH,);NH;]**2Cl". The theoretically predicted
frequency values before and after correction for the effects of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

the intermolecular interaction, anharmonicity and incomplete
electron correlation treatment are also listed for comparison.
Note that the longitudinal and transversal skeletal modes
(LAM and TAM) are not regarded in the methodology as they
constitute a special group of vibrations.”®

On the whole, it is found that correction for both inter-
molecular effects, by using the group correction factors previously
defined,*® and anharmonicity and incomplete electron correlation
treatment, using the scaling factor of 0.9499 as suggested by
Merrick et al.,>" clearly improves the matching between observed
and predicted vibrational frequencies. This is particularly obvious
for the ¥NH; and TNH; modes, as they are more prone to be
affected by N-H.- - -Cl interactions, as mentioned above.

The vNH; modes, predicted around 3500 cm™ ' for the
isolated cation, are downward shifted to about 2900-2800 cm .
In other words, those modes are shifted to the spectral interval
comprising the spectral features due to the CH, stretching modes
(vCH,). This is confirmed by the experimental data measured for
the deuterated cationic molecule, namely by the disappearance of
the bands observed between 2900 and 2774 cm™ " (Fig. 7 and 8;
Table 5). Finally, calculations on the isolated [HzN(CH,),NH;]*
cation predict the TNH; modes to occur at 235 and 238 cm ™ *, far
below the frequency of the spectral features observed to disappear
upon deuteration — 413 and 447 cm ' (Fig. 7 and 8). The
disappearance of these two spectral features is accompanied
by the detection of new bands around 317 and 347 cm ™" (Fig. 8).
Yet, correction of the 235 and 238 cm™* calculated values yields

New J. Chem., 2017, 41, 10132-10147 | 10143


http://dx.doi.org/10.1039/c7nj00810d

Published on 31 July 2017. Downloaded by Universidade de Coimbra on 19/09/2017 09:43:10.

NJC

View Article Online

Paper

Table 5 Vibrational (FTIR, Raman and INS) experimental and DFT-calculated harmonic wavenumbers (cm™) of HsN(CH,)sNHz2"-2Cl~ and its

N-deuterated derivative in the solid state

H;N(CH,);NH;>* D3N(CH,);ND;>*
Exp. Cale.” Exp. Cale.”
FTIR Raman INS (1) 2) FTIR Raman INS (1) 2) Sym Tentative assignment”
— 53 — — — — — External mode
— 61 64 — — — — — External mode
— 71 — — — — — External mode
— 80 — — — — — External mode
— 87 86 — — — 85 — — External mode
— 107 103 — — — 107 102 — — External mode
108 107
— 126 127 — — — 126 125 — — External mode
— 138 135 — — — 139 — — External mode
— 143 — — — 142 — — External mode
147 146
— 157 105 c - 155 92 ¢ A, SNCCN (TAM2)
— 177 188 122 ¢ — 172 181 113 ¢ B, ONCCN (TAM1)
— 209 217 188 ¢ — 195 200 171 ¢ Ay ONCCN (LAM3)
— 244 244 — — — 227 — — (108 + 147 cm™ %)
— 291 — — — 290 — — (143 + 157 cm ™)
— 408 407 386 ¢ — 389 387 363 ¢ A, INCCN (LAM1)
413
427 428 426 417 ¢ — 403 399 381 ¢ B, ONCCN (LAMZ)
447 445 447 235 549 — 316 317 182 425 B, TNH; (tND;)
238 556 — 346 347 186 435 A, TNH; (TNDg)
762 767 766 772 777 736 743 740 731 736 B, pNH; (pND3) + pCH,
782
834 832 836 842 723 728 A, pNH; (pND;) + pCH,
939 933 937 926 932 768 773 766 760 765 Ay pNH; (pND3)
945 944
960 961 959 951 958 786 789 803 802 808 B, pNH;3 (pND3) + tCH, + pCH,
1030 1040 1038 1030 1037 825 826835 828 818 824 B, pNH; (pND3)
1037 832
927 930 926 943 950 A, pND; + pCH, + tCH,
938 940
960
978 989 1075 991 B, v,CC
994 998
1021 921 1024 1012 1017 912 1014 B, v,NC
1103 1103 1103 1116 1124 1065 1067 B, pNH; + 1,CC
1016 1129 970 1078 A, v NC
1189 1190 1188 1243 1181 1119 1197 1137 B, pCH, + pNH;3 (pND3)
1216 1224 1204 1212 1143 1143 1132 1140 Ay pNH; (pND3) + 1,CC
1304 1311 1355 1287 1247 1317 1251 A, tCH,
1310 1373 1304 1291 1288 1358 1290 B, wCH,
1325 1326 1390 1320 1322 1386 1317 A, tCH,
1335 1339 1405 1335 1321 1314 1311 1384 1315 B, tCH,
1395 1462 1389 1378 1381 1392 1454 1381 Aq wCH,
1409 1404 1476 1402 1408 1391 1476 1402 B, ®wCH,
1457 1462 1472 1523 1447 1465 1470 1460 1523 1447 Ay oCH,
1464 1472
1479 1486 1537 1460 1477 1491 1479 1537 1460 Ay aCH,
1589 1524 1220 1170 B, SsNH; (6,ND;)
1591 1526 1223 1173 A, 5sNH; (6,ND;)
1600 1604 1613 1704 1635 1164 1170 1164 1228 1178 B, 32sNH; (8,sNDj3)
1706 1637 1229 1179 A, 82sNH; (04sND;)
1711 1642 1230 1180 A, 82sNH; (94sND;3)
1711 1642 1231 1181 B, 3asNH; (0,6ND;)
2895 3406 2847 2171 2443 2042 B, VsNH; (/sND;3)
2900 3408 2849 2171 2445 2044 A vsNH; (vsND3)
3030 3490 2917 2257 2252 2574 2152 B, VasNH; (v3sND3)
3491 2918 2575 2152 A, VasNH; (v3sND3)
3053 3502 2927 2288 2585 2161 A, VasNH; (v4sND3)
3059 3503 2928 2287 2585 2161 B, VasNH; (1sND3)
2889 3077 2923 2896 2892 3077 2923 A v.C’H,
2943 3129 2972 2946 3129 2972 B, vasC’H,
2976 3134 2977 2980 3134 2977 B, vsCH,,
2989 3137 2980 2992 3137 2980 Ay vsCH,

10144 | New J. Chem., 2017, 41, 10132-10147
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Table 5 (continued)
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H3N(CH,);NH;> D;N(CH,);ND;>*
Exp. Calc.” Exp. Calc.”
FTIR Raman INS 1) 2) FTIR Raman INS 1) (2) Sym Tentative assignment”
3010 3201 3041 3011 3201 3041 B, V,sCH,
3197 3037 3197 3037 A, asCH,

¢ Column (1) - uncorrected and unscaled mPW1PW/6-31G* calculated frequencies of isolated H3N(CH,);NH;>" (TT conformer; C,, symmetry);
column (2) - corrected (using the group correction factors reported in ref. 52) and scaled (using a scaling factor of 0.9499 as suggested by Merrick
et al.°’) mPW1PW/6-31G* calculated frequencies for isolated H3N(CH,);NH;>" (TT conformer; C,, symmetry). ? 9, deformation; t, torsion; o,
wagging; ¢, twisting; p, rocking; «, scissoring; v, stretching; s, symmetric; a, antissymmetric; TAM, transverse acoustic mode: LAM, longitudinal

acoustic mode. ¢ Not calculated using this method, see the text.

the wavenumbers 549 and 556 cm ', much closer to the

experimental values pointed out by the deuteration studies
(413 and 447 cm ™).

Conclusion

In the present work, a conformational analysis of one of the
smallest alkyl polyamines, 1,3-diaminopropane, was performed
by complementary vibrational techniques, both optical - FTIR
and Raman - and inelastic neutron scattering, coupled to DFT
calculations.

These calculations, using the mPW1PW functional and the
6-31G(d) basis set, were carried out for four distinct systems:
isolated molecule and condensed phase, and solutions in
water and carbon tetrachloride (at the SCRF-PCM level).
For each environment, more than two dozen real minima in
the potential energy surface were found. The most stable
conformers, both in the gaseous phase and in CCl, solution,
were GGG'G and TG'GG’. For both the liquid phase and the
aqueous solution, in turn, TTTT, TGTT and TTTG were the
predominant species.

Vibrational spectra were recorded for the pure compound
(liquid and solid phases), carbon tetrachloride and aqueous
solutions (at different molar fractions), as well as for the
N-ionised and N-deuterated species. Assignment of the vibra-
tional patterns was carried out in the light of the corresponding
calculated harmonic vibrational frequencies, isotopic substitution
(N-deuteration) and by comparison with similar molecules
previously studied by the authors (e.g. 1,2-diaminoethane®).

The experimental spectra corroborate the assessment based
on the theoretical calculations: (i) liquid 1,3-diaminopropane
(either pure or in solution) consists of a simultaneous
equilibria of different conformers, some of them with skeletal
gauche arrangements; (ii) in the solid samples (both
1,3-diaminopropane and its N-protonated counterpart) only
the all-trans conformers are present; and (iii) although the
conformational equilibria in aqueous solution is similar to
that of pure liquid, a hydrophobic repulsive interaction
between the water molecules and the methylene groups of
1,3-dap takes place leading to an additional stabilisation of
the conformers with a gauche arrangement of the alkyl chain
and a slightly lower conformational dispersion.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

This type of conformational study on compounds with
putative pharmacological interest is of utmost relevance for
understanding their structure-activity relationships aiming at
future applications in the field of biomedicine. In the particular
case of 1,3-diaminepropane, the results presently obtained
allow it to be considered as a very suitable ligand for Pt(u) and
Pd(u) coordination, yielding complexes (either mono- or dinuclear)
with a potential antitumor ability (through DNA-binding),
attending to the conformational characteristics currently
unveiled. This will greatly contribute to the rational design of
improved metal-based anticancer agents with higher efficacy
coupled to lower toxicity and acquired resistance.
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