Polish J. Chem., 76, 1191-1197 (2002)

Hydrogen Bonds in the 1:1 and 2:1 Complexes of
Trlgonelllne Wlth Mineral Acids Studied by FTIR,
'H and “C NMR Spectroscopies”

by M. Szafran”, Z. Dega-Szafran, M. Grundwald-Wyspianska, P. Barczynski
and M. Pankowski

Faculty of Chemistry, A. Mickiewicz University, ul. Grunwaldzka 6, 60780 Poznan, Poland
E mail: szafran@main.amu.edu.pl

(Received November 29th, 2001, revised manuscript January 21st, 2002)

The 1:1 and 2:1 complexes of trigonelline (TRG) with HBr, HI, HNO3, HC104 and HBF4
have been synthesized and their FTIR, 'H and *C NMR spectra were analyzed. The 1:1
complexes are divided into two groups. The first group includes complexes with HBr, HI
and HNOj3, in which a proton is transferred from the acid to TRG and the anions are bonded
with the carboxylic group, COOH X" (1). The second comprises complexes with HC1O4
and HBF4, with two molecules of protonated TRG forming dimer, like benzoic acid, and
the anions interacting exclusively with the positively charged nitrogen atoms (2). All 2:1
complexes crystallized with one water molecule and their FTIR spectra are of Had itype
iii, characterized by an intense broad (continuum) absorption below 1600 cm™! typical of
a short-strong hydrogen bond (SSHB) with a delocalized proton and a single vC=0 band.
In these complexes the water molecule interacts electrostatically with one positively
charged nitrogen atom and the anions with the second one (3). The water molecule addi-
tionally forms a hydrogen bond with Br, I and NO3 ions. The proton and carbon chemical
shifts of the complexes in DO have been determined and discussed.
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Trigonelline, N-methyl-3-carboxy-pyridine (TRG), is a natural betaine isolated
from various plants, seeds and the western rock lobster [1-5]. Trigonelline crystal-
lizes as monohydrate and its structure has been determined by X-ray diffraction [5].

In this paper, the 1:1 and 2:1 complexes of trigonelline with HBr, HI, HNO;,
HCIO,4 and HBF, were synthesized (Scheme 1) and their powdered FTIR and solution
(D,0) 'H and '3C NMR spectra were analyzed. The aim of this investigation is to get
information on the n-electronic conjugation on hydrogen bond and structure of betaine
complexes. In previously investigated complexes of betaines containing pyridine,
N-methylpiperidine and N-methylpyrrolidine rings, the positively charged nitrogen
atom and the negatively charged carboxylate group were not electronically conju-
gated because they were separated by 1-5 methylene groups [6—12]. In trigonelline
the formally charged groups are typically electronically conjugated with each other
via m-electrons of pyridine ring.

* Presented at the 1* Russian-Ukrainian-Polish Conference on Molecular Interactions in Gdafisk,
June 2001, (Poland).
** Author for correspondence.
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EXPERIMENTAL

Trigonelline monohydrate, TRG-H,O, was prepared according to the method reported in [13]. The
1:1 complexes were prepared by mixing TRG-H,0 (0.01 mol) in about 5 cm? of ethanol with small excess
of the aqueous acids. The solid formed was recrystallized from methanol or ethanol. The 2:1 complexes
were obtained by recrystallizing stoichiometric amounts of TRG-H,O with the 1:1 complex from a little
amount of methanol or ethanol. The melting points are given in Table 1. The complexes deuterated were
prepared by twice exchange with an excess of D,O followed by removal of excess D,0 in vacuum. The
residue was recrystallized from CH;0D.

Anhydrous trigonelline, TRG, was obtained by dehydration of monohydrate in vacuum at 110°
over P,Os for 5 h. The anhydrous trigonelline is very hygroscopic and converts to monohydrate left in
open vessel overnight.

FTIR spectra were recorded on a Bruker IFS 113v spectrometerata2 cm™
Fluorolube mulls.

'H and C NMR spectra were recorded on a Varian Gemini 300 VT spectrometer operating at
300.07 and 75.46 MHz for proton and carbon-13, respectively. The '"H and '3C chemical shifts were mea-
sured in D,O solution relative to internal dioxane and were recalculated relative to TMS by adding 3.55
and 67.40 ppm, respectively. The assignments of the chemical shifts were confirmed by COSY, HETCOR
and NEODIF experiments.

! resolution in Nujol and
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RESULTS AND DISCUSSION

Infrared spectra: The two broad bands at 3410 and 3230 cm™! in the spectrum of
TRG-H,O correspond to the vOH vibration of the water molecule. The bending fre-
quency of the water molecule is at 1673 cm™' and the v,,COO mode appears at 1640
cm™'. In anhydrous trigonelline the v,,COO band is at 1650 cm™! (Fig. 1a), while in
sodium salt of nicotinic acid at ca. 1620 cm™! [14]. Similar bands have been observed
in monohydrates of betaine [15] and pyridine betaine [6].

In the spectra of the 1:1 complexes the vC=0O band is observed between
1733-1700 cm™! and indicates that a proton from the acids is transferred to TRG
(Table 1). The vOH absorption is located in the 30001800 cm™' region and the spec-
tra can be divided into two groups (Figs. 1b, 2). The first group includes complexes
with HI, HBr and HNOj; and the second one with HC104 and HBF,. The frequency
and shape of the vVOH absorption in the spectra of the first group of complexes
(Figs. 1b, 2a—b) correlate well with the proton acceptor properties of the anion and
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Figure 1. FTIR spectra of (a) trigonelline ( ) monohydrate and (- - - -) anhydrous,
(b) trigonelline-HBr, dotted line with DBr, (¢) (trigonelline),HBr-H,O.
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Figure 2. FTIR spectraofthe2:1 ( )and 1:1 (- - --) complexes of trigonelline with (a) HI, (b) HNOs,

(¢) HCIO,, (d) HBF,.

indicates that a proton from the acids is transferred to TRG and anions are bonded
with the carboxylic group, COOH:-X" (1). The hydrogen bond strength in these
complexes decreases in the order HNO3; > HBr > HI. A similar variation of absorption
with anion was observed in the spectra of 1:1 complexes of pyridine betaine [6].
The spectra of TRG-HBr and TRG-DBr are compared in Fig. 1b. The vOH ab-
sorption is at ca. 2785 cm ™! and vOD at ca. 2143 cm™'. Their shapes are probably due
to the anharmonic coupling of the stretching vibration (vAH) of the proton in the
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A-H--‘B complex to the hydrogen bond stretching vibration (v(AHB)) [16]. Further
contribution to the band shape comes from the Fermi resonance of the vOH vibration
with overtones. Another characteristic feature is the presence of the bands at 1377
(vC-0), 1187 (0H) and 824 cm™' (yOH). On deuteration they are shifted to 1345,
998 and 626 cm™', respectively. The isotope effect (SOH/SOD = 1.19) is very close to
that in carboxylic acids and suggests a coupling of SOH with vC-O [17].

The spectra of the second group complexes (TRG-HC104 and TRG-HBF,) show
a broad absorption with many sub-bands in the 3000-2400 cm ™! region (Fig. 2c—d),
which is very similar to these in the spectra of N-(4-carboxybutyl)-pyridinium
perchlorate [8] and dimers of carboxylic acids. In the spectrum of pyridine
betaine-HBF,, the vOH band is at ca. 3100 cm™' [9]. Thus, the IR spectra indicate that
two molecules of protonated trigonelline form dimer, like benzoic acid, and C104 and
BF, ions interact electrostatically with the positively charged nitrogen atoms (2) like
in N-(4-carboxybutyl)-pyridinium perchlorate [8].

All2:1 complexes crystallize with one molecule of water and their spectra are dif-
ferent from those of the 1:1 complexes (Fig. 1 and 2). The spectra are dominated by a
broad and strong absorption in the range 1500—400 cm™', typical of hydrogen bonds
shorter than 2.5 A. A similar broad absorption appears in the spectra of 2:1 complexes
of other betaines [6] and type A acid salts of carboxylic acids [9,18]. Had iefal.[19]
attributed this absorption to the v,,(OHO) stretching vibration of a short hydrogen
bond.

The shape of the absorption of the water molecule in the 2:1 complexes depends
on the anion. In the spectrum of water (monomer) in solid argon at 20 K the asymmet-
ric (v3) vibration occurs at 3728 cm™! and the symmetric (v;) at 3640 cm™! [20].
The frequencies of the water molecule vibrations in (TRG),"HBF,4-H,O (3655 and
3573 cm™!) are very close to the free OH vibrations in polymeric water (3675 and
3580 cm™' [20]). The similarity of the OH frequencies suggests that the water mole-
cule in (TRG),"HBF4H,O0 is not engaged in the H-bond. This suggests that the water
molecule interacts electrostatically with one positively charged nitrogen atom and
BF 4 ion with the other (3). In (TRG),-HBr-H,O the water molecule also interacts elec-
trostatically with the positive nitrogen atom and additionally forms a hydrogen bond
with Br ion. Thus, the vOH bands are shifted ca. 216 and 170 cm™! towards the lower
vavenumbers than in the spectra of (TRG),-HBF4 H,O. Hydrogen bonds in water
trimer caused similar shifts of the vOH frequencies [20].

The above proposed structure of the 2:1 trigonelline complexes was confirmed
by a DFT calculations and a preliminary X-ray diffraction study of (TRG),-HCI-H,O.
In this complex the distances are: N'- - - OH,, 3.299 A; N'- - - Cl, 3.514 A;
HOH--C17,3.185 A [21]. In the case of 2:1 complexes of pyridine betaine only hydro-
chloride crystallized as monohydrate, (CsHsN"CH,COQO),HCI-H,O [9,22]. In this
complex the water molecule is bonded to chloride ion and generate a planar zigzag
chain running parallel to the a axis. The 2:1 complexes with other acids (large ions)
are anhydrous. The 2:1 complexes of trigonelline crystallized as monohydrate inde-
pendent of a size of counter-ion and their structures differ from that of bis(pyridine
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betaine) hydrochloride monohydrate [22]. The observed tendency of the 2:1 com-
plexes of trigonelline to crystallized as monohydrate may be a consequence of w-elec-
tron conjugation between the positively charged groups.

'H and '3C NMR spectra: The proton chemical shifts assignments, listed in
Table 1, were based on 2D COSY experiments, in which the proton-proton con-
nectivities are observed through the off-diagonal peaks in the counter plot. The 2D
heteronuclear shift correlated counter map (HETCOR) were used to identify reso-
nances in the 3C NMR spectra (Table 2). In the 1:1 complexes the proton chemical
shifts are negligibly influenced by the anions and their values are slightly higher
than in the spectrum of TRG-H,O. The 2:1 complexes in D,O dissociate to the 1:1
complexes and TRG'D,0. This process is responsible for the observed lowering of
chemical shifts (Table 1). The carbon chemical shifts are more influenced by the an-
ions than the proton chemical shifts (Table 2). The protonation of TRG caused
deshielding of most carbon atoms, except C-3 and COO, which are shielded. In the
2:1 complexes chemical shifts are intermediate between those in the spectra of TRG
and 1:1 complexes.

Table 1. 'H chemical shifts (ppm) in D, O for trigonelline (TRG) and its 1:1 and 2:1 complexes with mineral
acids, vC=0 frequencies and melting points.

HX H-2 H-4 H-5 H-6 N-CH;  vC=0 m.p (°C)
1:1 complexes
H,0 8.87 8.58 7.83 8.60 4.20 (1640)* 218
HcP 9.21 8.83 8.00 8.80 430 1700 222-224 dec.
HBr 9.18 8.81 7.98 8.81 4.28 1733 253-254 dec.
HI 9.18 8.81 7.99 8.78 4.28 1726 224-225 dec.
HNO; 9.19 8.81 7.98 8.79 4.29 1716 202-203
HCIO4 9.17 8.80 7.97 8.77 4.28 1704 166-8
HBF, 9.17 8.80 7.97 8.80 4.27 1705 164
2:1 complexes
HCP 9.09 8.75 7.95 8.73 4.28 1702 204 dec.
HBr 9.06 8.73 7.94 8.73 4.27 1708 218-220
HI 9.06 8.67 7.94 8.73 4.27 1717 234-235
HNO; 9.07 8.74 7.94 8.72 4.27 1720 214-215
HCI104 9.06 8.73 7.93 8.71 4.26 1722 220
HBF, 9.06 8.72 7.93 8.72 4.27 1722 204-205

3 VasCOO, %) data from [21].

Table 2. 1*C chemical shifts (ppm) in D,O for trigonelline (TRG) and its 1:1 and 2:1 complexes with mineral

acids.

HX C-2 C-3 C-4 C-5 C-6 N-CHj; COO
1:1 complexes
H,0 146.66 137.86 145.58 128.50 146.83 49.08 168.43
HCI? 147.38 132.27 146.19 128.82 148.63 49.40 165.32
HBr 147.49 132.59 146.21 128.94 148.71 49.35 165.62
HI 148.68 132.69 146.36 129.00 147.47 49.48 165.62
HNO; 147.33 132.25 146.13 128.60 148.57 49.31 165.28
HCIOy4 147.37 132.38 146.14 128.78 148.55 49.34 165.36

HBF,4 147.32 132.38 146.13 128.77 148.54 49.30 165.34
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Table 2 (cotinuation)
2:1 complexes

HCI? 147.14 134.73 146.02 128.77 147.95 49.22 166.81
HBr 147.08 135.14 145.98 128.57 147.80 49.21 166.98
HI 147.07 135.11 145.99 128.77 147.80 49.31 166.95
HNO; 146.97 134.66 145.81 128.58 147.73 49.22 166.66
HCIO4 146.98 134.72 145.81 128.60 147.73 49.24 166.71
HBF4 146.98 134.69 145.81 128.59 147.74 49.23 166.70

) data from [21].
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