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Trigonelline is a well-known precursor of flavor/aroma compounds in coffee and undergoes significant
degradation during roasting. This study investigates the major nonvolatile products that are procured
after trigonelline has been subjected to mild pyrolysis conditions (220—250 °C) under atmospheric
pressure. Various salt forms of trigonelline were also prepared and the thermally produced nonvolatiles
analyzed by thin layer chromatography, liquid chromatography—electrospray ionization tandem mass
spectrometry, and 'H and 3C nuclear magnetic resonance. Results revealed the decarboxylated
derivative 1-methylpyridinium as a major product of certain salts, the formation of which is positively
correlated to temperature from 220 to 245 °C. Moreover, trigonelline hydrochloride afforded far greater
amounts of 1-methylpyridinium compared to the monohydrate over the temperature range studied.
Investigations into other potential quaternary amine products of trigonelline also indicate nucleophilic
substitution reactions that lead to dialkylpyridiniums, albeit at concentration levels ~100-fold lower
than those recorded for 1-methylpyridinium.
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INTRODUCTION _ COOH ~ COOH
The alkaloid trigonelline (1-methylnicotinic acidyigure 1) - | - |

is fairly widely distributed in the plant kingdom, and its presence N® N

has been corroborated in a number of higher plant species such C'H3

as the Lamiaceae and AsteraceBeafid also in marine shellfish

(2). Particularly high levels of trigonelline are found in green 1 2

coffee beans, with typical levels reported for the variGagfea
species and varieties ranging from 0.3 to 1.3% on a dry matter
basis 8). The importance of trigonelline, as a precursor of flavor degradation and formed during roastir&). (Moreover, endog-
and aroma compounds as well as beneficial nutritional factors, enous nicotinic acid in the green coffee bean is present at low

Figure 1. Chemical structures of trigonelline, 1, and nicotinic acid, 2.

is well documented in the literaturd, (5). concentrations (817 mg/kg) but is significantly augmented due
The products of trigonelline resulting from thermal treatment to N-demethylation of the pyridine moiety of the progenitor,
were already addressed more than a half-century @gavhich which is initiated at temperatures180 °C (5).

is not surprising given the abundance of the compound in green There exist to date only very few mechanistic studies
and roasted coffees. These initial studies demonstrated theaddressing the breakdown and conversion of trigonelline under
formation of nicotinic acid when trigonelline is heated in a mild pyrolysis conditions. The pathway of pyridine formation
sealed tube. In fact, trigonelline decomposes via two major has been investigated in thermally treated trigonelline hydrate,
routes under typical temperatures as encountered during coffeea study that was based on deuterium exchange in alkylpyridines
roasting (226-250°C), that is, (1) decarboxylation and methyl  (8). Furthermore, in this model, nicotinic acid and pyridine were
rearrangement to afford pyridines and (2) N-demethylation to identified as the major reaction products, reaching 6.1 and 5.3%
give nicotinic acid 6). yields, respectively. An earlier study by Viani and Horman
The consumption of 3.5 standard cups of coffee per day suggested the presence of relatively high amounts of methyl-
contributes up to one-third of the minimum dietary requirement hicotinoate N-methylInicotinamide, antil,N-dimethylnicotina-
for an adult of nicotinic acid7), a key product of trigonelline ~ mide formed under their pyrolytic conditioné)(in contrast to
only traces or low levels €1%) of the same compounds

* Corresponding author (telephoriet1 21 785 83 60; fax-41 21 785~ measured in the more recent study. (These discrepancies in
85 53; e-mail richard.stadler@rdls.nestle.com). levels of key reaction products may be due to the conditions of
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pyrolysis, for example, heating times, purity of the trigonelline
salt, and quantification techniques used.
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with methanol containing 20% (v/v) formic acid; the eluate was
concentrated in vacuo at 4C, and complete dryness was attained by

Despite these reports, there is clearly a lack of fundamental subsequent lyophilization. This fraction (24 mg) was subjected to

studies particularly with regard to the nonvolatile reaction

products. This prompted us to characterize the major nonvolatile

products of thermally treated trigonelline and to determine the
impact of the nature of the trigonelline salt on the decomposition

HRMS and NMR analysis: HRMS, calcd mass molecular w®n
94.0656, measured mass molecular$084.0647*H NMR 4.380 ppm
(s, 3 H, N-CHz), 8.031 ppm (“t” sl. br.,.Jay ~ 6.9 Hz, 2 H, 3,5-H),
8.516 ppm (“t",J ~ 7.8 Hz, 1 H, 4-H), 8.770 ppm (dl ~ 5.8 Hz, 2
H, 2,6-H);3C NMR 50.94 ppm (q, broadened,NCH;z), 130.77 ppm

products formed as a function of both time and temperature. In (d, 3,5-CH), 147.86 ppm (d 1:1:1)c_n ~ 8.6 Hz, 2,6-CH), 148.10
the work presented here, liquid chromatography coupled to ppm (d, 4-CH).

electrospray ionization tandem mass spectroscopy (LC-ESI-MS/

MS) is mainly used to identify and quantify the major
nonvolatile reaction products in a model system.

MATERIALS AND METHODS

Materials and Reagents.Trigonelline hydrochloride and nicotinic
acid were purchased from Sigma (Buchs, Switzerland). Pyridine
(anhydrous, 99.8%), 1,4-dimethylpridinium iodide, and iodomethane
(99.5%) were from Aldrich (Buchs, Switzerland). Anion exchange resin
AG 1-X8, 100-200 mesh; OH form, was from Bio-Rad, and Sil G/UV
TLC plates from Macherey and Nagel. Silica gel plates 0@ mm)
were from Merck. lodoplatinate was purchased from Fluka. All other
reagents and solvents were of analytical grade purit® Bnd TSP
(3-trimethylsilyltetradeuteriopropionic acid sodium salt) were purchased
from Dr. Glaser AG, Basel, Switzerland.

Synthesis of 1-Methylpyridinium lodide. Pyridine (2.5 g, 31.6
mmol) was added t6-10 mL of MeCN (dry, J. T. Baker), and methyl
iodide (5 g, 35.23 mmol) was added dropwise. The mixture was kept
for 30 min at room temperature and heated for 10 min atG0The
oily yellow mixture was then kept for 16 h at room temperature.
Placement on ice resulted in immediate precipitation of the iodide salt.
The precipitate was washed with MeCN (cold), dried in a desiccator
under vacuum, and afforded 6.55 g (94% yield) of solid material (slight
yellow color): mp 116-117°C [lit. 116—117°C (9)]; high-resolution
mass spectrometry (HRMS): calcd mass molecular=084.0656,
measured mass molecular ien94.0656;'H NMR 4.436 ppm (s, 3 H,
N—CHjs), 8.090 ppm (“t” sl. br.Jav ~ 6.9 Hz, 2 H, 3,5-H), 8.570 ppm
(“t", J~ 7.8 Hz, 1 H, 4-H), 8.827 ppm (dl ~ 5.8 Hz, 2 H, 2,6-H);
13C NMR 51.15 ppm (g, N-CHg), 130.88 ppm (d, 3,5-CH), 147.96
ppm (d 1:1:1, 2,6-CH), 148.19 ppm (d, 4-CH).

Standard Pyrolysis ProceduresTypically, 50 mg of trigonelline,

as either the hydrate, hydrochloride, or hydrogen sulfate salt (salts
prepared by passage of trigonelline, 500 mg, through a column packed

with 4 g of anion exchange resin, AG 1-X8), was heated on a heating
module (Brouwer) in a tightly closed vacuum hydrolysis tube. After

High-Resolution Mass Spectrometry.High-resolution measure-
ments were performed on a Finnigan MAT 8430 double-focusing mass
spectrometer working in the electron ionization mode at 70 eV. The
samples were directly introduced in the source heated at@C8The
resolution power was 5000, and perfluorokerosene was used as reference
compound.

LC-ESI-MS/MS. A Micromass Quattro-LC (Micromass, Man-
chester, U.K.) quadrupole mass spectrometer was used in this study,
equipped with a ZSpray electrospray ion source and coupled to a Waters
2690 Alliance separation module. HPLC separations were performed
by ion exchange chromatography on a GromSiL SCX columanb
50 x 2 mm i.d.), injecting SuL of sample. All runs were performed
under isocratic conditions at a flow rate of 0.3 mL/min and using
methanol/water 1:1 (v/v) containing a final concentration of 50 mmol/L
ammonium acetate (pH6.8, not adjusted). The column was at room
temperature.

Instrument control and data processing were performed using
MassLynx NT software, version 3.4 (Micromass). Operating parameters
were as follows: positive ion mode, needle voltage typically set to
2.83 kV, cone voltage 32 V, and RF lens 0.15 V. The source block
and desolvation temperatures were set at 140 and@pfespectively.
Nebulizer and desolvation gas flows were set to 90 and 710 L, N
respectively. The ion energy of the first and second quadrupole was
0.8 and 1.0V, respectively. All data were acquired at a collision energy
of 24 eV using argon as collision gas at a pressure of 0.25 Pa (1.9
mTorr). The dwell time was 0.2 s, the interchannel delay 0.03 s, and
the mass span 0.1 Da. At least two single reaction monitoring (SRM)
transitions were chosen for each compound as follows:

1-methylpyridinium,m/z94 — 79*, 94— 78, 94— 67
1,4-dimethylpyridiniumm/z108— 93*, 108— 92, 108— 65
nicotinic acid,m/z124— 80, 124— 78*

trigonelline,m/z138— 94, 138— 92, 138— 78*

For quantification purposes, mass transitions marked with an asterisk

the predefined heating period, the tubes were allowed to reach room(*) were used.

temperature and the residue was taken up in a small volume %22

NMR Measurements. The NMR samples were prepared by dis-

mL) of 50% methanol/water (v/v). The tubes were sonicated to assist solution in 0.7 mL of 99.95% deuterated water(@) and transferring

dissolution and the final volume made up to 5 mL with the same solvent.
The samples were stored 20 °C and diluted 500-fold with water
prior to analysis by LC-ESI-MS/MS.

Large Scale Pyrolysis and Isolation of 1-Methylpyridinium
Chloride. Trigonelline hydrochloride (500 mg, 3.64 mmol) was
weighed in a Bohi round-bottom flask and 5Q@L of water added at
room temperature. The slurry was dried in &Biuvacuum oven at 75
°C and then heated to 22@ within ~1.5 min. The compound was

the solution into a Wilmad 528-PP NMR tube with an outer diameter
of 5 mm. No shift standard was added, and shift referencing was done
by comparison with a 0.75% solution of 3-trimethylsilyltetradeuterio-
propionic acid sodium salt (TSP) in,D measured under the same
experimental conditions. All NMR spectra were measured on a Bruker
DPX-360 spectrometer equipped wia 5 mmaquadrinuclear (QNP)
probehead at-23 °C in a laboratory with regulated room temperature
(£0.5 °C). 'H NMR spectra were acquired at 360.13 MHz, using a

pyrolyzed at this temperature for a further 15 min. The residue was spectral width of 19.95 ppm, number of scans usually 64, 64K data
dissolved in 5 mL of water and applied to two C18 disposable cartridges points, acquisition period of 4.56 s, and a relaxation delay of 10 s. The
(M&N, 1 g), preconditioned consecutively with 5 mL each of methanol, pulse duration was 8s, corresponding te-67° pulse angle’*C NMR
water, and 10 mM HCI. Each 2.5 mL of the reaction product was spectra were acquired at 90.56 MHz, using a level switched waltz16
charged onto one column and eluted with 2 bed-volumes of water. The proton decoupling pulse program with full decoupling during the 1.507
extract was concentrated in vacuo at°g5to remove excess solvent s acquisition period and 2 dB power level reduction during the 10 s
and lyophilized, affording in total 324 mg of water soluble material. relaxation delay. The spectral width was 240.04 ppm with 64K data
This fraction was then taken up in a small volume of methanol and points free induction decay (FID) size, and the pulse widifs4also
acetonitrile added and left overnight atG. The crystals that formed corresponding te-67° pulse angle. Exponential line broadening of 0.05
were separated by filtration (identified as unreacted trigonelline by Hz for proton spectra and 0.5 Hz for carbon spectra was applied before
TLC), and the filtrate concentrated in vacuo at*4d The residue was Fourier transformation. To confirm the assignments, a two-dimensional
taken up in ethanol, acidified with concentrated HCI, and chromato- heteronuclear correlation experiment optimized for a 145 Hz one-bond
graphed by TLC on silica gel sheets in ethyl acetate/methyl ethyl ketone/ proton—carbon coupling was done for one of the methylpyridinium
formic acid/water (5:3:2:1). 1-Methylpyridiniuni{ = 0.3) was eluted salt samples, using a spectral width of 130.21 ppm for 8K data points
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in the carbon dimension and 6.0 ppm for 256 data points in the proton triplet was ca. 1:1.9:1. This does not represent a “classical” 1:2:1
dimension. An acquisition period of 0.347 s and a relaxation delay of triplet, as would be caused by coupling with two equivalent
4.2 s were used. Sine square filtering was applied before two- protons, but it is in fact a quadrupolar 1:1:1 patte¥fe(n =
dimensional Fourier transformation and the spectrum displayed and g 5 Hz), where the outer lines contribute to the intensity of the
plotted in the magnitude mode. Quotes indicate approximate description center line because of the significant line width. This pseudo-
of multiplets, sl. br. stands for slightly broadened, etc. - . )

triplet structure was also present on the signals of the methyl

Quantitation. Standards were prepared in Millipore-grade water but ¢ ved. b th i tant i I
from a stock solution (0.2 mg/mL). External calibration curves (five- utwas not resoived, because the coupling constant Is sma er.
IH NMR, 33C NMR, and HRMS data thus confirm

point) were established in the concentration range from 200 to 2000 The T k ! . |
pgluL, and analytes not within the given range were adequately diluted l-methylpyr!dlnll_Jm ion as a major product of trigonelline
with water and re-injected. For all standard curwés; 0.99 and the breakdown in this model system.

amount of the compounds in the samples was calculated from the  Quantification of the Major Nonvolatile Transformation

respective linear regression equation. Products of Trigonelline Hydrochloride. LC-ESI-MS/MSA
major challenge at the onset of this study was to achieve a
RESULTS separation of the starting material and the major pyrolysis

products, particularly 1-methylpyridinium ion, in one single
analytical run. Thus, different LC stationary phases/columns
were assessed, ranging from C18 to various cation exchange
resins. Unfortunately, the quaternary base could not be retained
on the C18 columns tested but showed retention on a strong
cation exchange column, under isocratic conditions with 50 mM
ammonium acetate (pH not adjusted) in methanol (50%, v/v).
Our first approach was to use conventional LC coupled to UV
detection, but this revealed impurities in most fractions at the
retention time of 1-methylpyridinium. Therefore, to achieve

Identification of 1-Methylpyridinium as a Major Product

of Trigonelline Pyrolysis. Earlier reports on the thermal
degradation of trigonelline have revealed nicotinic acid and
nicotinamide, as well as the®- and N-methyl analogues, as
reaction products4( 8). Thus, a first step in this study was to
identify the major nonvolatile products formed during pyrolysis
of trigonelline hydrochloride at temperatures ranging from 220
to 250°C. The crude pyrolysates in methanol were subjected
to TLC on silica gel sheets in a number of different solvent
Z?rls:ﬁir::htsc%r?ggﬁnﬂq?hasth(;?jtio\{[vgzrrlggp?g;?j“inrﬁg;ﬁjaeg;m' Aq.uantification of th_e alkylpyr!diniums and nicotinic acid in a
the commonly known trigonelline breakdown/conversion prod- single run, s.eparatlon/dete.c'tlon was done b¥ L,C.'ESI'MS/MS'
ucts was detected in all pyrolysates, at various relative amounts Under positive ESI conditions, 1-methylpyridinium and 1,4-
over the whole temperature range. This compound reacted aslimethylpyridinium show abundant Mons without fragmenta-
an intense dark blue spot and migrated in a relatively acidic tion- Becausé\-alkylpyridiniums are already charged in solu-

solvent (ethyl acetate/methyl ethyl ketone/formic acid/water, 5:3: tion, they are amenable to ionization directly from the liquid
2:1), with anR; at ~0.3. phase. The daughter ion spectra obtained upon dissociation of

Compounds with a quaternary amine function show intense the M" ion of ;-methylpyridinium and 1,4-dimethylpyridinil_1m
coloration with iodoplatinate reagent, indicating that this major 2'® portrayed in parts Aand B bfgure 2, respecuvely. Details
reaction product has retained tNemethyl group. Large-scale  ©f fragmentation for the compounds studied here have been
pyrolysis was conducted with more starting material (0.5 g of "€Ported previously 10), and only salient features for the
trigonelline) and the extract purified by TLC in the same solvent glkylpyrlldlmums will be mentlonedl. The main fragmentation
system as described above, eluting the compound with 20%'" positive ESI-MS of 1-methylpyr|d+|n|um is the loss Oi the
formic acid in methanol. Preliminary mass spectral analysis by Methyl group to affordz 79 [CsHsN]*" andm/z 78 [GsHaN] ™.

direct infusion ESI-MS/MS in the positive mode suggested a RiNg opening of the pyridinium moiety with retentiog of the
1-methylpyridinium salt, with a peak atz 94 [M*], corre- N-methyl group affords the fragmentvz 67 [CsH7]™. A
sponding to the molecular formulas@sN. This approach also chfr'acterlstm transition for the d|alky!pyr|d|n|um is the [M
enabled the detection of additional azaheterocycles under certaint] 10N at m/z 107. The fragmentation pattern also shows
reaction conditions, identified as dimethylpyridinium salts, LCeHeNI™atm/z92 (Iois of a methyl group) and loss of HCN
substituted with a methyl group at either the 2-, 3-, or 4-position to afford mz 65 [CsHs| ™
of the pyridinium moiety. However, due to the paucity of  In this study, ESI-MS/MS was the method of choice to
material and relatively low concentrations of the dialkyl- quantify the aforementioned compounds, with emphasis on
pyridiniums, no attempts were made to isolate and further chromatographic separation of the quaternary amine base
identify the compound(s) by NMR techniques. 1-methylpyridinium salt. Potential ion suppression by coelution
Thorough NMR analysis of the pyrolysis product was done o_f m_atrix constituents was largely avoi(_jr_ed (_jue to the strong
in D,O. The'H and!3C data of synthetic 1-methylpyridinium d|Iut|o_n o_f the fractlons,_and_ thus quantification was done by
iodide were compared with methylpyridinium isolated from the esFabllshlng external cgllbratlon curves. All analyses were done
pyrolysate. Both compounds show the classicalB&C spin using SRM and ch.oosmg three trans!tlons for each pompound
system of a pyridine, where the Afsignals are slightly ofmt_erest for certainty of the analyte (i.e., responses in all th(ee
broadened due to the neighboring quadrupéfhr atom, and transitions and ion ratios comparable to_the standards). Typl_cal
anN-methyl signal, which is also slightly broadened. The shifts SRM traces detecting the aforementioned two nonvolatile
of the signals are very similar for the synthetic and the pyrolysis Products nicotinic acid and 1-methylpyridinium of pyrolyzed
products, the only significant difference observed being the trigonelline (240°C) are illustrated irFigure 3.

much broader water signal (HDG44.81 ppm) in the methyl- Impact of TemperatureA series of experiments were
pyridinium isolated from the pyrolysate, probably due to a designed to follow the formation of 1-methylpyridinium and
different pH of the latter. nicotinic acid (a major N-demethylated product) at different

Analogous findings are also reflected in the carbon-13 spectra.temperatures and over timgigure 4).
Here, the signals of the proton-decoupled 2,6-CH carbons Three independent determinations were conducted with
showed a resolved triplet structure due to the one-bond couplingtrigonelline hydrochloride as the starting material, which was
with the quadrupolat“N nucleus. The intensity ratio of the heated under atmospheric conditions in tightly closed hydrolysis
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Figure 2. ESI-MS/MS daughter ion spectra of (A) 1-methylpyridinium cation

and (B) 1,4-dimethylpyridinium cation.

tubes over the temperature range of 2280 °C, in 5 °C
increments, with a heating period of 15 min. After thermal
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treatment, the residue was dissolved in 50% methanol/water (v/
v) and a strongly diluted aliquot analyzed by LC-ESI-MS using
the conditions described. The amount of 1-methylpyridinium
formed during thermal treatment of trigonelline is strictly
dependent on temperature, increasing from 220 to°Z4&nd
then decreasing suddenly at 280 (Figure 4).

Interestingly, the maximum amount of the decarboxylated
product was always measured at 245 (five independent
experiments conducted over the same temperature range), with
excellent correlations between independent experimefts (
0.99). An individual plot of temperature versus natural log
amount of 1-methylpyridium formed shows a correlatiorrof
= 0.975 up to 245C. However, the rate equation(s) leading to
1-methylpyridinium may be rather complex, and kinetics would
have to take into account methyl rearrangements and radical-
based mechanismd)( In this context, methyl groups attached
to quaternary nitrogens are potential alkylating agents, and thus
we included in our analyses the determination of 1,4-dimethyl-
pyridinium, which could be procured by nucleophilic displace-
ment (L1). Notably, the transitions detected could originate from
a number of methyl substitution patterns, that is, 1,2-, 1,3-, and/
or 1,4-dimethylpyridinium. Under the LC conditions employed,
no separation of the aforementioned structural isomers was
possible. All three compounds, synthesized either in our
laboratory or obtained commercially, showed identical daughter
ion spectra (data not shown).

Dimethylpyridinium could be detected in most of the samples
based on LC-ESI-MS/MS (using three SRM transitiong 108
— 93, m/z 108 — 92, andm/z 108 — 65, and comparable ion
ratios) and eluted from the LC columx0.5 min later than
1-methylpyridinium. Even though the yield of the dialkyls in
the pyrolysis experiments was in all cases significantly lower
than the monoalkyl derivative (by a factor 0£100), it
nevertheless was detected at various levels in many of the
samples and showed a positive correlation to the amount of
1-methylpyridinium formed in this model systerRigure 5).

A route relatively well described in reports on the fate of
trigonelline during pyrolysis or during the roasting of coffee is
N-demethylation of the progenitor to afford nicotinic acid, which
is positively correlated to the degree of roasting and does not
decompose per se at elevated temperatses, (12). Using
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A 1.01e5
%1 |l
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Figure 3. LC-ESI-MS/MS chromatogram of pyrolyzed trigonelline hydrogen chloride, using transitions (SRM) for nicotinic acid (A, B, t; = 0.6 min.) and
1-methylpyridinium (C-E, t, = 6.6 min) as described in the text.
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20 - Table 1. Formation of 1-Methylpyridinium from Trigonelline
18 Hydrochloride Heated at 220, 230, and 240 °C as a Function of Time,
16 1 Determined by LC-ESI-MS/MS? and Expressed as Percent Conversion
on a Molar BasisP®
14 1
s 12 - pyrolysis
2 time (min) 220°C 230°C 240 °C
g 10 5 06401 114+0.14 253+08
o 10 1.33+0.05 1.77 £0.16 6.63 +0.67
* | 20 1.63+0.27 3.08 £0.53 18.79 £ 1.55
30 1.77+0.28 3.18+0.13 456 £0.74
] 45 1.29+0.28 2.18 +0.06 712+18
60 1.08+0.21 1.77 £0.61 9.15+1.79

‘ aTransition m/iz 94 — 79.°Based on the assumption that upon 100%
215 220 225 230 235 240 245 250 conversion, 0.287 mmol of trigonelline may afford 0.287 mmol of 1-methylpyridinium
Temperature (°C) (determined as the free cation). ¢ Entries are averages + SD of n = 3 independent
determinations.

Figure 4. Formation of nicotinic acid (dashed line) and 1-methylpyridinium
(solid line) from trigonelline hydrogen chloride as a function of temperature,
expressed as percent conversion on a molar basis. Pyrolysis time = 15
min. Entries are averages of three independent determinations, depicting
+ SD.

Table 2. Formation of Nicotinic Acid from Trigonelline Hydrochloride
Heated at 220, 230, and 240 °C as a Function of Time, Determined
by LC-ESI-MS/MS? and Expressed as Percent Conversion on a Molar

BasisPe
70 y = 2.5422x + 3.4995 pyrolysis
2 _
60 - R® = 0.8921 time (min) 220°C 230°C 240°C
g 50 - 5 0.35+0.13 147+0.27 526 +0.72
3 10 156 £0.27 5.1+0.96 141+£0.31
E 40 - 20 434+0.77 12.75+0.83 16.85+2.74
:g 30 6.86 +0.73 1426 +1.0 11.36 +0.46
.'g 30 45 93+1.16 15.27£0.35 10.0+0.88
a 60 10.85+0.73 17.08 £0.83 6.7 +1.46
> 207
ES)
2 40 aTaking transition m/z 124 — 78. b Based on the assumption that upon 100%
- conversion, 0.287 mmol of trigonelline may afford 0.287 mmol of nicotinic acid.
0 ‘ ‘ ‘ ¢ Entries are averages = SD of n = 3 independent determinations.
0 50 100 150 200 250
Dimethylpyridinium (nmol) could be recovered aftd h of thermolysis at 220 and 23,

respectively, demonstrating that trigonelline is relatively stable
over an extended time. Trigonelline decomposition was ac-
celerated at relatively higher temperatures (289, with 94%

of the starting material decomposed after 45 min. Thus,
trigonelline breakdown is markedly increased at temperatures
the SRM tracenwz 124— 78, nicotinic acid could be quantified of =240 °C, as already observed in the experiments over
in all experiments even though it showed no retention on the different temperature ranges.

Figure 5. Plot of the ratio of the amounts of the quaternary amine reaction
products 1-methylpyridinium/dimethylpyridinium, obtained after pyrolysis
of trigonelline hydrochloride at 240 °C over various time periods ranging
from 5 to 45 min.

SCX column under the conditions usagd=€ ~0.6 min). Three The generation of 1-methylpyridinium and nicotinic acid
independent experiments with trigonelline hydrochloride showed under conditions as described above over time and temperature
a maximum conversion to nicotinic acid at 23840 °C, with is shown inTables 1and2, respectively. The formation of the

a prominent decrease above this temperatbigu¢e 4). This guaternary base reaches a maximum after 20 min over all three

indicates that N-demethylation is favored at slightly lower temperature ranges, positively correlated to the temperature of
temperatures versus decarboxylation, probably due to thepyrolysis as illustrated in the temperatutéme-dependent
quaternary nitrogen that favors methyl transfer reactions, to yield measurements. At the highest temperature in the series (240
methyl nicotinoate, for example. Furthermore, the decomposition °C), 1-methylpyridinium reached 18% conversion in an experi-
of trigonelline over the temperature range 2220°C showed ment with three independent determinations, showing a steep
only a relatively slight decline (from 46.6 to 37.5% of incline up to 20 min Table 1). This is also reflected by the
trigonelline remaining, expressed on a molar basis) in the data ofFigure 4, which shows a maximum decarboxylation at
temperature range 22@240°C, with prominent degradation of 245 °C to yield close to 15% 1-methylpyridinium on a molar

the starting material measurable at temperater240 °C (5— basis (note, in this case the heating time was 15 min). Prolonged

7% of starting material remaining at 248), which is in accord heating at 240C (>30 min) resulted in a significant decrease

with data published in the literaturéZ). in 1-methylpyridinium levels, probably due to further decom-
Formation of Major Reaction Productsver Time.In all of position and/or interaction with other thermolysis products. In

the experiments described above, a fixed time point, that is, 15 contrast to the temperaturéime pattern observed for 1-meth-
min, was chosen over a variable temperature range. To ylpyridinium, nicotinic acid formation follows a clear positive
determine the formation of the key reaction products as a correlation at 220 and 230C over the measured time period
function of time, trigonelline hydrochloride was heated at 230, of 1 h (Table 2).

240, and 250C at six different time points, that is, 5, 10, 20, Reaction rate plots [IlC100/(C100 — Ct) versus time, where
30, 45, and 60 min (all data are averages of three independenitCio0 = moles of nicotinic acid at 100% conversion, a@Gd
determinations). Moreover, 41 and 38% of the starting material represents the amount formed at tithevere calculated over
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35 - Scheme 1. Proposed Reaction Pathways Leading to the Formation of
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Figure 6. Yield of 1-methylpyridinium from trigonelline salts (hydrate, S
hydrogen sulfate) as a function of temperature, expressed as percent |
conversion on a molar basis. Pyrolysis time = 15 min. All entries are N Yo
averages of duplicate determinations. C|H3

the first 20 min and showed good correlatioh £ 0.9997 and
0.9988 at 230 and 220C, respectively). The raté\C/At
determined from the slope was3-fold higher at 230°C
compared to that at 220C. The kinetics of nicotinic acid
formation do not, however, continue to show linearity after 20
min with a significant decrease particularly at 24%) indicating
that at this temperature other reaction routes may be preferred
over simple demethylation of trigonelline or Bmethyl ester

rates to nicotinic acid of the hydrate and sulfate salts are
comparatively decreased, versus the hydrochlorideRgpee

4), over the same temperature range, yielding on a molar basis
approximately 1% and 3.5% nicotinic acid at 235 and 2@5
respectively.

DISCUSSION

methyl nicotinoate. This is the first report on the identification and quantification
Impact of the Trigonelline Salt on the Reaction Products of the quaternary base 1-methylpyridinium as a major reaction
Formed during Thermal Treatment of Trigonelline. Tri- product of trigonelline subjected to pyrolytic conditions. This

gonelline hydrochloride showed a very distinct pattern of quaternary base is formed by decarboxylation and, as demon-
degradation over the temperature range studied, and the questiostrated in this study, represents an important stable product/
addressed in this section is the potential impact of various saltsintermediate in the thermal reaction pathway(s) of trigonelline.
on the degradation pathway of this compound. To our knowl- Two major parameters have a pronounced impact on the
edge, none of the published studies on thermal degradationdegradation route and formation of 1-methylpyridinium, namely,
products of trigonelline take into account the possible ionic the temperature and the nature of the trigonelline salt.
interaction with salts and how these could affect the product The failure to detect 1-methylpyridinium in previous model
profile (4, 8). system studies4( 8) may in fact be due to employment of
Commercially available trigonelline hydrochloride was con- trigonelline hydrate, which shows a degradation pattern that
verted to the hydrate by passage over an anion exchange columrdiffers from the hydrogen chloride salt. A familiar reaction of
Trigonelline hydrate was then subjected to thermal treatment 1-methylpyridiniums is ring opening by reaction with nucleo-
over the same temperature range as described for the hydrophiles, such as hydroxide ions, primary amines, and carbanions
chloride, and the reaction products 1-methylpyridinium and (13). The more basic hydrate may be present in the pseudobase
nicotinic acid were quantified by LC-ESI-MS. form as 2-hydroxy-1-methyl-1,2-dihydropyridine, the open-chain
Trigonelline hydrate revealed far less stability over the tautomer Scheme 1route A), which could undergo hydrolysis
temperature range studied than the corresponding hydrochlorideto afford degradation products such as short-chain aldehydes
with only ~3% of the starting material after a 15 min heating and methylamine§, 9). In contrast, the replacement of the
period at 220°C. In addition, there was no further loss of hydrate with hydrochloride or hydrogen sulfate counterions
trigonelline hydrate at relatively higher temperatures of 250 appears to confer resistance to the pyridine nucleus, possibly
which suggests that most of the hydrate was degraded alreadyby electronically stabilizing the quaternary amine up to certain
at relatively low temperatures. Advanced degradation/polym- temperatures to afford 1-methylpyridinium as a major reaction
erization was reflected by a tarry black residue with a “sticky” product.
consistency that was difficult to dissolve in organic solvents  The formation of alkylpyridiniums such as 1,2-, 1,3-, and/or
even after 30 min of sonification. 1,4-dimethylpyridinium in this model system suggests that
Salient differences were observed upon comparison of the 1-methylpyridinium per se may further react with nucleophiles
yields of 1-methylpyridiniumFigure 6). Exchange of hydrogen  present in the reaction mixture, e.g., substituted pyridines.
chloride with hydrogen sulfate by passage of trigonelline through Thermally induced methyl rearrangements of quaternary salts
an anion exchange column shows accelerated decompositiorsuch as 1-methylpyridine can procure a range of volatile
to form 1-methylpyridinium at temperatures225 °C. Also products in the presence of a nucleophile such as pyridine, in
characteristic in this case is a clear increase of 1-methylpyri- particular good yields of 2- and 4-methylpyridine (30.1 and
dinium in the range 246250 °C, analogous to the tendency 34.6%, respectively), and minor formation of 3-methylpyridine
observed for trigonelline hydrogen chlorideigure 4), albeit (5.8%) and ethylpyridines (1.4%)4, 15 (Scheme 1 route
with lower yield of the quaternary base. B). Alkylpyridines thus act as nucleophiles and participate in
The nature of the salt also has a pronounced impact on themethyl displacement reactions with 1-methylpyridiniugtiteme
formation of nicotinic acid. We observed that the conversion 1, route C) to afford pyridine and the new disubstituted
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dialkypyridinium products9). The latter may in principle react
even further in a reverse “demethylation” reaction with available

Stadler et al.
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impact of steric effects1).
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