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ABSTRACT

A method for the analysis of the optical purity of a series of chiral substituted tetrahydroisoquinolines (THIQs) was
developed. The method is based on pre-column derivatization of the analytes with the derivatization reagent (—)-
(1R)-menthyl chloroformate. The derivatization reaction selectively gives diastereomeric carbamates that are resolvable
on an achiral non-polar GC column. The developed technique covers variously substituted THIQs, which differ sig-
nificantly in volatility, steric and electronic properties. In all cases, the resolution factors (R) exceeded the value of 1.5.
The method represents a robust way of analysis of mixtures of THIQs, which are often present in various matrixes such

as body fluids, tissues and reaction mixtures.
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1. Introduction

Substituted 1,2,3,4-tetrahydroisoquinolines (THIQs) are
substances of both natural and synthetic origin. Their chi-
ral N-heterocyclic scaffold is an integral part of all tetra-
hydroisoquinoline alkaloids. In a human organism, THIQs
affect many physiological and pathological processes.
Among the most important endogenously present THIQs
are salsolinol (1-methyl-6,7-dihydroxy-THIQ, a catechol
isoquinoline) and its derivatives (N-methyl-salsolinol, nor-
salsolinol, N-methyl-norsalsolinol), which are all prod-
ucts of reactions of dopamine and aldehydes (e.g. acetal-
dehyde) catalyzed by the enzyme salsolinol synthase [1].
Salsolinol has a physiological function in the organism
(regulation of prolactin release, neuronal transmission in
sympathetic ganglia, neurotransmission modulation, in-
fluence upon the central metabolism and motor activity)
but at higher concentrations it causes neurodegenerative
diseases such as Parkinson’s disease [2]. Higher concen-
tration level of salsolinol has been detected during alco-
holism in plasma or urine [3].

Additional examples of important THIQs include no-
scapine (a benzylisoquinoline alkaloid contained in the

"Corresponding author.

Copyright © 2013 SciRes.

plants of the Papaveraceae family), which was used for
its antitussive (cough-suppressing) effects, S-crypto-sty-
lines (isolated from orchids of the genus Cryptostylis),
salsoline (isolated e.g. from Corispermum leptopyrum L.)
and tubocurarine (known as curare present in the bark of
plants Chondrodendron tomentosum). Tubocurarine is a
typical non-depolarizing neuromuscular-blocking drug
causing the relaxation of skeletal muscles. Since the re-
laxation is of high importance in surgical procedures, the
synthetic derivatives of tubocurarine are commonly used
in anaesthesia [4]. Like tubocurarine, these compounds
interact with the nicotinic acetylcholine receptors con-
tained in the neuromuscular junction. Due to the optical
preference of the receptors, which is very common in ge-
neral [5], optically pure THIQs (i.e. single enantiomers
that exhibit the desired effect) must be administered as
the neuromuscular-blocking drugs.

The synthetic derivatives of tubocurarine such as mi-
vacurium chloride and gantacurium chloride can be pre-
pared via the asymmetric transfer hydrogenation (ATH)
of prochiral substituted 3,4-dihydroisoquinolines (DHIQs)
by using Noyori’s chiral half-sandwich catalysts [6-9]. It
is important that a universal method for the determina-
tion of natural and synthetic THIQ derivatives be devel-
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oped. Such a method would be capable of resolving indi-
vidual R and S isomers of a wide range of substituted
THIQs in various matrixes (reaction mixture, body fluids
(plasma, cerebrospinal fluid and urine) and tissues (brain
tissue)).

Nowadays, there are several different methods avail-
able for the analysis of substituted chiral THIQs. These
methods typically employ gas chromatography coupled
to mass spectrometry [10,11] and liquid chromatography
with UV [12,13], fluorescent [14] or mass-spectrometric
detection [15,16]. In cases when an achiral GC or LC co-
lumn is used for the determination of enantiomeric ex-
cess, the mixture of enantiomers needs to be reacted with
optically pure reagents prior to the analysis [17,18]. There
are a number of agents available for pre-column deri-
vatization, such as Mosher’s acid [19-21], camphanic acid
[22], perfluoro-2-propoxypropionylchloride [11] and oth-
ers. In all cases, resolvable diastereomers are formed in a
ratio identical to that of original enantiomers. In the case
of substituted THIQs, a GC with a chiral column often
cannot be used owing to the high boiling point of these
compounds and low stability of the column’s stationary
phase. For some of 1-methyl and 1-phenyl THIQs, chiral
LC methods with polysaccharide [12] or crown ether [13]
stationary phase have been developed. Nonetheless, these
methods are only applicable to a limited number of ana-
lytes due to considerably low resolution of peaks [13].

The determination of the optical purity (i.e. enantiome-
ric ratio or enantiomeric excess) of chiral THIQs plays an
important role both in the pharmaceutical industry and
medicinal diagnostics (e.g. Parkinson’s disease, predis-
position to alcoholism). For that reason, it is highly de-
sirable to develop a method capable of analysis of a wide
spectrum of chiral substituted THIQs. In this regard, a
suitable method appears to be that which is based on pre-
column derivatization (where the reagent reacts with the
nitrogen atom in the heterocycle) in a combination with
high performance gas chromatography on an achiral co-
lumn coupled with mass-spectrometric detection.

2. Experimental
2.1. Chemicals

The following chemicals and reagents were of comercial
origin: (—)-(1R)-menthyl chloroformate (99%; ee = 99.9%);
triethylamine (99.5%) (Sigma-Aldrich, Germany); sodium
borohydride (97%) (CMS Chemicals, Slovakia); acetoni-
trile (99.5%), methanol (99.5%); diethyl ether (99%), an-
hydrous potassium carbonate (p.a.), sodium hydroxide
(98%) (Penta, Czech Republic).

Substituted chiral THIQs 1-methyl-THIQ (1); 6-meth-
oxy-1-methyl-THIQ (2); 7-methoxy-1-methyl-THIQ (3);
6,7-dimethoxy-1-methyl-THIQ (4); 1-phenyl-THIQ (5);
1-(4-methylphenyl)-THIQ (6); 1-(4-methoxyphenyl)-THIQ
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(7) and 1-[4-(trifluoromethyl)phenyl]-THIQ (8) (Figure
1) were prepared in both racemic and enantioenriched
form, the former by non-stereoselective sodium tetrahy-
dridoborate reduction, the latter by ATH of correspond-
ing DHIQs according to Noyori protocol [6]. Substituted
DHIQs were synthesized by Bischler-Napieralski cyclo-
dehydration from corresponding phenethylamides accord-
ing to our previously reported procedure [23].

2.2. Instrumentation

GC analysis was carried out on a Varian CP 3800 equip-
ped with a flame-ionization detector (Varian FID 11),
Varian 1177 injector, Varian VF-1 capillary column (60
m % 0.25 mm x 0.25 pm) and Varian Combi/Liquid PAL
system autosampler. The oven temperature program is
described in Table 1. The flow of carrier gas (nitrogen,
99.99%) was 0.5 mL/min, the temperature of injector
was 300°C, the split ratio was 1:25 and the injection vol-
ume was 1 pL. The temperature of detector was 250°C.

Structure determination of derivatized THIQs was per-
formed using a GC-MS system consisting of Varian CP
3800 coupled to a Saturn 2000 mass spectrometer equip-
ped with electron impact ionization and an ion trap.

The system was equipped with VF-1ms capillary co-
lumn (60 m x 0.25 mm x 0.25 um). The carrier gas was
helium (99.9999%). The GC method was identical to the
one described above for GC analyses. The temperatures
of transfer line and ion trap were 180°C and 150°C, re-
spectively. Standard electron impact conditions (70 eV)
were used. The solvent delay was set to 10 minutes.

2.3. Derivatization Procedure

Racemic or enantiomerically enriched THIQ (typically 3
mg; 0.01 - 0.02 mmol) was dissolved in acetonitrile (1
mL) and triethylamine (TEA) (20 uL, 0.14 mmol) was
added followed by (—)-(1R)-menthyl chloroformate (10
uL, 0.03 mmol). The mixture was reacted for 10 minutes
at room temperature (Figure 2) and directly analyzed on
GC.

For samples containing 3 - 6 mg of the THIQs, the
amounts of the reagents were doubled.

R1

NH
R2

s

R1=R2=H

1 5 R=H
2 RI=OMe, R2=H 6 R=Me R
3 RI=H, R2=OMe 7 R=OMe

4 RI=R2=OMe 8 R=CF,

Figure 1. Structures of the chiral tetrahydroisoquinolines
used.
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Figure 2. Derivatization reaction of 1-methyl-THIQ (1).

Table 1. Temperature program of the column.

Temperature (°C) Rate (°C/min) Hold time (min)

80 5
200 10 20
245 10 55
265 20 30

2.4. Calculations

Separation parameters in the optimization of the chroma-
tographic conditions and enantiomeric excess were de-
fined as follows:

= ()
0.5%(w +w,)
ZLl
_ Cmaj _Cmin
ee=—2 "0 3
cmaj + cmin

Symbols R, o and ee represent the resolution factor,
selectivity factor and enantiomeric excess, respectively.
Symbols #, w and ¢ are retention time, peak width at the
baseline and concentration of the diastereomer. The suf-
fixes 1 and 2 correspond to the first and second detected
diastereomer. The suffixes maj and min refer to the ma-
jor or minor diastereomer in a non-racemic mixture. As
the concentrations of the enantiomers were determined
always in one analysis, they stood as internal standards to
each other.

2.5. Method Performance

The following parameters were determined during the
method validation: limit of detection (LOD), limit of
quantification (LOQ), linear range, accuracy and preci-
sion.

The calibration lines were evaluated under optimal
chromatographic conditions by injection of 5 standard so-
lutions of derivatized racemic THIQs and peak areca mea-
surement. Calibration equations, correlation coefficients
(R2) and linear ranges were determined.

Detection and quantification limits were estimated by
analyzing racemic standard solutions at low concentra-
tions. LODs and LOQs were determined as the lowest
concentration of the analyte that produced chromato-
graphic peak at a signal to noise ratio of 3 and 10, re-
spectively.

Copyright © 2013 SciRes.

The accuracy and precision of the method was es-
tablished through the measurements of enantiomer reten-
tion times and peak areas using standard solutions of 1
mg/mL. Precision is expressed as the repeatability (RSD,
%) of four consecutive injections. For inter-day precision
and carbamate stability, derivatized samples were ana-
lyzed daily over a 3-day period.

3. Results and Discussion

The chromatogram of derivatized THIQs (Figure 3) con-
tained no signals of non-derivatized amines, indicating
100% conversion to corresponding carbamates. The struc-
ture of the carbamates was confirmed by GC-MS analy-
sis (Figure 4). To the best of our knowledge, the spectra
of these compounds have not been published before.

The ee value for compound 4 agreed with the one re-
ported previously [6] by using chiral HPLC column.
Compounds 1, 4 and 5 were also analyzed using a chiral
HPLC method described in [24], obtaining ee values
identical to those obtained by GC analysis of derivatized
THIQs.

Retention times of the carbamates are summarized in
Table 2, together with their resolution and separation
factors determined at the concentrations of THIQs ¢ =
0.5 mg/mL. The peaks within 10 - 30 min represent the
unreacted excess of (—)-(1R)-menthyl chloroformate (¢ =
27.12 min) and products of its thermal decomposition
during evaporation of the sample (mainly 2-(prop-2-yl)-
5-methylcyclohexanol, according to the GC-MS analysis;
¢t =14.62 min).

Table 2. Retention times, resolution and separation factors
of the derivatized THIQs.

a, - Resolution  Separation

Substance r.t." (min) ®) (@)
R)-1Me-THI 54.19

) Q 2.19 1.010
(S)-1Me-THIQ 54.74
(R)-7MeO-1Me-THIQ 68.70

2.71 1.015
(S)-7MeO-1Me-THIQ 69.76
(R)-6MeO-1Me-THIQ 70.25

2.72 1.016
(5)-6MeO-1Me-THIQ 71.40
R)-1-(4-CF5Ph)-THI 82.22

(B)-1-44-CF;PH)-THIQ 226 1.011
(S)-1-(4-CF5Ph)-THIQ 83.10
(R)-6,7-diMeO-1Me-THIQ 86.72

3.42 1.016
(8)-6,7-diMeO-1Me-THIQ 88.14
R)-1Ph-THI 91.64

® Q 2.15 1.012
(S)-1Ph-THIQ 92.71
R)-1-(4-MePh)-THI 100.92

(R)-1-(4-MePh) Q 1.68 1.008
(S)-1-(4-MePh)-THIQ 101.71
R)-1-(4-MeOPh)-THI 116.31

®)-14 ) o 1.88 1.009
(8)-1-(4-MeOPh)-THIQ 117.31

“Retention times of the corresponding carbamates.
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Figure 3. Chromatogram of a mixture of derivatized tetrahydroisoquinolines. EI-MS spectra for peaks A)-P) are given in

Figure 4.
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Figure 4. EI-MS spectra of diastereomeric carbamates corresponding to both enantiomers of 1-methyl-THIQ A), B), 6-

methoxy-1-methyl-THIQ C), D) and 7-methoxy-1-methyl-THIQ E), F) 6,7-dimethoxy-1-methyl-THIQ G), H),

1-phenyl-

THIQ 1), J), 1-(4-methylphenyl)-THIQ K), L), 1-(4-methoxyphenyl-THIQ M), N) and 1-(4-trifluoromethylphenyl)-THIQ O),

P).

3.1. Robustness of the Derivatization Method

No remarkable loss of response or change in the ratio of
diastereomeric peaks was observed during a 5-day period.
Experiments using less than 1 molar eq of (-)-(1R)-men-
thyl chloroformate for the derivatization of racemate did
not confirm any preferential derivatization of particular
enantiomer (i.e. chiral discrimination). It was possible to

Copyright © 2013 SciRes.

derivatize THIQs even in large excess of competing nu-
cleophiles (20 molar eq of ethanol or 20 molar eq of mor-
pholine) indicating robustness of this methodology. High
separation efficiency of the GC column even allowed us
to determine the enantiomeric composition of two regio-
isomeric THIQs 2 and 3 present simultaneously in a
mixture (Figure 3). Resolution factor of the second di-
astereomeric peak of 3 and the first diastereomeric peak
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of 2was R =1.22.

3.2. Main EI Fragmentation Routes

The mass spectra of diastereomeric carbamates are pre-
sented in Figure 4. The molecular ion peaks were either
missing (carbamates corresponding to 1, 2, 3, 4 and 8), or
were present with weak intensity (carbamates correspond-
ing to 5, 6 and 7). The main features of all spectra were
ions of m/z = M-138, being usually the base peak (BP),
or having intensities similar to the BP. Those signals re-
presented the neutral loss of p-isopropylmethyl-cyclo-
hexene—a fragment of the menthyl moiety. The heaviest
ions for 1-methyl substituted THIQ carbamates were sig-

nals m/z = M-15, representing the loss of a methyl radical.

The methyl substituent was lost from position 1 in the
THIQ skeleton because similar signals in the spectra of
1-phenyl THIQ carbamates were missing. The heaviest
ions in the spectra of 1-phenyl THIQ carbamates were
the molecular ions with low intensity and mentioned m/z
= M-138 radical. The fragmentation patterns for both 1-
methyl-THIQ carbamates and 1-phenyl-THIQ carbamates
are summarized in Figure 5.

The THIQ skeleton appears to be the most stable frag-
ment of the molecule as evidenced by lighter signals in
the spectra, which represents this part of the molecule
losing other substituents. For instance, m/z = M-183 re-
presents the loss of entire menthyl-formate fragment (car-
bamates corresponding to 5, 6, 7 and 8) and m/z = 176

(carbamates corresponding to 1, 5, 6, 7 and 8) represents
the loss of p-isopropyl(methyl)cyclohexene together with
the substituent in position 1 of THIQ.

The lightest considerable signals were m/z = 132 (car-
bamates corresponding to 1, 5, 6, 7 and 8), m/z = 162
(carbamates corresponding to 2 and 4), and m/z = 192
(carbamate corresponding to 4), which belong to discrete
THIQ skeleton bearing only substituents in positions 6
and 7, if applicable (molecules 2 - 4). Signals below m/z
= 100 represent a mixture of small fragments of the mo-
lecule and have generally low intensity, e.g. fragment
ions of the THIQ skeleton could be found (m/z = 91, 83,
55 and 39).

3.3. Method Validation

The method performance was evaluated based on the fol-
lowing analytical parameters: LOQ, LOD, linear range
accuracy and precision. LOQ and LOD values were es-
timated as described in Section 2.5 by injection of diluted
samples with defined concentration of starting THIQs. The
diluted samples were derivatized with standard amounts
of reagents before the analysis.

The determination of the linearity of the instrumental
response was based on peak area. Calibration standards
of racemic THIQs were prepared in acetonitrile at con-
centrations ranging from 10 ug/mL (average LOQ for the
THIQs, see Table 3) to 5 mg/mL. Linear regression ana-

Table 3. Validation parameters of the method.

LOD LOQ Linearrange Regression eq.”

Correlation coeff.” Repeatability° Inter-day stability

Substance (ng/mD) (ug/ml) (ng/m)  (1=5) (R %) %)
(R)-1Me-THIQ 5 20 10-10,000 y=0.54272+420.31x 0.9998 2.65 0.28
(S)-1Me-THIQ 5 20 10- 10,000 y=2.4942 +407.84x 0.9998 1.64 0.39
(R)-7TMeO-1Me-THIQ 2 5 10-10,000 y=0.10995 + 339.23x 0.9998 3.12 0.54
(S)-7MeO-1Me-THIQ 2 5 10-10,000 y=-0.2423 +341.43x 0.9997 3.65 0.65
(R)-6MeO-1Me-THIQ 2 5 10-10,000 y=-0.49441+1963.15x  0.9999 2.05 0.58
(S)-6MeO-1Me-THIQ 2 5 10-10,000 y=-0.86383 +1963.70x 0.9999 3.31 0.46
(R)-1-(4-CF;Ph)-THIQ 6 20 20-10,000 y=7.899+265.91x 0.9932 3.20 1.34
(S)-1-(4-CF;Ph)-THIQ 6 20 20-10,000 »=10.77 +193.35x 0.9926 1.54 2.06
(R)-6,7-diMeO-1Me-THIQ 3 10 10-10,000 y=0.04633 +190.43x 0.9992 2.88 0.03
(5)-6,7-diMeO-1Me-THIQ 3 10 10-10,000 y=-0.2500 + 185.78x 0.9993 3.40 1.13
(R)-1Ph-THIQ 2 10 10-10,000 y=2.258 +455.20x 0.9965 1.95 0.62
(S)-1Ph-THIQ 2 10 10-10,000 y=3.511+400.13x 0.9902 2.64 0.75
(R)-1-(4-MePh)-THIQ 3 10 10-10,000 y=0.169+315.10x 0.9984 230 1.81
(S)-1-(4-MePh)-THIQ 3 10 10-10,000 y=0.845+278.98x 0.9966 1.64 2.48
(R)-1-(4-MeOPh)-THIQ 3 10 20-10,000 y=-7.875+263.8x 0.9999 2.48 0.88
(S)-1-(4-MeOPh)-THIQ 3 10 20-10,000 y=-8.120+257.8x 0.9999 1.86 1.03

“Calibration curve as the response of the detector (y) dependent on the concentration (x [mg/ml]) of the sample before derivatization. "Correlation coefficient of
the calibration curve. “Repeatability determined as relative standard deviation n = 4; ¢ = 100 pg/mL. “Inter-day stability determined as relative standard devia-

tion n=3; ¢ =20 ug/mL.
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Figure 5. Proposed fragmentation pattern for derivatized (a) 1-methyl and (b) 1-phenyl substituted tetrahydroisoquinolines.

lysis was applied to plots of peak area vs concentration
using the least-square method. Excellent linearity was
observed at concentrations within the tested interval. The
correlation coefficients (+*) were higher than 0.99 for all
the compounds.

3.4. Example of Application

The ATH of cyclic imines has become a well-established
route toward the production of optically enriched tertiary
amines [25] and therefore a method for the determination
of ee is highly desirable in this field. We carried out a
kinetic experiment consisting in the ATH of a prochiral
DHIQ to a THIQ catalyzed by RuCl(3°-p-cymene)[(S,S)-
TsDPEN] (TsDPEN = N-p-tosyl-1,2-diphenylethylene-1,
2-diamine) [6]. The developed method was successfully
applied in the determination of the product’s ee.

Figure 6 represents a typical conversion and ee profile
of the ATH of 1-methyl-3,4-dihydroisoquinoline (1-Me-
DHIQ) to 1 in acetonitrile at 30°C and 1-Me-DHIQ/
catalyst molar ratio (S/C) of 100. The azeotropic mixture
of formic acid and triethylamine (5:2 mol/mol) was used
as a hydrogen source and the initial concentration of 1-
Me-DHIQ was 0.344 mol/L. The ee (81.8% =+ 0.34%) re-
mained constant during the reaction.

4. Conclusion

A rapid and simple derivatization method was developed

Copyright © 2013 SciRes.

100 F L aae. L I -
-
.
.
L4
——o o - °
80 r
.
_ L
g 00,
- L]
=
S '
4
sS4 ¢
g L]
< 1] .
. = =0= =conversion to 1-Me-THIQ
20 1
1 —O0——ee
'
r
0 L L .
0 50 100 150
time [min]

Figure 6. Development of conversion and ee in the course of
the ATH of 1-methyl-3,4-dihydroisoquinoline to 1-methyl
THIQ (1).

for the determination of enantiomeric composition of va-
riously substituted THIQs. The method proved robust
since all analytes were easily resolvable by using a GC
with an achiral column after pre-column derivatization.
Optically pure (—)-(1R)-menthyl chloroformate, was shown
to be a cheap and readily accessible chiral derivatization
reagent. By reacting with the nitrogen atom of the THIQ
scaffold at room temperature, diastereomeric carbamates
were formed, which were resolvable on an ordinary non-
polarachiral GC column. The method represents a facile
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way of determination of enantiomeric purity of a variety
of THIQs. Its application lies in the area of pharmaceuti-
cal industry and medicinal diagnostics since such com-
pounds are present in the organism, and a number of com-
monly-used drugs are based on the THIQ structure.
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