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Abstract—The title compounds were synthesized starting from homophthalic anhydride and an imine. The amides obtained showed
unexpected values for 3J3,4 that cannot be used to deduce their configuration and conformation. This problem was resolved for one
representative compound (the 4-(pyrrolidinylcarbonyl) derivative) by means of detailed NMR studies, X-ray diffraction and theo-
retical calculations. The compound has the trans configuration. In the solid state, its conformation is with dipseudoaxial (aa) ori-
ented substituents at positions 3 and 4. In different solvents and in the gas-phase, the majority of the data reveal that the
observed value of 3J3,4 results from an equilibrium of the ee and aa conformers.
� 2006 Elsevier Ltd. All rights reserved.
Compounds containing a tetrahydroisoquinoline frag-
ment display a broad spectrum of biological properties
including antitumor, antibacterial, anti-allergic, and
psychotropic activities.1 The same fragment is present
in various natural alkaloids.2 The tetrahydroisoquino-
lines have trans and cis forms when C-3 and C-4 are ste-
reogenic centers. These two diastereomers, as racemates
in relevant conformations, have different properties and
pharmacological activities. Investigation of the correla-
tion between structure and pharmacological activity is
important from the practical point of view. This is the
reason for the growing interest in the synthesis of new
tetrahydroisoquinolines by different methods and the
study of their stereochemical properties.3 An important
method for the preparation of compounds of type 1 is
the reaction between homophthalic anhydride and an
imine4 that can be directed towards the trans or cis iso-
mer.5 The recent increased application of X-ray analysis
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in combination with various NMR techniques and the-
oretical calculations permits a deeper insight into stereo-
chemistry that cannot be obtained in special cases6 on
the basis of empirically deduced criteria and classical
conformational analysis.
In this study, we synthesized some tetrahydroisoquino-
lines (Scheme 1) using, in the first step, the reaction
between homophthalic anhydride 2 and an imine 3 with
which we have much experience.5a,7 Some of the com-
pounds prepared, namely 6a–g, showed unexpected 1H
NMR properties that made us study in detail the configu-
ration and conformation under different conditions of
one of these compounds, 6a. The study is based on the
experimental NMR data obtained by 1H and 13C
NMR, COSY, HSQC and HMBC experiments, X-ray
diffraction, and ab initio and DFT calculations.
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Scheme 1. Synthesis of diastereomeric acids 4 and esters 5 and amides trans-6a–g (for each compound only one of the enantiomers is shown).

Figure 1. Secondary amines for synthesis of amides 6a–g.
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Recently, we have used extensive transformations simi-
lar to those given in Scheme 1 to prepare tetrahydroiso-
quinolines of pharmaceutical interest. It is worth noting
that the targets for this study, 6a–g, contain four phar-
macophoric groups: the lactam-amide fragment and
phenethyl, furyl and heterocyclic amino groups. The
reaction between 2 and the imine 3 was conducted in
dichloroethane at room temperature to ensure kinetic
control of the reaction and preparation of both diaste-
reomeric acids 4 (trans:cis 52:22). The transformations
of acids trans-4 and cis-4 were achieved using methods
that do not affect the stereogenic centers in the mole-
cules. The acids trans-4 and cis-4 were esterified with
methanol/H2SO4 yielding the esters trans-5 and cis-5.
The greater quantity of trans-4 available was the reason
for studing its transformations into various heterocyclic
amides (6a–g) which were obtained in good yields via
the acid chloride8 of trans-4 and its subsequent reaction
with various secondary cyclic amines (Fig. 1).9

The configuration and conformation of compounds 4–6
were established on the basis of the following empiri-
cally derived criterion of the value of the vicinal cou-
pling constant (3J3,4) between the H-3 and H-4 atoms
in 1H NMR spectra: (a) values of 0–2.5 Hz correspond
to a trans configuration and a favored conformation
in solution with dipseudoaxially (aa) oriented substitu-
ents at C-3 and C-4, (b) values of 10–12 Hz suggest a
trans configuration with dipseudoequatorial (ee) substi-
tuents, and (c) values of 5.5–6.5 Hz suggest a cis config-
uration and two difficult to differentiate conformations
(ea and ae).4,10,11

In the 1H NMR spectra of acids trans-4 and cis-4, the
values of 3J3,4 were 1.6 and 5.6 Hz, respectively. For
the esters trans-5 and cis-5 the 3J3,4, values were
1.7 Hz and 5.5 Hz, respectively. For compounds 6a–g,
the constants 3J3,4 varied in the range 6.5–7.5 Hz in
CDCl3. On the basis of these values of 3J3,4, the cis con-
figuration should be assumed for the amides 6a–g
although the compounds were prepared from trans-4
and an inversion of its configuration is not expected.
To elucidate this point, we focused our attention on a
detailed study of one of the amides, namely 4-[(pyrroli-
dine-1-yl)-carbonyl]-3-furyl-2-phenethyl-1,2,3,4-tetrahy-
droisoquinolin-1-one 6a.

In the 1H NMR spectrum of 6a in CDCl3, a coupling
constant 3J3,4 of 6.7 Hz was observed.

A possible explanation for the intermediate value of
3J3,4 could be that the compound has a trans-configura-
tion and exists in solution as a mixture of conformers
with dipseudoequatorial (ee) and dipseudoaxial (aa) sub-
stituents at C-3 and C-4, represented in approximately
equal amounts. According to the data from the NOE
difference spectra in CDCl3 (Fig. 2), which reveals the
proximity of two series of protons: (a) H-3 and H-4,



Table 1. Relative energies (kcal mol�1) of 6a in the gas-phase and
solvents

Levels of theory aa ee

HF/6-31G** 0.00 2.06
IPCM/ HF/6-31G**(CHCl3)

a 0.00 2.33
IPCM/ HF/6-31G**(DMSO)a 0.00 2.40
MP2/6-31G**//HF/6-31G** 0.00 2.36
HF/6-31+G* 0.00 2.92
HF/6-31+G*+ZPE 0.00 2.95
B3LYP/6-31+G* 0.00 2.19
PCM/ B3LYP/6-31+G*(CHCl3)

b 0.00 1.93

a Single point calculation.
b Structure optimization at this level.

Figure 2. Representative NOE interactions in the dipseudoaxial (aa)
conformer of compound 6a.
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H-9 and H-10, and (b) H-4 and H-3, H-5, H-11 and
H-15, the trans configuration of 6a is plausible.

The structure of compound 6a in the solid state was
characterized by a single-crystal X-ray12 diffraction
analysis proving unequivocally its trans configuration.
As a racemic mixture, 6a is composed of equal quantities
of the R,R enantiomer (Fig. 3) and S,S enantiomer in
the asymmetric unit. In both enantiomers, all the aro-
matic rings are nearly planar, the dihydropyridinone
ring adopts a twist conformation, and the pyrrolidine
ring shows an envelope conformation. The H atoms
were placed in idealized positions (C–H = 0.93–0.97 Å)
and were constrained to ride on their parent atoms
with Uiso(H) = 1.2 Ueq(C). Friedel-pair reflections were
merged, since the anomalous scattering effects were neg-
ligible. Both enantiomers are connected via intermole-
cular interactions: C–Hfuryl� � �p (from the isoquinoline
moiety) and weak C–Hfuryl� � �O (from the lactone car-
bonyl). As a result, almost centrosymmetric dimer units
were formed. The data show that 6a exists only in the aa
conformation.

The geometries of both conformers of trans-6a (di-
pseudoequatorial and dipseudoaxial) were elucidated by
calculations at HF/6-31G**, HF/6-31+G* and B3LYP/
6-31+G* levels. The calculations were carried out using
the PC GAMESS version14 of the GAMESS (US) quan-
tum chemistry package.15 To obtain more accurate ener-
Figure 3. The structure of the R,R enantiomer. The program
ORTEP313 was used for drawing the molecule.
gies, single-point calculations at MP2/6-31G**//HF/6-
31G** level of theory were performed (Table 1). In all
cases, the aa conformer was found to be more stable.
The energy difference between aa and ee conformers
is in the range 2.06–2.92 kcal mol�1 depending on the
calculation level. The predicted geometry of the aa con-
former is very similar to the actual structure determined
by X-ray analysis. To estimate the effect of the polarity
of the solvent on the relative stabilities of the conform-
ers, we applied the IPCM method16 as implemented in
the GAUSSIAN 0317 suite of programs at HF/6-31G**

level for the geometries optimized at the same level of
theory (IPCM/HF/6-31G**//HF/6-31G**) in CHCl3
and DMSO. The energy difference between the conform-
ers increases on going from gas-phase (2.06 kcal mol�1)
to CHCl3 (2.33 kcal mol�1) and to the more polar
DMSO (2.40 kcal mol�1). The geometry of both con-
formers was optimized using PCM18 at B3LYP/
6-31+G* level in CHCl3 solvent. The energy difference
between the conformers decreased to 1.93 kcal mol�1.

The NMR chemical shieldings and coupling constants
were calculated using the GIAO (gauge-including atomic
orbitals) approach19 implemented in GAUSSIAN 03 at
HF/6-31G** and B3LYP/6-31+G* levels of theory. In
order to compare with the experimental values, the calcu-
lated absolute shieldings were transformed to chemical
shifts using the reference compound tetramethylsilane
(TMS): d = dcalc(TMS) � dcalc. Both dcalc(TMS) and dcalc
were evaluated with the same method and basis set
(Table 2).

The values of the theoretically calculated coupling con-
stant 3J3,4 for ee and aa conformers were 11.4 and
1.9 Hz, respectively. The experimental value of 3J3,4
(6.7 Hz) corresponds to a practically equal population
Table 2. Experimental and calculated chemical shifts and coupling
constant J3,4

Solvent 3J3,4 (Hz) Chemical shift (ppm)

H-3 H-4

CDCl3 6.7 5.14 4.53
CD2Cl2 4.7 5.03 4.46
DMSO-d6 2.0 5.26 4.50
GIAO B3LYP/6-31+G* 1.9a; 11.4b 5.62a; 4.81b 3.97a; 4.52b

a Dipseudoaxial conformer (aa).
b Dipseudoequatorial conformer (ee).
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of both conformers (ee:aa = 50.4:49.6) but this result
does not correlate to their energy difference (Table 1).
The experimental values of 3J3,4 in CDCl3, CD2Cl2,
and DMSO-d6 decrease from 6.7 to 2.0 Hz (Table 2).
The value of the B3LYP calculated constant of the aa
conformer is in good agreement with the value of the
experimental constant in DMSO-d6.

The possibility for equilibrium between the ee and aa
conformers of trans-6a was studied by dynamic NMR.
The spectra were recorded at six different temperatures
in the temperature range from 300 to 190 K in CD2Cl2.
It was found that the width and the shape of the spectral
lines did not show significant temperature dependence.
In fact we did not observe separate signals for the two
conformers in the NMR spectra even at the lowest tem-
perature. The variable temperature spectra also showed
that the value of the 3J3,4 constant decreases from 4.7 Hz
at 300 K to 2.7 Hz at the lowest temperature of 190 K.
This observation can be explained with a possible shift
of the equilibrium to the more stable aa conformer.
The results obtained from the dynamic NMR study
probably imply that the possible dynamic conversion
between the two conformers has very low activation
energy and is fast with respect to the NMR spectral
timescale. The dynamic process can be interpreted for
instance as a fast flip between the aa and ee forms of
trans-6a as a result of a partial ring inversion and/or
inversion at the piperidinone N atom.

In conclusion, we point out that the presence of a con-
formational equilibrium for 6a and therefore for 6b–g
when the compounds do not have a preferred conforma-
tion is probably due to the unique combination of the
substituents in positions 2, 3 and 4 having different
effective volumes. More precisely, the combination of
2-phenethyl and 4-amide groups is crucial. A combina-
tion of other groups (for instance benzyl or cyclo-
hexyl20a) at position 2- and 4-amide groups does not
result in intermediate values of 3J3,4. Of the few hundred
tetrahydroisoquinolines of type 1 synthesized in our lab-
oratory (a),4,5a,6b,7,8,20 6a–g are the only few compounds
showing intermediate values of 3J3,4. It is worth noting
that when the assignment of configuration is not
straightforward, additional methods other than 1H
NMR should be applied.
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