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Chiral discrimination processes by C9 carbamate derivatives of
dihydroquinine: interaction mechanisms of diastereoisomeric 9-O-
[(S)- or (R)-1-(1-naphthyl)ethylcarbamate]dihydroquinine and the

two enantiomers of N-(3,5-dinitrobenzoyl)alanine methyl ester
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Abstract—Computational and NMR investigations of diastereoisomeric aggregates arising from the interaction of 9-O-[(S)- or (R)-1-(1-
naphthyl)ethylcarbamate]dihydroquinine and the two enantiomers of N-(3,5-dinitrobenzoyl)alanine methyl ester pointed out the origin
of chiral discrimination phenomena occurring in CDCl3 solutions.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

C9 carbamoyl derivatives of quinine have gained popular-
ity as chiral selectors for chromatography1 and as chiral
solvating agents (CSAs) for NMR spectroscopy.2 In
attempting to improve the applications in this latter field,
we pointed out their efficiency and widespread applicability
to the NMR enantiodiscrimination of p-acidic derivatives
of chiral substrates and recognized some of their structural
requirements for enantiodiscrimination to occur: the pres-
ence of an aromatic moiety on the carbamate function,
which is able to produce enhanced NMR anisochrony
when separated from the NH by a carbon atom and,
importantly, the role of the presence of an additional stereo-
genic centre introduced together with the carbamoyl
group.2a–c In particular, 9-O-[(S)-1-(1-naphthyl)ethylcarba-
mate]dihydroquinine 1 (Scheme 1) showed a high efficiency
in the NMR enantiodiscrimination of several kinds of chi-
ral substrates, markedly superior to that of its diastereoiso-
mer 2 having an opposite absolute configuration at the
carbamoyl function.2b
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Scheme 1. CSAs 1 and 2 and a-amino acid derivative 3.
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In order to rationalize the above differences between 1 and
2, we carried out a combined and accurate NMR-molecu-
lar modelling investigation of the molecular basis of chiral
discrimination by the diastereoisomeric C9 carbamates 1
and 2 on considering as a probe chiral substrate (R)- or
(S)-N-(3,5-dinitrobenzoyl)alanine methyl ester 3 (Scheme
1). This last chiral substrate, endowed with a p-acidic aro-
matic ring and only one potential hydrogen bond donor
group, concomitantly gave us the opportunity of comple-
menting our previous investigations2a,d involving enantio-
meric substrates having two different types of hydrogen
bond donor groups, in order to complete the picture of chi-
ral recognition processes by C9 carbamates of dihydroqui-
nine. Computational studies were undertaken in order to
shed further light on the stereodiscrimination mechanisms,
the conformational preferences and the origin of the bind-
ing selectivities experimentally determined by NMR.
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Figure 2. 2D NOESY (300 MHz, CDCl3, 120 mM, 25 �C, mix = 0.6 s)
traces corresponding to H9 protons of 1 (a) and 2 (b) and traces
corresponding to H8 protons of 1 (c) and 2 (d).
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2. Results and discussion

Between 2 and 500 mM concentrations, NMR parameters
of the diastereoisomeric chiral selectors 1 and 2 did not
show significant variations and, hence, we could neglect
self-association phenomena, which, on the contrary, were
detected in underivatized quinine3 or in a lower extent
for its carbamoyl derivatives with the aromatic moiety
directly bound to the NH.2a In CDCl3, spectra of 1 and 2
revealed the presence of two species in 90 to 10 ratio
(Figure S1, Supporting Information), due to the anti and
syn stereoisomers, respectively. As already reported for
carbamates,4 their mutual slow interconversion involves
the rotation about the NH–CO bond, which was clearly
demonstrated here by the presence of exchange peaks
between the corresponding signals of the two species in
the NOESY maps.

The 1H NMR signals of the major anti-stereoisomers of 1
and 2 were completely assigned (see Section 4), whereas
only some resonances of the minor ones were attributed
by exchange peaks produced in the 2D NOESY maps with
these known signals of anti-stereoisomers.

As already observed for the carbamoyl or estereal deriva-
tives of quinines,2a compounds 1 and 2 were present in
solution as strongly prevailing closed conformers with the
quinuclidine nitrogen pointing at the quinoline ring and
H8 proton pointing at H5 quinoline proton (Fig. 1). As a
Figure 1. Graphical representation of the open and the closed conformers
of quinine.
matter of fact interNOE H9–H5 was less intense than H9–
H1 one was (Fig. 2a and b), and interNOE H8–H9 was less
intense than interNOE H8–H15 (Fig. 2c and d). Prevailing
orientation of the H8 proton is demonstrated on the basis
of comparison of interNOEs H8–H5 and H8–H1 (Fig. 2c
and d).
Inside the carbamoyl function, the 1-(1-naphthyl)ethyl por-
tion has the same conformation in 1 and 2, in fact its methine
proton (Fig. 3a) originated from strongly prevalent dipolar
interactions with the adjacent peri proton Hg, whereas both
the NH (Fig. 3b) and methyl groups (Fig. 3c) gave intense
NOEs at the frequency of the naphthyl b-proton named
Ha. Furthermore, no significant NH–CH dipolar interaction
was detected (Fig. 3a and b), therefore, the NH and CH
bonds were transoid. This is also in keeping with the value
of 145� calculated for the dihedral angle H–N–C–H from
the vicinal coupling constant 3JNH–CH of 7.7 Hz on the basis
of Karplus relationship.5 Thus, we conclude that the CH
bond is coplanar to the naphthyl moiety and points at the
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Figure 3. 1H{1H}-NOE difference spectra (300 MHz, CDCl3, 25 �C) of 1

(120 mM) corresponding to the saturation of CH (a), NH (b) and Me (c)
protons.
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peri proton Hg, whereas the NH and methyl groups lie on the
opposite sides of the naphthalene ring, nearer to the proton
Ha than they are to the Hg one (Fig. 4). In this way, the NH
bond is cisoid to the methyl group and, thus the correspond-
ing intense dipolar interaction in its NOE spectrum is de-
tected (Fig. 3b).
Figure 4. Graphical representation of the anti-conformers of 1 and 2.

Table 1. Chemical shift data (300 MHz, CDCl3, 25 �C, d in ppm
referenced to TMS as external standard) of some protons of anti

conformers of 1 and 2 (120 mM)

1 2

H1 7.35 7.24
H2 8.72 8.63
Ha 7.47 7.37
Hg 8.08 7.81
Me 1.57 1.64

Figure 5. Graphical representation of (S)-3.
Finally, the relative position of the carbamoyl function and
quinine moiety must be defined: NOEs caused by perturb-
ing at the NH frequencies of 1 and 2 were diagnostic to this
respect. In fact, interNOE NH–H1 was greater than NH–H8

interNOE (Fig. 3b), therefore the NH bond of the carba-
mate function must be transoid to the H8 proton, pointing
at the quinoline proton H1 (Fig. 4). In this way, the stereo-
chemistry of 1 or 2 was completely defined on the basis of
the knowledge of the prefixed absolute configuration of
the new stereogenic center. In fact, in 1, in which its absolute
configuration is (S), the naphthyl ring must be transoid to
the quinoline ring and, hence, syn with respect to the quinu-
clidine moiety while its methyl group must be on the same
side of the quinoline moiety (Fig. 4). However, both the
methyl group and naphthalene ring are far away from
dihydroquinine structure as no NOEs with the quinoline
or quinuclidine portion were detected.

In diastereosiomer 2, in which the (R)-1-(1-naphthyl)ethyl
moiety was present, the naphthyl and quinoline plane are
syn and the methyl group anti with respect to it and, hence,
faced to the quinuclidine ring (Fig. 4). The interchange of
methyl and naphthyl groups in 1 and 2 is well reflected in
some differences found in their chemical shifts: H1 and
H2 protons of the quinoline ring of 2 and the Hg and Ha

protons of its naphthalene ring are significantly low-fre-
quency shifted with respect to 1 (Table 1), as expected on
the basis of the reciprocal anisotropic effects of syn quino-
line and naphthalene rings of 2.
The average conformation of 3 (Fig. 5) was defined on the
basis of the value of 143� for the dihedral angle H–C–N–H
calculated from the vicinal coupling constant 3JNH–CH of
7.2 Hz. This is according to the transoid NH–CH arrange-
ment with the ester function bent at the NH bond (Fig. 5)
as determined by the absence of NH–CH NOE and the
detection of dipolar interaction between the ester group
and the NH proton.
As already discussed,2b the carbamate dihydroquinine 1
enantiodiscriminated the amino acid derivative 3 with very
high efficiency (Dd = 86.0 Hz for the methyl signal),
whereas the nonequivalences measured in the presence of
its diastereoisomer 2 were significantly lower (Dd = 5.6 Hz
for the methyl signal). Therefore, we proceeded to analyse
the equimolar mixtures formed by 1 or 2 and the two enan-
tiomers of 3, starting from the determination of their com-
plexation parameters. The complexation stoichiometries
were always 1 to 1 as found by using the continuous vari-
ation Job method,6 which involved the analysis of mixtures
with constant total concentration, but different molar frac-
tions of the two components.

Among the different methods reported for the determina-
tion of the association constants of 1 to 1 complexes,7 a
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useful alternative to the Benesi–Hildebrand derived meth-
od involves the determination of the chemical shifts of pro-
gressively diluted (240–2 mM) equimolar chiral auxiliary/
substrate solutions and the non-linear fitting of equation
(see Section 4), which describes the dependence of the
chemical shifts on the concentration. The above method
could be employed in virtue of the fact that self-aggrega-
tion processes are unimportant for 1 and 2. In this way,
for the two diastereoisomeric complexes 1/(S)-3 and 1/
(R)-3 we found the values of 12.3 ± 1.6 M�1 and
5.9 ± 0.4 M�1, respectively, whereas no significative differ-
ence of the association constants of the two diastereoiso-
mers 2/(S)-3 and 2/(R)-3 was found (K = 5.2 ± 0.4 M�1

for 2/(S)-3 and K = 6.7 ± 0.6 M�1 for 2/(R)-3).

The determination of the relative stereochemistry of each
enantiomer of 3 and the two diastereoisomeric carbamates
1 and 2, as obtained by detecting the intermolecular NOEs
in their mixtures, gave full account of these data. The fol-
lowing NOEs were detected in the equimolar mixture 1/
(S)-3, at a very high total concentration (240 mM) (in order
to have a relevant percentage of the two components in the
bound state): (a) dipolar interaction between the naphtha-
lene peri protons Hc and Hd of 1 and both aromatic pro-
tons Hp and Ho of the 3,5-dinitrophenyl ring of 3
(Fig. 6a), with the effect detected on the para proton more
intense with respect to that one produced on the Ho nuclei;
(b) the partially superimposed NH and CH protons of the
1-(1-naphthyl)ethyl group originated dipolar interactions
with the two above protons, Ho and Hp, but, in this case,
the more intense effect was detected at the ortho-protons
of the p-acidic moiety (Fig. 6b); (c) furthermore, the pertur-
bation of dihydroquinine proton H8 was able to affect the
intensity of the ortho and NH protons of 3 (Fig. 6c); (d)
methine proton of 3 bound to the chiral carbon atom pro-
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Figure 6. 1H{1H}-NOE difference spectra (300 MHz, CDCl3, 25 �C) of
equimolar mixture (S)-3/1 (120 mM) corresponding to the saturation of
Hc and Hd (a), NH + CH (b) and H8 (c) protons of 1 and of CH (d) and
Me (e) protons of (S)-3.
duced only the expected intramolecular NOEs, whereas
any intermolecular effect was not detected (Fig. 6d). By
contrast its methyl protons gave an intense NOE at the fre-
quency of the quinoline proton H3 and a minor effect at the
frequency of H2 (Fig. 6e). The above data allowed us to de-
fine very precisely the relative orientations of 1 and (S)-3 in
the complex. In fact the 3,5-dinitrophenyl ring of (S)-3 is
included in the pocket determined by the quinuclidine
and naphthyl moieties of the carbamate function of 1: its
para proton is in the direction of the peri protons Hc and
Hd and its ortho protons are directed towards quinine H8

proton. The same proton H8 is also found in the spatial
proximity of the NH group of 3. The methine proton of
(S)-3 is external to the molecular adduct, whereas its
methyl group points towards the H3 quinoline proton as
in Figure 7.
Figure 7. Graphical representation of the diastereoisomeric complexes
(S)-3/1 and (R)-3/1.
Therefore, the 1/(S)-3 adduct is stabilized by two simulta-
neous cooperating attractive interactions: the p–p interac-
tion between the p-acidic ring of (S)-3 and the
naphthalene of the carbamate function and hydrogen bond
interaction between the NH proton of (S)-3 and the oxygen
or carbonyl function of the carbamate.

The positions of the groups bound to the stereogenic center
of (S)-3 relative to 1, which are unexpected at a first glance,
can be well rationalized by considering that this arrange-
ment allows a further attractive interaction between the
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ester carbonyl of (S)-3 and the carbamate NH proton and
simultaneously allows methyl groups of (S)-3 and 1-(1-
naphthyl)ethyl moiety of 1 to be transoid each other.

NOE measurements carried out in mixtures 1/(R)-3 gave
analogous results: the saturation of the naphthalene peri
protons Hc and Hd of 1 originated comparable NOEs at
the frequencies both of the Ho and Hp 3,5-dinitrophenyl
protons of (R)-3, whereas the NH and CH protons of the
carbamate function of 1 originated dipolar interactions
with the Ho protons of (R)-3, which was more intense rel-
ative to the same effect detected on Hp. Furthermore, the
NH proton of the amino acid derivative originated dipolar
interaction with the carbamate NH and CH protons and
the dihydroquinine H8 proton. Therefore, the orientation
of (R)-3 relatively to 1 is the same found for the (S)-enan-
tiomer, that is, the 3,5-dinitrophenyl moiety is located in
the spatial region included between the quinuclidine and
the naphthalene rings faced to the latter one with its NH
proton pointing at the NH and CH and H8 protons of
the chiral auxiliary. In this case any relevant dipolar inter-
action was detected between the methyl group of (R)-3 and
the protons of the chiral auxiliary: on the hypothesis that
the methyl ester group is once again bent at the carbamate
NH, we should have an interchange of the methyl and
methine positions with respect to the previous case, there-
fore the methyl group of (R)-3 is, in this case, cisoid to
the methyl group of the carbamate function (Fig. 7).

Comparison of the complexation shift of 3 in the two com-
plexes 1/(S)-3 and 1/(R)-3 (Table 2) strongly supports the
above conclusions, in fact the NH proton of 3 undergoes
a relevant high-frequencies shift (DdS = 227.4 Hz,
DdR = 198.7 Hz), which is due to the hydrogen bond inter-
action with the carbamate carbonyl or oxygen. Due to the
fact that the two protons are in the same stereochemical
arrangement in both complexes, as revealed by NOEs, their
NH chemical shift differentiation can be reliably attributed
to the different stabilities of the two diastereoisomeric
complexes.
Table 2. Complexation shifts (Dda, Hz, 300 MHz, CDCl3, 25 �C) of 3 in
the equimolar mixtures (120 mM) 1/(S)-3, 1/(R)-3 and 2/(S)-3, 2/(R)-3

1/(S)-3 1/(R)-3 2/(S)-3 2/(R)-3

NH 227.4 198.7 181.2 173.8
CH3 �97.1 �21.0 �18.7 �11.4

a Dd = dmix � dfree; dmix = observed chemical shift measured in the mix-
ture, dfree = chemical shift of the pure compound.
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Figure 8. 1H{1H}-NOE difference spectra (300 MHz, CDCl3, 25 �C) of
equimolar mixture (S)-3/2 (120 mM) corresponding to the saturation of
Hp (a) proton of (S)-3 and of NH + CH (b) and H8 (c) protons of 2.
No significant conformational change of 3 is observed as a
consequence of the complexation.

Finally, the methyl group of (S)-3 undergoes a low-fre-
quency shift of about 100 Hz in the presence of 1 (Table
2), which can be attributed to the anisotropy of the quino-
line ring towards which it is oriented.

In the complex 1/(R)-3 the same group undergoes a
remarkably lower shielding (about 21 Hz, Table 2) due to
the fact that it is farther from the quinoline region.
The above interaction models allowed us to establish that,
in the two complexes, the enantiodiscrimination must be
mainly determined by the different relative positions of
the methyl group of 3 and of the methyl group of the 1-
(1-naphthyl)ethyl moiety of 1: in the 1/(S)-3 pair these
are transoid, in the 1/(R)-3 one they are cisoid and, hence,
generate a steric repulsive interaction (Fig. 7).

Even though the interactions involved both in the stabiliza-
tion of the diastereoisomeric adducts and in their enantio-
differentiation are very weak (see association constants
values), the starting conformation of the carbamate
quinine determines a highly anisotropic pocket, included
between the quinoline and carbamate functions, which is
responsible for the chemical shift differentiation.

The NOE effects detected in the 2/(S)-3 mixture are as fol-
lows: dipolar interactions between the dinitrophenyl pro-
tons of 3 and the H3 and H4 quinoline protons of 2
(Fig. 8a) and between the carbamate NH and CH protons
of 2 and the NH proton of (S)-3 (Fig. 8b). Perturbation of
the proton H8 of 2 enhances the resonance Ho, Hp and NH
of (S)-3 (Fig. 8c), but the effect on the proton Ho is strongly
prevailing.
Therefore, we can conclude that (S)-3 is included between
the quinoline and naphthalene rings, but being closer to
the first with respect to the latter. The change of its orien-
tation with respect to the previous cases is simply the con-
sequence of the different stereochemistries of 2 with respect
to 1. In fact (S)-3 keeps the same kind of relative orienta-
tion with respect to the carbamate function of 2, having
the 3,5-dinitrophenyl moiety parallel to the naphthalene
ring and its NH proton directed towards the hydrogen
bond acceptor sites of the carbamate moiety, that is, the
oxygen and the carbonyl (Fig. 9).

Therefore, the groups bound to the stereogenic centre of
(S)-3 must be external to the region included between the
two aromatic rings of the chiral auxiliary.



Figure 9. Graphical representation of the diastereoisomeric complex
(S)-3/2.
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Analogous NOEs are detected in the other mixture 2/(R)-3
suggesting a relative stereochemical arrangement similar to
that found for 2/(S)-3.
Figure 10. Representation of 1/(S)-3 complex with the highest energy (a)
and with the lowest energy (b) content from the annealing.
The two complexes, having very similar association con-
stants, are also slightly differentiated in the NMR spectra
probably due to the fact that the groups bound to the
stereogenic centres of (S)- and (R)-3 are endowed with a
more pronounced conformational freedom, in addition to
the fact that these groups do not feel significant anisotropic
effects produced by aromatic rings.

Stochastic dynamic simulations of the enantioselective
complex between the anti-1 and the enantiomers of N-
(3,5-dinitrobenzoyl) alanine methyl ester were carried out,
starting from the anti-1 NMR determined conformation,
after a minimization, whereas an extensive conformational
search followed by a minimization was carried out on the
N-(3,5-dinitrobenzoyl)alanine methyl ester.

For all the simulations, chloroform was set as the solvent
to allow the comparison with the NMR data. During the
annealing simulation, 1000 structures were sampled over
time along the trajectory. In accordance with the NMR
results, both complexes showed the 3,5-dinitrophenyl ring
of the alanine derivative enantiomers included in the pock-
et formed by the quinuclidine and the naphthyl moieties of
1 (Figs. 10 and 11).

In order to inspect the possibility of p–p stacking
interactions, the center-to-ring center distances between
two dummy atoms (aromatic ring centroids) of the
Figure 11. Representation of 1/(R)-3 complex with the highest energy (a)
and with the lowest energy (b) content from the annealing.



Figure 12. Distributions of intermolecular distances between dummy
atoms placed at ring centroids of N-(3,5-dinitrobenzoyl)alanine methyl
ester enantiomers and 9-O-[(S)-1-(1-naphthyl)ethylcarbamate]dihydroqu-
inine, encountered during the simulation time period in chloroform.

Figure 13. Distributions of H-bond distances between the NH proton of
N-(3,5-dinitrobenzoyl)alanine methyl ester enantiomers and the oxygen of
the carbonyl function of the carbamate of 9-O-[(S)-1-(1-naphthyl)ethyl-
carbamate]dihydroquinine, encountered during the simulation time period
in chloroform.

Figure 14. Trajectories of the potential energies for the complexes over the
1 ns simulation time period in chloroform.
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3,5-dinitrophenyl ring of (S)-3/(R)-3 and the naphthyl
moiety of 1, respectively, were monitored and plotted
(Fig. 12). In both cases, it is evident that the two adducts
are stabilized by a parallel-displaced p–p interaction.8

Moreover it is clear from the intermolecular distances
distribution plots (Fig. 13) between the NH group of
N-(3,5-dinitrobenzoyl)alanine methyl ester and the oxygen
of the dihydroquinine carbamate moiety, that an addi-
tional stabilizing interaction takes place between the NH
group of the N-(3,5-dinitrobenzoyl)alanine methyl ester
enantiomers and the carbonyl oxygen of anti-1.

A potential energy difference of about 16 kJ/mol was found
(Fig. 14) between the examined complexes, showing that
complex 1/(R)-3 should be the most stable one. The dis-
crepancy between this result and the calculated NMR asso-
ciation constants according to which the strongest complex
is 1/(S)-3, could be due to the solvent explicit effect in
NMR experiments. MacroModel treats the solvent as a
fully equilibrated analytical continuum starting near the
van der Waals surface of the solute (GB/SA model). On
the contrary, CDCl3 molecules could interact with the com-
plexes in the NMR measurements thus influencing the mea-
sured association constants. Of course the values of the
energies obtained from force field calculations might reflect
the fact that the parameters used in the MD simulations are
insufficient for accurate calculation of the complexation
energies.
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3. Conclusions

A few years ago,2a we studied the ability of quinine C9 car-
bamates to differentiate enantiomeric substrates endowed
with two hydrogen-bond donor groups and to address to-
wards different interaction pathways exploiting both the
potentialities of its carbamate function and the base prop-
erties of quinuclidine nitrogen. In this case, the multirecep-
torial character of quinine and quinine derivatives was
highlighted.

Here, we complete the picture of the enantiodiscriminating
potentialities of C9 carbamates of dihydroquinines in two
respects, in particular, the molecular basis of the enhanced
enantiodiscriminating efficiency of C9 derivatives contain-
ing the (S)-1-(1-naphthyl)ethyl carbamate group and look-
ing for the origin of enantiodiscrimination when the chiral
analyte, N-(3,5-dinitrobenzoyl)alanine methyl ester has
only one hydrogen-bond donor group, the amide function.

In this last case, the stabilization of the diastereoisomeric
adducts completely rely on the carbamate function, which
guarantees attractive interactions involving its p-donor
naphthalene ring and the p-acidic aromatic moiety of the
3,5-dinitrophenyl groups of the two enantiomers, assisted
by the attractive hydrogen bond interactions between the
amidic and estereal moieties of the amino acid derivative
and the carbamate function of the chiral selector. The
quinuclidine nitrogen is not involved at all and, conse-
quently, the chiral auxiliary retains both in the two diaste-
reoisomeric adducts in its closed conformation.

The orientation of the enantiomeric pairs inside the diaste-
reoisomeric complexes is controlled by the carbamate
naphthyl group of 1 and 2: enantiomeric substrates always
dispose their p-acidic ring parallel to the naphthalene ring
and the amidic function bound to it is directed towards the
carbamate polar groups. In this way, when the naphthalene
and quinoline rings have anti arrangements, as in 1, the
groups bound to the stereogenic centre of the amino acid
are constrained in proximity both of the C9 stereogenic
centre of the chiral auxiliary and of its quinoline ring and
enhanced differential anisotropic effects of methyl groups
are produced, which are the basis of their high NMR enan-
tiodiscrimination.2d When the carbamate stereogenic cen-
tre has an (R)-absolute configuration, as in 2, syn-
naphthalene and quinoline rings are determined while the
methyl groups bound to the stereogenic centre of the enan-
tiomeric mixture are far away from the C9 and quinoline
moieties, resulting in a lower enantiodiscrimination.

From the MD (molecular dynamics) of 1/(S)-3 complex we
observed the same features as from the NMR studies: the
p–p interaction between the 3,5-dinitrophenyl moiety of
(S)-3 and the naphthalene of the dihydroquinine carbamate
function, the H-bond between the NH proton of (S)-3 and
the oxygen of the carbonyl function of the carbamate. The
same applies to the complex 1/(R)-3. Overall, the com-
plexes found by molecular dynamics resemble quite well
those determined by NMR. We believe that the rigidity
of the quinine system was crucial in such an agreement
being obtained. Systems that are more flexible have greater
sensitivity to accurate force field parameters and conforma-
tional search protocols employed.

Gathering together the present NMR results with our pre-
vious researches2a on the same matter with the support of
computational studies leads to the root of the enantiodis-
crimination mechanism by quinine and dihydroquinine C9
carbamates, allowing to attain a comprehensive rationaliza-
tion of chiral discrimination phenomena. The described
study gives some insight into the various energetic contribu-
tions to the total binding free energy. The whole complexa-
tion is given by a global sum of very weak contributions
except for the hydrogen bond stabilizations. In fact, this re-
lated class of interactions represents the most important
and most conserved energy contribution between host and
guest. Stacking and other charge transfer interactions are
smaller and provide various stabilizations. However, the
sum of these interactions results in an energy gain, which
may affect the enantioselective discrimination. Thus inte-
grating standard experimental protocols by computational
methods9–11 for screening chiral auxiliaries enantioselective
potential constitutes a very attractive approach.
4. Experimental

4.1. General methods

NMR measurements were performed on a spectrometer
operating at 300 MHz for 1H and the temperature was con-
trolled to ±0.1 �C. All the 1H NMR chemical shifts are ref-
erenced to TMS as external standard. The 2D NMR
spectra were obtained by using standard sequences. The
double-quantum-filtered (DQF) COSY experiments were
recorded with the minimum spectral width required; 512
increments of 8 scans and 2K data points were acquired.
The relaxation delay was 5 s. The data were zero-filled to
2K � 1K and a Gaussian function was applied for process-
ing in both dimensions. The NOESY (Nuclear Overhauser
and Exchange SpectroscopY) spectra were recorded in the
phase-sensitive mode, by employing a mixing time of 0.6 s.
The spectral width used was the minimum required in both
dimensions. The pulse delay was maintained at 8 s; 512
hypercomplex increments of 8 scans and 2K data points
each were collected. The data matrix was zero-filled to
2K � 1K and a Gaussian function was applied for process-
ing in both dimensions. The 1H{1H}-NOE experiments
were performed in the difference mode. The decoupler
power used was the minimum required to saturate the spin
of interest. A waiting time of 10 s was used to allow the sys-
tem to reach the equilibrium. Each NOE experiment was
repeated at least four times.

In the association constant determinations, the non-linear
fitting of chemical shifts data on the basis of Eq. 1, which
correlates chemical shifts to the initial concentrations, was
performed by using KaleidaGraph 3.09.

C0 ¼
ðdobs � dFÞðdB � dFÞ

KðdB � dobsÞ2
ð1Þ
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Eq. 1 is obtained by combining Eq. 2 of the observed chem-
ical shift (dobs) in fast exchanging conditions to the expres-
sion of the association constant K (Eq. 3),

dobs ¼ dFX F þ dBX B ð2Þ

where dF and dB are the chemical shifts of the free and
bound species, and XF and XB are their molar fractions.

K ¼ X B

C0ð1� X BÞ
ð3Þ
The stoichiometries were determined6 by analyzing solu-
tions prepared by mixing different volumes of stock solu-
tions of each component having the same molar
concentration M to obtain a prefixed volume V directly
in the NMR tube.

The stereochemical representations were obtained with
PCModel 6.0 program (MMx force field).

4.2. Computational methods

All the modelling studies were carried out on a SGI-OC-
TANE operating under IRIX 6.5.+ using the softwares
MacroModel (version 9.1)11 as implemented in the version
7.5 of the MAESTROMAESTRO

11 suite and FLOFLO+ (Version April03).10

Two different NMR determined starting conformations
((S)-3/(R)-3) were used for the AMBERAMBER* conformational
searches in chloroform as the solvent (normal cutoff,
1000 iterations, 1000 maximum number of steps) with the
PRCG algorithm, until a gradient of 0.001 kJ/Å mol was
reached. Least squares superposition of all the non-hydro-
gen atoms was used to eliminate duplicate conformations.
All AMBERAMBER* force field equations are identical to those of
authentic AMBERAMBER from Kollman. The MacroModel default
for hydrogen bonding uses the Kollman’s 6,12-Lennard
Jones treatment and an improved peptide backbone
parameter set.12 An energy window of 20 kJ/mol above
the global minimum was set for saving conformations.
Starting conformations were first minimised using the
MacroModel minimization routine with the same
parameters.

Systems were prepared manually and saved as .pdb files by
placing the lowest energy conformer of the chiral substrate
near the carbamate quinine 1 in a position similar to that
observed in the NMR spectra, by the software FLOFLO+ (Ver-
sion April03).10

The .pdb files were read by MacroModel (version 9.1)11

and minimized using the above parameters, except for the
convergence threshold, for which the default value was left
(0.05 kJ Å�1). Full molecular dynamics (MD) with simu-
lated annealing was then performed for each complex,
using the stochastic dynamics method to simulate the ran-
dom collisions with solvent as well as solvent friction
forces.13 The SHAKE14 protocol was activated using a
time step of 1 fs. A cooling protocol from 298 to 10 K
was applied (10 ps equilibrium run at 298 K, 100 ps simula-
tion coupled to a thermal bath of 150 K for data collec-
tion). The system was finally cooled to 10 K for 1000 ps.
Conformations from each MD annealing trajectory (1000
structures) were sampled. The distance between the NH
proton of the chiral substrate and the oxygen of the quinine
carbamate moiety was monitored during the simulation
and plotted by the MacroModel Plot Tool (version 9.1).11

4.3. Materials

9-O-[(S)- and (R)-1-(1-naphthyl)ethylcarbamate]dihydro-
quinine were prepared according to Ref. 2b.

4.3.1. 9-O-[(S)-1-(1-Naphthyl)ethylcarbamate]dihydroqui-
nine 1. 1H NMR (300 MHz, CDCl3, 25 �C, 120 mM) of
anti-1: d 8.72 (H2, d, J = 3.6 Hz), 8.08 (Hg, d,
J = 7.0 Hz), 7.99 (H3, d, J = 9.3 Hz), 7.78 (Hc, d,
J = 7.4 Hz), 7.50 (Hf, br dd), 7.49 (H5, br d), 7.47 (Ha, br
d), 7.45 (Hd, d, J = 7.0 Hz), 7.41 (Hb, br dd), 7.35 (H1, d,
J = 3.6 Hz), 7.34 (H4, br dd), 7.33 (He, br dd), 6.49 (H8,
d, J = 7.0 Hz), 5.59 (CH, dq, J = 7.7 Hz, J = 7.0 Hz),
5.16 (NH, d, J = 7.7 Hz), 3.93 (OMe, s), 3.25 (H9, m),
3.06 (H15, m), 2.95 (H19, m), 2.57 (H14, m), 2.56 (H16,
m), 2.31 (H18, m), 1.71 (H10, m), 1.70 (H12, m), 1.57 (Me,
d, J = 6.5 Hz), 1.48 (H11, m), 1.38 (H17, m), 1.36 (H13,
m), 1.29 (CH2CH3, m), 0.78 (CH2CH3, t, J = 7.0 Hz).
½a�25

D ¼ �6:8 (c 1, CHCl3).

1H NMR (300 MHz, CDCl3, 25 �C, 120 mM) of syn-1: d
8.16 (H2), 8.01 (Hg), 6.39 (H8), 6.00 (H1), 5.55 (CH), 5.16
(NH), 3.84 (OMe), 2.96 (H9).

4.3.2. 9-O-[(R)-1-(1-Naphthyl)ethylcarbamate]dihydroqui-
nine 2. 1H NMR (300 MHz, CDCl3, 25 �C, 120 mM) of
anti-2: d 8.63 (H2, d, J = 4.5 Hz), 7.97 (H3, d,
J = 9.3 Hz), 7.81 (Hg, d, J = 7.8 Hz), 7.80 (Hc, d,
J = 9.0 Hz), 7.73 (Hd, d, J = 7.7 Hz), 7.41 (Hb, br dd),
7.39 (H5, d, J = 2.8 Hz), 7.37 (Ha, br d), 7.33 (He, br dd),
7.31 (H4, dd, J = 9.3 Hz, J = 2.8 Hz), 7.27 (Hf, br dd),
7.24 (H1, d, J = 4.5 Hz), 6.44 (H8, d, J = 7.0 Hz), 5.55
(CH, dq, J = 7.7 Hz, J = 6.5 Hz), 5.16 (NH, d,
J = 7.7 Hz), 3.74 (OMe, s), 3.25 (H9, m), 3.07 (H15, m),
3.00 (H19, m), 2.60 (H16, m), 2.30 (H18, m), 1.75 (H12,
m), 1.71 (H10, m), 1.66 (H14, m), 1.64 (Me, d,
J = 6.5 Hz), 1.53 (H11, m), 1.42 (H13, m), 1.38 (H17, m),
1.29 (CH2CH3, m), 0.81 (CH2CH3, t, J = 7.0 Hz).
½a�25

D ¼ þ16:05 (c 1, CHCl3).

1H NMR (300 MHz, CDCl3, 25 �C, 120 mM) of syn-2: d
8.71 (H2), 8.08 (Hg), 7.97 (H3), 6.25 (H8), 5.62 (CH), 5.16
(NH), 3.88 (OMe), 2.75 (H9, H15, H19), 2.30 (H16), 1.98
(H18), 1.49 (Me), 0.67 (CH2CH3).
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