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Abstract--Quinidine is an active antimalarial compound extracted from the bark of Cinchona trees. The activity differences 
among structurally related molecules appears to depend on the absolute stereochemistry of some functional groups, a result that 
stimulated a detailed conformational analysis of these molecules of biological interest. In the present study, the potential energy 
surface (PES) for the antimalarial agent quinidine (C,,H,,O,N,) has been comprehensively investigated using the molecular 
mechanics (MM) and quantum mechanical semiempirical AM1 and PM3 methods. Six distinct minimum energy conformations 
were located on the multidimensional PES and also characterized as true minima through harmonic frequency analysis. The 
relative stabilities and thermodynamic properties are reported. The coexistence of different conformers is discussed for the first 
time in the literature based on the transition state (TS) structures located on the PES for the quinidine molecule. The theoretical 
results reported in the present study are in agreement with the experimental proposal, based on NMR data, that there are two 
conformations existing in solution for the quinidine molecule. 0 1997, Elsevier Science Ltd. All rights reserved. 

Introduction 

Quinidine (1) is one of the antimalarial constituents of 
the bark of Cinchona trees. It is also used as a cardiac 
antiarrythmic.’ Another interesting use of this 
compound is as a chiral catalyst in asymmetric Michael 
additions.2 

Quinine 2 and quinidine 1 (Fig. 1) are a pair of erythro 
diastereoisomers that are active antimalarials. Their 
threo epimers, epiquinine (3) and epiquinidine (4) (Fig. 
1) are practically inactive.” As the activity differences 
appear to depend upon the absolute stereochemistry of 
their amine and hydroxyl groups, a conformational 
analysis of the Cinchona alkaloids is certainly of 
interest, and may elucidate important structural charac- 
teristics for the antimalarial activity.“ 

Several studies on the structure and conformation of 
the Cinchona alkaloids have already been reported. 
Prelog and Wihelm in 19545 proposed a configuration 
for the Cinchona alkaloids, and ‘H NMR data were 
also used in some conformational studies of these 
alkaloids.2~h-x Conformational analysis studies, using 
molecular mechanics (MM) and semiempirical 
methods, have been described.‘*’ The results of the 
crystal structure analysis for the quinidine”‘” and 
quinidine sulfate dihydrate12 have also been reported. 
In the theoretical studies reported so far the search for 
minimum energy structures on the potential energy 
surface (PES) was not fully carried out, with only three 
or four local minima being located. Some geometrical 
constraints were introduced in order to simplify the 
computational task. 
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In the present study, the PES for the quinidine 
molecule was comprehensively investigated using MM’” 
and the AM1 (Austin Model 1) and PM3 (Parametric 
Method 3) quantum mechanical semiempirical 
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Figure 1. The quinidine (I), quinine (2), epiquinidine (3), and 
epiquinine (4) molecules. 
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methodsI The stationary points located on the multi- 
dimensional PES were characterized as minima or 
transition state (TS) structures via harmonic frequen- 
cies calculations (for a true minimum energy structure 
all frequencies must be real). Through this procedure 
six distinct true minimum energy structures, rather 
than the three or four reported so far, were found. 
Previous successful conformational analysis studies for 
the quinine molecule’5 and other medium sized 
systems’“-” carried out in our laboratory give support 
to the approach adopted here for the conformational 
analysis of the quinidine molecule. The relative stabil- 
ities are reported and the possible coexistence of 
different isomeric forms discussed. The results of this 
study are in agreement with the experimental proposal, 
based on NMR studies, that there are two favored 
conformations for the quinidine molecule. 

It should be said that in the previous theoretical 
studies on the Cinchona alkaloids no assessment on the 
reliability of the empirical (i.e. MM) and quantum- 
mechanical semiempirical conformational and energy 
predictions (including energy barriers) has been made. 
Also, no attempt to locate precisely TS structures and 
so evaluate reliable energy barrier values for conforma- 
tional interconversion has been done. 

In this work, for the first time, the conformational 
interconversion is studied systematically with first order 
TS structures being located, with the aid of harmonic 
frequency calculations. We aim to show how an exten- 
sively detailed conformational analysis is important for 
understanding the biological behavior of this class of 
compounds. It is seen that some important structural 
features of molecules of biological interest, relevant for 
structure-activity relationships, may be overlooked if a 
systematic conformational analysis of the free drug of 
pharmacological interest is not performed. 

Methodology 

A comprehensive search for stationary points on the 
multidimensional PES quinidine (C,,,H,,O,N,) 
molecule was carried out using the MM’“and AM1 and 
PM3 quantum mechanical semiempirical methods.‘4 
Thus, a three-dimensional (3-D) PES was constructed 
by varying the dihedral angles CY (Nl,C&C9,C16) and p 
(C8,C9,C16,C17). A stepsize of 30” was used. For each 
point on the 3-D PES the remaining geometrical 
parameters (bond distances, bond angles, and dihedral 
angles) were fully optimized in the MM calculation. 
The contour map calculated with the MM method is 
depicted in Figure 2(A), and the respective isometric 
projection in Figure 2(C). The 3-D PES was con- 
structed, in a second step, using the quantum mechani- 
cal semiempirical PM3 method, which is shown in 
Figure 2(B) and 2(D) (isometric projections). For 
reason of simplicity, the bond distances and bond 
angles were kept unchanged at their optimized values 
(corresponding to a local minimum), only the 
remaining dihedral angles were optimized for each 
calculated point on the 3-D semiempirical surface. By 

looking at the contour maps a rough geometry of the 
likely minimum energy structures may be guessed, and 
by this procedure six minima could be located on both 
MM and PM3 surfaces. These structures are indicated 
in Figure 2(A) and 2(B) (labels A-F and l-6). These 
stationary points were used as initial guesses for full 
geometry optimization jobs with the MM2 method (for 
the stationary points located in the MM surface) and 
AM1 and PM3 level of theory (for the points located 
on the semiempirical surface). AM1 and PM3 
harmonic frequency calculations were further carried 
out for the final fully optimized geometries of the 
stationary points located on the quantum mechanical 
semiempirical surfaces, aiming to characterize the 
stationary points as true minimum (all of the eigenva- 
lues of Hessian matrix are positive) or TS structures 
(occurrence of negative eigenvalues).*” The Gibbs free 
energy variations (AC) were calculated at the room 
temperature (T = 298 K) using the semiempirical 
harmonic frequencies to evaluate the entropy (S) 
contribution according to the well known relation: 
AG=Al&TAS. 

The semiempirical calculations were carried out with 
the MOPAC version 6.0 package,” with keywords 
PRECISE and GNORM = 0.1 being used, as imple- 
mented on a SUN SPARC-20 workstation and the MM 
calculations done with the program PCMODEL 
version 1.013 on a PC AT-486/DX2 microcomputer. All 
calculations were performed at the Laboratorio de 
Quimica Computational e Modelagem Molecular 
(LQC-MM), Departamento de Quimica, Universidade 
Federal de Minas Gerais (UFMG). 

Results and Discussion 

The quinidine molecule (Fig. 1) consists of two rigid 
cyclic systems, a heteroaromatic quinoline ring and a 
quinuclidinic bicyclic system, connected via a carbon 
atom carrying a hydroxyl group. This molecule posses 
four asymmetric centers: C3, C4, C8, and C9. Three 
groups in the molecule are important in the investiga- 
tion of internal rotation: the vinyl, hydroxyl, and 
methoxy groups. However, it is the rotation around the 
C9-Cl6 and C&C9 that determine the main confor- 
mational changes in the quinidine molecule, since 
these rotations specify the relative positions of the two 
rings. The analysis of the MM and PM3 3-D PESs, 
generated by rotations around the C9-Cl6 and C&-C9 
single bonds, revealed the presence of six distinct 
minimum energy structures. The structures obtained by 
direct inspection of the 3-D surfaces were further fully 
optimized and the geometries, MM energies, heat of 
formation (m) and Gibbs free energy (AG) are given 
in Table 1. The MM spatial arrangements for the six 
minima found in the present study are depicted in 
Figure 3. The experimental values for some dihedral 
angles and previous theoretical reported values’,” and 
crystallographic structure data”‘m’2 are also quoted in 
Table 1, for reason of comparison. The conformations 
located, respectively, by the MM2, PM3, and AM1 
methods are labeled 1-6, A-F, and AA-FF. The 
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conformations A, B, C, D, E, and F correspond 
approximately to AA, BB, CC, DD, EE, and FF and to 
1, 2, 3, 4, 5, and 6, respectively (Table 1). There is a 
small difference between the conformations 3 and C 
(CC) regarding the p angle. 

The quinidine molecule forms a diastereoisomeric pair 
with quinine, but as they differ only about the 
configurations of the C8 and C9, they are considered 
‘pseudoenantiomers’.’ The contour maps of quinidine 
(Fig. 2) and quinine, previously described,” can be 
considered enantiomorphous because they form mirror 
images. 

The Newman projections in relation to the C8-C9 and 
C9-Cl6 bonds for the quinidine conformers are 
depicted in Figures 4 and 5. Similar to the quinine 
molecule,” three types of rotamers alternated with 
respect to the C8-C9 bond, were observed (Fig. 4). As 
was expected, the most stable conformations are the 
ones where the hydrogens H, and H, are in antiperi- 
planar position (conformers A, AA, 1, D, DD, and 4; 

C 
AH 

Fig. 4A). It would be expected that the conformations 
where the quinolinic ring is overlapped with quinucli- 
dinic ring (Fig. 4C) would exhibit higher energy values. 
This is verified for the conformers B and E in PM3 
calculations, which have higher AH values. The same 
was not observed for the AM1 and MM conformers, 
where both conformations that have H, and H, hydro- 
gens in synclinal position are higher in energy (EE, FF, 
5, and 6; Fig. 4B, C). 

By analyzing the Newman projections with respect to 
the C9-Cl6 bond two kinds of alternated rotamers 
were observed, where the hydroxyl and H, atom are on 
the same side but in opposite side to the quinuclidinic 
ring, in relation to the plane of the quinolinic ring. 
(Fig. 5A, B). These conformations are observed for the 
conformers B, BB, 2, 3, E, EE, 5, F, FF, and 6. Beside 
these alternated rotamers, two other near-eclipsed 
ones were found for the conformers C, CC, A, AA, 1, 
D, DD, and 4 (Fig. 5C, D). Like the quinine molecule” 
the lowest energy conformers have the hydrogen atom 
H, directed to the internal side of the quinolinic ring 
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Figure 2. (A) PM3 contour map of the 3-D PES for the quinidine molecule generated by rotations through the x [Nl, C8, C9 and Cl61 and p 
[CS, C9, C16, and Cl71 torsion angles. The located minima are indicated by arrows. (B) The MM2 contour map. (C) PM3 isometric projection of 
the PES for the quinidine molecule. (D) The MM2 isometric projection. 
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(towards &7), avoiding the steric compression 
between the hydroxyl and H, atom of the quinolinic 
ring of the other conformations. Then the conformer B 
(BB and 2, Fig. 5A) is more stable than the conformer 
E (EE and 5, Fig. 5B), the conformer A (AA and 1, 
Fig. 5C) is more stable than D (DD and 4, Fig. 5D) 
and the conformer C (CC, Fig. 5C; and 3, Fig.,5A) is 
more stable than F (FF and 6, Fig. 5B). 

Dijkstra et al.’ reported a conformational analysis for 
the quinidine molecule carried out by rotations around 
the C8-C9 and C8-Cl6 bonds, using the molecular 
mechanics MM2P method. In their study four confor- 
mations for the quinidine molecule were found (Table 
1). Three of them have about the same MME, and the 
other one is about 4 kcal mol-’ less stable. In another 
investigation Dijkstra et al.* reached the conclusion, 
based in NMR data, that quinidine adopts an open 
conformation 3 (corresponding to QD3), but there is a 
certain conformational freedom or flexibility, that can 
be attributed to the presence in solution of the closed 
conformation (corresponding to QD2) in minority 
proportion. Oleksyn et a1.Y also reported a MM2 

conformational analysis study for the quinidine 
molecule where three minimum energy structures were 
predicted. Oleksyn et al.’ also concluded that the 
crystal structure of the quinidine is assigned to confor- 
mation QDB (similar to QD3 reported by Dijkstra et 
al.), since it is the only one capable of forming 
hydrogen bonds with the surrounding molecules. They 
assumed that this is the active conformation of the 
quinidine molecule (i.e. the one able to interact with 
the receptor site through intermolecular hydrogen 
bonding). 

Among the six conformations reported in this work 
(Table l), four of them correspond to the minima 
given by Dijkstra,’ and three correspond to the minima 
given by Oleksyn.’ So the conformers 4, 1, 3, and 6, 
here described, correspond to the conformers QDl, 
QD2, QD3, and QD4 of Dijkstra, respectively, and the 
conformers 4, 3, and 1 correspond to QDA, QDB, and 
QDC of Oleksyn. The two other conformations 
reported in the present work, not found in previous 
studies,‘,’ are those that have the quinolinic ring 
overlapped with the quinuclidinic ring (Fig. 4C). 

1 2 

Figure 3. Tridimensional representation of the MM2 fully optimized minimum energy structures located on the PES for the quinidine molecule. 
The geometric parameters for structures l-6 are given in Table 1. 
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Prakash et aLh reported a coupling constant (J) value 
between H, and H, of 4.6 Hz for the quinidine 
molecule in CDCl, solution, which is the same as 
reported for the quinine molecule. This value corre- 
sponds, according to the Karplus-Conroy correlation, 
to a H,C9C8H, angle of ca 80-90”. A similar angle 
value is predicted in the present work for the confor- 
mers B, C, E, and F (and also BB, CC, EE, FF, and 2, 

3, 5, 6; Fig. 4B, C and Table 1). Based in the NMR 
datah.x and analyzing the dihedral angles and distances 
between some protons it may be concluded that the 
conformer 3 is expected to be the predominant form of 
the quinidine molecule in solution. This conformation 
is similar to QD3 (Dijkstra) and QDB (Oleksyn), as 
was expected. However, the conformation 3 is not the 
most stable in the gas phase (Table 1). 

Table 1. Structural data (dihedral angles in degrees), energies (in kcal mol ‘), and thermodynamic properties (in kcal mol ‘) of the six confor- 
mers located on the PES for the quinidine molecule and for the crystallographic structure I” I2 and previous reported data’.’ 

Conformation Dihedral angles 

NlCS CSC9 ClSCl 012C9 012C9 HSC9 C2402 CllCl HO12 
C9C16 C16C17 6C9CS C16C15 C8C7 C8H9 3C19C18 OC3C4 C9C16 

PM3 method HF AHF AG 

A -66.2 124.4 -56.4 69.0 46.9 172.9 179.0 - 135.4 -59.0 -21.65 0.0 -68.1 
B 89.4 99.1 - 84.3 47.1 - 169.8 -37.7 177.3 - 134.1 - 77.9 - 18.4 3.3 - 63.5 
C - 147.2 120.7 - 62.9 65.9 -38.0 87.9 178.7 - 138.3 - 74.5 - 20.7 1.0 - 66.0 
D -62.1 -65.5 115.1 - 118.6 49.75 176.6 - 179.5 - 135.2 -62.1 -21.3 0.4 - 66.2 
E 59.1 -98.5 - 85.0 - 142.5 157.9 -66.9 - 179.6 - 130.6 -72.3 - 16.51 5.1 -61.1 
F - 149.7 - 85.7 95.1 - 133.4 -44.7 82.4 - 177.2 -130.6 -84.8 - 19.49 2.2 -63.5 

AM1 method 

AA -54.6 120.0 -60.1 61.7 56.4 - 172.8 179.5 - 112.2 -56.0 - 10.67 0.0 -56.1 
BB 59.8 96.4 - 87.5 38.9 162.1 -62.8 177.2 - 116.4 -73.0 -9.46 1.2 -54.0 
cc - 147.3 117.4 -64.7 61.8 -39.7 89.1 179.9 - 106.4 -44.8 -9.88 0.8 -55.2 
DD - 55.88 -66.9 113.1 - 120.8 51.0 - 177.9 179.9 -114.0 -49.9 -9.94 0.7 -55.1 
EE 56.1 -89.2 95.7 - 133.2 154.7 - 69.2 179.9 - 110.2 - 82.2 - 6.30 4.4 -51.2 
FF - 158.7 -99.4 80.1 - 149.5 -56.6 71.5 - 173.5 167.0 - 102.4 -7.35 3.3 -51.6 

MM2 method MME AMME - 

1 -55.0 118.4 -64.2 56.7 - 176.5 - 172.6 - 178.8 - 101.9 33.9 45.29 0.0 - 
2 52.4 98.3 - 84.6 39.5 158.3 -67.3 177.1 167.5 40.5 48.07 2.8 - 
3 - 154.0 88.8 -91.8 33.9 -46.6 80.6 - 180.0 - 179.2 43.1 46.37 1.1 _ 

4 - 54.0 -68.8 111.5 -124.1 55.2 - 175.6 178.7 -96.2 37.3 45.40 0.1 - 
5 55.1 - 92.4 90.6 - 139.9 155.8 - 69.5 172.8 -97.6 30.0 49.11 3.8 _ 

6 - 151.9 -91.5 86.3 - 141.4 134.0 77.1 - 179.7 175.6 -97.6 50.12 4.8 - 

Quinidine crystallographic structure” 

XRl - 162.0 77.8 - 100.6 22.1 -47.8 - -6.3 -79.9 - _ _ _ 

Quinidine crystallographic structure” 

XR2 - 156.8 52.4 -99.3 13.5 -38.7 - 179.0 -140.0 - - - - 

Quinidine sulfate crystallographic structure’* 

XR3 -179 14 -103 15 -62 _ 6 -115 - - _ _ 
XR4 -158 76 -102 21 -42 _ -3 141 - - _ _ 

Oleksyn conformers’ 

QDA - _ - -130 60 _ _ _ _ - - - 

QDB _ - 25 -52 _ _ _ - - 

QDC _ _ 57 60 _ _ _ _ - _ - 

Dijkstra conformers’ MME AMME 

QDl -53.4 - 104.5 - _ _ _ _ _ 25.5 0.4 - 
QD2 -56.6 - -71.7 - _ _ _ - - 25.8 0.6 - 
QD3 -156.4 - -93.8 - _ _ _ _ _ 25.2 0.0 
QD4 178.6 - 84.4 - _ - - _ _ 29.2 4.0 _ 
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Figure4. Newman projections with respect to the C8-C9 bond for 
the quinidine molecule. 

Three groups in the quinidine molecule (i.e. vinyl, 
hydroxyl, and methoxyl groups) appear to posses free 
rotation around single bonds, based on chemical 
intuition grounds. The variation of the MME energy 
due to rotations of these groups around single bonds 
was calculated for the conformer 3 with a stepsize of 
lo”, and optimizing all the remaining geometrical 
parameters for each point. The resulting potential 
energy curves are shown in Figure 6. 

It can be seen from Figure 6 that the CH,O- group is 
able to assume two distinct positions at approximately 
180” and 0” in relation to the dihedral angle 
C24023C19C18, with a relatively small energy barrier 
for interconversion of ca 3 kcal mol-‘. Both angles 
correspond to the X-ray structures values reported 
previously”‘-” (Table 1). A very similar rotation curve 
was observed for the quinine mo1ecule.‘5 

The HO- rotation, as shown in Figure 8, is predicted to 
be practically free, There is a second minimum energy 
structure of ca 2 kcal mol-‘above the structure given 
in Table 1 (H012C9C16 = -6.5”) with the energy 
barrier for interconversion being only 0.5 kcal mol. ‘. 
Also a third very shallow minima is seen at an angle of 
cu +135” with a negligible barrier for interconversion 
of ca 0.3 kcal mol-‘. This is a very interesting result 
because the curve of the rotation of the OH angle for 

CS 

c8 
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Figure 5. Newman projections with respect to the C9-Cl6 bond for 
the quinidine molecule. The horizontal lines represent the quinoline 
nucleus perpendicular to the paper plane and behind C9. 
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Figure6. The MM2 pointwise calculated 1-D PES for rotation 
through the [C24, 023, C19, and Cl81 angle (methoxy group, 
square), [H, 012, C9, and Cl61 angle (hydroxyl group, circle), and 
[Cll, ClO, C3, and C4] angle (vinyl group, triangle), using as the 
starting geometry the conformer 3 and optimizing all the remaining 
geometrical parameters. 

the quinine molecule” is a quite mirror image of the 
curve depicted in Figure 6. It must be remembered 
that the configurations of the carbons containing the 
hydroxyl groups are opposite in these two molecules. 

The potential energy curve depicted in Figure 6 shows 
that there are four possible positions relative to the 
quinuclidinic ring for the vinyl group (i.e. at angles of 
ca - 100, - 170, -40, and 100”; in increasing energetic 
order), with small barriers for interconversions, varying 
between 0.1 to 2 kcal mol-‘. The X-ray result for this 
dihedral angle (Table 1) agree with the lowest energy 
structure located on the potential energy curve from 
Figure 6, showing that the preferred orientation of the 
vinyl group in the gas phase is maintained in the crystal 
structure. The curve showed in Figure 6 is very similar 
to the respective one reported for the quinine 
mo1ecule.‘5 

From the contour maps and isometric projections 
depicted in Figure 2 it can be seen that there are two 
valleys on the PES parallel to the s( angle direction and 
separated by two high energy regions (hills). This 
means that the conformational interconversions inside 
the valleys (i.e. involving conformations that have 
approximately the same value for the torsion angle p) 
is easier because the transition state (TS) structure 
connecting the two minima is of low energy. On the 
other hand the interconversion through two valleys (i.e. 
involving a rotation around the p angle) is more 
hindered because the TS structure must be energetic- 
ally much higher. So it can be concluded that the inter- 
conversions A = B = C = A and D = E = F = D should be 
the favored ones. Among the lower energy conforma- 
tions (A, C, D, AA, CC, DD, 1, 3, and 4) the inter- 
conversion between conformers 1 (A and AA) and 3 
(C and CC) should be more facile because the respec- 
tive TS structure is of lower energy. From Figure 2 it 
can be seen that the MM value for this barrier is cu 2.2 
kcal mol ’ and the PM3 value is cu 1.1 kcal mol-‘. 
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In order to better understand the plausible conforma- 
tional interconversions the MM potential energy curves 
for rotation around cx and l3 torsion angles were 
constructed, using as the starting configuration the 
minimum 1 and 4 (Fig. 7) and 1, 2, and 3 (Fig. 8) with 
all remaining geometrical parameters being fully 
optimized for each point on the curve. From Figure 7 
the energy barriers for the interconversions 2+1, 2+3, 
3-1, 5+4, 5+6, and 6-+4 are 1.5, 2.5, 2.4, 0.3, 4.4, 
and 1.6 kcal mol-‘, respectively. As the interconver- 
sions 2+1, 5-4, and 6+4 have a low energy barrier, 
there is a negligible probability of the structures 2, 5, 
and 6 being observed. If a Boltzmann population 
analysis for these structures in equilibrium is 
performed it is easy to predict that the three confor- 
mers 1, 3, and 4 will have a significant probability of 
coexistence. 
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Figure 7. One-dimensional representation of the MM PES for the 
quinidine molecule generated by rotation through the 5~ [Nl, C8, C9, 
and Cl61 angle, using as the starting geometry the conformers 1 
(square) and 4 (circle). All remaining geometrical parameters were 
fully optimized for each point on the potential energy curve. 
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Figure 8. One-dimensional representation of the MM PES for the 
quinidine molecule generated by rotation through the 8 [C8, C9, 
C16, and Cl71 angle, using as the starting geometry the conformers 1 
(square), 2 (circle), and 3 (triangle). All remaining geometrical 
parameters were fully optimized for each point on the potential 
energy curve. 

An approximated TS structure located on the PM3 
PES (Fig. 2) connecting the conformers A and C (i.e. 
c( = - 120” and p = 120”) had its remaining geometrical 
parameters fully optimized and the final geometry for 
the TS showed a AH value of -18.9 kcal mol-‘. With 
this value the energy barrier was estimated as 2.5 kcal 
mall’. By fully optimizing the geometry of this trial TS 
structure, using an option for locating points on the 
negative curvature of the PES, and further performing 
harmonic frequency analysis, a first-order TS structure 
(having only one negative eigenvalue of the Hessian 
matrix) was located. The final dihedral angles are 
c1= - 112.7 and l3 = 115.2 and the heat of formation 
- 18.9 kcal mall ‘. The correct PM3 energy barrier for 
the interconversion between conformers A and C, with 
the respective TS structure (TS,,) depicted in Figure 9, 
evaluated as the energy difference between the fully 
optimized TS structure and the respective minimum, is 
predicted to be 1.8 kcal mall ‘. 

From the calculated potential energy curves for l3 angle 
rotation (Fig. 8) the barriers (h in kcal mol-‘) for the 
following conformational interconversions were respec- 
tively: 4-l (h = 7.9 and 16.7) 2~5 (h = 15.7 and 19.6) 
and 6-3 (h = 4.6 and 12.3). It can be seem that the 
4-l interconversion has an energy barrier approxima- 
tely two to four times higher than the respective value 
for the l-33 process. So the l-3 interconversion is 
significantly more favored than the l-4 one. There- 
fore, there is a great probability of the coexistence, in 
the gaseous phase, of the conformers 1 and 3. 

The results presented in the last sections are in agree- 
ment with the proposal of Dijkstra et al.,’ based on the 
‘H NMR data, that in solution there is a certain 
conformational freedom or structural flexibility and 
then QD3 (majority), and QDl (minority) may coexist. 
It should be remembered that QD3 and QDl are, 
respectively, equivalent to the 3,C,CC and l,A,AA 
conformers reported in the present work. In the gas 
phase, the conformations 1, 4, and 3 show the lowest 
MME values. The factors that drive the conformer 3 to 
be the majority in solution can be assumed to be the 
easier 1-3 interconversion compared with the l-4 
one and that, in solution, the conformer 3 is the only 
one that can form hydrogen bonds with the 
surrounding molecules. 

A similar result was found for the quinine molecule, 
where it was demonstrated that there is an conforma- 
tional equilibrium and that the interconversion takes 
place via rotation of the a angle.” When the confor- 
mers of the two molecules involved in these intercon- 
versions are superimposed, it can be seem that they are 
mirror images. Then the aliphatic nitrogen and the 
oxygen atoms are turn to the same side in relation of 
the position of the quinolinic ring. For a comparison 
see the Newman projections for the conformer D of 
quinine” and C of quinidine given in Figure 10. 

Table 2 shows the quinuclidinic bridged system di- 
hedral angles for the PM3, AMl, and MM conformers 
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A - c 
Figure 9. Pictorial representation of a conformation interconversion between conformers A and C, on the PM3 PES for the quinine molecule, 
through a first-order transition state structure TS,,.. 

and for the reported crystalline structures of quini- 
dine”‘,” (XRl and XR2) and the quinidine sulfateI 
(XR3 and XR4). The respective angles found by the 
analysis of the coupled constants of the (p-chloro- 
benzoyl)dihydroquinidine (NMRl) in toluene-d, 
solution’ are also given. By looking at Table 2, it can 
be verified that the crystal structures of the quinidine 
(XRl and XR2) and of the quinidine sulfate (XR3 and 
XR4) show a torsion in a bridged system smaller than 
of the (p-chlorobenzoyl)dihydroquinidine in solution 
(NMRl). In the gas phase there is a great variety of 
torsion angles for the quinuclidinic ring. For the 
conformer 3 (CCC) these torsion angles are smaller 
than the crystal structures of the quinidine (XRl and 
XR2) and the quinidine sulfate (XR3 and XR4). 

Finally, it should be said that in the present work a 
clear explanation, based on the following reasons, is 
given for the previous suggestion that there are two 
isomers of the quinidine molecule in equilibrium 
(l-3): (i) this is a significant lower energy barrier 
conformational interconversion process than the l-4 
one; (ii) also the mechanism of interconversion is 
demonstrated to take place via a rotation of a single 
bond, (i.e. through the ct torsion angle, Fig. 7); and (iii) 

oCH3 

D C 
Figure 10. The Newman projection of the conformers D of the 
quinine” and C of the quinidine. 

the interconversion through the torsion p angle 
involves a barrier three times higher. The next step 
regarding the theoretical investigation of the quinidine 
and structurally related molecules is the consideration 
of solvent effects on the conformation equilibrium and 
molecular properties. 

Table 2. Semiempirical, MM and X-ray dihedral angles (“) of the 
quinuclidinic ring for the six conformers of the quinidine molecule 
for the crystallographic structures of quinidine (XRl”’ and XR2”) 
and the quinidine sulfate dihydrate (XR3” and for the of p-cloro- 
benzoyldihydroquinidine in solution, NMRl’). 

Conformation Dihedral angles 

NlC8 C4C5 NlC2 C7C4 C5C4 C3C4 
C7C4 C6Nl C3C4 NlC8 NlC6 NlC2 

A 8.1 
B 14.7 
C 10.5 
D 7.2 
E 15.3 
F 6.1 

AA 4.1 
BB 18.0 
cc 6.2 
DD 5.2 
EE 15.9 
FF 4.1 

1 7.3 
2 23.3 
3 7.9 
4 10.6 
5 21.7 
6 13.5 

XR-1 13.7 
XR-2 16.3 
XR-3 17.4 
XR-4 20.4 
NMRl 25 

5.3 7.2 4.9 3.2 4.3 
8.2 7.5 8.9 4.9 4.5 
6.3 7.7 6.3 3.8 4.6 
4.7 6.7 4.4 2.8 4.1 
8.9 8.4 9.2 5.3 5.1 
2.7 2.3 3.7 1.6 1.4 

2.5 4.3 2.5 1.5 2.6 
12.2 13.6 10.7 7.2 8.1 
4.7 7.3 3.7 2.8 4.3 
3.2 4.8 3.1 1.9 2.8 

10.4 11.2 9.5 6.2 6.6 
1.7 2.1 2.4 1.0 1.3 

7.4 6.2 4.4 4.5 3.8 
17.8 18.5 14.1 10.8 11.2 
8.6 7.4 5.2 5.5 4.6 

10.1 8.9 6.4 6.1 5.4 
17.8 19.4 13.2 10.8 11.8 
13.0 11.9 8.1 7.8 7.2 

9.7 14.4 
13.0 9.7 
16.9 14.5 
18.6 18.4 
20 20 

8.9 7.4 
10 8 
11 10 
13 11 
_ _ 

6.9 
5 
9 

12 
_ 
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