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To detect possible molecular determinants of amnesia-reverting activity, the conformational 
properties of a number of rigid and flexible piracetam-type cognition enhancers have been 
assessed by X-ray diffraction, NMR spectroscopy, and ab initio and high-temperature-quenched 
molecular dynamics (QMD) calculations. The structures of the preferred conformers in solution 
derived from 1H-NMR spectral analysis were in good agreement with those found by QMD 
calculations. Interestingly, the calculation of the average molecular lipophilicity potential on 
the water-accessible surface of the selected conformers was helpful in interpreting the 
partitioning behavior observed by measuring octanol-water partition coefficients and capacity 
factors in reversed-phase high-performance liquid chromatography. While lipophilicity does 
not play a relevant role, the distance between polar groups, accounted for by the distance 
between carbonyl oxygens, emerges as a factor, among others, which should influence the 
amnesia-reversal activity of piracetam-type nootropics. 

Introduction 

Cognitive deficits and memory loss are frequently 
associated with aging (benign senescent forgetfulness), 
senile dementia, and primary degenerative dementia 
(Alzheimer's disease).1 Due to demographic changes 
and the strong increase in mean life expectancy in 
developed countries, the incidence of cognitive disorders 
in the population is likely to grow.2 The development 
of therapeutic approaches in the treatment of cognitive 
disorders is thus a real and urgent problem nowadays, 
and strategies to provide alleviation of cognitive deficits 
and/or slow down brain degenerative processes have 
emerged.2-5 Among the possible therapeutic interven
tions, 2-pyrrolidone derivatives6 such as piracetam and 
related nootropics are currently used for their facilita-
tory effects in learning and memory in animal models. 

There is evidence that piracetam and piracetam-like 
nootropics might alter presynaptic cholinergic functions, 
possibly by enhancing high-affinity neuronal uptake of 
choline, and elevate muscarinic receptor density in the 
frontal cortex of aged mice.7'8 An enhancement of 
glutaminergic hippocampal and cortical systems and the 
induction of hippocampal long-term potentiation in 
rodent brain slices have been also observed.9-12 Despite 
these evidences, the mechanism of action of the pirace
tam-type cognition enhancers is far from being under
stood. Even though clinical trials have frequently 
yielded conflicting results,13 in preclinical studies pro
tective effects of nootropics against various insults to 
the central nervous system are continuously docu
mented.14'15 

* To whom correspondence should be addressed. 
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With the aim to obtain information on structural 
requisites which might lead to a more rational design 
of new potentially useful nootropic agents, several 
recent studies examined the structural and conforma
tional properties of pyrrolidone-containing amnesia-
reverting compounds16-18 and proposed possible phar-
macophoric models.19 

Some years ago, some of us reported the synthesis and 
cognition-activating properties of some mono- and bi-
cyclic lactam derivatives (Chart l).20 Here we report 
the results of a detailed study of their three-dimensional 
structures obtained from X-ray crystallography, NMR 
spectroscopy, and molecular modeling. The limited 
conformational mobility of most examined compounds 
is expected to yield more accurate detection of possible 
molecular determinants of amnesia-reverting activity, 
our final goal being the obtention of insights helpful for 
the design of further nootropic drugs. The partitioning 
behavior of these lactam compounds was also investi
gated; polar and apolar interactions encoded in the 
lipophilicity parameters were examined in order to 
identify structural properties possibly involved in modu
lating the in vivo activity of nootropics. 

Results and Discussion 

Crystal Structure Description. The atomic num
bering adopted for compounds 2 and 4 together with the 
valence bond lengths and angles for their non-H atoms 
are reported in Figure 1, whereas crystal data for the 
same compounds are reported in Table 1. 

The geometries of the two cis amide groups of 
compound 2 are comparable within experimental errors. 
The lengthening of the C(l)-N(2) and N(5)-C(6) bonds 
(1.358(4) and 1.351(4) A, respectively) are associated 
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with C(l)-OU) and C(6)-0(6) bond lengths of 1.244(4) 
and 1.239(4) A. 

As for the two cis amide groups of compound 4, we 
noted that small but significant differences characterize 
their geometries. While the N(2)-C(3) and C(3)-0(3) 
bond lengths are 1.341(3) and 1.226(3) A, respective 
values of 1.330(3) and 1.242(2) A have been found for 
the N(5)-C(4) and C(4)-0(4) bond lengths. 

The relevant torsion angles computed according to the 
convention of Klyne and Prelog21 for 2 and 4 are 
reported in Table 2, while perspective views of the two 
compounds, 2 and 4, are shown in Figure 2. 

The six-membered ring of 2 assumes a boat confor
mation characterized by two pseudomirror planes, one 
passing through atoms C(4) and C(7), the other bisecting 
the amide bond N(5)-C(6) and the ring-junction bond 
C(8)-C(9). The five-membered ring of 2 presents low 
puckering since the sum of the absolute values of the 
internal torsion angles is only 19.3(1)°; it assumes a flat 
half-chair conformation characterized by a pseudo-2-fold 
axis-bisecting atom, C(l). The fusion between the two 
rings of 2 is of the cis-type as seen from the torsion 
angles of junction, 5.6(3)° and 4.7(3)° for the six- and 
five-membered ring, respectively, and both of the same 
sign. The H(8) and H(9) atoms of the ring junction are 
both equatorial with respect to the six-membered ring 
and are practically eclipsed; the torsion angle H(8)-
C(8)-C(9)-H(9) is only 0(2)°, and the contact H(8> • -H-
(9) is reduced to 2.31(3) A, a value compared to the sum 
of their van der Waals radii. The folding between the 
two rings of 2 can be described by the angle between 
the mean planes through the two rings' non-H atoms 
which is 99.5(1)°. 

The six-membered ring of 4 assumes a half-chair 
conformation characterized by a pseudo-2-fold axis 
bisecting the C(4)-N(5) and C(7)-C(8) bonds. The five-
membered ring of 4 is more puckered than in 2: the 
sum of the absolute values of the internal torsion angles 
is 110.2(1)°. The cis amide bonds in either 2 or 4 are 
essentially planar, with the exception of that in the six-
membered ring of 4 for which at = —5.4(2)° was found. 

The fusion between the two rings of compound 4 is of 
the cis-type as seen from the torsion angles of junction 
which are -40.3(2)° and -33.5(2)°, respectively, for the 
six- and five-membered ring, and both of the same sign. 
With respect to the six-membered ring of 4, the axial 
character of H(8) is more pronounced than that of the 
H(9) atom. This can be appreciated considering the 
difference between the intra-ring torsion angles (Table 
2) preceding and following the carbon atom bound to 
the hydrogen: the greater the difference, the more axial 
the character. The torsion angle of junction H(8)—C(8)— 
C(9)-H(9) is -36(2)°, and the contact distance H(8> • -H-
(9) is 2.39(2) A, slightly larger than in 2. One of the 
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axial hydrogen of the six-membered ring, that bound 
to C(7), is oriented on the same side of the five-
membered ring, in contrast with compound 2 where all 
axial hydrogens are on the opposite side of the five-
membered ring. The folding between the two rings of 
4 can be described by the angle between the mean 
planes through the two rings' non-H atoms which is 
123.3(1)° and-larger than that of compound 2. 

Crystal Packing. The crystal packing of 2, which 
is shown in Figure 3 on the ac plane, is characterized 
by two in termodular hydrogen bonds, occurring be
tween the NH and CO groups of screw-related mol
ecules. Hydrogen-bonded molecules form infinite wavy 
ribbons elongating along the a direction: the packing 
of ribbons along the other two directions is governed 
mainly by van der Waals forces. 

The crystal packing of 4, which is shown in Figure 4 
on the ac plane, is characterized by four intermolecular 
hydrogen bonds. The two amide groups are differently 
engaged in hydrogen-bonding interactions. The five-
membered ring NH and CO groups of screw-related 
molecules form infinite hydrogen bonds along the b and 
c directions. Halfway along the a direction, the water 
molecules form hydrogen bonds with the NH and CO 
groups of the six-membered ring. In particular the 
water molecules are engaged in three hydrogen bonds, 
one as acceptor, with the six-membered ring NH group, 
the other two as donor, with the CO groups of the same 
ring. 

Ab Initio Calculations. As for the geometries of the 
two cis amide groups in the two bicyclic dilactams, 
relevant differences can be evidenced looking at the 
lengths of the N—C and C—O bonds. In contrast with 
compound 2, where N—C and C—O bond lengths are 
comparable within the experimental errors, a shorten
ing of the N - C bond and a lengthening of the C - 0 bond 
were observed in the piperidone ring of compound 4, and 
not in the pyrrolidone ring. These experimental obser
vations may indicate differences in the electronic struc
ture of the two rigid dilactams (i.e., the occurrence of a 
polar resonance form, =N+=C—O - , more evident in the 
six-membered ring of compound 4), as well as geo
metrical differences due to the different crystal packing 
(Figures 3 and 4). 

Since the degree of polarization of the amide group 
could be relevant in modulating the amnesia-reversal 
activity of 2-pyrrolidone-containing compounds,16 the 
two hypotheses were evaluated by ab initio calculations. 
The geometries of the two isolated molecules, 2 and 4, 
intermolecular complexes designed to mimic the crystal 
packings, namely the dimers of 2-piperidone, 2-pyrroli-
done, and 2-piperidone solvated by three water mol
ecules, were fully optimized with 3-21G, 6-31G, 6-31G*, 
and 6-31G** basis sets. The results are summarized 
in Table 3. 

For both compounds 2 and 4, the C—O double bond 
for the five-membered lactam moiety is shorter than the 
C—O double bond for the six-membered ring, likely due 
only to differences in ring size as confirmed by ab initio 
calculation results on 2-pyrrolidone- and 2-piperidone-
isolated molecules. Since the results obtained with 
larger basis sets (6-31G* and 6-31G**) did not differ 
significantly from those obtained by smaller basis sets, 
the calculations on 2-pyrrolidone and 2-piperidone were 
performed using 3-21G and 6-31G basis sets only. 
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Figure 1. Atomic numbering schemes and valence bond lengths (A) and angles (deg) for compounds 2 and 4. ESDs are in the 
ranges of 0.003-0.004 A and 0.2-0.3° (2) and 0.002-0.004 A and 0.1-0.2° (4) for bond lengths and angles, respectively. 

Table 1. Crystal Data for 
as-Perhydropyrrolo[3,4-c]pyridine-l,6-dione (2) and 
ds-Perhydropyrrolo[3,4-c]pyridine-3,4-dione (4) 

compound 

empirical formula 
formula weight 
crystal system 
a (A) 
6(A) 
c(A) 
/8 (deg) 
V(A3) 
space group 
dc (g cm - 3) 
Z 
F(000) 
A(Mo Kct) 
fiQ&o Ka) (mm"1) 
crystal size (mm) 
20m a x (deg) 
refl / > 2.0oiD 
Ry ilW 
larg diff in AF synthesis 

(eA"3) 
S 
observation/parameter 

2 

C7H10N2O2 
154.2 
monoclinic 
11.918(8) 
6.453(14) 
9.609(12) 
95.51(8) 
736(2) 
P2vc 
1.39 
4 
328 
0.71069 
0.11 
0.4 x 0.2 x 0.2 
58 
1405 
0.065, 0.092 
±0.25 

0.4 
14.1 

4 

C7HioN202-H20 
172.2 
monoclinic 
10.693(6) 
6.159(3) 
12.805(9) 
91.32(5) 
843.1(8) 
P2vc 
1.36 
4 
368 
0.71069 
0.12 
0.5 x 0.4 x 0.2 
58 
1794 
0.055, 0.080 
±0.30 

0.4 
16.5 

The calculation results obtained on five- and six-
membered lactams indicate large variations of the C—O 
double bond (and of the associated C-N single bond), 
the effect of solvation being larger than the effect of 
dimerization. These variations are in agreement with 
the difference observed on X-ray structures and led us 
to conclude that the elongation of the C - 0 bond in the 
six-membered ring of 4 depends mostly on crystal 
packing rather than on the occurrence of different polar 
forms. 

Conformational Behavior. While compounds 2 - 5 
are rigid, the absence of constraints due to ring fusion 
and the presence of the two ethoxycarbonyl groups are 
expected to induce large conformational flexibility in 
compounds 6 and 7. Due to the relevance of molecular 
rigidity/flexibility in modulating physicochemical inter
actions underlying biological recognition processes, we 
investigated on the conformational behavior of the seven 
nootropics (1—7) by means of the high-temperature-
quenched molecular dynamics (QMD) implemented in 
the molecular modeling software SYBYL. 

Table 2. Relevant Torsion Angles (deg) for Compounds 2 and 
4 (ESDs are in the range 0.2-0.3° for the torsion angles not 
involving H atoms) 

Five-Membered Ring 
C(l)-N(2)-C(3)-C(9) 5.0 
N(2)-C(3)-C(9)-C(8) -5.7 
C(3)-C(9)-C(8)-C(l) 4.7 
C(9)-C(8)-C(l)-N(2) -1.8 
C(8)-C(l)-N(2)-C(3) -2.1 

Six-Membered Ring 
C(4)-N(5)-C(6)-C(7) 
N(5)-C(6)-C(7)-C(8) 
C(6)-C(7)-C(8)-C(9) 
C(7)-C(8)-C(9)-C(4) 
C(8)-C(9)-C(4)-N(5) 
C(9)-C(4)-N(5)-C(6) 
C(6)-C(7)-C(8)-C(l) 
N(5)-C(4)-C(9)-C(3) 
C(6)-C(7)-C(8)-H(8) 
N(5)-C(4)-C(9)-H(9) 
C(l)-C(8)-C(9)-C(4) 
C(7)-C(8)-C(9)-C(3) 
C(4)-C(9)-C(8)-H(8) 
C(7)-C(8)-C(9)-H(9) 
H(8)-C(8)-C(9)-H(9) 
N(2)-C( l ) -C(8)-H(8) 
N(2)-C(3)-C(9)-H(9) 

-3 .2 
-43 .9 

40.8 
5.6 

-49.7 
52.0 

-77 .0 
69.3 

164.5 
-174.8 

126.9 
-116.3 
-119.0 

124.6 
0.1 

-117.6 
118.1 

-1.0 
22.4 

-33.5 
32.7 

-20.6 

24.6 
-50.7 

58.7 
-40.3 

13.7 
-5.4 

170.8 
-106.5 
-67.2 
135.8 

-159.3 
85.6 
79.6 

-156.2 
-36.4 
157.2 
-97.5 

QMD allows to rapidly generate the distribution of 
low-energy conformers with a large spread of structural 
properties.22 It is known that, compared to other 
methods (e.g., Monte Carlo techniques), QMD is poorer, 
not allowing a complete exploration of the conforma
tional hyperspace.23 Nevertheless, we choose QMD as 
a method for generating a meaningful ensemble of 
conformers, our goal being the exploration of the prop
erty variation within the maximum conformational 
space and not to locate minima. The results from QMD 
calculations are summarized in Table 4, where the total 
number of conformers generated and the number of 
conformers retained based on geometrical comparison 
(rms, see the Experimental Section), as well as relevant 
geometrical data CDo-o), are reported. 

With the exception of 6 and 7, few conformers (71 = 5 
for piracetam; n < 4 for the others) were obtained. In 
contrast, 59 conformers were found for cis- (6) and 54 
conformers for r;ra7is-4,5-bis(ethoxycarbonyl)-2-piperi-
done (7). These latter conformers were classified into 
three ring conformations (i.e., two half-chairs, HC, and 
one twist-boat, TB). Conformers whose difference in the 
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Figure 2. Perspective views of the crystal conformation of 2 

Figure 3. Crystal packing on the ac plane of 2. Hydrogen 
bonds are shown by dashed lines. 

dihedral angle H-C(4)-C(5)-H was within a tolerance 
of 30° were classified in the same ring conformation 
group. Due to the orientation of the ethoxycarbonyl 
groups, each ring conformation group included several 
conformational states with different stabilities. 

The structure of the minimum-energy conformational 
state in each ring conformation was taken as represen
tative of the class (Figure 5). The predicted structure 
and stability were in good agreement with those found 
in solution by NMR spectroscopy (see below). 

NMR Spectroscopy. Information on the conforma
tions of 2 and 4 in solution (D2O and DMSO-ota 
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and 4. 

respectively) were obtained from ID and 2D XH-NMR 
spectra. 1H decoupling, NOE differences, and COSY 
correlation maps confirmed the signal assignments from 
our preliminary NMR studies.20 The Karplus equation24 

was used in determining dihedral angles between the 
protons at the junction (H(8)-C(8)-C(9)-H(9)). 

While for compound 4 the coupling constant Js^ (8.1 
Hz), easily measurable from the H(9) doublet at 3.00 
ppm, indicated that the dihedral angle observed in the 
solid state (-36.4°) is essentially maintained in solution 
(ca. -35°), the signal patterns of H(8) and H(9) in 
compound 2 were more difficult to interpret, since they 
appeared as highly coupled spin systems. Irradiation 
of the H(3ax) at 3.56 ppm resulted in a loss of a 8.5-Hz 
coupling (corresponding to J3ax,9) from the H(9) multiplet 
centered at 2.85 ppm, allowing to calculate a Js,9 value 
of 9.8 Hz. The same value of J8,9 could be calculated 
on the partially masked H(8) multiplet, irradiating 
alternatively H(7ax) at 2.57 ppm and H(7eq) at 2.40 
ppm. Introduction of this value into the Karplus 
equation indicates an H(8)-C(8)-C(9)-H(9) angle of ca. 
26 . Within the limits of the accuracy of prediction by 
the simplified Karplus equation used, this value is quite 
different from that observed in the solide state (0°) but 
close to that calculated on the low-energy conformations 
isolated by molecular dynamics (21—25°) and on ab 
initio-optimized geometries (3-21G, 36°; 6-31G, 23°; 
6-31G*, 23°; 6-31G**, 25°). This finding may indicate 
that in solution the H(8) and H(9) atoms partially lose 
the character of totally eclipsed equatorial hydrogen 
atoms observed by X-ray diffraction analysis and, hence, 
that the conformational population of 2 in D2O can not 
be described by the sole solid-state conformation. 

As for the diester piperidones, the NMR spectra in 
CDCI320 suggested a rapid equilibrium between ax—eq 
and eq-ax conformers ^H-NMR: ^4,5 = 4.8 ± 0.8 Hz. 
13C-NMR: 170.3 ppm [CO(ester)]) for compound 6, 
whereas for compound 7 they indicated that H(4) and 
H(5) are in a prevalent diaxial conformation (1H-NMR: 
J4,5 = 8.9 Hz. 13C-NMR: 170.2 and 172.4 ppm [CO 
(ester)]). These results fully agree with the predictions 
made by QMD calculations. The energy values of the 
minimum-energy structures reported in Figure 5, in 
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Figure 4. Crystal packing on the ac plane of 4. Hydrogen bonds are shown by dashed lines. 

Table 3. Comparison between Experimental (X-ray) and 
Calculated (ab initio methods, minimum-energy conformations) 
Bond Lengths for Amide Groups in Compounds 2, 4, 
2-Pyrrolidone, and 2-Piperidonea 

compounds 
distances 

(A) 

Table 4. Conformers Identified and Selected by QMD 
Calculations and Distance (A) between Carbonyl Oxygens 
(Do-o),° Taken as Representative of Interatomic Distances 
between Polar Groups, of the Piracetam-Type Nootropics 
Examined 

X-ray 3-21G 6-31G 6-31G* 6-31G** 

2 

4 

2-pyrrolidone 
isolated 

dimer 

2-piperidone 
isolated 

dimer 

solvated 
(three water 

molecules) 

C(l)-OQ) 
C(l)-N(2) 
C(6)-0(6) 
C(6)-N(5) 
C(3)-0(3) 
C(3)-N(2) 
C(4)-0(4) 
C(4)-N(5) 

C(l)-OU) 
C(l)-N(2) 
C(l)-0(1) 
C(l)-N(2) 
Hbond 

C(l)-0(1) 
C(l)-N(2) 
C(l)-Od) 
C(l)-N(2) 
Hbond 
Cd)-O(l) 
C(l)-N(2) 
H bond 1 
H bond 2 
H bond 3 

1.244 
1.358 
1.239 
1.351 
1.226 
1.341 
1.242 
1.330 

1.213 
1.357 
1.217 
1.357 
1.208 
1.362 
1.215 
1.357 

1.213 
1.361 
1.230 
1.337 
1.832 

1.221 
1.356 
1.239 
1.332 
1.815 
1.257 
1.319 
1.822 
1.683 
1.726 

1.223 
1.352 
1.227 
1.356 
1.217 
1.358 
1.225 
1.356 

1.224 
1.355 
1.238 
1.337 
1.920 

1.231 
1.355 
1.246 
1.335 
1.903 
1.258 
1.326 
1.874 
1.779 
1.861 

1.196 
1.352 
1.199 
1.356 
1.191 
1.356 
1.195 
1.360 

1.196 
1.352 
1.199 
1.356 
1.191 
1.356 
1.196 
1.359 

conf 
no. of 

conformers0 

compd 

1 
2 
3 
4 
5 
6 

7 

class6 

HCae 
HCea 
TB 

HCee 
HCaa 
TB 

tot 

17 
4 
1 
4 
1 

145 

144 

sel 

5 
4 
1 
4 
1 

59 
17 
18 
24 
54 
12 
15 
27 

Do-o1 

4.49 
5.28 
5.37 
2.99 
2.99 
3.76 
3.76 
5.03 
5.01 
5.67 
3.76 
5.67 
5.03 

Do-o2 

3.81 
4.69 
-
2.99 
-
3.64 
3.64 
5.02 
3.79 
3.05 
3.76 
4.97 
3.05 

Do-o3 

5.20 
5.54 
-
3.32 
-
5.91 
5.33 
5.91 
5.78 
5.69 
5.37 
5.68 
5.69 

activity0' 

II 
I 
nt 
III 
III 
III 

II 

" Detailed information on energy and geometry for all the 
compounds is available, upon request, from Swiss authors. 

fact, indicated tha t , while for compound 6 a x - e q or e q -
ax half-chair conformer families should be almost 
equally populated, a diaxial half-chair conformation 
should be preferred by compound 7. 

P a r t i t i o n i n g B e h a v i o r . Lipophilicity of the cogni
tion-activating agents examined here has been assessed 
by measur ing octanol—water part i t ion coefficients (log 
Poet) and capacity factors (log &w) in reversed-phase high-
performance liquid chromatography (RP-HPLC). log 
Poet values were determined by the classical "shake 
flask" method.2 5 log &w values (i.e., capacity factors 
measured a t 100% of aqueous mobile phase) were 

" For compounds 6 and 7, Do-o refers to the distance between 
carbonyl oxygen of lactam functionality (0(2)) and carbonyl oxygen 
of ethoxycarbonyl group in position 4. .Do-o1 = 0 - 0 distance in 
the global minimum located by QMD; Do-o2 — lowest 0 - 0 
distance identified by QMD; Do-o3 = highest 0 - 0 distance 
identified by QMD. Do-o in the crystal structures of 2 and 4 were 
found to be 4.291 and 3.143 A, respectively. b For compounds 6 
and 7, conformation classes are defined as follows: HC = half-
chair; TB = twist-boat; ae = H(4ax)-H(5eq); ea = H(4eq)-H(5ax); 
ee = H(4eq)-H(5eq); aa = H(4ax)-H(5ax).c Total number (tot) 
of conformers identified by QMD and number of conformers 
selected (sel) with the criteria described in the Experimental 
Section (energy difference < 1.0 kcal/mol and relative rms < 0.33). 
d Criteria for establishing activity levels are described in the text, 
nt = not tested. 

determined using two reversed phases , namely Delta-
bond Cs (DB),26 proposed to reduce effectively secondary 
adsorptive interactions, and an octadecylsilane (ODS) 
nonpolar s ta t ionary phase commonly used for lipophi
licity measurements . The three lipophilicity da ta sets 
are reported in Table 5. 

The lipophilicity r a n k order resul t ing from the RP-
HPLC capacity factors (log &W

DB, log &W
0DS) is the same 

as t h a t observed by log Poct measurements , indicating 
t ha t undesirable interactions wi th silanols and other 
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Figure 5. Ring conformations of cis and trans diester piperidones: minimum-energy structure for each class of conformers selected 
by QMD for compounds 6 (top) and 7 (bottom); the relative energy (kcal/mol) is given in parentheses. 

Table 5. Lipophilicity Indices of the Investigated Lactam Derivatives 
compd 

1 (piracetam) 
2 
3 
4 
5 (rolziracetam) 
6 
7 
2-pyrrolidone 
2-piperidone 

log Poet 

-1.54 
-2.11 
-2.00 
-1.95 
-1.11 
-0.03 

0.17 
-0.71 
-0.47 

l0g£wDB 

-0.03 
-0.45 
-0.36 
-0.28 

0.43 
1.28 
1.47 

-0.13 
0.20 

log£wODS 

0.40 
0.03 
0.20 
0.20 
0.97 
1.83 
1.96 
0.37 
0.75 

CLOGP 

-1.49 
-2.80 
-2.80 
-1.88 

0.46 
0.84 
0.84 

-1.12 
-0.56 

SMLP 

-290.6 
-800.3 
-804.5 
-694.8 
-205.2 

132.7 
137.2 
-83.3 

92.6 

SMLP+ 

449.1 
213.0 
213.4 
346.3 
568.9 
946.9 
960.4 
424.6 
565.1 

IMLP-

-739.7 
-1013.3 
-1017.9 
-1041.2 
-774.1 
-814.2 
-823.2 
-507.9 
-472.5 

l0gP(MLP)° 

-0.46 
-1.73 
-1.74 
-1.40 
-0.17 

0.86 
0.88 

-0.04 
0.45 

° logP(MiP) represents the log P value predicted by using both negative and positive MLPs according to the equation reported in ref 27. 

adsorptive sites did not significantly affect partitioning 
between the apolar stationary phases and the polar 
mobile phase. In order to unravel the structural 
information encoded in the lipopholicity parameters, a 
structure-lipophilicity relationship study was carried 
out. 

Structure-Lipophilicity Relationships. The frag-
mental method of Hansen and Leo,27 using the computer 
program CLOG P,28 predicts quite well, at least in 
relative terms, the lipophilicity variations of the exam
ined compounds. As expected, the method failed to 
predict the small but significant difference (0.1-0.2 log 
unit) between diastereoisomers 2/3 and 6/7 (cis more 
hydrophilic than trans). 

In an attempt to model more accurately the lipophi
licity variation in diastereoisomer pairs (2/3, 6/7) and 
regioisomers (2/4), we calculated the molecular lipophi
licity potential (MLP), using a method recently devel
oped29 and based on the atomic lipophilic fragmental 
system of Broto and Moreau.30 MLPs were calculated 
by summation over the water-accessible surface area 
directly from the 3D-structure of the conformers selected 
by QMD. 

Molecular Lipophilicity Potential. The MLPs, 
calculated as the MLP sum over the dots (SMLP), the 
MLP sum over all the dots with a MLP > 0 (SMLP+), 
and the MLP sum over all the dots with a MLP < 0 
(SMLP-), are reported in Table 5. For each compound, 
SMLP, SMLP+, and SMLP" are mean values calculated 
for all the conformers selected by QMD calculations. 

A careful comparison of the lipophilicity parameters 
with MLP reveals that the difference in both log P and 
log kv, values between diastereomeric (2/3) and regio-
isomeric (2/4) bicyclic lactams mainly reflects the dif
ferent accessibility of apolar moieties, accounted for by 
SMLP+, rather than that of polar moieties, modeled by 
SMLP -. Indeed, for isomers 2—4, the increase of 
SMLP+ is more significant than the decrease of SMLP". 
Thus, going from the 1,6-dione derivative (2) to the 3,4-
dione isomer (4), it seems that the loss of hydrophilicity 
is due mainly to an increase of the apolar surface rather 
than to the proximity of polar groups as judged by 
CLOG P. Again, the increase of lipophilicity of the 
£rans-l,6-dione derivative (3) with respect to the cis 
isomer (2) is predicted by SMLP+. Similarly, the 
difference in lipophilicity between diastereomeric diester 
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Figure 6. Plot of observed versus predicted log kv
DB. 

piperidones (6/7) seems due essentially to the 2MLP+, 
and the same quantitative order is conserved by ZMLP. 

Correlations of experimental parameters with MLP 
indicated SMLP+ as the key parameter accounting for 
the lipophilicity variation within the whole set of lactam 
derivatives examined, as shown by eq 1, reported as an 
example: 

log£wDB = 

2.50 x 10~3(±0.56 x 10 - 3)2MLP+ - 1.07(±0.26) (1) 

- Q J 2 - , ,2 _ 
n = 9 r* = 0.972 q* = 0.950 s = 0.126 F = 239.7 

log kJ>B = 0.45(±022) CLOG P + 0.66(±0.41) (2) 

n = 9 r2 = 0.835 q2 = 0.704 s = 0.305 F = 35.5 

where n represents the number of data points, q2 the 
squared cross-validated correlation coefficient, r2 the 
squared correlation coefficient, s the standard deviation, 
and F the statistical significance of fit; the 95% confi
dence intervals are indicated in parentheses. 

Figure 6 shows the plot of actual versus predicted log 
&W

DB of the lactam derivatives and proves the potential 
of MLP approach in predicting lipophilicity parameters. 
In Table 6 the correlation matrix between experimental 
and computed indices of lipophilicity is reported. An 
examination of each single correlation revealed that the 
two simple lactams (2-pyrrolidone and 2-piperidone) are 
the strongest outliers. This points to peculiar solvation 
effects for compounds containing two or more polar 
groups relative to compounds containing only one polar 
group. 

In summary the results reported here bring further 
evidence that the MLP approach, which takes into 
account conformational behavior and the dual informa
tion content of lipophilicity (i.e., its hydrophobic part 
represented by the MLP summation over the surface 
and its polar part encoded in the fragmental atomic 
constants), can be more helpful than simple fragmental 
methods in interpreting and quantitatively predicting 
the partitioning behavior of molecules. In particular the 
2MLP+ parameter is the best predictor for the lipophi

licity behavior of the compounds studied. Due to 
opposite variations of EMLP+ and ZMLP, the prediction 
of lipophilicity of small diastereoisomers (2/3, 6/7) is not 
clearly achieved when the summation of MLP (2MLP) 
is used. Generally, MLP is more sensitive to large 
variations of accessible surface area (ASA), i.e., confor
mation of large molecules or relevant variations between 
topological isomers, than to more limited differences of 
ASA such as those existing between small diastereo
isomers.31 Further work is required to improve ac
curacy and sensitivity of the MLP approach in the 
prediction of lipophilicity. 

Insights into Structure-Activity Relationships. 
Qualitative relations have been examined between 
lipophilicity and polarity properties, on the one hand, 
and in vivo activity of the piracetam-type nootropics on 
the other hand. Although the mechanism of action of 
these drugs is poorly understood, the search for new 
drugs in this area generally relies on behavioral tests.32-33 

In particular the reversal of the experimentally induced 
(by scopolamine,34 ECS,35 or hypoxia36) amnesia in a 
passive avoidance test has been widely used for screen
ing purposes.14-15'35'37-39 On the basis of the amnesia-
reversal activity data,20 we could rank the piracetam 
analogs under investigation into three groups: i.e., 
strongly (III), moderately (II), and weakly active (I). 

Compounds 4 and 6 being more potent than pirace
tam (1) belong to group III, whereas dilactam 2 (less 
active than piracetam) is classified into group I. trans-
Dicarbethoxypiperidone (7) and piracetam are of moder
ate potency (group II). 

Within the limits of the examined physicochemical 
space, it can be observed that lipophilicity does not 
influence the in vivo activity, whereas the properties of 
the polar groups, especially the H-bonding properties 
of carbonyl oxygens, seem to be more relevant for the 
pharmacological properties. Recently, Cosentino et al.19 

identified a common spatial disposition of the polar 
functional groups present in a series of piracetam-type 
nootropics and suggested two possible pharmacophoric 
models (Figure 7). Using conformational analysis and 
chemometric methods, these authors identifyied three 
interatomic distances (Z>o-o, Dc-c, and DN-X) as the 
most relevant ones in defining the topology of the polar 
groups present in the 2-pyrrolidone-containing nootro
pics (an N—C=0 amidic group and a X—C=0 group, 
with X = O, N). 

Our results confirm that Do-o has to be below 4 A, 
in agreement with the proposed pharmacophores, and 
furthermore suggest that an inverse relation should 
exist between the antiamnesic properties and the dis
tance separating the carbonyl oxygens CD0-o)- Table 4 
reports the Do-o distance calculated for the conformers 
selected by our QMD calculations. Dilactam 4 (Do-o 
ca. 3 A) is more active than piracetam (1) (Do-o ca 4.5 
A), whereas compound 2 (Do-o > 5 A) is the least active. 
Compound 5 (rolziracetam),37 whose Do-o is very close 
to 3 A, is a good cognition enhancer (group III). As for 
the dicarbethoxypiperidones (6, 7), the cis diastereo-
isomer (6, group III) can adopt relatively low-energy 
conformations whose Do-o are between 4 and 5 A 
(global minimum: Do-o = 3.76 A), whereas the trans 
diastereoisomer (7), belonging to group II, should prefer 
conformations whose geometries should be very close 
to that of the global minimum (Do-o = 5.67 A), as 
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Table 6. Squared Correlation Matrix? between Lipophilicity Indices 

logP„< log*w
D log& ODS 

CLOG 
P IMLP IMLP+ IMLP" 

l0g£wDB 

l0g*w0DS 

CLOGP 

IMLP 

IMLP+ 

IMLP-

logP(MLP) 

0.775 
(0.998) 
0.781 

(0.993) 
0.792 

(0.858) 
0.923 

(0.922) 
0.846 

(0.985) 
0.355 

(0.403) 
0.950 

(0.947) 

0.996 
(0.997) 
0.835 

(0.871) 
0.631 

(0.912) 
0.972 

(0.983) 
0.038 

(0.384) 
0.734 

(0.939) 

0.839 
(0.870) 
0.630 

(0.893) 
0.964 

(0.972) 
0.039 

(0.362) 
0.733 

(0.922) 

0.785 
(0.908) 
0.880 

(0.887) 
0.186 

(0.539) 
0.846 

(0.913) 

0.746 
(0.943) 
0.554 

(0.661) 
0.987 

(0.997) 

0.094 
(0.423) 
0.838 

(0.966) 
0.440 

(0.606) 

° Squared correlation coefficients calculated excluding 2-pyrrolidone and 2-piperidone from regression analysis are reported in 
parentheses. 
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Figure 7. Possible pharmacophores proposed for 2-pyrroli-
done-containing nootropics (see ref 19). The distances are 
expressed in A. 
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Figure 8. Plot of the amnesia-reversal activity (levels I, II, 
and III as defined in the text) versus the distance (A) between 
the carbonyl oxygens (Do-o), taken as representative of 
distances between polar groups (see Table 4). The filled circles 
represent Do-o in the global minimum-energy conformations. 
The bars span the higher energy conformers also selected by 
QMD. For compounds 6 and 7, only conformers compatible 
with NMR data have been represented (see discussion in the 
text). 

demonst ra ted by NMR da ta and QMD resul ts . A 
graphical representat ion of this relationship is reported 
in Figure 8. 

It was noted1 9 t h a t the only significant difference in 
the two pharmacophore models proposed (Figure 7) is 
the D N - X distance and t h a t activity da ta for rigid 
compounds should allow the selection between them. 
Looking a t our rigid dilactams (2, Z>N-N = 4.25 A; 4, 
•DN-N = 4.10 A), pharmacophore B may be more realistic 
t h a n pharmacophore A. However, due to the limited 
number of compounds examined, no firm conclusion can 
be reached a t th is stage. 

C o n c l u s i o n s 

Analysis of crystallographic da ta for rigid bicyclic 
dilactams 2 and 4 provided indications about differences 
between the geometries of the cis amide groups. Ab 
initio calculations on intermolecular complexes of 2 and 
4 reproduced these differences demonstra t ing their 
dependence on crystal packing ra ther t han on electronic 
properties of the isolated molecules. 

Lipophilicity does not play a re levant role in deter
mining the activity of the examined series, most likely 
because the examined compounds are too small and 
highly functionalized, whereas the importance of the 
distance between carbonyl oxygens in influencing the 
amnesia-reversal activity of piracetam-type compounds 
is indicated by the conformational properties of lactam 
analogs. The resul ts obtained by h igh- tempera ture 
QMD calculations were in good agreement with NMR 
data . 

Together with the findings of other investigations on 
the s t ructure and conformation of nootropics,1 6 - 1 9 our 
resul ts , based on the selection of the pharmacophoric 
distances from the ent ire conformational range, can be 
of significance in the design of new piracetam-like 
cognition enhancers . While compounds 4 and 6 are 
among the most active lactam-containing nootropics40 

designed and synthesized by us to date , much progress 
can be expected from the modern tools of drug design. 

E x p e r i m e n t a l S e c t i o n 

Chemicals. Lactam derivatives 2 - 4 , 6, and 7 were syn
thesized as already reported.20 A pure sample of dihydro-LH'-
pyrrolizine-3,5(2ff,6i?)-dione ('rolziracetam') was kindly pro
vided by Parke Davis/Warner-Lambert Co. (Ann Arbor, MI). 
Piracetam was purchased from Sigma Chemical Co. (St. Louis, 
MO). Other chemicals were purchased from Aldrich Chemical 
Co. (Milwaukee, WI). 

Crystal Structure Determination. Single crystals of 2 
and 4 were obtained from methanol and ethanol solutions, 
respectively, by slow evaporation. Approximate unit-cell 
parameters and the space group of both compounds were 
determined by oscillation and Weissenberg photographs. A 
four-circle SINTEX P2i diffractometer equipped with Mo Ka 
radiation and graphite monochromator was used for intensity 
data collection of both compounds. The refined unit-cell 
parameters, determined by a least-squares fit of the angular 
setting of 14 reflections in the range 10° < 8 < 20° for 2 and 
and 16 reflections in the range 10° < 0 < 25° for 4, are given 
in Table 1. A total of 2377 and 2613 independent reflections 
were collected respectively for compounds 2 and 4 by the 6 — 
26 technique with a scan speed within the interval 1.5—29.3° 
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min - 1 over a range of 1.6°. Background counts were taken 
for a time equal to half the scan time. X-ray decay was taken 
into account by three standard reflections, monitored after 
every 100 collected reflections. A least-squares fit of intensity 
of each standard reflection versus data collection number 
showed an overall linear decay rate in both compounds. An 
overall intensity variation of about 5% and 1% was noted for 
compounds 2 and 4, respectively, and a corresponding decay 
factor was calculated and applied to each reflection. Lorentz 
and polarization but no absorption corrections were applied. 

Both structures were solved by direct methods using the 
program MULTAN 80.41 Isotropic and anisotropic refinement 
of the non-H atoms were carried out by the full-matrix least-
squares method minimizing the function 2iv(\F0\ — |FC|)2 where 
w = (a + |F0| + c|F0|2)-1 with a and c equal to 2Fo<min) and 
2Fo<max), respectively. The final difference Fourier synthesis 
revealed all the H atoms for both compounds. The H atoms 
were introduced in the last structure calculation with isotropic 
thermal values deduced from the carrier atoms. Scattering 
factors were taken from ref 42. Observed and calculated 
structure factors and anisotropic thermal parameters of the 
non-H atoms have been deposited. All the calculations were 
carried out on the D.G. ECLIPSE MV/8000 II using the 
package of programs of ref 43. 

Lipophilicity Measurements. Partition coefficients were 
determined in 1-octanol and pH 7.4 phosphate buffer (0.05 M) 
at room temperature. Drug concentrations in aqueous phase 
before partitioning were within the range 1 x 10~4-1 x 10"3 

M. At equilibrium, concentrations were measured in the 
aqueous phase by HPLC after centrifugation. 

As further lipophilicity parameters, the capacity factors at 
100% water eluent (log kv) were determined as already 
described.26 The mobile phase consisted of 0.05 M acetate 
buffer (pH 5.0). A 5-^m Deltabond Cs column (159 x 3.9 mm 
i.d.; Keystone Sci., Belfonte, PA) or a 10-/<m /^-Bondapak Ci8 
column (150 x 3.9 mm i.d.; Waters Assoc, Milford, MA) were 
used as stationary phases. All chromatographic measure
ments were performed at a constant temperature of 30 ± 0.5 
°C and a flow rate of 1 mL/min on a Waters HPLC Model 600 
multisolvent delivery system (Waters Assoc, Milford, MA) 
equipped with a Waters 481 variable wavelength detector 
operating at 210 nm. Calculated log Poet values were obtained 
by the fragmental method of Hansch and Leo27 using the 
CLOG P 3.54 software.28 

NMR Spectroscopy. JH-NMR spectra were recorded at 
25 °C for solutions of compounds 2 and 4 in D2O and DMSO-
de, respectively, at 300 MHz on a Bruker AM300WB spec
trometer. The signal position was recorded with reference to 
the external standard TMS. 

Ab Initio Calculations. The ab initio calculations were 
performed on a Silicon Graphics Indigo workstation with the 
Gaussian 90 software and on the Cray 2 supercomputer of the 
Ecole Polytechnique Fede>ale de Lausanne with the Gaussian 
92 software.44 In both cases, the geometry optimization was 
performed with the Berny algorithm using the default con
vergence criteria; the direct method was used to solve the SCF 
equations. 

Molecular Dynamics Calculations. All the calculations 
were performed using the SYBY1 5.5 and 6.0 softwares45 on 
Silicon Graphics Personal Iris 4D/35, Power Series 4D/320, or 
Indigo R4000 workstations. The geometry optimizations were 
performed with the Tripos force field46 including an electro
static term calculated with Gasteiger—Marsili partial atomic 
charges47 and a dielectric constant 6 = 1. The Powell algorithm 
was used for the geometry optimization with a convergence 
obtained when the gradient was lower than 0.001 kcal/mol A2. 
The dynamics simulations were performed in absence of water 
in a completely automated mode monitored with SPL macro-
commands. The comparison of molecules was performed with 
the SYBYL MATCH option using all heavy atoms and all polar 
hydrogens. The absolute rms was recorded for each pairwise 
comparison and the highest rms over all the comparisons 
determined. This allows to derive a relative rms for each 
comparison. The dynamics strategy used in this study was 
the following: (1) For each compound a starting geometry was 
fully optimized, in order to eliminate unfavorable steric 

interactions, and a dynamics simulation at 2000 K during 100 
ps was performed. Starting with a Boltzmann distribution of 
the atomic velocities, the Newton second equation was solved 
each 1 fs, and 2000 different geometries were selected along 
the trajectory. (2) From the retained geometries, only 200 
conformers were randomly selected. Their geometries were 
completely optimized, and all the conformers were classified 
by increasing energy. (3) The comparison for each pair of 
conformers was performed and their relative rms determined. 
Two arbitrary criteria were used to judge the similarity 
between two different conformers: their energy difference 
must be lower than 1 kcal/mol and their relative rms must be 
lower than 33%. In the case of identical geometries, the 
highest energy conformer was eliminated from the database. 

Molecular Lipophilicity Potential. The molecular lipo
philicity potential (MLP) used in our application29 is based on 
the slightly modified FaucheYe equation48 and the atomic 
lipophilic fragmental system of Broto and Moreau.30 Starting 
with two files generated by SYBYL, i.e., one containing the 
molecule geometry (mol2 file format) and a second containing 
the coordinates of points onto the accessible surface (dot file 
format), a FORTRAN program was written to identify auto
matically the atomic fragments, then to calculate the potential 
at each dot onto the water-accessible surface area, and then 
to generate new parameters (2MLP, 2MLP+, and 2MLP"). 
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relevant geometrical details of the intermolecular hydrogen 
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relative energy, MLP parameters, and Do-o, taken as repre
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conformations of piracetam-type nootropics selected by QMD 
calculations (9 pages); tables of observed and calculated 
structure factors for 2 and 4 (21 pages). Ordering information 
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