
Dimers of solid 4-arylhexahydro-1H,3H-pyrido[1,2-c]
pyrimidine-1,3-diones. 13C CP/MAS NMR, x-ray diffraction
and semi-empirical MO studies

Franciszek Herold,1 Dorota Maciejewska2* and Irena Wolska3

1Department of Drug Technology, Faculty of Pharmacy, Medical University of Warsaw, Banacha 1, 02-097 Warsaw, Poland
2Department of Physical Chemistry, Faculty of Pharmacy, Medical University of Warsaw, Banacha 1, 02-097 Warsaw, Poland
3Department of Crystallography, Adam Mickiewicz University, Grunwaldzka 6, 60-780 PoznanÂ , Poland

Received 2 November 1998; revised 4 November 1999; accepted 17 November 1999

ABSTRACT: 13C cross-polarization magic angle spinning NMR data are reported for eight derivatives of 4-aryl-
hexahydro-1H,3H-pyrido[1,2-c]pyrimidine-1,3-diones1–8 and the x-ray diffraction data for4 with R = 4'-Me. The
crystal structure of4 shows the formation of centrosymmetric dimers via intermolecular hydrogen bonds with an
N2 � � �O11 distance of 2.797(3) A˚ . Deshielding of carbonyl carbons in the solids1–8 as compared with solution shows
that such dimers probably also exist in other compounds. According to the PM3 calculations, three types of dimers
with two C1=O� � �HN, two C3=O� � �HN bonds and ‘mixed,’ i.e. with one C1=O� � �HN and one C3=O� � �HN bond,
are possible. Copyright 2000 John Wiley & Sons, Ltd.

KEYWORDS: 4-aryl-hexahydro-1H,3H-pyrido[1,2-c]pyrimidine-1,3-diones; dimers; cross-polarization magic angle
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INTRODUCTION

In the course of our studies on potential drug mol-
ecules, the 4-arylhexahydro-1H,3H-pyrido[1,2-c]pyrimi-
dine-1,3-diones1–8 (Fig. 1) were synthesized as starting
compounds for the synthesis of buspirone (an anxiolytic
agent) analogues. A topographical, three-point pharma-
cophore model has recently been proposed1–3 in which
the carbonyl group of a ligand is involved in the
interaction with a serotonine receptor. The presence of
an acylurea moiety in1–8 suggests that these fragments
may constitute active sites. As a consequence, when
connected with the appropriate piperazinylbutyl spacer,
the compounds (analogues of9, Fig. 1) should exert an
effect on the central nervous system. Therefore, data
concerning the structure, conformational flexibility and
properties of carbonyl groups (especially their hydrogen
bonding ability) of compounds1–8 are of interest. The
derivatives of 4-arylhexahydro-1H,3H-pyrido[1,2-c]py-
rimidine-1,3-dione with anortho-, meta- and para-
substituted aromatic ring at C4 were examined using
the combined approach of solid-state NMR spectroscopy,
x-ray diffraction measurements and theoretical semi-
empirical MO methods.

EXPERIMENTAL

The 4-arylhexahydro-1H,3H-pyrido[1,2-c]pyrimidine-
1,3-dione derivatives were prepared by catalytic hydro-

Figure 1. Structures of compounds 1±9
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genation of 4-aryl-1H,2H-pyrido[1,2-c]pyrimidine-1,3-
diones.4 The 13C NMR spectra were recorded at
125.76MHz on a Bruker AM-500 spectrometerfor
CDCl3 solutions.Cross-polarizationmagic angle spin-
ning (CP/MAS) solid-state 13C NMR spectra were
recordedat 75.5MHz on a BrukerMSL-300instrument.
Powdersampleswerespunat 10.0–10.5kHz in a 4 mm
ZrO2 rotor; a contacttime of 4–5ms,a repetitiontime of
6 s and spectral width of 20 kHz were used for the
accumulationof 700 –1200scans.A dipolar dephasing
pulsesequence,with a 50ms delay time insertedbefore
theacquisition,wasusedto observeselectivelythenon-
protonated carbons. Chemical shifts were calibrated
indirectly through the glycine CO signal recordedat
176.0ppmrelativeto TMS.

Single crystalsof 4 suitablefor x-ray analysiswere
grownfrom ethanolby slow evaporation.Thedatawere
collectedon a KM4 KUMA diffractometer,5 with gra-
phite monochromatedCu Ka radiation.The �–2� scan
techniqueand a variablescanspeedrangefrom 1.2 to
18.0 ° minÿ1 dependingon the reflectionintensitywere
applied.Intensitydatawerecorrectedfor theLorenzand
polarizationeffects.5 The structurewassolvedusingthe
directmethodwith theSHELXS86program6 andrefined
by the full-matrix least-squares method with
SHELXL937 on F2. The function

P
w(jFoj2ÿjFcj2)2

wasminimizedwith wÿ1 = [�(Fo)
2�(0.0882P)2�0.49P],

whereP = (Fo
2�2Fc

2)/3. All non-hydrogenatomswere
refinedanisotropically.Thehydrogenatomswereplaced

in thecalculatedpositionsandrefinedasa‘riding model,’
i.e. they were restrainedto move togetherwith their
carrieratomsin orderto maintainthestartinggeometry.
The isotropicthermalparametersof thehydrogenatoms
weresetat1.2(1.5for themethylgroup)timesUeqof the
bondedatom.Only for thehydrogenatominvolvedin the
hydrogen bonding were the positional and thermal
parametersrefined.The empirical extinction correction
was also applied according to the equation7 Fc' =
kFc[1�(0.001wFc

2�3/sin2�)]ÿ1/4 andtheextinctioncoef-
ficient w wasequalto 0.0037(8).

Crystaldataandstructurerefinementfor 4 aregivenin
Table1.

All positional,geometricand thermalparametersare
depositedat theCambridgeCrystallographicDataCentre
(CCDC IdentificationNumber135010).Semi-empirical
calculations were performed with the PM3 method
implementedin theHyperChem5.01package.8

RESULTS AND DISCUSSION

13C NMR

The results of 13C NMR measurementson solid
compounds1–8 are reportedin Table 2 and illustrated
in Fig. 2. The majority of the 13C resonancesin the
spectraof solidscould be assigneddirectly by compar-
isonwith the solutiondata.The dipolar dephasingpulse
sequencewasusedto eliminatethesignalsof protonated
carbons.By comparingthe13C CP/MASNMR spectrum
measuredwith thestandardpulsesequence[Fig. 2, 8(b)]
and the quaternarycarbonsspectrumobtainedfrom the
dipolar dephasedexperiment [Fig. 2, 8(a)], it was
possibleto assignthe resonancesof C1' and C4'. The
signals of the carbonsbound to nitrogen (C8, C4a,
C1=O, C3=O) arebroaderand/orsplit into asymmetric
doubletsowing to the residual13C–14N coupling. The
numberof resonancesdoesnot exceedthe numberof
carbonsin thespectraof 1–5. However,in the spectrum
of 6 mostof theresonancesappearasdoublets,indicating
that thereare two moleculesin the asymmetriccrystal
unit. Theinterpretationof thesolid-statestructureof 6 is
not straightforwardin the absenceof x-ray diffraction
(XRD) dataandattemptsto grow suitablesinglecrystals
arein progress.

Consideringthe structureof solid 1–8 threeproblems
are worth discussing: (i) the conformation of the
saturatedring, (ii) the orientationof the aryl substituent
and (iii) the intermolecularhydrogenbonding pattern
involving NH andC=O groups.

For structural analysis the differencesbetweenthe
liquid and the solid stateare interesting(D� = �solution

ÿ�solid). The widely varying values of D� (ÿ2.8
to� 3.3ppm) for carbons C5–C8 indicate that the
conformationof the saturatedfragment of the ring is
not the samein solid and in solution.However,neither

Table 1. Crystal data and structure re®nement for 4

Parameter Value

Molecularformula C15H16N2O2
Molecularweight 256.30
Crystalsystem Monoclinic
Spacegroup P21/c
Z 4
a (Å ) 12.045(2)
b (Å ) 8.343(2)
c (Å ) 12.943(3)
b (°) 93.93(3)
Volume(Å3) 1297.6(5)
Density(calc.) (g cmÿ3) 1.312
F(000) (e) 544
Wavelength(Å ) 1.54178
m(mmÿ1) 0.713
Crystalsize(mm) 0.6� 0.5� 0.15
Index ranges ÿ14� h � 14,

0 � k � 9
0 � l � 14

Reflectionscollected 2266
Reflectionindependent 2155(Rint = 0.013)
No. of parameters 187
Final R(F) [F2 >2s(F2)] 0.0488
wR(F2) (all data) 0.1572
S 1.022
Max. shift (e.s.d) <0.001
Max./min.Dr (e Åÿ3) 0.305/ÿ0.192
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the sizeof the effect nor the directionsof the shielding
changesshowany regularity.The highestvaluesof D�
areobservedfor C8,althoughconsiderablechangesand/
or structuraldisorderwereexpectedfor C6andC7,which
have the most conformational freedom. The aryl
substituentat C4 cannotbe coplanarwith the pyrido-
[1,2-c]pyrimidine-1,3-dionesystemfor stericreasons(as
establishedby XRD, the twist angleof aromaticring is
113.6°; Table 3). The twisting of the two p-systems

reducedtheconjugationandtheelectroniceffectsof the
substituentsare transmittedless efficiently. In solution
there is only one resonancefor eachpair of aromatic
carbons,orthoandmeta, becauseof rapidrotationaround
the C4—C1' bond. In the solid-statespectra,separate
signalsfor C2' andC6' appear,asin thoseof 1 and8 (Fig.
2).Thelockedorientationof aryl substituentresultsin the
deshieldingof C1' (1.0–5.4ppm) andan increasein the
shieldingof C4andC4a(0.1–3.0ppm)in all compounds.

Figure 2. 13C CP/MAS NMR spectra of solid 1 and 8 [8(a) dipolar diphase experiment: 8(b) standard experiment]

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 213–220

216 F. HEROLD, D. MACIEJEWSKA AND I. WOLSKA



The deshielding of carbonyl carbons was usually
observed upon formation of NH� � �O=C hydrogen
bonds. In solid peptides containing glycine a linear
relationshipbetweenC=O chemicalshiftsandhydrogen
bondlengths(known from XRD) wasestablished.9 The
downfieldshift of the C3=O and/orC1=O resonances
of 1–8 showsthat in the solid statethe moleculesare
linked by NH� � �O=C hydrogenbonds.TheresultingD�
is 2.3–3.0ppmfor C3=O and<1 ppmfor C1=O in 1,3
–5, 7 and8, whereasin 2 and6 bothsignalsof carbonyl
groupsare shifteddownfieldby 3–4ppm. It is possible
that in these compoundsdimers with two kinds of
intermolecular hydrogen bonds involving C3=O� � �H
andC1=O� � �H canbeformed.Theproblemwasstudied
furtherby theoreticalmethods.

Crystal structure analysis

The NMR spectra were recorded prior to the XRD

analysisandverificationof ourhypothesisconcerningthe
mode of hydrogen bonding and the twisting of the
aromaticring wasnecessary.A singlecrystalof sufficient
quality wasobtainedfor 4, althoughthe XRD measure-
ments on the derivatives 2 and 6 would also be
interesting. Selected bond lengths, bond angles and
torsion anglesfor 4 (R = 4'-Me) are given in Table 3.
The relatively short C4—C4a bond [insignificantly
longer than a typical C(sp2)—C(sp2) bond length10] is
in agreementwith thebondnotationgivenin Fig. 1. The
C7 atomwasfoundto bedisordered.Theoccupanciesof
the alternative positions were refined at 0.70(2) and
0.30(2). Similar disorderwas found for the respective
methylenecarbonsin 1,11 74 and9.12 The conformation
of the piperidine ring with the C7A atom is slightly
distortedfrom thetypical sofaform (Dcs = 6.7°), but this
with theC7B atomadoptsa distortedboatconformation
(Dcs = 19.5°).13

The C5 carbonis locatedapproximately2° out of the
plane formed by the C3—C4—C4aatoms (the C3—

Table 3. Selected bond lengths, bond angles, torsion angles and hydrogen bonding parameters for 4

Bond lengths(Å) Torsionangles(°)

N2—C1 1.364(3) C4a—C4—C1'—C6' 113.6(3)
N2—C3 1.377(3) O11—C3—C4—C4a ÿ176.2(3)
C3—C4 1.433(3) O11—C3—C4—C1' 2.7(4)
C4—C4a 1.363(3) N2—C3—C4—C4a 4.1(3)
C4a—N9 1.387(3) C5—C4a—N9—C1 177.3(2)
C4a—C5 1.504(3) C4—C4a—N9—C8 171.5(3)
C1= O10 1.221(3) C5—C4a—N9—C8 ÿ9.2(4)
C3= O11 1.238(3) O10—C1—N9—C8 9.1(4)
N9—C1 1.379(3) C4a—C4—C1'—C2' ÿ67.9(3)
N9—C8 1.483(3)

Hydrogenbonds(Å)C8—C7B 1.45(1)

N2 � � �O11a 2.797(3)
C8—C7A 1.492(5)

H� � �O11a 1.91(3)
C7A—C6 1.456(7)

N2—H 0.89(3)
C6—C5 1.477(4)

N2—H� � �O11a 172(3)

Valenceangles(°) Shortcontacts(Å)

C1—N2—C3 126.1(2) C8� � �O10b 3.182(3)
C1—N2—H 116(2) C7A� � �O10b 3.291(5)
C3—N2—H 118(2) C7B� � �O10b 3.47(1)
N2—C3—C4 115.8(2)
C4a—C4—C3 119.4(2)
C4a—C4—C1' 123.2(2)
C3—C4—C1' 117.4(2)
C4—C4a—N9 120.9(2)
C4—C4a—C5 122.0(2)
C1—N9—C4a 121.7(2)
C1—N9—C8 114.6(2)
C7B—C8—N9 112.3(5)
C7A—C8—N9 114.7(3)
C6—C7A—C8 114.0(5)
C6—C7B—C8 118.3(9)
C7A—C6—C5 111.9(4)
C2'—C1'—C4 121.6(2)

a Symmetrycodes1ÿx, ÿy, 2ÿz.
b Symmetrycodes1ÿx, 0.5�y, 1.5ÿz

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 213–220
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C4—C4a—C5dihedralangleis 178.6°) andthedeviation
of C8 is ca 10° larger (the N2—C1—N9—C8angle is
ÿ170.1°). The packingarrangementis shownin Fig. 3.
The most interesting feature is the formation of
centrosymmetricdimersby meansof the intermolecular
hydrogenbond C3=O� � �HN2 with N2� � �O11 distance
of 2.797(3)Å in 4 (Fig.4),andneitherstaticnondynamic
protondisorderwasobserved;theprotonis locatednear
thenitrogenatom.Thesecondcarbonylgroup,C1=O, is
involvedin shortintermolecularcontactswith theprotons
HC7 andHC8 (thedistancesaregiven in Table3).

Semi-empirical PM3 MO calculations

Semi-empirical PM3 calculationswere performed on
molecules1–8 andon the dimersdiscussedabove.Heat
of associationandhydrogenbondingarereproducedby
thePM3 level of theorywith chemicallyusefulaccuracy
for moleculeswith bonds involving C, H, N and O
atoms.14 Having assumedthat the directionsof the net
chargechangeshadbeenreproducedproperlywithin the
setof molecules,the net chargeswereusedasan aid to
thesignalassignmentin theNMR spectra.It wasalsoof
interestto obtain more structural information on those
moleculesfor which we haveno XRD data.

In all of the calculatedstructuresthe aromaticring is
almost perpendicularto the plane of the pyrido[1,2-
c]pyrimidine-1,3-dionefragment,which is in accordance
with thex-raydatafor 4. TheatomicchargeatC2' is less
negativethanthatatC6' andbasedonthis theresonances
at a higher frequency were assigned to C2'. The

assignmentof C6 andC7 wasnot immediatelyapparent.
However,theprotonspectrawerescrutinized,4 leadingto
non-equivalentpositions of the correspondingcarbon
signals at 17.1–19.3and 20.7–21.7ppm, respectively.
The saturatedring adopts a slightly distorted chair
conformation,but the calculateddifferencesin energy
(for particularconformerswith different locationsof C6

Figure 3. Perspective drawing of the packing arrangement of 4 along the b-axis with dashed lines indicating the hydrogen
bonding scheme15

Figure 4. Hydrogen-bonded dimers of 4. Displacement
ellipsoids are plotted at the 50% probability level15

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 213–220
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and C7) are too small to draw reliable conclusions
concerning their stability. The atomic charge at the
carbonylC1 atomis lesspositive(by 0.090)thanthatof
the C3 atom, and resonancesin the range 152.7–
155.5ppm areassignedto the C1 atomin the rangeand
163.5–165.5ppmto theC3 atom.It is worth mentioning
that accordingto the PM3 level of theory,the valuesof
thesechargesareindependentin termsof thepositionand
natureof the R substituent,but the formationof dimers
increasesthepositivechargeat therespectiveatoms,i.e.
those engagedin the hydrogen bonding. Taking into

accountthehighervaluesof thechemicalshiftsof theC3
atom and the more positive net charge obtained by
calculations,this carbonyl group should preferably be
involved in hydrogenbonding.However,looking at the
structuresin Fig. 1, it is clear that three structuresof
dimerarepossible:(i) with two NH� � �O=C1 bonds,(ii)
with two NH� � �O=C3 bondsand (iii) a ‘mixed’ dimer
with NH� � �O=C1 andNH� � �O=C3 bonds.

On thebasisof thePM3 calculationswe evaluatedthe
ability of the title compoundsto form thesedimers.The
threepossiblecombinationsof monomers(shownfor 1 in
Fig. 5) of compounds1, 2, 4 and 6 were calculatedto
identify low-energyconformations.The startinggeome-
tries of the dimers were generatedby placing two
optimized monomersin the samefile. The position of
eachmonomerwaschosenin suchawaythatthestarting
distancesbetweenthe oxygenand the hydrogenatoms
(C=O� � �HN) in adjacentmoleculesvaried from 1.0 to
1.5 and 2.0Å. Then the optimizationof thesefiles was
performed.This procedureproducedat the minimum of
the heatof formation the dimerswith two NH� � �O=C
bondsatadistanceof 1.81Å andformingtwo N—H� � �O
anglesof ca171°, which is in goodagreementwith x-ray
data for 4. The energy of dimers is smaller by
ÿ16kJmolÿ1 comparedwith the two moleculesof the
monomer(Table 4). Apparently,the dimersrepresenta
favourablestructurein thesolid stateby meansof which
themoleculesrelievepartof their energy.All threetypes
of dimersare theoreticallypossiblesincetheDE values
areclose.However,in the ‘mixed’ structurethebenzene
ringsdo not form parallelplanes,which seemsto beless
probablein thecrystal.Theroughly90° orientationof the
benzeneplanein relationto the pyrido[1,2-c]pyrimidine
systemreducesthestericrepulsionbetweenthecarbonyl
C3=O and the ortho substituentR (or H) and for this
reasonthe structureswith two NH� � �O=C3 bondsalso
seemedprobable for the compoundswith ortho sub-
stitution.
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Figure 5. Dimeric structures with (i) two C1=O� � �HN bonds,
(ii) two C3=O� � �HN bonds and (iii) `mixed' dimer with
C1=O� � �HN and C3=O� � �HN bonds as calculated by the
PM3 semi-empirical method

Table 4. Differences of energy between respective dimer
and two monomers

DE = Edimÿ2Emon(kJmolÿ1)

CompoundNo. Two C1=O Two C3=O C1=O, C3=O

1 ÿ17.1 ÿ14.8 ÿ15.9
2 ÿ15.6 ÿ13.3 ÿ15.8
4 ÿ16.6 ÿ14.7 ÿ15.5
6 ÿ16.3 ÿ14.3 ÿ15.4
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