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Inbibition of Cyclic Adenosbe-3’,5’-monopbosphate Phosphodlesterase from 
Va9cular Smooth Muscle-by RciIjpra Analogues  

a - 

Michel C. Marlvet,t Jean-Jacques Bourguignon, Claire Lugnler,t Andre Mann, Jean-Claude Stoclet, 
and Camille-Georges Wercnitht 

DSpartement do Phoz’maaoehimie MoŒcuiaire, Centre do Neurochimie du CNRS, 6, rue Blaise Pascal, 67084 Stresbourg Codes, 
France, and Laboratoire do Phwwzccoiogie Ceilulaire at MoMcuiaire, FacultO do Pharmacie do Straabourg, 74 route du Rhin, 
1P 24, 67401 IWthth Codes, Prance. Recewed May 13 1988 

Rcllpram ((R 448(cydepentylozy) etbox}Jenyl)-2-pyrrolidoneJ has been shown to Inhibit selectively the 
CAMP pheaphodlesterase (PIlE) of vascular smooth muscle. In order to further explore the structural requirements 
for selective PIlE Inhibition, we synthesized a series of roliprem derivatives differently substituted either at the 
pyrrolidlnone or at the aromatic ring. Among these compounds, rollpram we the most active compound. Semirigid 
analogues were prepared and used for at evaluation of the active conformation of rolipraru. Structural comparison 
with two other potent and chemically different smooth muscle cAMP-PDE inhibitors, trequinsin 

and Re 20-1724, 
allows us to propose a first topological model of the smooth muscle cAlt-PDE phermacophore. 

Interest In the fled of phosphodlesterase (E’DE) inhib-
itors has been renewed within the recant yea& Such 
agents may affect cardiac and smooth muscles and pla-
telets, as well as the central nervous system and various 
seeretory functions. Many PLIE inhibitors are not selective 
and exert their inhibiting activity toward every or several 
subtypes of PDE. Roliprarn t(RM-4-13-(cyclopenty1-
oxy)-4-methozypheny1-2-pyrrolidone] Is described as a 
neurotropic compound, which may exert Its pharmaco-
logical actions through an increase of the cyclic AMP 
(cAMP) leels in noradrenergic nerve endings.° It has 
been proved to be a potent and selective cAMP phos-
,ho4iesterase inhibitor in the brain 2.4 This rolipram-

sensitive form has also been isolated from vascular smooth 
muscle,88 but not from platelets. Recently another 
cAMP-specific phosphodiesterase, which is Inhibited by 
cyclic GNP, has been characterized.’ The two firma have 
been found in qerdiac preparations, the latter being the 
target of cardlotonic drugs. The selectivity of rolipram 
toward a specific form of PDE present In different tissues 
led us to investigate structure-activity relationships In a 
series of analogues of rollpram. We evaralned successively 
the role played by the alkoxy groups in the 3-and 4-pos-
ition of the phenyl ring and the effects of substitution at 
the pyrrolidone ring. The present work describes the 
synthesis and the inhibitory activity of these analogues on 
different forms of PDE separated from bovine arterial 
muscle preparations. A model of the phaxmacopbore for 
the rolipram-sensitive, vascular smooth mincle cAMP-PDB 
inhibitors Is proposed. 

Chemistry 
Most of the 4-aryl-2-pyz’rolidones 1-24 were prepared 

following modified literature procedures.8 Compounds 
7, 9-11, and rdlipram were generous gifts from Dr. B.. 
Schmiechen from Sobering AG., Berlin, Germany. Re 
2D-1724 and trequinsiri were provided respectively by 
Hoffmann-La Roche (Nutley, NJ) and by Hoechst A.G. 
(Frankfurt, Germany). 

The most convenient method (method A. Scheme I) 
Involves 1,4-addition of nitromctbaue to the corresponding 
methyl cinnamate, followed by a reductive oyclization. 
Method B leads to the expected pyrrolidinones with high 
yields. It consists of a cyanide addition to a substituted 
benzylldenernalonate, followed by an hydrogenation step 
in acidic medium and thermal ring closure. Method C was 
used for the synthesis of the 3-substituted 4-aryl-
pyrrolidones and involves the addition of diethyl malonate 

Centre -de Neurochirnie du CNRS. 
tLahoratolre de Pharmacologic Ceflulaire at MolGoulaire. 

8tIOC.D ...XP_2224334A_,. 

to 2-(3’,4d meth pbenyl)n1troetbyine. Alkylation and 
reductive cyclizatlon led to the 3-carbathoxypyz’rolldones 
19. Compound 19b was further saponified and decar-
bozylated, affording the ct-methylpyrrolldone 17, The 
phenolic derivative 5 was obtained by catalytic hydro-
genation of the benzyloxy precursor 12. Punctlthsallzed 
compounds 13-I6 were prepared as described in Scheme 
U. Pyrrolidone 6 served as starting material for com-
pounds 20-26. By known prseedures,8 It was N-alkylated 
to compounds 20, 22, and 23 or N-acylated to yield com-

pounds 21 and 24. The conversion to thlolactam 25 was 

achieved by means of P295 and sodium bicarbonate in a 
DME-MeCN mixture. Pyrrolidthe 26 was obtained by a 

LAB reduction of pyrrolidone 6. 

cis-8,Sa,8,8a-Tetrabydro-5,8-dimetbozylndeno 12, 1-b]-
pyrrol-2(IE)-one (27) (Table 11) was prepared according 

to Jung at aL,9 and surprisingly, only- the cis isomer was 

obtained. Thus 1H NUR (200 Hz) shows the characteristic 
coupling constant of 6 Hz between the two methina pro-tons. cia- and trans-I,2,3a,4,6,9b-hexabydro-7,8-dlmetb-

oxybenz(e]Isoindol-3-łnes  (28 and 29) were obtained 
(Scheme UI) by a regioselective Dials-Alder reaction be-
tween methyl acrylate and 1-cyano-4,5-d1mathozybenzo-
cyclobutene..11 The resulting two diastereomeric cyano 

esters were separated by chromatography. After catalytic hydrogenation In acidic medium, they led to the corre-

sponding amino esters. The cis Isomer (J 4.5 Hz)’° 
spontaneously cydlized to the lectern 28, whereas the cy-
citation of the trans isomer (J = 9.5 Hz) needed a reflux 

In toluene. (1) Welabaar,B.. &; Cain, 14. H.; Bristol, 3. A. J.Rea. Chain. 1986, 25, 537. (2) Weebtel, IL Neuropharmacolcgy

 1988, 23. 267. (3) Sthwaj,e, U.; Mlyake, 344 Ohga, Y; Daly, J. W. Mel. Plwr-maeoZ 1976, 12, 900. (4) Names, G.; Prigent, A. F.; Moueqqit, 34.; Fougler, S.; Ma.. covsohl, 0.; Pacheco, IL Biochem. Pharmrzcol. 1985,34,2997. (5) L.upier, C.; Stfcrle, A.; Berets, A.; Schoeffter, P.; Lebac, A.; Wermuth, C. 0.; Cszeiiava, J. P.; Stoclet, J. C. Biochem. Blo-pAys. Res. Common. 1985,113.854. (6) Lugnier, C.; Sthoeffter, P.; Lebec, A.; Strouthon, E. Stoelet, J. C. Biochem. Pharmocol. 1988, 35, 1743. (7) Harrison, S. A.; Chang, 14. L. Beers, J. A. Ofraulation 1986, 73. Suppi. UI, 199. (8) Seldelmas. Il.; ScbrnIethen, P. Pasebelke, G.; Muller, B. German Patent 2 413 935/3 (SaberIng A.G., Berlin), March 20, 1974. (9) Jung, E.; Voasius, V.; Schfrdewehn, J. English Patent 32 120/70 (Allen and Ilandburrys Ltd., London), July 2, 1970. (I D) Kameteni, T.; Ogasawara, K.; Takahashi, T. Tetrahedron 1972, 29, 73. (Li) Ken*etanl, T.; Kate, V.; Honda, T.; Fukumoto, K. J. Chant. Sac., Perkin Trans. I 1975, 2001. 0022-2623/89/1832-1450$01.50/0 @ 1989 American Chemical Society 
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Phosphodlesterase Inhibition Studies 
Compounds were tested on the three different forms of 

PDE isolated from bovine aorta.6 The first form hydro-
lyzed preferentially cGMP and was activated 6-15-fold by 
calmoduija (CaM); it was named CaM-POE. The second 
form hydrolyzed cGMP with a high degree of selectivity 
and was insensitive to CaM and cGMP; it was called 
cGMP-PDE. The third peak hydrolyzed preferentially 
cAMP and was not stimulated by CaM; it was named 
cAMP-POE. The concentration of each drug that inhib-
ited 50% of the enzymatic activity (IC& was determined 
at 1 MM cGMP in thi presence of calcium (10 j&ND and 
calrnodulin (15 aM) for CaM-PDE, at 1 MM of cGMP and 

1 ,M cAMP respectively for cGMP-PDE and cA2vlP-PDE 
in the absence of calcium (1 mM EGTA). The curve ob-
tained by plotting percent enzymatic activity versus the 
logarithmic concentration of the inhibitorincluded six 
concentrations in its linear portion. The IC

 
es was calcu-

lated by linear regression (correlation coefficient 0.96) and 
represents the mean of three determinations. The ex-
perimental error was about 15%. 

The physical and biochemical data for all the tested 
compounds are listed in Tables I and IL 

Results and Discussion 
Data given in Table I show that the unsubstituted (1) 

and the monoalkoxylated (2. 3) derivatives are inactive. 
Inactivity was also found for the free phenol S. These 
results clearly indicate that alkoxy groups must be present 
in both the mete and para positions.. Howeveri the inac-
tivity of the p-butoxy derivative 4 as well as that of other 
analogues with rather bulky substituents in the pam 
position characterizes steric hindrance in the vicinity of 
this position. Various alkoxy aliphatic chains with three 
to five carbon atoms could be introduced in the meta 
position, leading to potent compounds (7-11), the highest 
potency being obtained with a cyclopentyloxy group (ro-
lipram). A benzyloxy group (12) was less favorable. The 
dimethoxy analogue of rolipram, compound 6, still showed 
a sigilificant activity (ICes =53 M, compared to 5 ,M for 
rolipram). Given its easy accessibility, the dimethoxy 
substitution was therefore kept during structural variations 
at the pyzrolidine ring. Introduction of a butyric ester or 
amide in the mete position (14-16) improved the activity, 
when compared with compound 6. In contrast polar 
groups or ionized chains attached to the mete position 
appear to be unfavorable, as illustrated by the inactivity 
of the mete phenolic derivative 5 and the free carboxylic 
acid 13. The good activity of amide 15 prompted us to use 
the carboxylic precursor 13 for affinity chromatography 
studies.’2 Improvement of activity with regard to the 
reference compound 6 was also observed for the 3-methyl 

(12) Fougier, S.: Nemoz. C.; Prigent. A. F. Marivet,M. Bourguig-
non. J. J.: %Vermuth. C. C.; Pacheco. H. Biochem. Biophyz. 
Res. Cominun. 1986. 138. 20.9. 
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Table 1. Physical Data and POE Inhibitory Capacities of Various Substituted Rolipram Analogues 

R2 
F43 

lCfrM 
recrystnb CaM- cGMP. cAMP. 

no. R R R3 R. mp. °C flit.) solvent formula’ PDE POE POE 
I H H , H H 7$ (76-77) A C10H11N0 as as as 

H O-n.Bu H H 134 C.’D CH’4O as as as 
3 O-n.Bu H H H 132 C,’D C4H19N0 as as as 
4 O.n.Bu OMe H H 11$ (11$) C C,5H21NO3 as as as 
5 OMe OH H H 142 (144) B C1H13NO3 as as us 
6 OMe OMe H H 12141-10) C CHNO3 as as 53 
7 OMe OCHC=CH H H C,,H15NO3 as as 32 
S OMe 0-n-Bu H H 1.25 (125) 0 C151q31NO3 as as 13 
S OMe 04-Eu H H C15H51NO3 as as 1$ 

10 OMe OCH:C(CH)mCH., H H C13H,N05 as as 24 
11 OMe 0CHCH(CH3)C5H5 H H CeHn4O3 as 200 46 
12 OMe OBz H H 136 (132) C C10H9NO3 as 174 96 
13 OMe 0(CH2)3C00H H H 106-110 C Cfl9Z905H20 as as 400 
14 OMe O(CH,)C00Et H H 105 A C17HnN05 as as 30 
IS We O(CH53C0NWn.Bu H H 136 D C*sHrsNrOa as as 16 
16 OMe 0(CH1)3C0N(4%rle)cHes H H 133 B CH3N04 as as 34 
17 OM. We Me H 135 C.’D CH,NO3 as as 22"/ 
IS OMe OMe COOH H 110 dec C C3H,5N05 as as as 
19 OMe OMe COOEt H 108 (106) A CuH19N0s as as 21 
20 OMe OM, H Me 69 (69) 0 C3J4i’J03 as as 34 
22 OMe OMe H COMe 128 (135) A C14H17N04 as as 25 
22 OMe OM, H Ph 100 (104) D C15H,NO3 230 )5 19 
23 OMe OMe H Ba 67-68 0 C19H21NO3 as as 17 
24 OMe We H COPh 146 0 C,,H,NO, as as 58 

’ns  ICU > J(r3 M. 6 A. EtOK; B, 
reucal values unless otherwise stated. 

and the 3-carbethoxy derivatives 17 and 19. The pyrro-lidonecrboxylic acid 18 was totally devoided of activity. This inactivation may result from an intramolecular hy-drogen bond between the carboxylic hydrogen and the carbonyl oxygen, rendering this latter unable to establish a hydrogen bond with the enzymatic site. The carbonyl group of the pyrrolidone in rolipram seems to be funda-mental for the activity as illustrated by the total inactivity of compounds 25 and

 26, in which the carbonyl group was replaced by  thiocarbonyl or a methylene group, respec-tively, both being unable to act as hydrogen acceptors. Unexpectedly N-substitution at the pyrrolidone ring led to more potent and still specific derivatives. Thus the N-phenyl and the N-benzyl derivatives 22 and 23 were 3 

times more active than the reference compound 6. Among 
the three rigid rolipram derivatives 27-29, the indano-pyrrolidone 27 was by fax the Less active on the three phosphodiesterase forms, whereas the 2-bridged trans isomer 29 was only 2 times less active than the reference compound 6. In addition to rolipram, two other reference PDE inhibitors, Ro 204724 (4-(3-(butylozy)-4-rnethoxy-benzyl)imidazolidin.2.onej and trequinsin, an isoquinoline derivative, were tested on the three PDE forms of vascular smooth muscle. Ro 20-1724 is described as a potent in-hibitor of erythrocytes PDE with an 

ICss value of 0.1 1zW This compound presents also some activity on vascular smooth muscle PDE, with the same profile as that of ro-Upram,2 and is 2 times less active than the corresponding m-butyloxy analogue of the rolipram series (compound 8). 

(13) Sheppard. H4 Wiggan. G. Mal. Pharmacol. 1970. 7. 111. - 

SNSDOCID cXP 2O394IOA__L. 

new compounds were within =0.4% of the aheo. 

Trequinsin is a very potent inhibitor of the blood platelets PDE. 14 In our hands this compound was found highly active on the smooth muscle cAMP�PDE (TCss = 0.4 MM), however, with a weak selectivity with regard to CaaM-PDE and cGMP-PDE. The data given in Table I illustrate substituent effects at the phenyl ring of rolipram. the replacement of the p-methoxy group by other ailcoxy groups or its suppression lead to inactive compounds, whereas large Upophilic sub-stituents are tolerated in the mete position. Similar structure-activity relationship (SAR) criteria are found in the Ro 20-1724 series, that is, the presence of a dialkoxy-phenyl group with the same substituent effects as those found in the rolipram, series and necessity of a carbonyl dipole that can be compared with the carbonyl of rolipram. These common requisites suggest that both series share a common mode of interaction with the enzymatic site. In addition the presence of a medium-sized substituent is allowed at the vicinity of the carbonyl group and rather Large substituents at the lactaza nitrogen were favorable as shown by the good activities of compounds 17, 19, and 20-24. In order to illustrate some conformational characteristics of the

 cAMP-PDE inhibitors presented here, a computer graphics study was undertaken. The structures repre-sented in Figures 1 and 2 were built and compared by the sm"n. molecular modeling package’s on a GOULD SEL.MPX 32/77 computer system. A geometry optimi-(14) Lat. B.; Dohadwa11, A. N.;.Dadkar. N. K.; DSa. A.; Dc Sauna, N. J. J. Med. Chem. 1954. 27. 1470. 

(15) Tripos Associates, Inc., St Louis, MO 63117. 
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OLIPRAI1 VS SO 20-172d 

2 - 

Figure 1. Computer-generated best fits of rolipram (torsion i ng)e 141 and Ro 20-1724 (1260 and 113°. dashed linear. 

ROLIPRAN VS TREOULP1SIN 

Figure 2. Superposition of rolipram (as compound 6) with trequinsin dashed lines). 

Figure 3. Graphic representation of carbonyl dipole traces of 
rolipram analogues in the YOZ plane: R-1 and R.2 are two 
singular conformations of rolipram (see text); dotted arrows refer 
to trequinsin. 

zation was carried out with MAXIMIN. a method available 
in SYBYL and which uses the Simplex algorithm. When 
necessary, a search of stericaily allowed, low-energy con-
formations was perfo;rned, neglecting the charge distri-
bution. This SEARCH option is a conformational analysis 

ONSDOCID. cXP 2039410A_L,. 

35 £ 

Figure 4. Structural and topological requirements associated 
with vascular smooth muscle cAMP-PDE inhibitors deriving from 
rolipram. 

based on screening of van der Wash contact distances. For 
the optically active rolipram analogues, the same R con-
figuration for the benzy(ic carbon was always selected. 

As illustrated in Figure 1, the overlay of rolipram and 
Ro 20-1724 shows that the carbonyl dipoles of both 
structures in a given, energically favorable conformation 
occupy the same region of space and present a similar 
orientation. The distance measured between the carbonyl 
and the p-methozy oxygen is 8.5 A for rolipram. whereas 
the corresponding distance for Ro 20-1724 in the confor-
mation represented in Figure 1 is 9.2 A. 

Trequinsin presents also a carbonyl function at the 
characteristic distance of 3.5 A from the oxygen of the 
p.methoxy group and can be superposed on rolipram as 
illustrated in Figure 2. This comparison suggests for the 
free rotating rotiprarn an active conformation, in which the 
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’ Table II. Physical Data and PDE Intensity Capacities or Rohpram Derivatives and Reference Compounds 

crys’ 
no. structure nip. OC solvent formula CaM-PDE cGMP.PDg cAMF.PDt 

25 use $3 EIOH/H:O C,eH2,402S iii 196  

n.avo) 

26 134 THF C1,1,1101405 its as ns 

moo

 
I, 

27 MC 2II i231-232i AcOEt Cl2HL5NO, as its 800 
MOO 

’S 

2$ "sO 180 AcOEt C,H179401 as its 220 

uIo 

19 
 0 I.. 

236 AcOEt as as 138 

’a 

roliprant moo2700 246 5 

� H 

Ro 204724 
moo 

940 940 350 26 

n.Bi,O NC) 

tre

 H 

quinain moo 13 5 0.4 

MOO 
- 

0 

U. 

/ $ 

’u. 

U. 

car,bonyl group presents the antiorientation toward the dipole vectors of rolipram analogues in the YOZ plane. In 
in.atkoxy substituent. Additional information about the this mode of representation, the carbonyl group can adopt 
active conformation of z’oliprazn and its analogues was a Large number of orientations. Two singular conforusa-
gained by the comparison of rotipram with the three rigid tions have been chosen as references. The first one called 
structures 27, 28, and 39 and trequinsin. R-l’S places the carbonyl oxygen on the X axis and renders 

For this purpose, we have chosen the coordinate system the carbonyl dipole nearly coplanar with the aromatic ring. 
defined in Figure 3. For this representation, the phenyl The second one (R-21 sets the carbonyl oxygen on the 
ring of rolipz’ain was placed in the plane defined by the X Y axis and represents rolipram in a twisted conformation  

-

and Z axes, the C�C bond between the aromatic and the With the same mode of representation, the inactive rigid 
pyrrolidone ring corresponding to the X axis. The Y axis indanopyrrolidone 27 presents a twisted conformation and 
was chosen perpentcular to the phenyl ring in its center shows an orientation of the carbonyl dipole similar to that 
(origin of axes). Figure 3 represents projections of carbonyl observed for rolipram in the "R-2" conformation. For the 

BNSDOOlD aXP_ 2o3O4iOA_L. 



Journal of Medicinal Chemistry. 1989. Vol. 32, No. 7 1455. 

It  

J.æhibitiofl of cAMP Phosphediesterase 

,Table UL Conformational Data of Rolipram. Semirigid 
*.n&ogueS of Roliprani. and Trequinsin 

E,e 
Ycompd conformation 8. deg d. A kcal/mol 

RL 26.5 5.5 6.4 
R-2 63 3.5 133 

97 52.4 7.2 9 
28 284 28.4 7.4 8 

28-2 9.1 79 4.7 

29 31.2 8.3 8.3 
trequinsin 15.3 5.6 3 

dihedral angle between the aromatic and the mean plane of 
the pyrrolidine ring. ’E is the global minimal energy as a sum of 
bond, bond angle, torsional angle, and van der %Vaals energy terms 
(SYBYL). 

weakly active semirigid cis isomer 28. two conformations 
called (28-1) and (28.2) were energetically accessible (Table 
lID. As shown in Figure 3, these two conformations mimic 
two intermediate orientations of rolipram. The rigid trans 
isomer 29 observed in the same conditions can be com-
pared with rolipram in its Ri conformation. Moreover. 
the carbonyl dipole of the highly potent and rigid tre-
quinsin coincides with those of rolipram (R-1) and 29. 
These results suggest that in its active conformation. ro-
Upram adopts an orientation of the carbonyl dipole as 
coplanar as possible with the phenyl ring. Such an ori-
entation is present in the potent trequinsin and probably 
accounts for the relative activity of the trans isomer 29. 
Thus the inactivity of the rigid analogues 27 and 28 may 
result from wrong orientations of the carbonyl vector. 
However interatomic distance criteria have to be consid-
ered. As discussed above, the measured distance between 
the carbonyl oxygen and the p-methoxy oxygen, which 
ranges between 8.5 and 8.8 A for rolipram. trequinsin, and 
compound 29, can be extended to 9.2 A in the Ro 20-1724 
series. Lesser distances are found for the inactive ana-
logues 27 and 28 (7.2-7.9 A). Thus the inactivity of these 
compounds may result from an unfavorable carbonyl 
orientation, as well from a too short interatomic distance 
d, or even from a combination of both (actors. It is 
noteworthy that the particularly high activity of trequinsin 
can be attributed to the existence of additional binding 
sites due to the mesidine moiety. 

Taken together, the present SAR studies emphasize 
some topological aspects of the enzymatic recognition site 
for the smooth muscle cAMP-PDE: (a) the pharmaco-
phore is mainly characterized by the existence of a car-
bonyl dipole at a typical distance from a dialkoxyphenyl 
ring (d = 8.6 A); (b) the dialkoxyphenyl ring is surrounded 
by a region sensitive to ateric hindrance in the para pos-
ition and a large hydrophobic pocket in the mete position; 
(C) a relatively large hydrophobic pocket close to the lact.am 
nitrogen and a medium-sized space around the carbon 
atom adjacent to the carbonyl group characterize the en-
vironment of the lactam ring; (d) the active conformation 
of rolipram presents a relatively flat overall topography. 
Trequinsin and Ro 20-1724 fulfill the main criteria of this 
model. 

The present model has to be compared with another 
model proposed for cardiac cAMP-PDE15 and which was 
derived from 6-ayldihydropyridazinones. This model may 
also account for the PDE inhibitory activity of structurally 
related compounds, such as milrinone and piroxinione. 
Both have in common the existence of an electron-rich 
aromatic group situated at approximately the same dis-

(16) Reeve,, M. L: Leigh, B. K.; England, P. J. Biochem. J. 1987. 
241. .535. 
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twice from an oxygen carbonyl group and a generallynat4,q 
topography of the molecule. However, they present some 
differences, particularly the nature of substituenta at the’ 
phenyl ring and the possibility of N-substitution of the l 
pyrrolidone ring of roliprain, in opposition with the ne-
cessity in the cardiotonic pyridazinone series to maintain 
an NM acidic proton adjacent to the carbonyl group.16 
These differences could be related to the recent finding 
that cardiac cAMP-PDE can be dissociated in two enzy-
matic forms, one being the rolipram-sensitive’6 and the - 
other being inhibited by cardiotonic drugs such as the Cl’ 
or LY" series deriving from 6-ary1dihydropyridazinones. 

In conclusion, the effects of known inhibitors differ 
markedly on smooth muscle or on platelet PDE. Roliprasa 
represents a good tool to differentiate both enzymatic 
systems. However, discrimination between cardiac and 
smooth muscle PDE seems more critical, as shown by the 

"structural similarities found in both pharmacophore 
models. 

Clinical use of PDE inhibitors requires the development 
of drugs with a high specificity.3 Works are in continuation 
for a better knowledge of structural requirements for the 
design of potent and selective cAMP-PDE inhibitors in 
different tissues. 

Experimental Section 
Melting points were obtained on a calibrated Kotler hot-stage 

apparatus and are uncorrected. ’H NMR spectra were recorded 
on Bruker WPSO (80 MHz) and WP 200 Sy (200 MHz) instru-
menu, and chemical shifts are reported in parts per million (ô) 
relative to Me,$i. All the compounds were analyzed for C. H. 
and N and gave results within 0.4% of she theoretical values. 

4.(3.(Benzyloxy).4.methoxypbenyl).2.pyrrolldlaOfle (12) 
(Method A). To a solution of 9.0 g (31 mmol) of 3-benrylisoferulic 
acid methyl ester in 16 mL of nitromethane was added 0.8 ml.. 
of 1.1,3.3-tesrameshylguanidine, and the mixture was heated with 
stirring at 70 °C for 27 h. After removal of the solvent, the residue 
was taken in AcOEt, washed with a 2 N MCI solution and then 
with water, and dried over Na2SO4. After evaporation of the 
solvent and chromatography (silica. AcOEt/hexane. 1:3), 9.6 g 
of methyl 343(berizylozy)_I.methoxYPhenYll_.obUtYrate Was 
collected as a yellow oil (88%). The latter in 100 ml.. of MeOH 
was hydrogenated at 60°C for 10 h in the presence of I g of Raney 
nickel catalyst. The crude pyrrolidone 12 was recovered and 
recrystallized from .AcOEt (55%); mp 136 °C (lit) tap 132 °C). 

4.(3.Buroxy.4’.methoxyphenyl)-2.PYrrOlidlaOfle (4) (Me-
thod B). To a solution of diethyl (4-butoxy-3-meshoxy. 
benzylidene)malonate (35.0g. 0.1 mol) in 180 ml. of MeOH was 
added dropwise 63 g (0.1 mel) of KC4 dissolved in 25 oiL of H20. 
The mediusp was heated at 60°C  for 7 h. The cold mixture was 
filtered, concentrated, and extracted with several portions of 
AcOEt. The combined organic layers were washed with brine, 
dried, and evaporated to dryness to give the crude ethyl 3-
cyano.3.(4.n.(butyloxy)-3-methOxy’phenYl)PrOPionate. This latter 
was hydrogenated in the presence of 1.5 g of Pd/C (10%) in 120 
taL of MeOH containing 5 oiL of concentrated HCl over a 12’h 
period and under a 40-psi pressure. The crude recovered viscous 
oil was crystallized with a mixture of 2.propanoi/diethyl ether 
(1:9); yield 75-85%. The hydrochloride of the corresponding 
4-aminobusyrase (3.45 g, 10 mmol) was treated with (Et)3N (1.4 
niL, 10 mmol) in 50 ml. of toluene. The mixture was refluxed 
until the disappearance of the starting material. The cold sus-
pension was evaporated under vacuum and the residue was taken 
up in CH2CI5. The organic layer was washed with a 10% HCl 
solution and 1-1.0, dried, and removed in vacuo, affording crude 
pyrrolidone 4. which was recrystallized from AcOEI (50-67%): 

nip 118 °C. 

(17) Bristol. J. A.; Sircaz. 1; Moos, W. H.; Evans. D. B.; Weishaar. 
R. E. J. Med. Chem. 1984, 27, 1101. 

(1S) Robertson. D. W.; Jones. N. 0.; Krushinski, J. H. Pollock. C. 
0.: Swartzendruber,

 
J. K.; Hayes. J. S. J. Med. Chem. 1987, 30. 

623. 
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4.(3.4.DimethoxyphenY1)-3methyl.2.pyrrO1idinoue (17) 
(Method C). The 4-(3.4-dimethoxyphenyl)-3-(ethoxy. 
carbonyl)-3.methyl-2-pyrrolidinone was obtained from 2.13.4. 
dimethoxyphenyl)nitroethylefle and diethyl maicinatelii with an 
oveaU yield of 70%. The ester (15.4 g, 50 mmol) in 200 mL of 
EtOH and 60 mL of I N NaOH solution was refluxed for 30 mm. 
cooled. and evaporated to dryness. The residue was triturated 
in AcOEt. After filtration the solid was taken in HO. The 
aqueous phase was saturated with NaCl and then carefully 
acidified. The precipitate was collected, washed with cold water. 
and dried. giving 11.9 g (90%) of an essentially pure acidic com-
pound. which was decarboxylated by refluxing it in toluene under 
nitrogen for 6 h. Alter removal of the solvent, the ’rude in CHC: 
was washed with a 10016 l’HCO3 solution and then with H.-G. 
Alter drying and evaporation of the solvent, the crude 17 was 
crystallized from a mixture of 2.propaoldiisopropyl ether tyleid 
70%): mp 135 °C. 

.I-(3.(( (Eihoxycarbonyl)propyl )oxy).4.methoxypheuyl). 
2.pyrrolidinoae (14). One gram (3.36 mineD of 12 in 150 mL 
of EtOH containing one drop of 

HCIOa 

was hydrogenated in a 
Parr apparatus for 12 h in the presence of 200 mg of Pd as csi.aiyst 
tEngeihard. 101974 Pd/C). The crude pyrrolidone S was recrys-
tallized from 2.propanol (75%): mp 142 DC 1Ut.n mp 145 °Cl. The 
phenolic derivative 5 (2.6 S. 12.5 mmol) in 25 mL of DM50 was 
reacted for 12 h at room temperature with 1.6 ml.. (12.5 maioli 
of ethyl 4.bromobutyrate in the presence of 2.6 g ’18.3 mmol) of 
powdered K:CO3 and a catalytic amount of KL The mixture was 
poured into 150 mL of H0 and extracted with AcOE;. The 
combined organic layers were washed with brine and dried. After 
removal of the solvent, the residue was crystallized from hexane. 
affording 3 g (’S%) of 14: mp 105 °C; N’4R 4CDCI3) 6 1.30  
3 H,, 2.15-2.35 fin. 6 H). 3.2-4.2 urn. 7 H). 3.90 is. 3 H). 6.35  
3 H). 7.5 (s. 1 H). 

4.(3-  ((C (V -Cycle hexyl -,N- met by lam lao) carbon yl). 
propyfloxy).4-methoxypheoyl]-2.pyrrolidinone (16). Ester 
14 was firs; saponified as described in method C. The free acid 
corresponding to 14 was cz’vstalljzed in EtOH (73%i; mp 107’109 
°C. The obtained compound (2.93 g. 10 mmol) in 25 mL of dry 
CHC3 was treated with 1.4 ml.. (10 mmol) of (Et.)3N. To the cold 
stirred solution was added dropwise 1.3 mL (10 mmol) of isobutyl 
chloroformate in 5 mL of CHCI3. The mixture was maintained 
at 4 °C for 15 min. A solution of 1.6 ml.. (12 mmol) of N. 
methyl.N.cyclohexylamine in 5 ml.. of CMCI3 was then added 
dropwise and the solution was kept at 4 t for 15 min and then 
left at room temperature until consumption of the reagents. 
Another 70-mL CHCI3 portion was added to the mixture, and the 
medium was extracted with a 2 N HCI solution and then with 
H0. After removal of the solvent, the crude product was crys-
tallized in 2.propanol. affording 3.3 g (80%) of amide 16: mp 133 
°C NMR (DMSO.d�) 6 0.9-2.1 (as. tO H). 1.90-2.35 (m. 2 H). 
2.4-2.7 (m. 2 H), 2.70-3.05 (m, 2 H), 3.12 (a. 3 H). 3.2-4.0 (m. 4 
H), 3.9 (s. 3 H). 4.1 (t., 2 H), 6.9 (s. 3 H). 7.15 (br a. 1 H). 

l.Senzyl. and L-Benzoyl.4-(3.4-dlmetboxypheuyl).2-
pyrroUdinones (23 and 24). To 1.1 g (5 mmol) of 6 in S ml. 
of OMP was added with cooling 135 mg (5.5 mmol) of NaH in 
one portion. The stirred mixture was carefully heated at 60 0c. 
until the gas evolution ceased. To the medium maintained as 4 

was added 1.1 equiv of benzyl bromide (or benzoyl chloride) 
in 3 mL of DMF. The medium was heated at 50 °C for 15 rain. 
The cold solution was poured into NaCI.saturated H50 solution 
and extracted with AcOEt. Alter removal of the solvent, the 
product was crystallized in dilsopropyl ether (55%): 23. rap 68 
’C; 24. mp 146 DC. 

.3-(3.4’Dimetboxypkenyl)pyrrolidhne (26). A solution of 
compound 6(0.6 g, 2.71 rn.mol) in 10 ml. of dry THY was carefully 
added dropwise to a suspension of 300 mg (7.91 masot) of LAM 
in 10 ml. of THY. The mixture was refluxed for 1 b. To the cold 
medium was gently added 0.6 ml. of H20 with vigorous stirring. 
The mixture was filtered and washed with benzene. After removal 
of the solvent., the residue was dissolved in a minimum of THF 
and added to a solution of 245 mg (2.71 mmoi) of oxalic acid in 

(19) Lindenmann, A. Helt,. Chun. i4cta 1949, 32, 69. 
(20) Mention. R. A.; Rdgere. M. S.: Smith. J. 0.; El Said. M. K.; 

Egla. J. I. J. Med. Chem. 1981, 24. 658. 
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a minimum of THF. The precipitated salt Was filtered 
recrystallized from TNT. affording 0.46 g (50%) of pure 26. asp " IV 
134 ’C 

cis .3.3a.3,33.Tctrahvdro-5.5.d’imeihoxyjndenoC2 I. b]. 
pyrrol.2( LH)-one (27). This compound was prepared according 
to 3 modified patent literature procedure5 starting from 3.0,4. 
dimethoxyphenyl)glutarmc acid: nip 231 ’C (AcOEt) (lit. mp 
231-232 ’C) NMR (CDCI,) 6 2.49 (dd. I H). 2.77-2.97 tin. 2 H) 
3.22 (m. 1 K), 3.86 (s. 6 H). 3.95 urn. 1 H). 4.5 

urn, I H. J = 6 Hr. 
6.73 Is. 2 H). 7.27 Is. 1 H). 

cis and trans.l.2,3a.4.5.9b.Hexahvdro.7,S.djmesho,. 
benz(e)isoundol..ones (23 and 29). The rts and trans-methyl 
I -cyano-6.7’dimethoxysetralin-2..arboxvjates were obtained from 
1.2 dihydro-4.5-dimethoxybenzocyclobuterue. 1-carbonitrile Sc. 
cording to l’ametani." The two diassereoisomers were separated 
by chromatography on silica (AcOEt:hexane 1:41: trans isomer 
u minor). mp 111 ’C: cis isomer. mp 124 DC. The cis-cyano ester 
’0.5g. 1.6 mmol) in 30 ml. of MeOH in the presence of I ml. of 
concentrated MCI was hydrogenated over 100 mg of 10% Pd/C 
as catalyst in a Pair apparatus at 40 psi for 12 h. The catalyst 
was removed by filtration and the solvent was evaporated under 
reduced pressure. The crude cis-amino ester hydrochloride was 
dissolved in 10 ml. of H.O. After addition of 20 ml. of saturated 
KHCO3, the lactarn 24 precipitated. It was extracted with CHCI3, 
and the extracts were washed with HO and dried over Na5SO4. 
After evaporation of the solvent and recsallization from AcOEt. 
the cis lactaxn 23 was obtained as white needles (300 ing, 64%): 
nip 180 ’C: NMR (CDCI,) 6 1.90 (in. 2 H). 2.30 un. 3 H). 3.20 (as. 
1 H). 3.70-3.90 (in. 2 H). 3.86 (s.6 H). 5.90 is. I H. NH), 6.60 (a. 

2 H). 

The trans tetralin isomer (0.5 g, 1.6 mmol) was hydrogenated 
as indicated above. The crude trans-amino ester hydrochloride 
was suspended in 50 ml. of toluene and 180 mg 1I.6 motel) of 
iE:13N. The mixture was refluxed for 6 h. After cooling, the 
solvent was evaporated in vacua. The residue was taken up in 
CHCI3, and the organic layer was washed with dilute HCI and 
then with H0 and dried over Na2SO4. After removal of the 
solvent, the resulting solid was recrystallized from AcOEt, yielding 
the trans lacr.azn 29 (235 mg. 48%): mp 236 ’C: 14MB (CDCI3) 
61.60-1.34 (m. 2 H). 2.1-2.4 (as. 2 H). 294.0 (m. 2 II). 3.15-3.25 
(ra. 1. H), 3.30-3.40 (in, 1 H), 3.34 (s.6 H). 5.95 (5, NH). 6.48 (s, 
I H). 6.68 (a. I H). 

Phosphodiesserase Preparation. Bovine aorta media layers 
(tO g) were minced and homogenized at 4 ’C with an Ultraturrax 
(6 X 15 5) and a glass pestle homogeneizer in 6 volumes (w/V) 
of buffer (20 mM Tris’CL. 2 mM magnesium acetate. 1 mM di-
thiotreitol, 5 mM EDTA. 2000 units/mL aprotitun. pH 7.5). The. 
homogenate was centrifuged at 105000g for 60 min, 4 ’C. The 
supernatant was applied to a DEAE.trisacryt (SF) column (15 
cm X 2.4 cm) and eluted first with buffer A (20 mM Tris’HCI. 
2 mM magnesium acetate, 1 mM dithiotreitol. pH 7.5) until no 
absorbance at 230 nut was detected in the column eluat (about 
350 ml.). Elusion at 50 mL h’ flow rate was then continued with 
a linear gradient (0-0.4 NaCl in buffer A. 600 mU. Sevea-mzllditer 
fractions were collected in test tubes containing 0.2 ML of 40 
mg/nnL. BSA. The different peaks collected were dialyzed ov-
ernight with three changes of butter B (20 mm Trts’HCI, 2 mM 
magnesium, pH 7.5) distributed in aliquots and stored at -80 ’C. 
Three peaks of phoephodiesterase activities were elated. The flm. 
preferentially hydrolyzes cGMP and was activable by Ca cal-
modulun called CaM-POE. The second hydrolyzes cGMP. was 
insensitive to Ca caimodulin, and was named cGMP-PDS. The 
third preferentially hydrolyzes cAlve, was also insensitive to 
caimoduhn, and was named cAMP-POE. 

Pbosphodlesterase Assay. Phosphodiesterase activities were 
determined according to Keravis et aLn in the presence of calcium 
(CaCl2, 10 mM) and an excess of calmodulin (15 mM) from bovine 
brainu or with 0.1 mM EGTA.. Time and enzyme concentrations 
in the assay medium were adjusted so that no more than 15% 
of the substrate was hydrolyzed in the assay conditions. Drugs 

(21) Keravis, T. lvi.; Wells, J. N.; Hardman, J. G. Biochim. Biophys. 
Acta 1980, 613. 116. 

(22) Lsobe. T.; Nakajima. T.; Okuyaina. T. Bicehim. Biophys. Acme 
1977, 494, 222. 1W 
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’were tested on CaM.PDE at 1 MM cGMP in the presence of 
jmodulin, on cGMP.PDE at I MM cGMP in the presence of 

EGTA, and on cAMP-PDE all j&M cAMP in the presence of 
EGTA. 

The concentration.ot the drug that inhibits 50% of the enzy-
matic activity (IC50) was determined with a minimum ofsix 
concentrations of drugs in the linear part of the curve obtained 
by fitting percent enzymatic activity to the logarithmic concen-
tration of the drug. IC50 was calculated by linear regression 
(correlation coefficient was >0.950). For the assay the drugs were 
dissolved in DMSO or DME and diluted so that in the assay 

medium the final concentration of the organic solvent was not 
higher than 1%. Controls were run with the assay medium in 
the same conditions and did not modify enzymatic activity. 
Results were expressed as mean th SEAM derived from three do. 
terminations performed on different enzyme preparations. 
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Synthesis and Antiviral Activity of the Nucleotide Analogue 
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The acyclic nucleotide analogue (S)-1-(3-hydrexy.2-(phosphorwlnrethozy)propvflcyTosine Q. HPMPC) was prepared 
on a inultigram scale in 18% overall yield starting from (R)-2.3-O.isopropyiideneg!yceroL The key step in the nine-step 
synthetic route is coupling of cytosine with the side-chain derivative S which bears a protected phosphonyhoethyl 
ether group. In vitro data showed that HPMPC has good activicy against herpes simplex virus types I and 2. although 
it was 10-1old less potent than acyclovir (ACV. 91(2-hydroxyethoxy)methylguanine. By comparison. HPMPC 
exhibited greater activity than .ACV against a thymidine kinase deficient strain ofHSV 1 and was more potent than 
ganciclovir (DHPG. 9.1(1,3-dihydroxy.2.propoxy)methyljguanjnej against human cytomegalovinis. In "wo. HPMPC 
showed exceptional potency against HSV 1 systemic infection in mice, having an ED50 of 0.1 mg/kg per day (ip) 
compared with 50 mg/kg per day for ACV. HPMPC was also more efficacious than ACV in the topical treatment 
of HSV 1 induced cutaneous lesions in guinea pigs. 

De Clercq and Holy recently described the novel acyclic 
nucleotide analogue (S)-9-(3-hydroxy.2-(phosphonyl-
methoxy)propyljadenine (1, HPMPA) as a potent and 
selective antiviral agent with activity against a broad 
spectrum of DNA viruses.0 Biochemical studies have 
shown that HPMPA inhibits HSV 1 DNA synthesis at a 
concentration much lower than required for inhibition of 
cellular DNA synthesis and that HPMPA is converted by 
cellular kineses to its mono- and diphosphate ester de-
rivatives.3 HPMPA thus appears to share a common 
mechanism of action with the nucleoside analogue acyclovir 
(ACV, 9-((2-hydryethoxy)methy1Jguanine] in that a 
triphosphate equivalent is formed which can act as an 
inhibitor of viral DNA. polymerase and consequently viral 
replication. However, the biosynthesis of ACV-tri. 
phosphate requires initial conversion of ACV to its mon-
ophosphate by virus-encoded thymidine kinase (TX) prior 
to further phosphorylation by cellular kineses. Since 
HPMPA acts as a metabolically stable monophosphate 
equivalent, it does not rely on activation by the viral en-
zyme and, as a consequence, has activity against viruses 
that do not encode a thymidine kinase such as cytome-
galovirus, as well as TK.deflcient strains of herpes simplex 
virus. On the other hand, the selective action of acyclovir 
as an antiviral agent results in part from its preferential 
phosphorytation by virus-specified TX in infected cells; 
monophosphorylation by host enzymes does not occur to 
a significant extent in uninfected cells. Although HPMPA 

(1) Do Clercq, E.; Holy, A.; Rosenberg. L. Sakuma. T.; Baizarini. 
J.. Maudgal. P. C. Nature 1986. 323, 464.. 

(2) Holy, A.; Rosenberg, I. Collect. Czech. Chem. Comrnun. 1987, 
$2.1-773. 

(3) Vocrtjba, I.; Bernaerts.. R..Sakuma. T.; Do Clereg, E.; Marta. 
A.; Rosenberg, L. Holy, A. Mat. Phannacol. 1987, 32, 524. 
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bypasses this level of selectivity, it does exhibit a significant 
preference for suppression of viral over cellular DNA 
synthesis and is a highly selective antiviral agent.3 - 
� The antiviral activity of a series of (phosphonylmeth. 
oxy)alkyl purine and pyrimidine derivatives related to 
HPMPA has been reported by De Clercq and co-workers.4 
Among the more promising of these acyclic nucleotide 
analogues is the cytosine derivative (S)-1-13-hydroxy.2. 
(phosphonylmethoxy)propyljcytosine (2. HPMPC), which 
has demonstrated in vitro activity against a wide range of 
DNA viruses and is particularly effective in the inhibition 
of cytomegalovirus.3 Following our initial interest in 
HPMPA,6 we have continued the evaluation of this class 
of nucleotide’ analogues and herein report our recent work 
on HPMPC. This paper provides details for a modified 
synthetic route7 that allows the preparation of multigram 
quantities of HPMPC and describes our findings on the 
activity of HPMPC against DNA viruses in both in vitro 
and in vivo model systems. For comparison, the related 
acyclic cytosine derivative 1.(2-(phosphony1m thoxy)-
ethyflcytosine (3, PMEC) was also synthesized 

Chemistry 
Our strategy for the synthesis of the nucleotide ana-

logues HPMPC and PMEC is based on alkylation of cy-
tosine with an acyclic side-chain derivative already func-
tionahzed with a protected phosphonylniethyl ether group. 

(4) Do Clercq, E.; Sakuma, T.; Babe, M.; Pauweb, R.; Balzari&. 
J.: Rosenberg, 1.; Holy. A. Antiviral Res. 1987. 8. 261. 

(5) Snoeck. R.; Sakuma. T. Do CLercq. E.; Rosenberg, L Holy. A. 
.4ntimicrob. Agents Chemother. 1988. 32. 1839. 

(6) Webb. R. R.; Martin, J. C. Tetrahedron Leer. 1987. 28, 4963. 
(7) Webb, R. R.; Woe. J. A.; Bronson. J. 4.; Martin. J. C. Tetra-

hedron Lett. 1988. 29. 5475. 
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AbOrad. 

S 
. fIrc temperature. dependence of the chiral separations of rolipram and structurally related ’racemates wasinvestipted in 

liqidd chromatography with Chlrülcel.OJ) as stationary phase. The thennodynamic data reveal that the enantioseparatlon of 
rolipram and two otherno mates belong to the unusual case of entropy-controlled separations whereas for the remaining 
raqi.mates theexpected enthalpy-coatrolled separations were observed. In particular at 20°C not even a partial separation is 
o6talned for roliprain whereas’ a complete baseline resolution Is achieved at 65°C 

Keywords Eiantzomer separation, Temperature effects, Thermodynamic parameters, Rohpram 

1 Introduction Such a behaviour has been reported by Isakason [2] 
.................

 
: for the separation of propranolol on ;immobilized 

.During enantios4aration of racemates on chiral cellulase (CB}I I), by Cabrera (3) for the enantin-
stationary. phases, decrease of enanrioselectivhy at separation of Prominal on ChiraDex and in a previ-
,itigher column tempIratures is very often observed otis work from our group [4]. for the separation of 
since most. separations are . enthalpy, controlled. 4-hydroxyphenylmethyl-sutphoxide on Chiralcel-OB. 
Davankov was the first to report on an improved The influence of temperature on the elution order 
nantioselectivity at rising column temperature when has been well documented. A change in elution order 

leparating 

racemic N-benzylproline on a ligand was predicted by Koppenhöfer and Bayer 151 based 
exchange column (L-prolne-incorporated resin). 111. on thermodynamic considerations and later observed 
It was found that the entropy, contribution dominated experimentally by Schurig [6] and Watabe (7) In gas 
the enthalpy contribution over the whole temperature chromatography and by Pirkle [8] in high-pressure 
range studied. Although enantioseparation on chiral liquid .chromtography. 
stationary phases Is nowadays a routine procedure, It Is the scope of this paper to demonstrate the 
only a few studies have demonstrated increased . feasibility of Chiralcel-OD for the enantloseparadon’ 
enantioselectivity at higher column temperatures. of rolipram derivatives. k addition, the separation of 

rolipram Is investigated at different temperatures and’. 
the thermodynamic parameters 4L(RJ)6J1 and 

*Coranpzng.,cr . � 1(R.S)S have been determined. . 

0021-M/96415,00 0 1996 Elsevier Science 8V All rights reserved 
P11 S0021-9673(96)00065.9 � . ’:" - 
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2. Experimental 

2.1. Materials 

E. Kanr. c� SpOnAn! J. Chromawgr. A 737 (1996) 333437 all 

matographic parameters are given in Table 1 and 
Table 7-

The structures ot rolipram (1) and its derivatives 
(2-10) investigated In this study are given in Fig. 1. 
All racemates were kindly donated by Dr. J. Dernnitz 
(Sandoz Pharma, Basel, SwiIzŁrlaz)d). The solvents 
used for the preparation of the mobile phases were of 
Lichrosolv grade from Merck (Darmstadt, Ger-
many) The mobile phase compositions and chro-

22 ZJquId chromatography 

A Kontron HPL.0 pump (Model 420) was used in 
conjunction with a Kontron variable-wavelength UV 
detector (Model 430). The column temperature was 
maintained with a Henggeler (R.ieben, Switzerland) 
column thermostat. The HPLC column was Clii-
ralcel-OD (25 crn)4 mml.D.) from Dalcet Chemical 

(� NX3 
Fig. 1. Suucwrcs of invesilgated macmates (compound 1 ’,gem to rolipram). 



F- X(Zne:s. C. SpöndIln I). Ckranawg. A 737 (IM) 333437 33$ 

Tablel . . 
Retention dines and tloselecdvlty of chiral tolipann derivatives on ChImICcI-OD 

Ravemate 40°C 40°C ’ 60°C .. 60°C 
40% 2-propane). 10% 2-propane) 40% 2-propanol 10% 2-propincl 

fite; ’_ a 
. a t a t 1c a 

(mlnY �" (rnhi? (mln)° (mlii)’ 

I 10.26 3.23 1.00 33.04 6.18 1.03 8.61 0.87 1.00 26.72 480 1.07 
2 11.72 1.54 1.35 350.26 

. 33.66 1.29 10.03. 137 3.43 328.82 21.00 1.34 
3 13.18 1,86 1.30 43.35. 8.38 1.10 9.53 3.07 100 29.09 5.32 106 
4 9.93 1.15 1.06 30,93 5.72 3.07 8.05 0.73 1.00 22.46 3.88 1.00 
5 9.44 3.05 1.00 19.15 3.36 3.04 7.72 0.67 1.00 

. 13.83 2.00 1.00 
6 10.94 1.37 100 

. 39.95 7.68 1.00 8.94 0.94 1.00 32.1* 5.99 1.00 
7 12.03 1.61 3.00 64.52 13.02 3.03 9.48 1.06 1.00 47.14 9.24 3.0* 
8 11.00 3.39 .3.00 42.15 8.16 3.00 9.36 0.99 ’100 33.87 6.35 1.00 
9 11.77 3.55 100 43.05 8.33 1.00 9.76 3.12 3.00 34.99 6.60 103 

10 10.62 1.30 1.37 .. .45.22 8.83 1.35 8.73 0689. 3.28 - 36.6 6.95 3.24 

MObile phasan n.heaane-2-propanol (91}hnd ii xane-2..propanol(&4)wlth a flow-rate of OS mWmin;temperanures: 40°C and 60°C 
respectively-, Ii’,’ datecdow. 210 nm ireet3on volume 20 p1(1-2 mg/ml). 
’Retention thee of second doled enamfomer. 

� . :.. . ,.. 

Industries (Tokyo, Japan). Thà- chlral stationuy...’ lag. The amount of organic modifier, usually 30% 
phase’ consists of cellulose tris(3,5-c6cthylph6nyJ. 2-propanol, was adjusted in the second series to 
carbamate) coated on macroporous silica gel with a 40% In addition, all separations were carried out at 
particle size of 10 am 40°C and 60°C The capacity factors (k’= (tit -10)It0J 

and separation factors (a=I4/k) obtained are given 
in Table I 

As expected, the retention tunes increase with 
3. Results and discussion decreasing column temperature and/or amount of 

organic modifier. With the exceptions of 6 and 8, 
To compare the retention times and enantioselŁc-. . .- chiral discrimination Is observed for all described 

tivities of all the racemates, 
all separations were: racemates. Nevertheless the most surprising result is 

done under identical conditions, within each screen.- the different behaviour of . enantioselectivity a. 

Table 2 
Effect of temperature on enandoaclectiv)ty of rollpram 1 on Chiralcel-OD 

Temperature 4% 2-propaiot . 

’C K a 
(mlii)’  

2% methanol 

,; a 

7% 4-methyl-2-pciitanol 

a 
(min)’ 

30 283.37 113.71 100 n.p. n.p. 
25 298.17 79.14 1.03 n.p. n.p. 
40 313.37 66.71 1.08 70.83 1.04 78.30 3.32 
60 333.17 63.42 1.11 64.28 1.07 70.59 3.14 
65 338.17 64.41. 3.32 n.p. . n.p. 

162 kS/mcI 
4,16$" 5.72 i/mo! K 

’Retention dine of second doted enandontet. 
n.p "Experiment not performed. Mobile phasen n-haxane-21ropanol (96:4), .z..hexane-methanol (98.2) and n-hexane-4-methyl-2-
pentanol (93:7) wIth a flow-rate of 0.5 mI/nh; tJV detection: 210 nm; Injection volume: 20 pt(l-2 mglml) temperatuze as indicated.’. 
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Whereas for racemates 3, 4, S and 10 enantló-
selecdviy decreases with increasing temperature, 
enantioselectivity Increases with Increasing tempera-
ture for raceniates .1, 2 and 9. No temperature 
dependance is obseived for racemate 7. Obviously, 
the change in temperature influences differently the 
interaction of the enantiosners with Chiralcel-OD. 
This may be better understood if one considers 
the Gibbs�Hehrtholtz parameters AIRjJ1°  and 
A*RJ)AS°.  

The difference between the free energies of as-
soclazion can be calculated from the difference In 
retention time via enantloselectivity a according to 
the equation: 

4G°RTln’IC1Ks’RTlna (1) 

where the subscript R refers arbitrarily to the later-
and S to the earlier-eluting. enanitomer. The tempera-
ture dependence of the Cnandoselectivity a can be 
employed to calculate the Gibbs�Heknboltz parame-
ters .4,1M1 and’ t(R.S)&S°  of Chiral recognition 
according to the equation 

.(H°IRT) +(s1A5°/R) ’(2) 

According to Eq. 2, a plot of In a against lIT is 
the slope being the difference between ’the 

enthalpy of association of the enantlomers with the 
stationary phase 

Table 1. ’Indicates that the effect of entropy 
controlled separation Is best expressed for iolipram 
(1). The Gibbs�I4elmhokz. parameters b.H° 
and A(R.$)âS°  have therefore been carefully deter-
mined in a second experiment. Because of a better 
resolution with 10% 2-propanol, the concentration of 
the organic modifier was further decreased to 4%. In 
addition, different’ alcohols were tested -as modifiers 
to investigate whether the nature of the alcohol Is 
responsible for the unusual thermodynamic behav-
iour. Therefore, the temperature’ dependence of the 
separation was additionally investigated with metha-
nol and 4-methyl-2-pentanot The results of this 
study are summarized in Table 2. The Gibbs�Helm-
holtz parameters Mi° and have been 
calculated according to, Sq. 2 with 4% 2-propanol at 
organic modifier and the results are plotted In Fig. 2. 
A value of A5AH� 1.62 ki/mol supports the 
assumption that chiral discrimiflatlon seems to be the 
result ot.:an. additional weak ir�ir interaction or 
weak b’dxogCn bonding 

With. 4%2-propanol’ in n-hexane no separation 
occurs at, 10°C and::20eC whereas an excellent 
Separatioti Is airth’at60°C (Fig. 3). With metha-
nol: and 4-methyi-24pentanol as modifier, similar 
results are,obtalnŁ& Again, in both cases which have 

0.003 0.0031 0.0033 0.0033 0.0034 0.0*30 0.0034 

yr 

� Fig. 2. Plot of R In a against I IT for rolipiam I on Chiralcel-OD with 4% 2-pr panel in n -hexane as mobile phase (cbioniatograpblc 
conditions as Indicated In Table 2) ’< 
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35,00 33.00 41.00 49.00 57.00 65.00 
XXTMAON tina ($I1IUT83) 

lig. 3; Effect of temperature on cnandoinertc separation or, 
rollpram ion Chkalcel..OD. Mobile phase: n-hexane-2.pmpanol 
(96:4). 1.0 inlJmM, UV detectlon 210 nan tempetaurre 60°C (a). 
40°C (b) and 20°C (c). 

only been investigated at 40°C and 60°C, enantio-
selectivity Increases with Increasing temperature. All 
separations are thus entropy controlled. 

Since the separation factor Is linked tochanges in 
the free energy of association and the latter depends 
on the Interplay between enthalpy change, entropy 
change and temperature, at lower temperature the 
separation factor may, In .princ.iple, increase, again 
With simultaneous reversal of the order of elution. 
Unfortunately, it. was not. possible to confirm this 
prediction. With 4% 2.’propanoi the enantiomers of 

rolipram.are not separated at 10°C At this tempera-
ture, long retention times are observed and strong 
peak broadening prevents chiral separations, because 
Lower separation efficiencies due to peak broadening 
compensate enantloselectivity. 

In conclusion, it has again been demonstrated that 
variation of temperature should be considered to 
Improve a chiral separation in liquid chromatog-
raphy, especially If enantlomerizatlon at elevated 
temperatures can be ruled out and/or the separation 
Itself is entropy controlled. 
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