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Abstract Structural studies of complexes of enalapril

maleate with a-, b- and c-cyclodextrins were carried by

NMR spectroscopy and computational methods. The for-

mation of complexes of enalapril with all the three cyclo-

dextrins was established by chemical shift changes

observed in the cavity protons of cyclodextrins in the

presence of enalapril maleate. The stoichiometry of the

complexes was determined to be 1:1 by 1H NMR titrations

studies using Scott’s method. Intermolecular cross peaks

observed in the 2D ROESY spectra of mixtures of enalapril

maleate with three cyclodextrins helped in establishing the

probable structures of these inclusion complexes which

were supported by molecular mechanics (MM2) studies.

Enalapril forms 1:1 inclusion complex with all the studied

cyclodextrins through aromatic ring. The mode of approach

of aromatic ring to the a-cyclodextrin cavity was found to

be different from those of b- and c-cyclodextrins, which

were identical.

Keywords Cyclodextrin � Enalapril maleate � Inclusion

complex � Molecular mechanics � ROESY

Introduction

Enalapril maleate (ENA) is a drug of choice, for adults and

children, to withstand congestive heart failure, essential and

renovascular hypertension, the most prevalent causes of

mortality today [1]. It is an inhibitor of angiotensin con-

verting enzyme which converts angiotensin I to angiotensin

II which is responsible for narrowing the arteries and con-

sequently leads to hypertension [2]. Its therapeutic appli-

cations have certain limitations due to poor aqueous

stability, unpleasant taste and certain side effects [3]. The

formation of maleate salt helps in stabilizing the drug to

some extent but problem of storing the drug persists [4].

Attempts have been made to mask the bitter taste of the drug

by forming sugar containing or sugar free liquid oral sus-

pensions but this undertaking also lacks durability [5].
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Cyclodextrins have been used extensively as pharma-

ceutical excipients to increase the solubility of poorly water

soluble drugs, stability and bioavailability of drugs and to

convert liquid drugs into microcrystalline powders, prevent

drug–drug or drug–additive interactions, reduce gastroin-

testinal or ocular irritation, and reduce or eliminate

unpleasant taste and smell in many pharmaceutical prepa-

rations [6–8]. Moreover, CD-inclusion complexes have

proved to be an excellent model for studying the nature of

noncovalent interactions in aqueous medium [9]. They

have provided valuable insights concerning hydrophobic

effect and London dispersion forces [10] and are good

models for understanding the specificity of enzyme-sub-

strate interactions [11]. The possible factors and various

molecular forces, which may play a role in cyclodextrin

complexation, have been widely investigated and discussed
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[9, 10]. However, the relative contributions and even the

specific nature of the different forces involved in the pro-

cess are still not well known [12].

Recently, there has been a great interest in the studies

related to structure determination of drug-CD inclusion

complexes since pharmaceutical use of CDs, in drug pro-

tection and targeting, now legally requires structural

characterization of inclusion complexes. Of all the tech-

niques, NMR spectroscopy is the most powerful method

for these types of studies [13–15]. The most apparent

motivation to use NMR for the study of these complexes is

the interest to comprehend the driving forces and binding

modes in these host–guest interactions, which relies on the
1H NMR spectroscopic chemical shift values due to com-

plexation. The spatial interactions between the hydrogen

atoms of the host and guest molecules and corresponding

three-dimensional geometry can easily be deduced by

ROESY spectral data [14, 15].

We describe here the studies aimed at structure deter-

mination of inclusion complexes of enalapril with a-, b-

and c-CDs in aqueous medium by NMR spectroscopic and

computational methods. We studied the complexation of

enalapril maleate with b-CD earlier [16] and reported the

formation of a 1:2 [b-CD:ENA] complex. Later, Longhi

and coworkers [17] reported the formation of 1:1 [b-CD-

ENA] complex which was supported by molecular

mechanics studies. We, therefore, decided to reinvestigate

the structure of b-CD-ENA inclusion complex and to

compare the complexation processes of enalapril maleate

with a-, b- and c-CD since complexation of b-CD has been

studies in aqueous medium earlier we avoided the use of

buffer.

Experimental

Enalapril maleate was gifted by Nebula Healthcare, India,

while cyclodextrins were obtained from Geertrui Haest,

Cerestar Application Centre, Food & Pharma Specialities,

France, and these were used without further purification.

All the 1H NMR and 2D NMR (COSY and ROESY)

spectra were recorded on a JEOL 500 MHz instrument in

D2O at room temperature. No external indicator was used

and HDO signal at 4.800 ppm has been used as internal

reference throughout this work. The Chemical shift values

(d) are reported in ppm. NMR samples were prepared by

taking calculated amounts of CD and drug in 0.5 ml of

D2O. The mixtures were then shaken or/and sonicated till

clear solutions were obtained. The ENA/CD molar ratios

were further confirmed by 1H NMR spectral data.
1H NMR spectra of pure a-, b-, c-CDs and ENA as well

as three sets of 1H NMR spectra, viz. six spectra of each set

of a-CD/ENA, b-CD/ENA and c-CD/ENA mixtures having

molar ratios (1:0.25, 1:0.5, 1:0.75, 1:1, 1:1.5 and 1:2), were

recorded. The NMR samples of a-CD/ENA mixtures were

prepared by taking fixed amount of ENA (4 mg) and cal-

culated amounts of a-CD while those of b-CD/ENA and

c-CD/ENA mixtures were prepared by taking fixed amount

of CD (9 mg) and calculated amounts of ENA. For the

purpose of unambiguous assignments of 1H NMR signals,
1H-1H COSY spectra were recorded for mixtures of ENA

with three CDs. 2D ROESY spectra of (1:1) mixtures of

ENA with three CDs were also obtained with a mixing time

of 500 ms under spin lock conditions. Distinct peaks for

bound and free form of ENA or CD were not observed in

any of the spectrum, indicating a rapid exchange of guest

between free and complexed state on the NMR time scale.

Results and discussion

1H NMR spectra

The assignment of proton resonances of free forms of a-, b-,

c-CDs and ENA were found in good agreement with the

reported assignments [6–8, 10, 13]. Different patterns of

chemical shift changes for cavity protons of a, b- and c-CDs,

upon complexation with an aromatic ligand, are observed.

Large upfield shift changes for H-50 (dominant) and H-30

(subordinate) are observed for b- and c-CDs upon inclusion

of aromatic ligands from wider rim side, but due smaller

inner diameter of a-CD the guest only partially enters into

the cavity resulting in upfield shift of H-30 only [18]. In case

of penetration of the guest into the CD cavity from narrower

rim side, different patterns are observed [19].

A cursory examination of 1H NMR spectra of the mix-

tures of ENA with a-, b- and c-CDs revealed prominent

upfield shift changes, compared to pure CDs, in both the

cavity protons in the case of b- and c-CD mixtures while

only H-30 proton signal of a-CD was perturbed in the

presence of ENA. All the remaining CD protons showed

only trivial shift changes except H-60 which shifted sig-

nificantly highfield in the case of c-CD. These observations

clearly support that ENA forms inclusion complexes with

all the three CDs studied.

The chemical shift change (Dd) observed in the signal of

H-30 of a-CD in the presence of ENA (H/G = 1:1) was

0.0521 (Fig. 1a). The upfield shifts observed in the cavity

protons of b-CD and c-CD in the presence of ENA (H/

G = 1:2) were 0.0541 (H-30), 0.1256 (H-50) (Fig. 1b) and

0.0390 (H-30) 0.0483 (H-50) (Fig. 1c), respectively.

Stoichiometry and binding constant

Several NMR versions [20–22] of Benesi-Hildebrand

equation [23] are used for determining the stoichiometry
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and binding constant of the inclusion complex. We have

used Scott’s method to determine the stoichiometry and

binding constants of the complexes. Scott’s [24] equation

for a 1:1 drug-CD complex can be written as follows:

CD½ �=Ddobs ¼ CD½ �=Ddc þ 1=Ka � Ddc

where [CD] is the molar concentration of the CD; Dd obs is

observed difference in chemical shifts for a given [CD]

with varying concentrations of drug; Ddc is the chemical

shift difference between pure sample of complex and the

free component at the saturation. A linear plot of [CD]/

Ddobs vs. [CD] confirms the 1:1 stoichiometry of the

complex with slope 1/Ddc and the intercept with the ver-

tical axis to 1/Ka Ddc allowing the calculation of binding

constant (Ka).

The chemical shift change data was obtained for ENA by

varying concentration of a-CD while those for b-CD and

c-CD was obtained by varying concentrations of ENA. The

data so obtained from NMR titrations was plotted in the form

of [a-CD]/Dd vs. [a-CD] for a-CD-ENA complex (Fig. 2a),

[EMA]/Dd vs. [ENA] for the complexes of b-CD (Fig. 2b)

and c-CD (Fig. 2c), with ENA, respectively, which gave

excellent linear fits in all the three cases confirming that

ENA forms 1:1 inclusion complexes with all the three CDs

studied. The overall binding constant (Ka) were readily

obtained which were found to be 116.2, 74.3, 199.2 M-1 for

ENA complexes with a-, b- and c-CD, respectively.

ROESY spectral studies

ROESY spectra of mixtures of enalapril maleate with three

CDs were recorded to have an insight into the conforma-

tion of complexes formed. ROESY spectrum of a-CD-ENA

mixture showed intermolecular cross peak only between

H-30 cavity proton with H-2,4,6 of ENA (Fig. 3a) sug-

gesting that aromatic ring has partially entered the cavity

and is positioned close to the wider rim.

Aromatic protons of enalapril showed close contacts

with both the cavity protons, i.e. H-30 and H-50, in the

ROESY spectra of b-CD-ENA (Fig. 3b) and c-CD-ENA

(Fig. 3c) mixtures confirming that aromatic ring is fully

embedded into the CD cavity in both these cases. That the

guest molecule enters the cavity from wider rim side, in

both these cases, is ascertained by observation of cross

peaks between H-30 and benzylic protons (H-7) of enala-

pril. Since H-60 which is positioned near the narrower rim

of the CD also shows contacts with aromatic protons in the

spectrum of c-CD-ENA mixture, it can be said with great

certainty that penetration of aromatic ring is quite deep in

the case of c-CD-ENA complex.

The most probable mode of penetration of aromatic ring

into the a-CD cavity, which can explain the close prox-

imity of H-2,4,6 of ENA with H-30 of a-CD is shown as in

Fig. 4 (Mode II). Though it is very clear that aromatic ring

enters the cavity from wider side and is fully embedded in

the CD cavity in the cases of b-CD-ENA and c-CD-ENA

complexes, it is not possible to predict, beyond doubt, the

Fig. 1 Partial 500 MHz 1H NMR Spectra of CDs as well as mixtures

of CDs and enalapril maleate showing CD region: (a) (A) a-CD/ENA

mixture (B) a-CD; (b) (A) b-CD/ENA mixture (B) b-CD; (c) (A)

c-CD/ENA mixture; (B) c-CD
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exact geometry of the complexes due to poor resolution of

cross peaks. Two probable geometries (Modes I and II) can

be considered for the complexes of ENA with b-CD and

c-CDs (Fig. 4). Of the two probable geometries, Mode I seems

more favorable due to steric factors but this needs further

confirmation. In order to fully establish the structures of these

complexes, molecular modeling studies were performed.

Computational studies of inclusion complexes

of enalapril with cyclodextrins

Molecular mechanics studies of the complexation of enal-

april with a-, b-, and c-CDs using Allinger’s MM2 force

field [25] were carried out to fully establish the structures

of inclusion complexes [26, 27]. All the calculations were

performed without consideration of solvent because of the

assumption that complexation of medium to large-sized

organic hydrophobic substrates might lead essentially to

non-hydrated inclusion compounds [28–30].

Calculations on the inclusion process

The geometries of CDs were obtained from their crystal-

lographic structures deposited in the Cambridge databank.

The published X-ray coordinates for uncomplexed hydra-

ted CDs were used as starting point after removal of the

water molecule coordinates. The structure of the enalapril

was drawn using CS Chem3D Pro and its geometry was

then minimized to a root mean square (RMS) value of
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Fig. 2 Scott’s plots for (a) H-17 (filled square) and H-2,4,6 (open
circle) of ENA with increasing concentration of a-CD (b) H-30 (filled
square) and H-50 (open circle) of b-CD with increasing concentration

of ENA (c) H-30 (open circle) and H-50 (filled square) of c-CD with

increasing concentration of ENA

(a) α-CD-ENA mixture

(b) β-CD-ENA mixture (c) γ-CD-ENA mixture

Fig. 3 Partial 2D ROESY spectra of mixtures of ENA with (a) a-CD

(b) b-CD (c) c-CD showing intermolecular interaction of aromatic

protons of ENA with CD cavity protons
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0.1 kcal/mol/Å with the MM2 force field under 300 K

target temperature in vacuum. This geometry was always

used in all calculations of inclusion complexes.

The MM2 calculations [26, 27] for the process of

inclusion of enalapril into the CD cavity through both the

entries have been carried out for all the possible binding

sites of the enalapril. A total of six possible orientations for

each binding site were studied (Fig. 5). The simulations

were performed by manual insertion of the guest in the

vertical position into the CD cavity in a perpendicular

manner of its diameter. The total conformational energies

of all the complexes are presented in Table 1.

MM2 calculations of a-CD-ENA complexes

The molecular mechanics (MM2) calculations of a-CD-

ENA complexes showed that complexes in which ligand

enters the cavity from the wider rim side were more stable,

with a few exceptions, compared to those formed by the

penetration of the ligand from narrower rim side. Moreover,

complexes formed by penetration of the aromatic ring into

the CD cavity were more stable than those formed by entry

of the ethoxycarbonyl group or proline ring. The positioning

of the aromatic ring (Mode I) near the wider rim and partially

inside the cavity (WS) followed by MM2 calculations gave a

complex having energy 107.0622 kcal/mol which reduced

gradually when the ring was moved inside the cavity and the

complex having total energy 91.2412 kcal/mol was obtained

when the ring was positioned in the center of the cavity

(WC). It was observed that minimization of the energy

resulted in tilting of the aromatic ring (Fig. 6).
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The complexes obtained by entry of the aromatic ring

(Mode II) from the wider rim side were most favoured. The

energy minimization of the complex formed by placing the

aromatic ring near the mouth of wider cavity (WS) gave

second most stable complex (total energy 88.6016 kcal/

mol) in which the aromatic ring also had slightly tilted

Table 1 Total conformational energies (kcal/mol) obtained with MM2 method for the complexes of enalapril with a-, b- and c-CDs

CD Ligand WS WC WB NS NC NB

a-CD Ar (Mode I) 107.0622 91.2412 92.7145 95.5027 99.0553 101.0099

Ar (Mode II) 88.6016 92.2714 81.5344a 105.7575 98.5241 683.2351

Ethoxycarbonyl 97.7007 93.5294 93.2221 100.4018 99.7485 101.2480

Proline 100.3501 105.4635 109.3470 98.4806 97.9620 123.1537

b-CD Ar (Mode I) 112.6862 85.8396a 100.0263 107.0926 91.3152 92.3973

Ar (Mode II) 97.4973 101.7070 659.4723 111.8197 113.4087 654.9920

Ethoxycarbonyl 115.6140 108.9375 100.2895 109.9016 112.5257 109.1344

Proline 118.3423 96.1943 90.7769 102.6312 99.3079 94.7300

c-CD Ar (Mode I) 149.7940 128.1628 116.9530a 132.7524 136.2366 124.5135

Ar (Mode II) 135.6111 133.0817 131.7741 142.9356 131.0508 139.3523

Ethoxycarbonyl 144.7725 132.5763 126.8047 143.1152 129.8977 130.3165

Proline 141.7355 130.0426 123.1286 128.4737 125.2259 126.3302

a The most stable complex

Side Views 

Top Views 

                 91.2412 kcal/mol              88.6016 kcal/mol                81.5344 kcal/mol 

          Mode I: WC, Ligand (Ar)                           Mode II: WS, Ligand (Ar)                             Mode II: WB, L             Mode II: WB, Ligand (Ar) 

Fig. 6 Three most stable a-CD-ENA complexes
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geometry (Fig. 6) which is not unexpected and has been

reported [31]. It was observed that the aromatic ring was

expelled from the cavity when it was placed from the wider

rim in the center (WC) or near the bottom (WB) of the

cavity. The most stable complex having a total energy of

81.5344 kcal/mol was obtained when MM2 calculations

were made by placing the ring deep inside the cavity (WB)

(Fig. 6). The results of MM2 confirm that aromatic ring

enters the a-CD cavity as shown in Mode II (Fig. 4) which

is also evident from 2D ROESY spectral data. The most

probable structure of inclusion complex of enalapril with

a-CD in aqueous solution is therefore the one in which

aromatic ring is positioned near the wider rim in a slightly

tilted position having total conformational energy of

81.5344 kcal/mol (Fig. 6).

MM2 calculations of b-CD-ENA complexes

The results of molecular mechanics MM2 studies of the

b-CD-ENA complexes were quite different from those of

a-CD-ENA complexes. Most stable complex (total energy

85.8396 kcal/mol) was obtained when aromatic ring was

placed (Mode I) in the center of the CD cavity from wider

rim side (WC). The positioning of the aromatic ring (Mode

I) near the wider mouth of the cavity (WS) or deep inside

the cavity (WB) gave quite unstable complexes having

energies 112.6862 and 100.0263 kcal/mol, respectively.

Similar pattern was observed when the aromatic ring

(Mode I) entered from the narrower rim. The energies of

these complexes were 107.0926 (NS), 91.3152 (NC) and

92.3973 kcal/mol (NB). The complexes formed by pene-

tration of aromatic ring (Mode II) into the CD cavity from

either side of the cavity were found to be less stable

compared to those formed by penetration of the aromatic

ring by Mode I.

The complexes obtained by entry of the ethoxycarbonyl

group into the b-CD cavity from either side of the cavity

were found to have high energies and are insignificant.

However, complexes formed by penetration of the proline

ring deep into the cavity were found to have relatively low

energies, 90.7769 kcal/mol (WB) and 94.7300 (NB) kcal/

mol. Three most stable b-CD-ENA complexes are shown

in Fig. 7. These MM2 calculation results support the 2D

ROESY results that the ring is positioned in the center of

Side Views

Top Views

85.8396 kcal/mol 91.3152  kcal/mol 90.7769 kcal/mol

Mode I: WC, Ligand (Ar)             Mode I: NC, Ligand (Ar)                      WB, Ligand Proline

Fig. 7 Three most stable b-CD-ENA complexes

J Incl Phenom Macrocycl Chem (2012) 72:413–421 419

123



the cavity and also that the aromatic ring enters from wider

side of cavity. It can be concluded safely that the structure

of b-CD-ENA inclusion complex is aqueous solution is the

one having total energy 85.8396 kcal/mol (Fig. 7).

MM2 calculations of c-CD-ENA complexes

Molecular mechanics MM2 calculations of the c-CD-ENA

complexes showed that most stable complexes are formed

when the guest enters deep inside the cavity either from

narrower or wider rim side. Moreover, complexes obtained

when the guest entered from wider rim side were more

stable than those resulting from penetration of guest from

narrower side. The most stable complex was obtained when

aromatic ring entered the cavity (Mode I) from wider rim

side deep into the cavity (WB) and has total energy

116.9530 kcal/mol. Complexes involving aromatic ring

(Mode II) were found to be least stable while those

involving proline ring were found to be more stable than

those involving ethoxycarbonyl group. Three most stable

c-CD-ENA complexes are depicted in Fig. 8. The most

stable complex having total conformational energy

116.9530 kcal/mol (Fig. 8) probably represents the struc-

ture of ENA-c-CD inclusion complex in aqueous medium.

Conclusion

It can be concluded that enalapril forms 1:1 inclusion

complexes in aqueous medium with a-, b- and c-CDs on

the basis of chemical shift changes observed in the CDs

cavity protons in the presence of enalapril maleate and

NMR titration data. The structures of these inclusion

complexes have been elucidated with the help of 2D RO-

ESY spectral data which are well supported by molecular

mechanics MM2 calculations. The complexation of ENA

with a-CD results by partial entry of the aromatic ring into

the cavity from the wider side by mode II (Fig. 4) in such a

manner that only H-2,4,6 aromatic protons of ENA come in

contact with H-30 cavity proton of a-CD. The structures of

complexes of ENA with b- and c-CDs are also formed by

penetration of aromatic ring into the CD cavity but the

aromatic ring approaches the CD cavity by mode I (Fig. 4).

The aromatic ring is positioned in the center of the b-CD

Side Views

Top Views

116.9530 kcal/mol                       124.5135 kcal/mol 123.1286 kcal/mol

Mode I: WB, Ligand (Ar)     Mode I: NB, Ligand (Ar)                      WB, Ligand Proline

Fig. 8 Three most stable c-CD-ENA complexes

420 J Incl Phenom Macrocycl Chem (2012) 72:413–421

123



cavity while it is deep inside the c-CD cavity such that H-4

of ENA is slightly outside the bottom of cavity. The most

probable structures of these inclusion complexes are shown

in Fig. 6 (a-CD-ENA, total energy 81.5344 kcal/mol),

Fig. 7 (b-CD-ENA, total energy 85.8396 kcal/mol) and

Fig. 8 (c-CD-ENA, total energy 116.9530 kcal/mol).
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8. Loftsson, T., Duchêne, D.: Cyclodextrins and their pharmaceu-

tical applications. Int. J. Pharm. 329, 1–11 (2007)

9. Loftsson, T., Brewster, M.E.: Pharmaceutical applications of

cyclodextrins. I. Drug solubilization and stabilization. J. Pharm.

Sci. 85, 1017–1025 (1996)

10. Connors, K.A.: The stability of cyclodextrin complexes in solu-

tion. Chem. Rev. 97, 1325–1358 (1997)

11. Breslow, R., Czarniecki, M.F., Emert, J., Hamaguchi, H.:

Improved acylation rates within cyclodextrin complexes from

flexible capping of the cyclodextrin and from adjustment of the

substrate geometry. J. Am. Chem. Soc. 102, 762–770 (1980)

12. Huang, M., Watts, M., Bodor, N.: Theoretical studies of inclusion

complexes of b-cyclodextrin with methylated benzoic acids. Int.

J. Quant. Chem. 64, 711–719 (1997)

13. Webb, G.A.: Annual Reports on NMR Spectroscopy, vol. 64.

Academic Press, London (2008)

14. Dodziuk, H.: Cyclodextrins and Their Complexes. Chemistry,

Analytical Methods, Applications. Wiley-VCH, London (2006)

15. Ali, S.M., Upadhyay, S.K.: Complexation studies of pioglitazone

hydrochloride and b-cyclodextrin: NMR (1H, ROESY) spectro-

scopic study in solution. J. Incl. Phenom. Macrocycl. Chem. 62,

161–165 (2008) (and refrences cited therein)

16. Ali, S.M., Maheshwari, A., Asmat, F.: Complexation of enalapril

maleate with b-cyclodextrin: NMR spectroscopy study in solu-

tion. Quim. Nova 29, 685–688 (2006)

17. Zoppi, A., Quevedo, M.A., Longhi, M.R.: Specific binding

capacity of b-cyclodextrin with cis and trans enalapril: physico-

chemical characterization and structural studies by molecular

modeling. Bioorg. Med. Chem. 16, 8403–8412 (2008)

18. Cervero, M., Mendicuti, F.: Inclusion complexes of dimethyl 2,6-

naphthalenedicarboxylate with a- and b-cyclodextrins in aqueous

medium: thermodynamics and molecular mechanics studies.

J. Phys. Chem. B 104, 1572–1580 (2000)

19. Rekharsky, M.V., Goldberg, R.N., Schwarz, F.P., Tewari, Y.B.,

Ross, P.D., Yamashoji, Y., Inoue, Y.: Thermodynamic and nuclear

magnetic resonance study of the interactions of a- and b-cyclo-

dextrins with model substances: phenethylamine, ephedrines, and

related substances. J. Am. Chem. Soc. 117, 8830–8840 (1995)

20. Hanna, M., Ashbaugh, A.: Nuclear magnetic resonance study of

molecular complexes of 7,7,8,8-tetracyanoquino-dimethane and

aromatic donors. J. Phys. Chem. 68, 811–816 (1964)

21. Foster, R., Fyfe, C.A.: Interaction of electron acceptors with

bases. Part 15.—Determination of association constants of

organic charge-transfer complexes by n.m.r. spectroscopy. Trans.

Faraday Soc. 61, 1626–1631 (1965)

22. Escangar, G.M.: Spectrofluorimetric determination of piroxicam

in the presence and absence of b-cyclodextrin. Analyst 124,

587–591 (1999)

23. Benesi, H.A., Hildebrand, J.H.: A spectrophotometric investiga-

tion of the interaction of iodine with aromatic hydrocarbons.

J. Am. Chem. Soc. 71, 2703–2707 (1949)

24. Scott, R.L.: Some comments on the Benesi–Hildebrand equation.

Recl. Trav. Chim Pays-Bas. 75, 787–789 (1956)

25. Allinger, N.L. (PC version by Buda, A.): Available from QCPE

or from Molecular Design Ltd., 2132 Farallon Dr., San Leandro,

CA 94577 (USA)

26. Amato, M.E., Lombardo, G.M., Pappalardo, G.C., Scarlatta, G.:

High field NMR techniques, molecular modeling and molecular

dynamics simulations in the study of the inclusion complex of the

cognition activator (±)-1-(4-methoxybenzoyl)-5-oxo-2-pyrroli-

dinepropanoic acid (CI-933) with b-cyclodextrin. J. Mol. Struct.

350, 71–82 (1995)

27. Ivanov, P.M., Jaime, C.: Experimental (NMR) and computational

(MD) studies on the inclusion complexes of 1-bromoadamantane

with a-, b-, and c-cyclodextrin. J. Org. Chem. 61, 7012–7017

(1996)

28. Kamitori, S., Hirotsu, K., Higuchi, T.: Crystal and molecular

structure of the c-cyclodextrin-12-crown-4 1:1 inclusion com-

plex. J. Chem. Soc. Chem. Commun. 92, 690–691 (1986)

29. Kamitori, S., Hirotsu, K., Higuchi, T.: Crystal and molecular

structures of double macrocyclic inclusion complexes composed

of cyclodextrins, crown ethers, and cations. J. Am. Chem. Soc.

109, 2409–2414 (1987)

30. Kamitori, S., Hirotsu, K., Higuchi, T.: Crystal and molecular

structure of double macrocyclic inclusion complexes, c-cyclo-

dextrin 12-crown-4�NaCl, a model for the transport of ions

through membranes. Bull. Chem. Soc. Jpn. 61, 3825–3830 (1988)

31. Bekiroglu, S., Kenne, L., Sandstrom, C.: 1H NMR studies of

maltose, maltoheptaose, a-, b-, and c-cyclodextrins, and com-

plexes in aqueous solutions with hydroxyl protons as structural

probes. J. Org. Chem. 68, 1671–1678 (2003)

J Incl Phenom Macrocycl Chem (2012) 72:413–421 421

123


	A comparative study of complexation of enalapril with alpha -, beta - and gamma -cyclodextrins in aqueous medium: structure elucidation of inclusion complexes using NMR spectroscopic and molecular mechanics methods
	Abstract
	Introduction
	Experimental
	Results and discussion
	1H NMR spectra
	Stoichiometry and binding constant
	ROESY spectral studies
	Computational studies of inclusion complexes of enalapril with cyclodextrins
	Calculations on the inclusion process
	MM2 calculations of alpha -CD-ENA complexes
	MM2 calculations of beta -CD-ENA complexes
	MM2 calculations of gamma -CD-ENA complexes

	Conclusion
	References


