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Abstract: Vibrational circular dichroism (VCD) measurements and density functional theory (DFT)
calculations were used to obtain the absolute configuration of optically pure cryptophane-A molecule. This
large molecule (120 atoms) that possess a globular shape, but no chiral centers, exceeds the molecular
size of published structures for which VCD has been used to determine the absolute configuration. VCD
spectra recorded in CDClI; solution for the two resolved enantiomers are near mirror images, and very
good agreement between the observed IR and VCD spectra and intensity calculations performed at the
DFT (B3PW91/6-31G*) level establish, besides the absolute configuration, the preferential anti conformation
of the aliphatic linkers of the chloroform—cryptophane-A complex. Experiments performed in CD,Cl, and
C,D,Cl, solutions show no significant modifications in the IR and VCD spectra, indicating that the
conformation of the aliphatic linkers is similar for empty (C.D,Cls solution) and encaged (CDCl; and CD,-
Cl, solutions) cryptophane-A molecules.

Introduction to molecules bearing asymmetric carbons, and only few
N . ) . ) ) i examples of molecules exhibiting a structural chirality have been
Vibrational Circular Dichroism (VCD) is the differential investigated by VCD spectroscopy. Nafie et al. reported both a

absorption of a chiral molecule to left- and right-handed oqretical and a VCD study of)-heptathiophene (GHs-
circularly polarized radiation in the infrared (IR) regibBuring Br,S;Si), a helical molecule withC,-symmetry* of a Dy-

the past decade, VCD appe_ared as a very prom_ising tool _forsymmetric dimer of 1/1binaphthyl (GoHz4),4 and of a molecule
the study of th.e cpnformatlonal analysg of Chll’?.| Organic \ith a C,-chiral axis (gossypol, §Hzq0g).5 They showed that,
compounds. This vibrational spgctrogcopm tgchnllque NOW ~even for such large molecules, ab initio quantum calculations
becomes as popular as Electronic Circular Dichroism (ECD) g0y one to predict with a high degree of precision both the
in the UV-vis range or even Nuclear Magnetic Resonance |g ang vcD spectra of these molecules as well as their absolute
(NMR) to extract important conformational information of qnfigurations. Similarly, Brgi et al. determined the absolute
organic compounds. The interest of this emerging spectroscoplcconﬁguratiOn of heptahelicene {115 from theoretical and
technique is also a consequence of the recent progress made iycp ~ stydies Finally, in a recent study, Urbanova et al.

computational quantum mechanical calculation used for the yetermined the predominant conformation in the cyclic tetramer
prediction of IR and VCD_spec_tra. Both methods are comple- of (5-2,2-dimethylbiphenyl-6,6dicarboxylic acid and showed
mentary and cannot be dissociated for a complete analysis Ofy, ot \cp spectroscopy can be used to determine the structure
vibrational spectra, but a combination of them usually provides ¢ o supramolecular speciésn all these studies, IR and VCD
important information, such as the absolute configuration and spectra were calculated at the density functional theory (DFT)

the conformation of the studied organic molecifie$nfortu- level, using B3LYP or B3PW91 functionals and 6-31G* or
nately, since VCD ab initio quantum calculations are time Iarge’r basis sets.

demanding, only molecules with a moderate number of atoms Encouraged by these recent studies, we performed VCD

h?vhe beeln relported ;o;a:)r |r\1/éhg _I|te;1atllj_re. Add|t|onaII|)|/, m;)st measurements and ab initio calculations for large molecules with
of the molecules studied by in the literature usually refer Cs- and Da-symmetry, such as cryptophane molecules. Cryp-

* UniversiteBordeaux. (4) Freedman, T.B.; Cao, X.; Rajca, A.; Wang, H.; Nafie, LJAPhys. Chem.
T Ecole Normale Sujpéeure de Lyon. A 2003 107, 7692-7696.
(1) Nafie, L. A.; Dukor, R. K.; Freedman, T. Bdandbook of Vibrational (5) Freedman, T. B.; Cao, X.; Oliveira, R. V.; Cass, Q. B.; Nafie, LCAirality
SpectroscopyChalmers, J. M., Griffiths, P. R., Eds; John Wiley & Sons: 2003 15, 196-200.
Chichester, UK, 2002; Vol. 1, pp 737744. (6) Burgi, T.; Urakawa, A.; Behzadi, B.; Ernst, K. H.; Baiker, New J. Chem.
(2) Freedman, T. B.; Cao, X.; Dukor, R. K.; Nafie, L. &hirality 2003 15, 2004 3, 332—334.
743-758 and references therein. (7) Urbanova, M.; Setnicka, V.; Delvin, F. J.; Stephens.JAm. Chem. Soc.
(3) Stephens, P. J.; Delvin, F. Ghirality 2000 12, 172-179. 2005 127, 6700-6711.
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tophanes are nearly spherical cage molecules composed of two
cyclotriveratrylene (CTV) bowls connected by three aliphatic )
linkers. The rigid bowl-shape structure of the cavity of cryp- ™ &
tophane makes these molecules very attractive for the investiga- /ocn,
tion of host-guest interaction%.The study of cryptophane R
molecules by VCD spectroscopy represents an interesting and
a challenging problem. Indeed, cryptophane-A, whose chemical
formula is G4Hs4012 (120 atoms), is the smallest of the series
of cryptophanes whose optical resolution have been successfully
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achieved. Both-)-cryptophane-A,{)-1, and ()-cryptophane- 7 Q ) 7 Q 0y
A, (—)-1, have been obtained from a recent procedure used for ¢ gm0 L g CH,, Cs,C05 f Y ncd Y, T o
the optical resolution of cryptophanol-AThis procedure gives \ / \ R \ / \
sizable amount of both compounds with a very high optical weo_ f 2 oo L b DMF, 80°C weo. £ @ o [P
purity (close to 100%). By far, this chiral molecule represents & Q (~
one of the largest molecules ever investigated by ab initio

calculation and VCD spectroscopy for the determination of its (+)-2 (+)-1
absolute configuration. Figure 1. Preparation of enantiopure-J-cryptophane-A [¢)-1] and (—)-

. . . cryptophane-A [{)-1], from resolved cryptophanoh()-2 and (—)-2.
A second point of interest for studying these molecules by

VCD spectroscopy is the globular shape of cryptophanes, which (Tfﬁ’_’f ;i zgeggal Rotations [a]?; (10~ deg cm? g~*) of (+)-1 and
possess a lipophilic cavity able to encapsulate small neutral

molecules, such as halogenomethanes or even xenon atom in conen® _ [0so [adsm [0lsss [0Jess [0ses
organic solution. In particular, it should be interesting to show gjgiz 8-% fg?g-g fggg-g J_fgggg jggg-i J_fﬂgig
if the encapsulation of an organic molecule by cryptophane-A i i i i i i
can perturb the conformation of the host molecules (in particular, 2 Experimental errors ona] values are estimated t5%. ® Concen-
the aliphatic linkers) and consequently is able to change the tration is given in grams per 100 mEPerformed in chloroform.
VCD spectra with respect to the empty cryptophane. Indeed, ) )

strong interaction between guest molecules and cryptophaneEXperlmental Section
derivatives has been evidenced by NMR studiesMoreover, Synthesis of Resolved Cryptophane-A:Optically pure cryp-
vibrational modifications on the guest molecules have been tophane-A f-)-1 and (-)-1 have been prepared from resolved cryp-

observed by Raman microspectrometry, in particular, for the ©Phanol {)-2and (-)-2 (see Figure 1), according to a known general
] proceduré.(+)-1 and (-)-1 have been prepared in almost quantitative

chioroform-cryptophane-A complexes. yield by reacting {)-2 and ()-2, respectively, with methyl iodide in

In this study, IR and VCD measurements and theoretical ab the presence of cesium carbonateNjN-dimethylformamide (DMF)
initio quantum calculations were used to determine the absolute as previously reportediH NMR spectra of {)-1 and (-)-1 are identical
configuration of ¢)-1 or (-)-1 in CDCl; solution. The to that previously reported for the racemic compound. Optical rotations
calculations of the IR and VCD intensities of this very large ©f (f)-1and (-)-1 were measured at several wavelengths on a Jasco
molecule have been made at the DFT level (B3LYP and P-1010 polarimeter with a 100 mm cell thermostated at@%and are
B3PWO1 functionals) with 3-21G and 6-31G* basis sets. Others reported in Table 1. These optical rotations recorded in GH@ve

. - the same magnitudes with opposite signs (within the range of the
DFT calculations have been performed (B3PW91 functional and gxperimental error) as expected for a pair of enantiomers.

6-31G* basis set) considering anti or gauche conformations of  vCD Measurements:The infrared and VCD spectra were recorded
the ethyl linkers for empty cryptophane-A and the chloroferm  with a ThermoNicolet Nexus 670 FTIR spectrometer equipped with a
cryptophane-A complex. Finally, an investigation of both IR VCD optical bencH? In this optical bench, the light beam was focused
and VCD spectra of cryptophane-A with empty cavities (in by a BaF; lens (191 mm focal length) to the sample, passing an optical

: : L : filter (depending on the studied spectral range), a Bafe grid
C,D,Cl, solution) or with guest entities (in the CDInd CDQ-
2wz . ) . 9 ( D polarizer (Specac), and a ZnSe photoelastic modulator (Hinds Instru-
Cl, solutions) is discussed.

ments, Type 11/ZS50). The light was then focused by a ZnSe lens (38.1
mm focal length) onto a ¥ 1 mn? HgCdTe (ThermoNicolet, MCTA*

(8) (a) Collet, A. InComprehenslie SUpramollecuIar themistry\twood, J. E6032) detector. Absorption and VCD spectra were recorded at a
L., Davis, J. E. D., MacNicol, D. D., Vgtle, F., Eds.; Pergamon Press: : 1 ; iaiti
New York, 1996; Vol. 2, Chapter 11, pp 32365, (b) Canceil, J.. Collet,  esolution of 4 cm?, by coadding 50 and 24 000 scans (8 h acquisition
A.; Gottarelli, G.; Palmieri, PJ. Am. Chem. S0d.987, 109, 6454-6464. time), respectively. Sample was held in a variable path length cell with
(c) Garel, L.; Dutasta, J. P.; Collet, Angew. Chem., Int. Ed. Endl993 BaF, windows. Spectra of)-1 and (-)-1 were measured in CDgI
32, 1169-1171. (d) Bartik, K.; Luhmer, M.; Dutasta, J. P.; Collet, A.; IF2 P . —K)f ©) d hi h of ¢
Reisse, J.J. Am. Chem. Socl998 120, 784-791. (e) Luhmer, M.; solvent at a concentration of 0.015 M and at a path length of.260

Goodson, B. M.; Song, Y.-Q.; Laws, D. D.; Kaiser, L.; Cyrier, M. C.; Pines, (500 um in the CH stretching region). Additional spectra were run in

A.J. Am. Chem. S0d.999 121, 3502. (f) Brotin, T.; Lesage, A.; Emsley, ;
L Collet, A. J. Am. Chem. So@000 122, 11711174, (g) Brotin, T.- CD.Cl, and GD,Cl, solvents at a concentration of 0.0075 M and at a

Devic, T.; Lesage, A.; Emsley, L.; Collet, &hem—Eur. J.2001, 7, 1561 path length of 50@tm. Baseline corrections of the VCD spectra were
1573. (h) Lang J.; Dechter, J. J.; Effemey, M.; Kowalewski, Am. Chem.  performed by subtracting the raw VCD spectra of the solvents. In all
Soc.2001, 123 7852-7858. (i) Tosner, Z.; Lang, J.; SandstroD.; Petrov, . . )

O.; Kowalewski, JJ. Phys. Chem. B002 106, 8870-8875. (j) Huber, J. the experiments, the photoelastic modulator was adjusted for a

G.; Dubois, L.; Desvaux, H.; Dutasta, J. P.; Brotin, T.; Berthault,JP. maximum efficiency at 1400 cm (3000 cnt? for experiments in the

© E'r‘g’tsih cﬁ?géﬁgo‘é ?()Daagg%&,\?@g’masta 3.Ghem—Eur. J. 2003 9 CH stretching region). Calculations were done with the standard

5784-8792.
(10) Cavagnat, D.; Brotin, T.; Bruneel, J. L.; Dutasta, J. P.; Thozet, A.; Perrin, (11) Buffeteau, T.; Lagugnkabarthet, F.; Sourrisseau, 8ppl. Spectros2005
M.; Guillaume, F.J. Phys. Chem. B004 108 5572-5581. 59, 732-745.
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ThermoNicolet software, using Happ and Genzel apodization, de-Haseth
phase-correction, and a zero-filling factor of 1. Calibration spectra were
recorded using a birefringent plate (CdSe) and a secong\Bia& grid
polarizer, following the experimental procedure previously publisRed.
Finally, in the presented absorption spectra, the solvent absorption was
subtracted out.

Theoretical Calculations

The minimum energy structure of the cryptophane-A cage was
previously calculated for the xeneitryptophane-A complex at the
density functional theory level (B3LYP functional) using a 6-311G**
basis set? In this work, the gauche conformation of the-QH,—
CH,—O bridges was retained to be consistent with the SPINOE
experiment$® The geometry optimization was carried out only for a
fragment representing 2/3 of the cage. The whole cage was then
generated from this fragment. More recently, to calculate the Raman
vibrational frequencies of the chloroforaeryptophane-A complexes,
the minimum energy structure of the whole empty cryptophane-A cage
was calculated at the HF level with a 6-31G* basis set, the vibrational
frequencies supposed to be only slightly perturbed by the chloroform
guestl® Owing to the large molecular size of the cryptophane-A
molecule, 1/3 of the CTV unit was first optimized. Then, the
Cs-symmetry operations generated the CTV bowl. Finally, the3Bl,—
CH,—0 bridges were introduced between the two optimized CTV units  Figure 2. Optimized geometries dF1, T2, G+, andG- conformations of
by constraining theDs-symmetry of cryptophane-A. This symmetry  the ()-cryptophane-A molecule (view along ti@&-symmetric axis).
constraint generated an anti conformation of the ethyl linkers. This
conformation was shown to be prevalent from the X-ray structures of intensities were calculated at the same level with Gaussian 03, utilizing
chloroform—cryptophane-A complexés. the magnetic field perturbation method with gauge-invariant atomic

The cryptophane-A molecule studied here possesses no asymmetriorbitals!®
group, and its optical activity has only a structural origin. Thus, the  For comparison to experiment, the calculated frequencies were scaled
analysis of its VCD spectrum requires at least the geometry optimization by 0.984 (B3LYP/3-21G), 0.98 (B3PW91/3-21G), and 0.968 (B3PW91/
of the whole empty molecule. Calculations were performed-b)( 6-31G*), and the calculated intensities were converted to Lorentzian
at DFT level (B3LYP and B3PW91 functionals, 3-21G and 6-31G* bands with half-width of 7 crmt.
basis sets) with the Gaussian 03 progtaom up to four processors on
a SGI Altix3300. The same computational method as that previously Results and Discussion
describeéd was used. Nevertheless, th&dCH,CH,O— bridges were .
introduced between the two optimized CTV bowls by constraining either  EXPerimental IR and VCD Spectra of (+)-1 and (-)-1.
an anti conformation (referring to the bonds to the O atoms having a 1he experimental IR and VCD spectra ot) and (-)-

180 dihedral angle) of which there are two possibilities (the two anti  Cryptophane-A in CDGl solvent are reported in Figure 3 in
conformations differ in the position of the Glgroups with respectto  the 31506-2750 and 1706950 cn1?! regions. The IR spectra
the O-0O direction) or either a gauche conformation{@thedral angle) of the two samples overlay nearly exactly, indicative of similar
of which there are two possibilities (gauche for a —60° dihedral high purity of the two samples, and the VCD spectra are nearly
angle and gauché for a 60’ dihedral angle). The two anti conforma- — perfect mirror images in the two spectral ranges, indicating
tions (labeledT, and Tz) as well as the two gauche conformations yentical optical purity. The VCD spectra were obtained with a
(labeledG- and G.) are presented in Figure 2. It is noteworthy that very good signal-to-noise ratio since the band intensities

the anti conformations for the three aliphatic linkers (labelg, T . . . .
P ( ik observed in the CH stretching region are lower than®1a

and T,T,T,) give rise toDs-symmetry of the molecule, whereas the . . . .
gauche conformations (labeld® G_G. and G,G.G;) give rise to differential absorbance. The low noise of our optical setup for

Cy-symmetry. Calculations with the introduction of a chloroform 10Ng timg acquisition AA ~ 10_6_) a”_OWS us to reveal t_he
molecule inside the cryptophane cavity were also performed, consider-complexity of the VCD spectrum in this spectral range (Figure

ing eitherT; or G_ conformation for the three aliphatic linker8,T: T, 3a). Indeed, it is possible to identify for each enantiomer the
and G_-G-G_ conformers) or a mixture of these two conformations VCD sign of the 12 components (3065.4, 3032.8, 3005.5,
(G-TiT1 and G-G-T; conformers). 2985.5, 2958.4, 2936.8, 2921.7, 2902.4, 2889.1, 2866.6, 2853.3,

Calculation of the optimized geometry of the empty cryptophane-A and 2831.4 cm!) which can be resolved by Fourier self-
(120 atoms) requires 702 basis functions, 1152 primitive Gaussians deconvolution of the absorption spectrum. Nevertheless, this
for the 3-21G basis set, and 1098 basis functions, 2064 primitive region is very difficult to analyze due to the anharmonicity of

i * i i i i . . .
Gausskansfl‘t?]r thhel 6'5’16 batS|shset. Ealculalltlonlcz)fS trt\e opt|m||zed the CH stretching modes and to the Fermi resonances occurring
geometry of the chioroformeryptophane-A comp ex( ao.ms)’ O in this spectral range. The IR and VCD spectra measured in
performed with the 6-31G* basis set, requires 1172 basis functions the 1706-950 1 . Fi 3b imol d
and 2252 primitive Gaussians. Vibrational frequencies and IR and VCD e_ et region ( |gure ) are simpler and more

easily analyzed. The frequencies observed on these spectra for
(12) Nafie, L. A.; Vidrine, D. W. InFourier Transform Infrared Spectroscapy the most Important bands as well as their assignments are

Ferraro, J. R., Basile, L. J., Eds.; Academic Press: New York, 1982; Vol. reported in Table 1 of Supporting Information.
3, p 83.
(13) Sears, D. N.; Jameson, C.JJ.Chem. Phys2003 119 12231-12244.
(14) Frisch, M. J.; et alGAUSSIAN 03revision B.04; Gaussian Inc.: Pittsburgh, (15) Cheeseman, J. R.; Frisch, M. J.; Delvin, F. J.; Stephens@hein. Phys.
PA, 2003. Lett 1996 252 211-220.
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Figure 3. Experimental IR (lower frame) and VCD (upper frame) spectratgt¢ryptophane-A (full line) and-{)-cryptophane-A (dashed line) in CDLI
solvent in (A) the 31562750 cnt! and (B) the 1708950 cn1! regions. Solvent spectra are subtracted from the IR and VCD spectra of each sample.

The assignment has been performed from the litertftarel the cryptophane-A molecule. In these 20 nonequivalent con-
on the basis of the visual observation with GaussView software formations, only the four conformers with an identical confor-
of the fundamentals calculated at the B3PW91/6-31G* level mation of the three linkers hav@s- or Cs-symmetry. All the
(vide infra). The bands due to thrg.C=C, vgsC=C, andv19{L= other conformers present@-symmetry. We have built and
C stretching vibrations of the rings occur at 1607, 1577, and optimized the structures of the four conformers of highest
1509 cn1l, respectively. The deformation vibrations of €H  symmetry (see Figure 2). Using the starting-O-C—O
and CH groups give rise to the bands observed in the 3480 dihedral angles close to 18€or T; and T, conformations and
1420 cnr! spectral range. The region between 1400 and 1250 +6(° for G, andG_ conformations, the geometries of the empty
cmtis more complex because the observed bands corresponctavity were optimized at the B3PW91/6-31G* level. Harmonic
to coupled modes involving wagging and twisting vibrations viprational frequencies have been calculated at the same level
of the CH groups (chains and bowls). The bands associated toin order to confirm that all structures are stable conformations
the anti-symmetric (as) and symmetric (s) stretching vibrations and to enable free energies to be calculated. The converged twist
of Ciing—O—C in Ging—O—Me and Ging—O—Et groups occur  gngles between the two CTV bowls (angle around@sexis
at 1212 and 1034 crd, respecti\_/el)}? Finally, the bands at  of 3 penzene ring of the upper bowl and the corresponding
1183, 1144, and 1086 crhare assigned to the aromatig,e-H benzene ring of the lower bowl),-€C—C—0 dihedral angles
in-plane deformation vibration, to the rocking modes of CH 4 optimized energies are listed in Table 2. The converged
and CH groups, and to the stretching vibration ofing-C, twist angles between the two CTV units are slightly dependent
respectively. Even though the cryptophane-A molecule does not | he bridge conformations and are ranged between 36 and
possess asymmetric carbons, the VCD spectrum exhibits strongss o the other hand, the optimized energies are very
bands (differential absorbance up to>2 104 across this dependent on the ethyl linker conformations; BeG_G_
spectral range. These large VCD intensities on most of the bandsconformer has a much lower energy than the other studied
are certainly due to large magnetic dipole contributions from conformations. On the basis of the ab initio predicted Gibbs

chgrgef C|rcutl_at|orllxl trlle FWOfCI_VfO_l\_I\If]IS. vsis of the IR free energies, it can be concluded that @econformation of
onformational Analysis o ( ) - [N€analysis ot the 1 the ethyl linkers is favorable for the empty cryptophane-A.
and VCD spectra of«)-1 begins with the prediction of its L .

- . ) . Nevertheless, it is important to note that these calculations have
optimized geometries. As mentioned above, various conforma- . . o
. . . been achieved for isolated molecules. To have a more realistic
tions are possible for the three ethyl linkers. Indeed, each o .

. . . . system, similar calculations were performed for the chloroferm
O~CH,—CH,—O bridge gives rise to four conformatioris, cryptophane-A complex. The lower symmetry of the complex
Ty, G-, andGy), leading to 20 nonequivalent conformations of yptop plex. Y y otthe P
(with respect to the empty molecule) increases significantly the

(16) Socrates, G. Ininfrared Characteristic Group FrequenciesWiley- computational times, and only the most stable forms of anti
Interscience: New York, 1980. H

(17) The band observed at 997 thran also be assigned to the symmetric and gauche coqformatlon§1(l'1T% and G_‘_G‘G‘ Conformefrs)
stretching vibration of G,,—0O—C. have been considered. Under this condition,theonformation

5536 J. AM. CHEM. SOC. = VOL. 128, NO. 16, 2006
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Table 2. Conformations and Energies of (+)-Cryptophane-A

Converged Geometries

twist angle between dihedral angle Energy
conformer the 2 CTV units 0-C-C-0 electronic Gibbs AG (kcal/mol)
Cryptophane-A
TiTiTy 36.5 168.7 —2991.662823 —2990.763092 4.25
ToToT2 46.7 —-173. —2991.663895 —2990.759669 6.40
G-G-G- 43.6° —63.6° —2991.676488 —2990.769868 0.0
GGG+ 53.1 68.3 —2991.671084 —2990.763570 3.95
CHCIlz—Cryptophane-A
TiTiTy 34.6° 167.° —4410.763333 —4409.852895 2.06
GG G- 39.8 —68.3 —4410.766447 —4409.849924 3.93
38.1 —66.2
G-TiTy 37.C¢0 168.00 —4410.769881 —4409.856186 0.0
36.6° 169.4
39.4 —68.4
G-G-T1 38.4 —66.3 —4410.768627 —4409.853239 1.85
37.7 170.2

a|n Hartrees? Relative Gibbs energy difference.

of the aliphatic linkers yields a final optimized structure of the A

complex 1.87 kcal/mol lower in energy than that of tGe 5600 B3LYP/3-21G
conformation. The addition of a chloroform molecule in the
cryptophane-A cage stabilizes tigr; T; conformer. This result

is not surprising due to the better size matching between the
chloroform (ca 72.2 A and the cryptophane cavity in its anti
conformation (ca 82 A.18 Moreover, this result is in agreement
with the X-ray structure of the crystalline CH&lcryp-
tophane-A complex, showing a preferential anti conformation
of the aliphatic linker$® However, a more precise examination 800
of the X-ray structures observed on rhomb and rod crystals for
the CHCB—cryptophane-A complexes indicates that the three
O—CH,—CH,—0O bridges are nonequivalent: two aliphatic
linkers show an anti conformation and the third linker can be
in a gauche conformation. Thus, t8e T;T1 conformer has been
considered in our calculations leading to the lowest Gibbs free B
energy. Indeed, th&;T:T; andG_-G_G- conformers are 2.06 1.5
and 3.93 kcal/mol higher in free energy, respectively. Moreover,
the Gibbs free energy of th@_G_T; conformer also investi-
gated is 1.85 kcal/mol higher than that of tBeT;T; one. Then,

the results obtained for the optimized geometry calculated for
the CHCh—cryptophane-A complexes are in perfect agreement 0.5
with the geometry of the cage in the solid state. Finally, for the
CHCls—cryptophane-A complexes, the converged twist angles
between the two CTV units seem to be independent of the linker
conformations and are close t0°38

4000 B3PW91/3-21G

B3PW91/6-31G*

Experimental

Molar Absorptivity (g)
]
S

T T T 1 T T 1 1
1700 1600 1500 1400 1300 1200 1100 1000
Wavenumbers, cm™

B3LYP/3-21G

1.0 {B3PW91/3-21G

Ag

B3PW91/6-31G*

Experimental

0.0 -

Calculated IR and VCD Spectra of (+)-1. The IR and VCD 0.5 4 ‘ ‘ : . . . ‘
spectra of thd@;T1T; conformer of ¢+)-cryptophane-A calculated 1700 1600 1500 1400 1300 1200 ~ 1100 1000
at the B3LYP/3-21G, B3PW91/3-21G, and B3PW91/6-31G* Wavenumbers, cm
levels are compared to the experimental spectrat9fl( in Figure 4. Comparison of experimental IR (A) and VCD (B) spectra of

(+)-cryptophane-A with calculated spectra for thd@: T, conformer of ¢+)-1

at the B3LYP/3-21G, B3PW91/3-21G, and B3PW91/6-31G* levels.

small spectral changes due to conformational modifications of
the ethyl linkers. On the other hand, the larger 6-31G* basis
set produced some improvement in agreement with experiment,
particularly for the IR spectrum, as shown in Figure 4a. Using
this basis set, despite the high computation time needed to
successfully perform the calculations, IR and VCD spectra are
predicted in the best agreement with experiment. Nevertheless,
few discrepancies are observed between experimental and

(18) The volume of the cryptophane cavity with its three spacer bridges in gauche Predicted spectra, which may originate from (i) the modest basis
conformation can be estimated -a65 As.

Figure 4. It is noteworthy that, whatever the functional or the
basis set used, the calculated VCD spectra reproduce fairly well
the intensity and the sign of the bands observed on the
experimental spectrum, allowing the definitive determination
of the configuration (¢)-1) of the molecule. The VCD spectra
calculated using B3LYP or B3PW91 functional and 3-21G basis
set are very similar. Even though these VCD spectra are in
satisfactory qualitative agreement with the experimental spec-
trum, the 3-21G basis set is certainly not appropriate to reveal
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TA E-symmetry species and of two modes/Af (IR-forbidden)
2.0 &G’ﬂl\'\’\/\f&v‘/‘/\/\—_ andAx-symmetry species. F&_G_G_ andG:G;G; conform-
» ] ers withCz-symmetry, the six calculated modes stem from two
1 ¢e6e groups, each including a degenerated modeEaymmetry
12 species and a mode étsymmetry species. The sign of the

T2T2T2 experimental VCD spectrum for theC=C stretching modes
of the rings is well reproduced for the four conformers, in
particular, the bisignate shape of the 1509-¢rband. This
feature is due to the coupling of vibrations wiBisymmetry
species in the two CTV units of the cryptophane-A molecule.
] The calculated VCD intensities are also in good agreement with
041 S I the experimental ones, except for tBeG. G, conformer, which
1700 1600 1500 1400 1300 1200 1100 1000 presents lower intensities. On the other hand, the VCD spectra
Wavenumbers, cm™ calculated in the 1350950 cnt! region vary greatly with the
conformation of the aliphatic linkers. Indeed, the rotational
1B strengths calculated for wagging and twisting vibrations o6 CH
151 6. groups (bands occurring in the 1350250 cnt! spectral range)
] and for anti-symmetric stretching vibration of{g—O—C (band
10 g1 at 1212 cm?) are very dependent on the conformation of the
] bridges. This is not surprising since these modes are directly
associated with the O—CH,—CH,—0O— groups. Accordingly,
calculated and experimental VCD spectra are in qualitative
agreement with regard to the principal spectral features only
for the T, T1T; conformer. Indeed, the VCD spectrum calculated
for this conformer reproduces fairly well the signs and the
intensities of the major bands observed on the experimental
spectrum, except the bands located at 1445 and 1058, drnis
result is also supported by the comparison of experimental and
Figure 5. (A) Comparison of experimental VCD spectra of)r calculated IR spectra of the four conformers of){cryp-
tolgﬁane-.A with calcuﬁated spectraZt the B3PW91/6-3plG* Ieverﬁlfn}lrg, tophane-A (see Figure 1 of Supporting Information).
T2T2T2, G+G+Gy, andG-G-G- conformers of {)-1. (B) Comparison of The VCD spectra were calculated for the empty cryp-

experimental VCD spectra of the CHEI(+)-cryptophane-A complex with tophane-A molecule in the gas phase, whereas experiments were
calculated spectra at the B3PW91/6-31G* levelsToriT1, G-T1 Ty, and

Ae

0.8 —

1 TiTiT:
0.4

0.0 ] Experimental

Ae

0.5 TiTiT1

1{Experimental

0.0 -

-0.5
e e T T
1700 1600 1500 1400 1300 1200 1100 1000

Wavenumbers, cm’?

G.G_G. conformers of the CHGH(+)-1 complex. performed in CD{ solution. The lack of chloroform interac-
tions with the host molecule produces certainly some discrep-
set used in this study (it has been shown in the literatuhat ancies between experimental and predicted VCD spectra. In

VCD Spectra predicted using |arger basis sets are more accurate)’addition to the solvent eﬁect, the formation of stable CompleXeS
(ii) the calculations done for the empty cryptophane-A molecule between cryptophane-A molecules and chloroform molecules
in the gas phase, whereas experiments were performed in,CDCIMay perturb the conformation of the host molecules and
solution (encaged cryptophane-A); (iii) the calculations done consequently may change the VCD spectra with respect to the
for the TiT,: T, conformer of ¢)-1, but others conformations ~ €mpty cryptophane. To investigate this point, the VCD spectra
are possible for the three ethyl linkers. have been calculated at the B3PW91/6-31G* levelTdr; Ty,

To investigate the relevance of this last point, the VCD spectra G-T1T1, andG-G-G- conformers of the CHGH(+)-1 complex
calculated at the B3PW91/6-31G* level fanTiTi, ToToTo, and are compared to the experimental spectratgtcfyp-
G_G_G_, andG;G.G; conformers of 4)-1 are compared to ~ tophane-A in Figure 5b. The VCD spectrum calculated for the
the experimental spectra of-J-cryptophane-A in Figure 5a.  TiTiT1 conformer of the CHGH(+)-1 complex is quasi
Harmonic vibrational frequencies, dipole strengths, and rota- identical to that calculated for the empty molecule. The presence
tional strengths for these four conformers are given in Table 2 of chloroform in the cryptophane cavity does not affect the
of Supporting Information for fundamentals 7200 (i.e., for conformation of the host molecule, suggesting weak interaction
modes observed in the 1650080 cnt?! spectral range on the  between guest and host molecules. This result is corroborated
experimental spectra). Since cryptophane-A molecules containby the similar values of the converged geometries calculated
six rings, six capping and chain GHjroups, and six OCH for the two systems (Table 2). On the other hand, the VCD
groups, six modes are calculated for each group vibration. For spectrum calculated for tHe-G-G- conformer of the CHGI-
example, the10{C=C, vg,C=C, andvg,C=C stretching modes  (+)-1 complex exhibits spectral modifications with respect to
of the rings observed at 1509, 1577, and 1608 tgive rise the empty molecule, in particular, in the regions associated with
to fundamentals 283288, 289-294, and 295300, respec- wagging and twisting vibrations of GHyroups (1356-1250
tively. For T1T1T; and T,T2T, conformers withDs-symmetry, cm~1) and with rocking modes of CHand CH groups (1125
the six calculated modes consist of two degenerated modes ofcm™1). Since the cavity volume of th€_G_G_ conformer of
(+)-1 is lower than that ofT;TiT;, the encapsulation of

(19) Stephens, P. J.; Delvin, F. J.; Aamouche, A.Chirality: Physical i ;
Chemistry ACS Symposium Series; Hicks, J. M. Ed.; American Chemical chloroform molecule S_hOUId modify the conformation of the
Society: Washington, DC, 2002; Vol. 810, Chapter 2, pp-38. host molecule (the twist angle between the two CTV bowls
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decreases and becomes closer than that dfiihd; conformer). 5000
Consequently, the spectral modifications between the calculated A
VCD spectra for theT:T;T; and G_-G_-G- conformers of = 4000
CHCls—(+)-1 are less marked than those observed for empty .
X N CDCI3
cryptophane. Finally, the VCD spectrum calculated for the & 3000
G_T, T, conformer of the CHGI(+)-1 complex is also in good ‘é.
agreement with the experimental VCD spectrum. In particular, g
the 1406-1300 cnt! spectral range and the 1050 chband S 20004 cpcn2
are best reproduced, but the VCD intensities are weaker than &
those calculated for th&;T;T; conformer. Since the experi- 2 1000
mental VCD spectrum is best reproduced by the calculated VCD = p——
spectra ofT;T1T; and G_T;T; conformers, this study reveals 0]
the preferential anti conform_atlon of _the allphatl_c linkers qf t_he 1700 1600 1300 1400 1300 1200 1100
cryptophane-A molecule. This result is however in contradiction Wavenumbers, cm’!
with the NMR experiments performed by Luhmer et al. on the
xenon-cryptophane-A complex in tetrachloroeth&iéndeed, L2

their results suggest a preferred gauche conformation of the alkyl
chains when xenon is encapsulated into the cavity of cryp- 1.0 ]
tophane-A. Since xenon (42fis smaller than chloroform (72.2

A3), the xenor-cryptophane-A complex is certainly stabilized
when the cryptophane cavity has its minimum size, that is, for 0.6
a gauche conformation of the three-GH,—CH,—0 groups.

cpCi3 B

0.8

CD2C12

© ]
Since the predicted VCD spectra for tfigl; T, conformer <

are not modified by the presence (or not) of a guest molecule, 021 cap2c4

we have tried to confirm experimentally this result in recording 0.0 1

experimental IR and VCD spectra of )-cryptophane-A in Cb

Cl, solution (molecule having a van der Waals volume of 57.6 -0.2 4

A3) and in GD,Cl, solution (molecule having a van der Waals 04 : . : : :

volume of 104 A&, significantly larger than the volume of the 1700 1600 1500 1400 1300 1200 1100

cryptophane cavity). As shown in Figure 6b, the experimental Wavenumbers, cm™

VCD spectra of empty (§D»Cl, solutionf° or encaged (CDGlI Figure 6. Comparison of experimental IR (A) and VCD (B) spectra of

and CDClI, solutions) cryptophane are quasi identical, indicating (—)-cryptophane-A in CDG| CD:Cl, and GD:Cls solvents.

that the size of the guest molecule as well as its nonpresence in )

the cavity does not modify significantly the conformation of th_at even a small basis set_(_6-316*) allows one to calculate,
the host molecule. Nevertheless, a more detailed analysis ofWIth a good degree of precision, the.IR and VCD, spectra of
the VVCD spectra in the €H stretching region (data not shown) the cryptophane-A and thus to predict correctly its absolute

reveals that the introduction of chloroform inside the cavity leads configuration. In addition, the theoretical calculations performed
to a more structured spectrum. This result, as already observed®’ €MPY cryptophane and the CHElcryptophane complex,

in many cases by NMR spectroscopy, suggests that thecon&derlng a;ln anti oraglgau_che conormatl_on of the alkylhchalrrlls
encapsulated guest rigidifies the host molecule mainly by connecting the two cyclotriveratrylene units, suggest that the

preventing the alkoxy bridges from adopting several conforma- /Kyl chains mainly adopt an anti conformation even though

tions. Finally, the agreement between the calculations (for an € gauche conformation should contribute to a small part in
isolated gas-phase molecule) and the experimental spectrafhe experimental VCD spectra. This result is in good agreement

recorded in various solutions reflects the weak interaction of With the crystallographic structure obtained for the racemic

the cryptophane-A molecule with the three solvents used in this compound of the chIqroformcryptophane-A C,Omp'exl Whi_ch
study. shows a preferred anti conformation for the bridges. The original

structural features of cryptophane-A, and in particular its
Conclusion extraordinary binding properties toward small neutral molecules,
such as halogenomethane, also made this study very interesting
to investigate the influence of a guest on the spectroscopic
change observed in VCD spectra. The VCD spectra were found
to be minimally dependent on both the solvent and the guest.
The interesting information extracted from both the ab initio
calculations and the experimental VCD spectra of optically pure
cryptophane-A shows that this technique can be used to extract
valuable information about the configuration and the conforma-

In this study, we have reported both an experimental and a
theoretical study of the infrared and VCD spectra of the two
enantiomers of cryptophane-A. By far, cryptophane-A represents
the largest molecular system (120 atoms) investigated by VCD
spectroscopy and ab initio calculations for the determination
of its absolute configuration. The ab initio calculations per-
formed at the DFT level (B3PW91 functional) show that both

the simulated IR and VCD spectra strongly depend on the tion of this complex molecule. It will be interesting to investigate

chosen basis set used. Interestingly, despite the high computatioqhe xenon-cryptophane-A complex since a different conforma-

time needed to successfully perform these calculations, we showtion of the aliphatic linkers has been suggested by NMR

(20) We cannot exclude the presence of dissolved gasNg ...) inside the expenm_ents. The VCD spectroscopy associated W|t_h _theoretlcal
cryptophane cavities since no vacuum treatment has been performed.  calculations could be also used to study new original cryp-
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tophane derivatives witlC;-symmetry (presence of chiral or Supporting Information Available: Experimental IR and
nonchiral substituents). Such works are in progress, and theyVCD frequencies and assignment of the most important bands
will be published in due course. Finally, this study encourages of (+)-1 in the 1700-950 cnt?! spectral range. B3PW91/6-
us to develop cryptophane chemistry in order to find new 31G* frequencies, dipole strengths, and rotational strengths for
efficient strategies for the optical resolution of cryptophane-E T,T,T;, T,T,T,, G_G_G_, and GG, G, conformers of 4)-1
(propyl linkers) and related hosts molecules for future studies (modes between 300 and 172). Comparison of experimental IR
of their absolute conformations by VCD spectroscopy. spectra of ¢)-cryptophane-A with calculated spectra at the
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(Chemistry Department) and to’ §ien Aquitaine for financial ~ G-G-G- conformers of {)-1. Complete ref 14. This material
support in FTIR and optical equipment. We also gratefully is available free of charge via the Internet at http://pubs.acs.org.
acknowledge the MASTER of the ENSCPB (Univerdger-
deaux I) for allocating computing time and providing facilities. JA0603148

5540 J. AM. CHEM. SOC. = VOL. 128, NO. 16, 2006





