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New enantiopure cryptophan&s-7 having C;-symmetry have been synthesized. Electronic circular
dichroism (ECD) and vibrational circular dichroism (VCD) have been used to investigate their chiroptical
properties, and the results are compared to those obtained for cryptophdhéravifg Ds-symmetry.

The ECD spectra of compounds-7 show Cotton effects that differ from those of cryptophane-A.
However, our results suggest that a confident determination of the absolute configuration of the
monofunctionalized cryptophanes can be made using ECD spectroscopy. Interestingly, we have found
that the ECD spectra of cryptophanes, especiallyflthéransition, are very sensitive to the nature of the
solvent. These spectral modifications are essentially due to bulk solvent properties rather than the ability
of a particular solvent to insert into the cavity of cryptophanes. On the other hand, VCD spectra of the
monofunctionalized cryptophanes have not revealed significant spectral modifications with respect to
the VCD spectrum of the CH@i@cryptophane-A complex, except for CH@I7 and to a smaller extent

for CHCL@6. These spectral modifications, which essentially consist in lower intensities of VCD bands
associated with the cryptophane backbone, were perfectly reproduced by ab initio calculations performed
at DFT (B3PW91/6-31G*) level. These results clearly demonstrate that VCD measurements associated
with DFT calculations allow an easy determination of the absolute configuration of cryptophane-A
derivatives.

Introduction material have received much attention as they demonstrate
remarkable binding properties toward small neutral molecules.
Cryptophane molecules are fascinating supramolecular objectsFor instance, anti-cryptophane-A)(isolated as a racemate
that may be isolated either in a chiral (anti-cryptophane) or in shows interesting binding properties toward halogenomethanes
an achiral form (syn-cryptophane). Since their discovery, the and xenon, and the two partially resolved compounds ajii-(
chiral derivatives isolated as a racemic mixture or as enantiopurecryptophane_c and anti-(-)-cryptophane-C can discriminate the
two enantiomers of the CHFCIBr derivative as observedHby

T UniversiteBordeaux I.
# Ecole Normale Supréeure de Lyon. (1) Collet, A. Tetrahedron1987, 43, 5725-5759.

10.1021/jo701662w CCC: $40.75 © 2008 American Chemical Society
66 J. Org. Chem2008 73, 66—75 Published on Web 12/05/2007



Synthesis and Properties ofi-Symmetric Cryptophanes

JOC Article

and®F NMR experiment&: In addition, the synthesis and the SCHEME 1. Chemical Structure of Compounds +7
isolation of resolved cryptophanes have also allowed the
investigation of their chiroptical properties by means of

spectroscopic techniques. For instance, in the mid-1980s, Collet

and co-workers investigated the WWVis circular dichroism
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(ECD) spectra of several cryptophanes havingsymmetry* Mo O O OMe o. M0 0 9 oH

On the basis of a semiempirical approach, they were able to &) Q (>

interpret the Cotton effects observed in the ECD spectra of

cryptophanes. 1 rac-2; (+)-2; (-)-2
Recently, vibrational circular dichroism (VCD) has received

much attention from chemists and has rapidly become a

powerful technique for the conformational analysis of chiral Z ) Q L A - Q )

molecules. The growing interest in this technique arises from MeO' o O OMe HOOCT0" o o ome

Ve

the ability of VCD spectroscopy to predict the absolute
configuration of molecules when quantum mechanical calcula-
tions are done in parallélThe determination of the absolute
configuration of a molecule is thus made possible by comparison
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of the experimental spectrum with the predicted VCD spectrum (+)-3 (+)-4
calculated by using an arbitrarily chosen absolute configuration

of a selected geometry of the molecule. With the computational

power now available and the recent progress in computational 7 ) Q ) /) Q )
methods, the determination of absolute configuration of chiral MeO o MeO' o

molecules by VCD spectroscopy is no longer restricted to the
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study of small chiral molecules. For instance, Urbanova et al. MeO O O ANAANAAGZ M0 0 § OMe
have determined the predominant conformation in the cyclic &) Q 2 &) Q ()
tetramer of §-2,2-dimethylbiphenyl-6,6dicarboxylic acid and 5
have shown that VCD spectroscopy can be used to determine )
the structure of supramolecular speciedore recently, Buf-
feteau et al. have clearly shown that the mixed approach (DFT 73 )
calculations/VCD experiments) allows the unambiguous deter- |, < QM o) MeO” § QM%M o
mination of the helical handedness of a quinoline-derived chiral \ Cy / \\ ;
tetramer (G2H41010No).8 Finally, in a previous article, we have HOMe J one S o

) . o. JMeo © 0S0,CF, o o
reported the synthesis and a complete study of both enantiomers ) @ ™~ <) Q >

of cryptophane-A (64Hs4012) by VCD spectroscopy.

So far, the synthesis of cryptophane derivatives has been

mainly restricted to cryptophanes havidg-symmetry, and very

little is known about the chiroptical properties of cryptophanes

rac-6; (+)-6; (-)-6 rac-7; (+)-7; (-)-7

having other symmetries. Interestingly, a recent synthetic route €xcess (close to 100%j). This synthetic approach provides
developed for the construction of the two enantiomers of the €nough resolved material to study their chiroptical properties

cryptophane-A derivative allows the preparation of new chiral
cryptophanes ofC;-symmetry with very high enantiomeric

(2) (a) Canceill, J.; Csario, M.; Collet, A.; Guilhem, J.; Lacombe, L.;
Lozach, B.; Pascard, @ngew. Chem., Int. Ed. Endl989 28, 9, 1246~
1248. (b) Garel, L.; Dutasta, J.-P.; Collet, Angew. Chem., Int. Ed. Engl.
1993 32, 8, 1169-1171. (c) Bartik, K.; Luhmer, M.; Dutasta, J.-P.; Collet,
A.; Reisse, JJ. Am. Chem. S0&998 120, 784-791. (d) Brotin, T.; Lesage,
A.; Emsley, L.; Collet, A.J. Am. Chem. SoQ00Q 122 1171-1174. (e)
Brotin, T.; Dutasta, J.-PEur. J. Org. Chem2003 973-984.

(3) (a) Canceill, J.; Lacombe, L.; Collet, A. Am. Chem. Sod.985
107, 6993-6996. (b) Crassous, J.; Collet, Enantiomer200Q 5, 429-
438.

(4) Canceill, J.; Collet, A.; Gotarelli, G.; Palmieri, .Am. Chem. Soc.
1987 109 6454-6464.

(5) () Nafie, L. A.; Dukor, R. K.; Freedmann, T. B. lHandbook of
Vibrational SpectroscopyChalmers, J. M., Griffiths, P. R., Eds.; John Wiley
& Sons: Chichester, UK, 2002; Vol. 1, pp 73Z44. (b) Freedman, T. B.;
Cao, X.; Dukor, R. K.; Nafie, L. A.Chirality 2003 15, 743-758 and
references therein.

(6) Stephens, P. J.; Delvin, F. Ghirality 200Q 12, 172-179.

(7) Urbanova, M.; Setnicka, V.; Delvin, F. J.; Stephens, PJ.JAm.
Chem. Soc2005 127, 6700-6711.

(8) (a) Buffeteau, T.; Ducasse, L.; Poniman, L.; Delsuc, N.; Hu€hem.
Commun2006 2714-2716. (b) Ducasse, L.; Castet, F.; Fritsch, A.; Huc,
|.; Buffeteau, T.J. Phys. Chem. 2007, 111, 5092-5098.

(9) Brotin, T.; Cavagnat, D.; Dutasta, J.-P.; BuffeteauJ. TAm. Chem.
Soc.2006 128 5533-5540.

by means of several spectroscopic techniques. The lack of
symmetry of the cryptophane backbone as well as the nature
of the substituents attached on the phenyl rings should modify
both the ECD and VCD spectra relative to those of the highly
symmetric cryptophane-A derivative.

In this article, the synthesis of new chiral cryptophaged
having Ci-symmetry (see Scheme 1) and studies of their
chiroptical properties by ECD and VCD spectroscopies are
presented. The effects of the symmetry of the cryptophane and
of the nature of the substituent on the experimental ECD and
VCD spectra are discussed. Solvent effects on the experimental
ECD spectra are also studied.

Results and Discussion

Synthesis and Characterization of Chiral Cryptophanes
3—7. Chiral cryptophane8—7 have been synthesized from
enantiopure cryptophanol-A derivatives)(2 and (+)-2. Cryp-
tophanol-A was first synthesized and isolated as a racemic

(10) Brotin, T.; Barbe, R.; Darzac, M.; Dutasta, J.hem—Eur. J.
2003 9, 5784-5792.
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mixture using a multistep procedure described in the literdfure. SCHEME 2. Synthesis of Compound )-4 and Compounds
Chiral cryptophanol-A derivatives—)-2 and (+)-2 were rac-7, (—)-7, and (+)-7

prepared from cryptophane diastereomers by reacéio@ with
(—)-camphanic acid chloride according to a known procedtre.
The separation of the two diastereomers by crystallization in
toluene, followed by hydrolysis under basic conditions, yielded
the desired cryptophanol-A in their enantiopure form<290%
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ee; see Figure S1 in Supporting InformatiéfYhis approach Meo 5”"9 Meg "
gives the desired enantiopure)t2 and (+)-2 derivatives with (7
a fair yield and provides a sizable amount of each enantiomer
for subsequent reactions. For instance, the two cryptophanol-A (+)-2 rac-2; (+)-2; (-)-2

enantiomers-)-2 and ()-2 were used as starting materials to
provide the corresponding enantiopure cryptophane-A deriva-  DMF, 05200>‘
tives. Interestingly, the presence of the reactive hydroxyl

function in2 allows the synthesis of new cryptophanes having
Ci-symmetry without any loss of optical purity. By using this
approach, we have previously reported the synthesis of mono-
functionalized cryptophane-)-3 by reacting {-)-2 with methyl
bromoacetaté? In this article, we report the synthesis of
cryptophane+)-3 and biscryptophane—)-5 obtained in 40%
yield by reacting {)-2 with 1,10-diiododecane. The cryp-
tophane €)-5 exhibits 'H NMR and 3C NMR spectral
characteristics identical to its congener which was previously

BrCH,COOMe Ti,0 |0°C-20°C
80°C; Overnight Pyridine, CH,Cl, | Overnight
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i i i (+)-3 (79 %) rac-6 (71 %)
obtained as a mixture of diastereomers. Treatment of compound (+)-6 (75 %); (-)-6 (69 %)
(+)-3 with a KOH (2 M) solution in THF, followed by PACL(PPhy. d .

A . ; ot A THF 60°C ; dppp 110°
aC|d|f|_cat_|on Wlth co_ncd HCI, yields derivative-H)-4 in KOH (2M) | Overnight NBU; HCOSSH, DME | Overnight
quantitative yield. Pines and co-workers have previously

reported the synthesis of the racemate using a slightly different
approach3

Enantiopure cryptophanol-AH)-2 and (-)-2 derivatives were
used as starting materials to prepare new cryptophane derivatives
6 and?. In compounds and?7, a single electron-withdrawing
triflic moiety or a hydrogen atom, respectively, replace a MeO
methoxy group in molecul&. The triflic moiety was introduced
in a single step by reacting the racemate or an enantiomer of
cryptophanol-A with an excess of anhydride triflic in a mixture .
of pyridine and CHCI, at 0°C. The compoundgac-6, (+)-6, (+)-4 (92%) 768 73 %)
and (—)-6 have been obtained in fair yield after crystallization,
and all three compounds show identidINMR and3C NMR
spectra. Compoundac-7, (+)-7, and ()-7 were prepared from
rac-6, (+)-6, and (-)-6, respectively, by reduction of the triflic
moiety with a palladium catalyst (see Scheme 2). Several
synthetic routes have been reported for the reduction of the triflic
moiety attached on a benzene ritfgdowever, the use of the
procedure described by Saa et#lseems most appropriate in
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our case, as they reported several examples of hindered aromatic
triflate derivatives. Thus, compoundac-6, (+)-6, and ()-6

have been allowed to react in the presence of a catalytic amount
of PAChL(PPHhy),, 1,3-bis(diphenylphosphino)propane (dppp), tri-
n-butylamine (NBy), and HCOOH in dimethylformamide
(DMF) at 110°C, giving rise to the new cryptophane derivatives
rac-7, (+)-7, and ()-7, respectively. Previous attempts to use

(11) Darzac, M.; Brotin, T.; Bouchu, D.; Dutasta, J.&them. Commun. a cata_lyt|c amo_unt of palla_dlum Cat_alySt WI‘ﬁiI?—G yielded only
2002 48-49. a partial reduction of the triflate moiety as evidenced by T#C.

(12) The recrystallization procedure in toluene given in ref 10 is not This result has suggested a slow reaction rate probably due to
easily reproducible as it is difficult to work under exactly the same the hindered position of the triflic moiety. However. a higher
experimental conditions. Thus, the recrystallization leads to the precipitation . P - N Y- . ! 9
of the two diastereomers in various ratios. However, the less soluble 0ading of palladium catalyst (15%, nonoptimized) has allowed
diastereomer, identified as compounal (ref 10), can be easily recovered  complete conversion of the starting material overnight and the

by warming the resulting solid in hot toluene. Filtration followed by i _ - 7
recrystallization in a mixture of CH@kthanol affords purda (25%). formation of the new cryptophaneac-7, (+)-7, and ()-7 in

Evaporation of the filtrate, followed by hydrolysis under basic condition, 900d Yields after purification. It is noteworthy that these new
gives rise to enantioenrichee-)-cryptophanol2, which can be used for ~ derivatives could not be obtained directly in their optically pure
subsequent reaction witht-j-camphanic acid chloride. A similar treatment  form or even as a racemic mixture by the classical procedures

Egr{r?rg?;ﬁav;/i;ri]etlgis diastereomer gives rise to optically pure diastereomer (direct or template methods) described by Collet and co-

(13) Spence, M. M.; Ruiz, E. J.; Rubin, S. M.; Lowery, T. L.; Winssinger, WOrkers:®
N.; Schultz, P. G.; Wemmer, D. E.; Pines, A. Am. Chem. So®2004 All compounds except cryptophadewhich was isolated by

12?1411)5(25—2;5%94,\'/'., Dopico, M.: Martorell, G.: Garcia-raso, &. Org. precipitation, have been purified by column chromatography

Chem.199q 55, 991-995. (b) Lipshutz, B. H.; Buzard, D. J.; Vivian, R.

W. Tetrahedron Lett.1999 40, 6871-6874. (c) Sajiki, H.; Mori, A,; (15) (a) Canceill, J.; Collet, AJ. Chem. Soc., Chem. Commu988
Mizusaki, T.; lkawa, T.; Maegawa, T.; Hirota, KOrg. Lett. 2006 8, 5, 582—-584. (b) Collet, A.; Dutasta, J.-P.; Lozach, Bull. Soc. Chim. Belg.
987-990. 1990 99, 617-633.
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Ar TABLE 2. Maximum Wavelength (nm) for the L, (B1y) and the
OCH3 1L (Bay) Transition of Compounds 1 and 3-7 Recorded in CHCh
at 22 °C (Extinction Coefficients (mol~1 L cm~1) are Given in
~ Parentheses)
He H, Me:/ compounds 1 3 4 5 6 7
ool et o /é;:‘z " 2900 2900 289.0 290.0 2900  290.0
3 |lar 70 68 66 64 ! b (13600) (13100) (12400) (28000) (12600) (12900)
Ha He i 239.0 239.0 239.0 239.0 242.0 239.0
CHy l a (33800) (32700) (31100) (71000) (31300) (33600)
) )

70 60 50 40 30  ppm N .
transition (255-310 nm region) shows for all compounds a
FIGURE 1. H NMR spectrum of compound)-7 recorded in CHGI broad band whose intensity and shape is almost unchanged
at 25°C. Inset: Expansion of the aromatic region. whatever the nature of the substituents attached to the cryp-

. ) 25 tophane backbone. Similarly, the higher enetgy transition
TABLE 1. Optical Rotations[o];” (10* deg cn? g~1) of

Cryptophanes 3-7 at 25°C (Experimental Errors Are Estimated to .(230_.250 nm) glve_s rse to_a_strong band whose shape and
+5%) intensity also remain very similar through the serie3—7.
These results suggest that a decrease of the symmetry and the
nature of the substituents have little effect on the absorption
(+)-3 CHClg 0.23 +245.0 +257.0 +295.5 +559.8 +1044.0 properties of the new Cryptophanes with respe(ﬁ_to
Ej;)s“ 2:8:3 8'%2 fgégi fggé'g fgg?? fggié _tg%‘é‘g The chiroptical properties of enantiopure cryptophaded
()6 CHCh 024 —2063 2165 —2493 —470.8 —87a9  have been investigated by ECD in CHCVery few papers
(+)-6 CHClz 0.23 +205.9 +216.5 +249.3 +471.7 +878.7 dealing with the study and the interpretation of the ECD spectra
(-7 CHCl; 018 —254.9 —267.3 —310.0 —583.0 —1097.4 of cryptophanes have been reported in the past, probably due
(+)-7 CHCk 015 +2555 +270.6 +315.0 +600.5 +1126.6 g the difficulties in preparing these molecules in their enan-
2|n g/100 mL. tiopure form. Gottarelli and Collet pioneered this work in the
mid-1980s and used a theoretical approach to interpret the
experimental ECD spectra of cryptophanes havihygsym-
on silica gel and then recrystallized as reported in the Experi- metry4 On the basis of the symmetry rules and the Kuhn
mental Section. Cryptophane-)-5 was purified by column  kirkwood excitonic coupling model, they demonstrated that the
chromatography and isolated as a glassy product. Derivativescotton bands of eacH_, and Ly, transition of a cryptophane
3—7 were isolated as crystalline compounds and were character-xquid be interpreted as the sum of three components (ene A
ized by the usual spectroscopic methéd NMR, °C NMR, component and two degenerate E components parallel and
and HRMS). Molecule8—7 display compleXH NMR spectra  perpendicular to theS; axis of the cyclotriveratrylene units,
relative to that ofl due to the lack of symmetry. As an example, respectively). The relative intensities of these components with
the'H NMR spectrum of the enantiopure cryptopharg-{ is respect to each other determine the sign and the global shape
presented in Figure 1. The aromatic region shows several signalSof the Cotton bands observed in the ECD spectra of cryp-
in good agreement with the proposed structure. The additional yophanes. The authors also reported the importance of the nature
proton H on the benzene ring is clearly visible and is high of the substituents attached to the six benzene rings for
field shifted (6.35 ppm) with respect to the other aromatic predicting the sign of the Cotton effect for the two transitions.
protons. In contrast, the protorpldppears as a doublet at low  They showed that the presence of two different substituents (OR
field (7.09 ppm). The'H NMR spectrum also displays a  and OR) modifies the angle of polarization of the twb, and
complicated proton pattern in the region of the alkyl and the 1 transitions. The magnitude of this effect depends mainly

compd solvent conén [alie [0dZy; [ali [al35  [al%es

methylene protons due to the lack of a symmetry axis Al on the difference between spectroscopic momesty 6f the
NMR spectra were recorded by the usual one-dimensi®@al  two substituents OR and O The two substituents need not
NMR sequence. be very different to induce strong ECD signals; indeed,

Optically pure derivative$—7 were also characterized by  supstituents such as methoxy and alkoxy groups induce large

pOIarimetry in chloroform, and their Optical rotation recorded Cotton effects as observed in the ECD spectrum of Cryptophane_
at several wavelengths is reported in Table 1. The optical a.

rotation values measured for compourg-3 are in very good A more complex situation should be observed for cryp-
agreement with that previously reported for its enantiomer in tophane2—7 which have aCi-symmetry. Indeed, the lack of
the same experimental conditi@tjﬁgg: —249 € = 0.8, symmetry leads to a situation where each Cotton band observed
CHCly)).2° Both enantiomers of compounds and 7 show in the ECD spectrum should be the result of six nondegenerate
identical optical rotation values in the range of the experimental components each having different intensities and polarization.
error as expected for enantiopure derivatives. Compoteb( The Cotton effects observed in the ECD spectra of compound
shows similar, although slightly smaller, optical rotation values 3—7 are reported in Tables 3 and 4. Collet and co-workers
than cryptophane-A? previously recorded the ECD spectra ef){1 in dioxane or in

UV —Vis and ECD Spectra of Chiral Cryptophanes 3-7 a mixture of dioxane and CHgt Since the ECD spectra are
in Chloroform. The UV—vis spectra of cryptophanesand very sensitive to external factors such as the nature of the

3—7 have been recorded in CHolution, and the values of  solvent, it was necessary to re-investigate the ECD spectrum
the absorption coefficients are reported in Table 2. All com- of compound €)-1 in pure chloroform for comparison with
pounds show very similar U¥vis spectra in the 236310 nm the ECD spectra of cryptophan8s 7. As presented in Figure
range that correspond to the absorption bands of thelbwo
and 1Ly transitions of the benzene rings. The low enetgy (16) Platt, J. RJ. Chem. Phys1951, 19, 263-271.

J. Org. ChemVol. 73, No. 1, 2008 69
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TABLE 3. ECD Values of Cryptophanes )-1, (+)-3, (+)-4, and
(—)-5 Recorded in CHCk at 25 °C

Cavagnat et al.

310 A (nm)

200

(-)-1 (+)-3 (H)-4 (-)-5
A(m)  Ae  A(m) Ae A(m) Ae A(nm)  Ae 150
238.0 735 2385 —76.6 2375 —75.1 238.0 1556 —
2535 —13.2 253.0 16.9 2525 12.9 254.0-195 - 100
278.0 —26.4 277.5 226 2765 13.4 278.0—48.0 £
291.5 2.13 291.5 1.50 3 50
3020 —-6.4 302.0 7.0 300.5 58 301.5-12.9 ol
o
E 0 A (nm)
TABLE 4. ECD Values of Cryptophanes ¢)-6, (+)-6, (—)-7, and 380 fm,
(+)-7 Recorded in CHCk at 25 °C 3 -50
(-)-6 (+)-6 (-)-7 (+)-7 100
A(m)  Ae  A(Mm)  Ae A(m)  Ae A(m) Ae -
237.0 64.2 237.0 —64.0 2385 775 2385 —76.6 FIGURE 2. ECD spectra of compoundsj-1, (+)-3, (+)-4, and (-)-5
2525 -—16.3 2525 17.3 252.0 —25.6 252.0 25.7 recorded in CHGl at 25°C. Inset: Expansion of the 26820 nm
278.0 —10.0 279.0 103 2780 -9.2 2785 9.4 region of the ECD spectra of+)-1 and (-)-5, showing the positive
2995 —58 300.0 6.4 2985 —9.8 2985 9.8 Cotton band at 291.5 nm.

2, the ECD spectrum of<)-1in the 236-310 nm region shows

a quite different ECD spectrum than that previously recorded
in pure dioxane. This spectrum exhibits three bands (two
negative and one positive) with different intensities for the low
energylL, transition and two bands with opposite signs for the
higher energylL, transition. In contrast to what had been

observed in dioxane solution, the presence of three Cotton bands

for the 1Ly, transition in CHC4 is in good agreement with the
semiempirical model proposed by Collet and co-worKeFae
difference observed from measurements in dioxane (a solvent
too large to enter into the cavity d) and CHC} could be the
result of a difference in the mobility of the linkers. Indeed,
accommodation of a CHgmolecule byl leads to a more rigid
molecular complex than the empty host dissolved in dioxane.
As a consequence, the number of conformations adopted by
the linkers in solution is significantly reduced. As shown in
Figure 2, a quite similar ECD spectrum, but with twice the
intensity of the ¢)-1 spectrum, is obtained for—)-5, as
expected since—()-5 possesses two cryptophane-A units con-
nected by an alkyl chain (see also Supporting Information Figure
S2). In contrast, the ECD spectra of the compounis3 and
(+)-4 show small but clear differences compared-9-(. For
instance, the component observed at 291.5 nm forlthe
transition is no longer present.

A comparison between the ECD spectra ef){1 and the
new cryptophanes—)-6 and (~)-7 is more interesting since
strong modifications of the overall ECD spectra of these

Ae (mol-'Lem’)

oBEBBE BB AR N2 R

. Ag (mol"lLcm*1)

FIGURE 3. (a) ECD spectra of{)-6 and (+)-6 recorded in CHGl
at 25°C. (b) ECD spectra of()-7 and (+)-7 recorded in CHGl at

CN and THF (two solvents that do not enter into the cavity of
cryptophane-A derivatives). These solvents have been chosen
owing to their different physical (dielectric constant, dipole
moment) and binding properties. The ECD spectra of com-
pounds -)-1, (—)-6, and ()-7 recorded in these four solvents
reveal large modifications, especially for the low enetyy
transition (see Figure 4). ECD spectra of){1 recorded in these

derivatives are expected due to substituent effects (each subsolvents reveal a change in intensity of the band at 280 nm, the
stituent replacing the methoxy group possesses a very differentstrongest intensity being observed in Chl&hd the weakest in

spectroscopic moment) and to the lack of a symmetry axis. The
two enantiomers 06 and7 show perfect mirror image spectra
in Figure 3, as expected for enantiopure derivatives. The ECD
spectra of {)-6 and (~)-7 exhibit Cotton bands different in
shape and magnitude from those observed for compotiid (

1. In addition, clear differences of the band intensity can be
observed between the ECD spectra-6j-6 and ()-7 (Table

4).

Solvent Effect on the ECD Spectra of {)-1, (—)-6, and
(=)-7. The effect of the nature of the solvent has been
investigated for the highly symmetrical derivative )1 and
the two cryptophanes—()-6 and (~)-7 having Ci-symmetry.
Experiments have been performed in Cgl@hd CHCI, (two
solvents that enter into the cavity of cryptophanes) and ig-CH

70 J. Org. Chem.Vol. 73, No. 1, 2008

CH3CN (see Figure 4a). The opposite behavior is observed for
the band at 300 nm (a small shift was also noticed for this band).
In addition, similar solvent effects on th, transition are
observed in ChCI, and THF, even though the latter does not
enter the cavity of €)-1.

Stronger solvent effects are observed in Figure 4b and 4c for
the nonsymmetrical derivatives-§-6 and (~)-7 where dramatic
changes in shape and intensity are noted for the two bands of
thell, transition. Compounds~)-6 and ()-7 respond similarly
to the nature of the solvent, and their ECD spectra exhibit the
same spectral modifications. For instance, inCN, the band
at 280 nm almost completely disappears, while a significant
enhancement of the band at 300 nm is observed, compared to
the ECD spectra off)-6 and ()-7 recorded in CHGlsolution.
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FIGURE 5. VCD spectra of compounds--1, (+)-2, (+)-3, and {+)-4
recorded in CDGlat 25°C in the 1700-1000 cnt? region.
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FIGURE 4. ECD spectra in the 266310 nm region L, transition) g 054 O
in CHCls, CH:Cl,, THF, or CHCN recorded at 25C. (a) Compound 1
(—)-1. (b) Compound {)-6. (c) Compound {)-7.
©)-1
0.0 -
As previously noted for<)-1, a similar behavior of thélLy
transition in the ECD spectra of-}-6 and (~)-7 is observed in
CH.Cl, and THF solution. 05

The ECD spectra of compounds-)-1, (—)-6, and ()-7
recorded in various solvents reveal that the solvent effect is more
pronounced for the cryptophanes havi@g-symmetry. The
modification observed in the ECD spectra cannot be explained Figure 6. VCD spectra of compounds—)-1, (—)-6, and ()-7
by the ability of a solvent to enter into the cavity of cryptophanes recorded in CDGlat 25°C in the 1708-1000 cn? region.
since CHCIl, and THF give rise to very similar spectra having

' N L L M L
1700 1600 1500 1400 1300 1200 1100 1000
Wavenumbers, cm™

very different binding properties. On the other hand, a correla- 2'8‘_ 7

tion between the dielectric constant of the four solvents studied 2.4 ;MW\
(i.e.,e = 4.8 for CHCh, € = 7.52 for THF,e = 8.93 for CH- 16

Cly, ande = 36.64 for CHCN) and the change in the ECD 2‘0’;

spectra of compounds—{-1, (—)-6, and (-)-7 can be noted. 1.6 ()4

This suggests that the chiroptical properties of cryptophanes are o, |, ]

more sensitive to the physical properties of the bulk solvent < 13

than to an encapsulated molecule or to a change in the 0.8

) ) ) : 192
conformation of the linkers. These results are in agreement with 0.4 ]
those obtained for<)-1 by VCD spectroscopy, which do not 1

show any spectral modification for cryptophane-A with an °'°:
empty (in GD,Cl,4 solution) or filled (in CDC} solution) cavity. 0.4

VCD Spectroscopy and DFT Calculations of Chiral 1700 1600 1500 1400 1300 1200 1100 1000
Cryptophanes 1-7. The chiroptical properties of enantiopure Wavenumbers, cm

cryptophanes havin@i:-symmetry have been also investigated

by VCD and compared to those of In a previous article, we FIGURE 7. Calculated VCD spectra of compounds)¢1, (+)-2, (+)-
have shown that VCD experiments coupled with DFT calcula- 3, (+)-4, (+)-6, and ¢-)-7 in the 1706-1000 cnt? region.

tions allow the determination of the absolute configuration of

1.° The spectral modifications induced by conformational the cavity. In this study, the VCD spectra of chiral cryptophanes
changes in the aliphatic linkers were also investigated using 2—7 have been analyzed to reveal the spectral modifications
DFT calculations. A good agreement between experimental andinduced by the lack of symmetry of cryptophane-A and the
calculated VCD spectra has established the preferential antinature of the substituent.

conformation ofthe aliphatic linkers forthe CH@cryptophane-A The experimental VCD spectra of one enantiome2-67 in
complex. Finally, similar VCD spectra were obtained fbr CDCl; solvent are reported in Figures-3 in the 1706-1000
whatever the nature of the solvent used and its ability to enter cm™! regions and are compared to that previously published
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for 1. Only one enantiomer is presented since, for all com- of (—)-7 combined with the absence of an electron-donating
pounds, the VCD spectra of the two enantiomers are nearly methoxy group strongly affects the global electronic circulation
perfect mirror images, indicating identical optical purity. The in the CTV units. These two additive effects can explain the
overall shape of the VCD spectra is very similar for compounds lower intensity of VCD bands observed for)-7. Even though
1-7, and no new VCD bands are observed at the frequenciesa similar decrease in the VCD bands is noticed fe}-6, the
characteristic of the chemical groups of the substituents. Thetriflic moiety induces a weaker perturbation.
chiroptical properties observed by VCD arise essentially from  The VCD spectra calculated at the B3PW91/6-31G* level
the structural chirality of the cryptophane backbone. for the anti conformation of the aliphatic chains of){
The frequencies observed in the VCD spectraldbr the ~ Cryptophaned—7 are reported in Figure 7 in the 1760000
most important bands as well as their assignments have beerfM * regions. Since it has been shown that chloroform
previously reported. The bands due to thgC=C, vg,C=C, complexes with the cryptophane-A molecules, VCD spectra
andv1{C=C stretching vibrations of the rings occur at 1607, Were calculated with the presence of a chloroform molecule in
1577, and 1509 cnt, respectively. The bending vibrations of ~ the cryptophane cavity. For monofunctionalized cryptophane,
CH, and CH groups give rise to the bands observed in the t_he C_—H bond of _chloroform Ppoints toward to the nonfunc-
1480-1420 cm spectral range. The region between 1400 and tionalized CTV unit. As mentioned in a previous papehe
1250 cnrt is more complex because the observed bands Predicted VCD spectrum of the CH{@cryptophane-A complex
correspond to coupled modes involving wagging and twisting 1S in good agreement with the experimental one. The sign of
vibrations of the CH groups (chains and bowls). The bands the experimental VCD spectrum for th€=C stretching modes
associated with the anti-symmetric (as) and symmetric (s) of the rings is well reprodu(_:ed, in parpcular, the b|S|gnat(_a shape
stretching vibrations of Gg—0—C in Cing—O—Me and Ging— of the. 1509 gml band. This fe_ature is due to the c_oupllng of
O—Et groups occur at 1212 and 1034 ¢ respectively. vibrations with E symmetry in the two CTV 'UI’IItS pf the
Finally, the bands at 1183, 1144, and 1086 &rare assigned crypt_ophane-A molecule._ The calcula_lted VCD intensities are
to the aromatic G,g—H in-plane deformation vibration, to the also in good agreement with the experimental ones. On the other
rocking modes of Ckiand CH; groups, and to the stretching hand, the VCD spectra calc.ulated at lower Wavenumbgrs hqve
vibration of Gig—C, respectively. Even though the cryp- t_)een found to vary greatlywnh the conformation of the allphapc
tophane-A molecule does not possess asymmetric carbons, thdnkers. Indeed, the rotational strengths calculated for wagging
VCD spectrum exhibits strong bands (differential molar ab- 2nd twisting V|br<l';1t|ons of Chigroups (bands occurring in the
sorptivity up to+0.4) across this spectral range. These large 13201250 cm spectral range) and for anti-symmetric
VCD intensities on most bands are due to large magnetic dipole St&tching vibration of gng—O—C (band at 1212 crt) are very
contributions from charge circulation in the two cyclotrivera- dependent on the conformation of the t_)ndges. Neyertheless,
trylene (CTV) bowls. Thus, significant changes of the VCD the VCD spectrum calculated for the anti conformation of the

intensities can be expected for cryptophanes monofunctionalizedf'j‘“tph"’lﬂ.C I'nl;etﬁ reprodti)ced d falrtl)y welld the zlgns angl the |
with substituents able to perturb this charge circulation in the Intensities of the major bands observed on the experimenta

1
CTV bowls. In addition, the lack of symmetry of monofunc- \s/p();agtrurr, (Iaxczpt for the bands at 1‘:]45 aS:rL'E 41050 th?
tionalized cryptophanes leads, for each vibration, to six non- calculated spectra oft{)-cryptophane aré nearly

degenerate modes, each having its own intensity and sign ASidentical, indicating that the nature of the substituent as well as

a consequence, a decrease in intensity of the overall VCD bandsthe lack of symmetry have no effect on the chiroptical properties

. of cryptophanes monofunctionalized with electron-donating
A
could by expected for cryptophanes haviagsymmetry. substituents. Indeed, similar VCD bands have been calculated

As observed in Figure 5, the replacement of the methoxy for the vC=C stretching modes of the rings, even though each
group by a OH, a OCKCOOCH, or a OCHCOOH moiety  yipration (15,C=C, vg,C—=C, andv:10{C=C) gives rise to six
does not significantly change the VCD spectrunioforthese  hqngegenerate modes for monofunctionalized cryptophanes. On
three monofunctionalized cryptophanes, the electron-donatingihe other hand, the overall intensity of the VCD bands calculated
character of the substituents is expected to be very similar to ¢,, (+)-cryptophans is slightly lower than that calculated for
the methoxy moiety. Thus, these substituents do not alter the(+)-cryptophane1, and the intensity decrease is more pro-

electronic circulation in the CTV units and, consequently, do ,5,nced for ¢)-cryptophand. All of the results obtained from
not significantly change the VCD band intensities. In addition, peT calculations are in excellent agreement with VCD experi-
the breakdown of the symmetry resulting in the introduction of \ents. This study clearly demonstrates that the DFT calculations
a single substituent does npt appear to be sufficient to modify 51 gple to reproduce well the experimental VCD spectra of
the VCD spectra o2—4. This last feature had been found for ¢y ntophane-A and monofunctionalized cryptophanes. Conse-
cryptophane-A studied with empty cavities (iazCls solution) quently, the combined approach VCD experiments/DFT calcula-
or with guest entities (CDGlsolution). Indeed, similar VCD  {jons allow the unambiguous determination of the absolute
spectra of cryptophane-A were observed for the two solvents, configuration of cryptophane derivatives, even for cryptophanes
although empty and filled cavities give rise s and having C;-symmetry. Finally, DFT calculations on a cryp-
Cs-symmetry of the molecule, respectively. The overall shape tophane-chioroform complex reveal that the VCD activity is
of the VCD spectrum is also not modified when two cryp- transferred to the solvent molecules. However, this induced
tophane-A molecules are connected together by an alkyl chainchirality predicted by the calculations is very small (for instance,
(—)-5and results in twice the intensity of VCD bands ef){1 Ae = 0.0028 for thevCH vibration of chloroform) and cannot
(data not shown). be experimentally measured.

In contrast, as shown in Figure 6, larger spectral modifications .
are observed in the VCD spectra of compoufiégsid7. These Conclusion
spectral modifications, more pronounced fer){7, consist of New enantiopure cryptophan8s-7 have been synthesized
an overall decrease of the band intensities. The lack of symmetryby a multistep procedure, and the chiroptical properties of these
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compounds have been examined by polarimetry, ECD, and VCD spectrometer equipped with a VCD optical beAtBamples were
spectroscopies. The synthetic route used for the preparation ofheld in a variable path length cell with Bafindows. Spectra of
3—7 demonstrates the ability of the synthetic method reported 1—4, 6, and7 were measured in CDg5olvent at a concentration
by Brotin and co-workef8 to prepare, in a sizable amount, new ©f 0-015 M and a path length of 250n, whereas the spectrum of

optically pure derivatives having a very high enantiomeric 5 was measured in D,Cl; solvent at a concentration of 0.0045

excess (close to 100%). This approach also enables theM and a path length of 46@8m. Baseline corrections of the VCD

spectra were performed by subtracting the raw VCD spectra of the

preparation of new derivatives whose synthesis was not possibleg,| ents. The photoelastic modulator was adjusted for a maximum

using the usuatlirect or templatemethods reported by Collet efficiency at 1400 cmi. Calculations were performed via the
and co-worker® as illustrated by the preparation of compound  standard spectrometer software, using Happ and Genzel apodization,
7. The study of the chiroptical properties of the nonsymmetrical de-Haseth phase-correction, and a zero-filling factor of 1. Calibra-
derivatives3—7 by ECD spectroscopy reveals modifications in tion spectra were recorded using a birefringent plate (CdSe) and a
intensity and in shape for the Cotton bands of the two forbidden second Baf wire grid polarizer, following the experimental

1L, andL, transitions with respect to that observed for B procedure previously publishéd.

symmetrical cryptophane-A derivatide The lack of symmetry DFT Calculations. The geometry optimizations, vibrational

: equencies, absorption, and VCD intensities were calculated by
as well as the nature of the substituents attached to the benzen{{Ie Gaussian 03 progrdfnon 16 processors at the M3PEC

rings is, however, unable to reverse the sign of thg Cotton bandscomputing center of the University Bordeaux |. Calculations of the
of the ECD Spe(':tra. of CompOUn(E_7, S.uggelstlng that a Optimized geometry Of‘%)'l, (_|_)_2’ (+)_3’ (+)_4' (+)-6, and 6_)'7
confident determination of absolute configuration for mono- ere performed at the density functional theory level using the
functionalized cryptophanes can be accomplished by ECD B3pw91 functional and 6-31G* basis set. The theoretical frame-
spectroscopy. In addition, strong solvent effects, especially for work for geometry optimization of cryptophane molecules has been
the 1L, transition, have been noticed for compourgdand 7 previously published.All the calculations were performed with a
compared to those observed for compouhdThe effects chloroform molecule inside the cryptophane cavity and an anti
observed for the ECD spectra 6fand 7 cannot be correlated ~ conformation of the aliphatic linkers. Vibrational frequencies, IR,
with the ability of a particular solvent to enter the cavity of and VCD intensities were calculated at the same level of theory,

cryptophanes, whereas a correlation was observed between thlgnt\llgrlig%ttg(teog}ggggiltcalgoell(:jorp?:rct)[rjr:bgtrlizgnTgtrg(d e\;\{&hengtaltjﬁg-
spectroscopic change and the dielectric constant of the solvent ‘ P P !

. . calculated frequencies were scaled by 0.968 and the calculated
,us,'?d' On the_ other hand, VCD speptroscopy com.blnt.ad with abintensities were converted to Lorentzian bands with a half-width
initio calculations allows the unambiguous determination of the o 7 ot
absolute configuration of cryptophan@s?._ Similar experi- Synthesis of Cryptophanes. {)-Cryptophane 3: Methyl
mental VCD spectra have been observed in all cases, and onlybromoacetate (0.060 g, 0.39 mmol) was added in one portion to a
a decrease in the intensity of the signal was noted for compoundssolution of (+)-cryptophanol-A (0.14 g, 0.16 mmol) and cesium
6 and7. The decrease in intensity of the VCD bands was more carbonate (0.05 g, 0.15 mmol) in DMF (4 mL). The solution was
pronounced for derivativé and was perfectly predicted by DFT  stirred overnight at 80C under argon atmosphere. The mixture
calculations. was poured into water, and the product was extracted twice with

o . S CH.CI,. The combined organic layer was then washed three times
Dis-symmetrical derivatives, such as new cryptophigrare with brine and dried over sodium sulfate. Filtration and evaporation

partlcularly interesting compounds and require further investiga- 4t 16 solvent under reduced pressure leaves a residue, which was
tion by VCD spectroscopy and DFT caIcngUons. Indeed, t.he then purified by column chromatography on silica gel ¢CH/

lack of symmetry and the presence of two different caps having acetone 90:10). The glassy product was collected and recrystallized
different electronic densities can induce a preferred orientation in a mixture of CHC} and ethanol to give rise toH)-3 as white

of the guest molecule in the cavity. Other effects, which have crystals (0.12 g, 79%): mp 22225 °C; 'H and 3C NMR
been omitted in this article, such as the ability of the bridges to spectroscopy (see Figures-S36 in Supporting Information) are
adopt the anti or gauche conformations, should be consideredidentical to those previously reported for the racem@te.

in the calculations since large differences in energy have been_ (1)-Cryptophane 4: A solution of KOH (2 M, 2 mL) was added
noticed for the CHGI@1 complex and different VCD spectra 1N ©ne portion to a solution o8 (0.11 g, 0.12 mmol) in THF (3
have been predicted. Thus, these different aspects give a strong (17) Buffeteau, T.; Lagugnkabarthet, F.; Sourrisseau, 8ppl. Spec-
impulse for further investigation of the chiroptical properties troslcé)Z(’)\IOaSﬁ 39,L73§—_74\1/?drme b, W. In Fourier Transform Infrared

Qf cryptophane derivatives by VC.D spectrospopy. Suc.h |nve§- Spéctroscop&Ba-sile;’J. R, Ba’sile,. L. J.., Eds.; Academic Press: New York,
tigations are in progress, and their results will be published in 1985 vol. 3, pp 83-123.

due course. (19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
. . N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Experlmental Section Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
ECD Measurements. Electronic circular dichroism (ECD) Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
spectra were recorded on a Chirascan equipped with a PeltierX.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
temperature controller and calibrated wits-(+)-10-camphorsul- ngslﬁ”é -R(');cﬁtt«re?;rl]:iagn'\/\?: AE';aIZ\ aZF?/e¥"O|\/.|i)ItO(\)l|ilSJtI’I]!]1EYi Ak j]-\;/(iﬁmé‘“'AFf-?
fomc acid. Measurements were carried out at room temperature Salvadc;r, P DannenBerg, J.'J.;yZaI’«zews’ki, V.G, Da’ppr’ich, S.’; Daniéls,
using a 0.2 cm path length quartz cell. Spectra were recorded iNa p - Strain, M. C.. Farkas, O.. Malick D. K.. Rabuck, A. D.:
the 236-450 nm Wavelength range with a 0.5 nm increment and a Ragha\/achari’ K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G,;
1s integration time. Spectra were processed with Chirascan softwareClifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
baseline corrected, and slightly smoothed by using a third-order P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;

_ ial fi i i Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
I;ﬁlstti;(t]uare polynomial fit. Spectral units were expressed in moIarB_; Chen. W.: Wong, M. W.- Gonzalez, C.. Pople, J. Gaussian 03
pucity. . revision B.04; Gaussian Inc.: Pittsburgh, PA, 2003.
VCD Measurements. The VCD Spectra were recorded with (20) Cheeseman, J. R.; Frisch, M. J.; Delvin, F. J.; Stephens(Pein.

8 h of data collection time with 4 cm resolution on a FTIR Phys. Lett 1996 252, 211—-220.
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mL). The biphasic solution was stirred overnight at €D under CHa9, 36.3 (1C,CH,9, 36.2 (1C,CH, 9, 36.1 (2C,CH,9, 35.7

an argon atmosphere. THF was removed by rotary evaporation,(1C, CH, ¢ (see Figures S15, S16, S19, and S20 in Supporting
and 5 mL of water was added. The solution was acidified &€ 0 Information); HRMS (LSIMS) calcd for §Hs1014F:S [MT]

with a solution of concd HCI to yield a white precipitate, which 1012.2952, found 1012.2953.

was collected on a frit and washed with water and with diethyl (+)-Cryptophane 6: This compound was prepared according
ether (0.1 g, 92%): ee 99%; mp 218-220 °C; 'H NMR (500 to the procedure described for its racemate. Compoti)eb((0.14
MHz, CDCl;, 20°C) 0 6.845 (s, 1H; Ar), 6.84 (s, 1H; Ar), 6.82 (s, g, 75%) was obtained fromH)-2 (0.16 g, 0.18 mmol), anhydride
1H; Ar), 6.74 (s, 1H; Ar), 6.725 (s, 1H; Ar), 6.71 (s, 1H; Ar), 6.67  triflic (60 uL, 0.1 g, 0.36 mmol) in pyridine (3 mL), and
(s, 1H; Ar), 6.66 (s, 1H; Ar), 6.64 (s, 2H; Ar), 6.63 (s, 1H; Ar), dichloromethane (3.5 mL): ee 99%; mp 268-269 °C; *H and

6.61 (s, 1H; Ar), 4.71 (d2J(H,H) = 16.5 Hz,ABsyst. 1H; CH,- 13C NMR spectra (see Figures S17 and S21 in Supporting
CO0O0), 4.62-4.54 (m, 6H; CH), 4.55 (d,2J(H,H) = 16.5 Hz, Information) are identical to those reported for the racemic mixture.
ABsyst, 1H; CH,COO), 4.31 (m, 1H; OCh), 4.28-4.10 (m, 9H,; (—)-Cryptophane 6: This compound was prepared according

OCH,), 4.00-3.80 (m, 2H; OCH), 3.89 (s, 3H; OCH), 3.79 (s, to the procedure described for the racemate. Compouhé (0.15

3H; OCH), 3.785 (s, 3H; OCH), 3.78 (s, 3H; OCH), 3.76 (s, g, 69%) was obtained from~)-2 (0.19 g, 0.21 mmol), anhydride
3H; OCH), 3.42 (d,2J(H,H) = 13.5 Hz, 1H; H), 3.39 (d,2J(H,H) triflic (107 uL, 0.182 g, 0.65 mmol) in pyridine (2 mL), and GH

= 13.5 Hz, 3H; H), 3.38 (d,2J(H,H) = 13.5 Hz, 2H; H); *C Cly: ee= 99%; mp 268 C; 1H and'3C NMR spectra (see Figures
NMR (126.7 MHz, CDC4, 20 °C) 6 170.9 (1C;COO0), 149.7, S18 and S22 in Supporting Information) are identical to those
149.65, 149.6, 149.5, 148.5, 147.9, 147.8, 146.9, 146.8, 146.7,reported for the racemic mixture.

146.65, 146.1, 135.6, 134.7, 134.6, 134.0, 133.9, 133.7, 133.50, (&)-Cryptophane 7: A mixture of cryptophaneac-6 (0.31 g,
132.9,131.9, 131.6, 131.1, 131.0, 122.8, 122.3, 121.4, 120.9, 120.80.31 mmol), PdG{PPh), (0.036 g, 0.05 mmol), 1,3-bis(diphe-
120.6, 120.0, 114.4, 113.8, 113.7, 113.6, 113.4, 70.0, 69.7, 69.3,nylphosphino)propane (0.042 g, 0.1 mmol), tributylamine (0.66
69.1, 69.0, 68.9, 65.6, 60.2 (1CQBl3), 55.75 (1C, @Hy), 55.7 mL), and formic acid (6Q«L) in DMF (2.5 mL) was stirred and
(1C, CCHg), 55.6 (1C, @@Hs), 55.5 (1C, @Hs), 36.3 (1C,Cy 9, heated overnight at 11<C. Water was added, and the product was
36.25 (3C,Cq9), 36.2 (1C,Cq9, 35.8 (1C,Cy ), (see Figures S7 extracted three times with GBl,. The organic layers were
S10 in Supporting Information); HRMS (LSIMS) calcd for  combined, washed three times with brine, and then dried over

CssHs4014 [M *] 938.3514, found 938.3512. sodium sulfate. Filtration and evaporation of the solvent under
(—)-Biscryptophane 5:This compound was prepared according reduced pressure leaves a red residue. Purification by chromatog-
to a known procedur&.Compound {)-biscryptophan& (40 mg, raphy on silica gel (CkCl,/acetone 90:10) affordsic-7 as a white

25%) was obtained from—)-2 (0.148 g, 0.17 mmol), 1,10-  glassy solid. It was then recrystallized in a mixture of Cki&d
diiododecane (0.033 g, 0.08 mmol), cesium carbonate (0.055 g, ethanol to give rise toac-7 as white crystals (0.24 g, 90%): ee
0.17 mmol), and DMF (2.5 mL) as amorphous material=e28%; 99%; mp 286°C (dec);*H NMR (500 MHz, CDC}, 20°C) 6 7.07
IH and *C NMR spectra (see Figures S1$14 in Supporting (d, 3J(H,H) = 8.5 Hz, 1H; Ar), 6.78 (dAJ(H,H) = 2.5 Hz, 1H;
Information) are identical to the NMR spectra previously reported Ar), 6.76 (s, 1H; Ar), 6.745 (s, 1H; Ar), 6.74 (s, 1H; Ar), 6.695 (s,

for a mixture of diastereomets. 1H; Ar), 6.68 (s, 2H; Ar), 6.65 (s, 1H; Ar), 6.63 (s, 3H; Ar), 6.36
(£)-Cryptophane 6: Anhydride triflic (0.21uL, 0.36 g, 1.29 (dd,3J(H,H) = 8.5 Hz,4J(H,H) = 2.5 Hz, 1H; Ar), 4.65 (d2J(H,H)
mmol) was added dropwise at°C to a stirred solution ofac-2 = 13.5 Hz, 1H; H), 4.59 (d,2J(H,H) = 13.5 Hz, 2H; H), 4.58 (d,

(0.378 g, 0.43 mmol) in a mixture of dichloromethane (6 mL) and 2J(H,H) = 13.5 Hz, 1H; H), 4.565 (d,2)J(H,H) = 13.5 Hz, 1H;
pyridine (6 mL). After the addition was completed, the orange H,), 4.53 (d,2J(H,H) = 13.5 Hz, 1H; H), 4.38-3.94 (m, 12H;
solution was stirred overnight at room temperature. Water was OCH,), 3.81 (s, 3H; OCH), 3.77 (s, 6H; OCH), 3.76 (s, 3H;
added, and the product was extracted twice with dichloromethane. OCHg), 3.75 (s, 3H; OCH), 3.45 (d,2J(H,H) = 13.5 Hz, 1H; H),

The organic layers were then combined, washed twice with brine, 3.43 (d,2J(H,H) = 13.5 Hz, 1H; H), 3.39 (d,2J(H,H) = 13.5 Hz,

and dried over sodium sulfate. Filtration followed by evaporation 3H; He), 3.375 (d,2J(H,H) = 13.5 Hz, 1H; H); 3C NMR (126.7

of the solvents under reduced pressure leaves a red residue. ThéIHz, CDCl, 20 °C) ¢ 156.3, 149.9, 149.8, 149.6, 149.5, 148.5,
desired compoun@ was then purified by chromatography on silica 146.7 (2C), 146.6 (3C), 140.9, 134.3, 134.25, 134.0, 133.8, 132.8,
gel (CHCly/acetone 90:10) to give cryptopha@as a white glassy 132.3, 131.95, 131.9, 131.8, 131.35, 130.9, 130.8, 121.5, 121.45,
product. Recrystallization in a mixture of dichloromethane and 120.9,120.3,118.9,116.4,114.5,113.7, 113.6, 113.4, 113.4, 112.0,
ethanol followed by filtration on a frit affordé as white crystals 69.7 (1C, GCHy), 69.3 (1C, @Hy), 69.2 (1C, CCH,), 69.2 (1C,
(0.310 g, 71%): ee= 99%; mp>282-283 °C (dec);*H NMR OCHy), 66.4 (1C, @H,), 65.3 (1C, @CH,), 56.1 (1C, GCH3), 55.7
(500 MHz, CDC}, 20 °C) 6 6.97 (s, 1H; Ar), 6.86 (s, 1H; Ar), (1C, OCHg), 55.65 (1C, @Hs3), 55.5 (2C, @CH3), 36.7 (1CCy.9),

6.85 (s, 1H; Ar), 6.75 (s, 1H; Ar), 6.73 (s, 2H; Ar), 6.67 (s, 3H; 36.3 (1C,C,9, 36.2 (1C,Cy 9, 36.1 (2C,Ca9, 35.5 (1C,Cy 4 (SEE

Ar), 6.66 (s, 1H; Ar), 6.65 (s, 1H; Ar), 6.64 (s, 1H; Ar), 4.64 (d, Figures S23, S24, S27, and S28 in Supporting Information); HRMS
2J(H,H) = 13.5 Hz, 1H; H), 4.585 (d,2J(H,H) = 13.5 Hz, 3H; (LSIMS) caled for GzHs2011 [M*] 864.3510 found 864.3502.

Hg), 4.535 (d,2)J(H,H) = 13.5 Hz, 2H; H), 4.41-4.36 (m, 1H; (+)-Cryptophane 7: This compound was prepared as described
OCH,), 4.32-4.26 (m, 1H; OCH), 4.22-4.04 (m, 9H; OCH)), for rac-7. Derivative (+)-6 (0.15 g, 0.14 mmol), PdgPPh),
3.98-3.93 (m, 1H; OCH), 3.78 (s, 9H; OCH), 3.77 (s, 3H; OCH), (0.018 g, 0.026 mmol), 1,3-bis(diphenylphosphino)propane (0.021

3.75 (s, 3H, OCH), 3.46 (d,2)J(H,H) = 13.5 Hz, 1H; H), 3.425 g, 0.051 mmol), NBgI(0.34 mL), formic acid (0.03 mL), and DMF
(d,2J(H,H) = 13.5 Hz, 1H; H), 3.415 (d,2J(H,H) = 13.5 Hz, 1H; (1.5 mL) give rise to derivative {)-7 (0.094 g, 73%) after
He), 3.41 (d,2J(H,H) = 13.5 Hz, 1H; H), 3.39 (d,2J(H,H) = 13.5 recrystallization in a mixture of CHgland ethanol: ee 99%;
Hz, 2H; H); 13C NMR (126.7 MHz, CDCJ, 20°C) 6 149.95, 149.8, mp 283°C; 'H NMR and3C NMR spectra (see Figures S26 and
149.75 (2C), 149.5, 149.2, 147.1, 146.8, 146.6, 146.55, 146.5, 140.9,S30 in Supporting Information) are identical to thatrat-7.
138.7, 134.95, 134.3, 134.3, 134.0, 133.7, 132.5, 132.2, 131.9, (—)-Cryptophane 7: This compound was prepared and purified
131.2,131.0,130.7,123.3,121.3, 121.1, 120.9, 120.7, 120.6, 120.2 as described for the racemate derivafivéerivative (-)-6 (0.15
118.7 (9,%ce = 323 Hz, 1C,CF3), 113.8, 113.75, 113.7, 113.6, g, 0.14 mmol), PdG[PPh), (0.018 g, 0.026 mmol), 1,3-bis-
113.4, 69.6 (1C, OH,), 69.4 (1C, @H,), 69.35 (1C, @H,), 69.30 (diphenylphosphino)propane (0.021 g, 0.051 mmol), NBu34
(1C, OCHy), 69.25 (1C, @H,), 69.1 (1C, @H,), 55.8 (1C, @H3), mL), formic acid (0.03 mL), and DMF (1.5 mL) give rise to
55.7 (2C, (CHy), 56.65 (1C, @Hj3), 55.4 (1C, @Hy), 36.50 (1C, derivative (-)-7 (0.11 g, 86%) after recrystallization in a mixture
of CHCl; and ethanol: ee 99%; mp 281°C; *H NMR and!3C
(21) Darzac, M.; Brotin, T.; Rousset-Arzel, L.; Bouchu, D.; Dutasta, J.- NMR spectra (see Figures S25 and S29 in Supporting Information)
P.New J. Chem2004 28, 502-512. are identical to that ofac-7.
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