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A series of modifiegb-cyclodextrins with nucleobase substituents, that is, mono(6-ade-6-dgaxclodextrin
(2) and mono(6-ura-6-deoxyj-cyclodextrin 8) as well as mono(6-thy-6-deoxy)-cyclodextrin @), were

selected as molecular receptors to investigate their conformation and inclusion complexation behaviors with

some chiral molecules, that ist-Y-camphor, {)-camphor, 4)-borneol, and<{)-borneol, by spectrophotometric
and microcalorimetric titrations in aqueous phosphate buffer solution (pH 7.2) at 298.15 K. Circular dichroism
and NMR studies demonstrated that these nucleobase-maogifigdiodextrins adopted a co-inclusion mode

upon complexation with guest molecules; that is, the originally self-included nucleobase substituents of the

host did not move out from th@-cyclodextrin cavity, but coexisted with guest molecule infheyclodextrin
cavity upon inclusion complexation. Significantly, these nucleobase-modffiegclodextrins efficiently
enhanced the molecular binding ability and the chiral recognition ability of nAtisyclodextrin, displaying
enantioselectivity up to 3.7 fori)-camphor/{-)-camphor pair by and 3.5 for )-borneol/(+)-borneol pair
by 3. The enhanced molecular/chiral recognition abilitie® 6# toward @)-camphor were mainly attributed

to the increased entropic gains due to the extensive desolvation effects, while the favorable enthalpic gains
originating from the good size-fit relationship as well as the hydrogen bond interactions between host and

guest result in the enhanced molecular/chiral recognition abilitiés-df toward &)-borneol.

Introduction activities. For example, drugs can achieve the targeted molecular
] ) ) . ] therapy through their interactions with nucleobases or nucleo-
Possessing chiral hydrophobic cavities, cyclodextrins (CDs), sides!>16Nagai et al. prepared some nucleobase-functionalized/
a class of cyclic oligosaccharides mainly with six to eight gjtunctionalizeds-CDs as nucleoside analogues, where nucle-
D-glucose units linked by.-1,4-glucose bonds, have been widely  gphases were attached to the C-6 position§-GiD directly or
employed as important molecular receptors to recognize chiral {hrough the linkage of flexible carbon chains, and investigated
guests™> and successfully applied in chiral separation technolo- hejr pH-dependent binding abilities toward some achiral guest
gies™® Generally, native CDs do not show fine selectivity molecules by UV and/or circular dichroism spectroschy.
toward many enantiomeric pairs of guests owing to the pijedaini-Pilard et al. investigated the complexation of a
symmetrical distribution of chiral centers in the CD cavity, and ncleobase-functionalized CD with ellipticine through NMR
the differences oAG values AAG) for their complexation with  experiments. Their results showed thatz interaction between
guest enantiomers are basically less than-nkd™."8 Superior  host and guest improved the stability of the complex and resulted
to native CDs, modified CDs can exhibit significantly enhanced i increased solubility of ellipticine ultimatef. Recently, we
chiral recognition abilitied?91 For example, mono- and reported the fluorescence sensing and inclusion complexation
diaminated3-CDs discriminated a wide variety of chiral guest pehaviors ofN,N'-bis(2-(2-aminoethylamino)ethyl) malonamide-
pairs much better than natiyleCD because of both the reduced bridged bisg-CD) toward adenine and its analogues, which
molecular symmetry of thg-CD cavity and the electrostatic  gemonstrated that th8-CD cavity could efficiently include
and/or hydrogen bond interactions between host and §4¥st.  ycleobase However, to the best of our knowledge, the chiral
Moreover, functional CDs have many applications as molecular recognition behaviors of nucleobase-modif@€Ds have not
receptors or drug carriet$.For example, Inoue et al. utilized  peen reported. In the present work, we report the synthesis of
y-CD derivatives as chiral hosts for mediating the enantiodif- 5 series of nucleobase-modifigCDs and their binding
ferentiating photocyclodimerization of 2-anthracenecarboxylic pehaviors as well as chiral recognition thermodynamics toward
acid. Their research results showed thaCD derivatives  camphor and borneol enantiomers (Chart 1), both of which are
possessing various functional substituents brought different picyclic terpenoids possessing important biological functions
chemical and optical yields of chiral dimefYang and co-  gych as antibacterial, antispasmodic, choleretic, and tranquilizing
workers achieved highly efficient separation results when using effects2® There are some inherent advantages for choosing
hydroxypropyl$-CD as chiral selector in capillary electrophore-  nycleobase-modified-CDs as molecular receptors to recognize
sis on the enantiomeric separation of four fluoroquinolone these chiral drugs. (1) CD cavities are able to associate with
antimicrobial agenté”: On the other hand, nucleosides and Camphor and borneol to form stable hegUest inclusion
nucleobases are known to possess many important biologicalcomplexe<?2122(2) The introduction of nucleobase substituent
can destroy the original symmetry of the CD cavity and thus
* Corresponding author. E-mail: yuliu@nankai.edu.cn. enhance the chiral discrimination ability. (3) The nucleobase
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substituent can provide the additional binding interactions with vaccum and purified by column chromatography over Sephadex
the guest drugs accommodated in the CD cavity. It is our special G-25 with distilled deionized water as an eluent to gi/é
interest to examine the driving force and controlling factors 55% yield. ESI-MSm/z (relative intensity) 1296.14 (Mt
governing the molecular recognition behaviors of nucleobase- HCOO™, 100%), 1250.48 (M- H*, 95%);H NMR (D,0): ¢
modified 5-CDs from the viewpoint of thermodynamics, 3.00-3.80 (m, 42H), 4.86 (s, 7H), 7.92 (s, 1H), 7.95 (s, 1H).
especially the cooperative contributions of nucleobase substit- Anal. Calcd for GH73NsO343H,0: C, 43.22; N, 5.36; H, 6.10.
uents angs-CD cavity to the chiral recognition, which will serve  Found: C, 43.15; N, 5.46; H, 6.15. UWis A max (¢): 261 nm

our further understanding of this recently developing, but (1.13 x 10* M~ cm™1).

thermodynamically less investigated, area of supramolecular Synthesis of Mono(6-ura-6-deoxy)8-CD (3). Compound3

chemistry. was prepared in 50% yield from uracil and 6-OF<GD
) _ according to the procedure similar to that in the synthesi of
Experimental Section ESI-MS m/'z (relative intensity) 1263.30 (Mt CI-, 100%),
General. 8-CD of reagent grade was recrystallized twice from 1227.40 (M— H*, 60%);*H NMR (D20): ¢ 3.47-3.91 (m,
water and dried in vaccum at 10C for 24 h before usef)- 42H), 4.94-5.05 (m, 7H), 5.76 (d, 1H) = 7.8 Hz), 7.53 (d,

Camphor and £)-borneol were purchased from Aldrich or 1H,J=7.8 Hz). Anal. Calcd for GsH7.N20364H,0: C, 42.46;
Tokyo Kasei and used as received. Adenine, uracil, and thymineN. 2.15; H, 6.20. Found: C, 42-3§51 N, gi23? H, 6.08. YVs
were commercially available from Amresco Inc. and used 4 max(€): 265.4 nm (4.70x 10* M~* cm™).

without further purification. Mono[83-(p-toluenesulfonyl)]8- Microcalorimetry. The thermodynamic parameters were
CD (6-OTsp-CD) was prepared by the reaction®CD with determined at atmospheric pressure in agueous phosphate buffer
p-toluenesulfonyl chloride in aqueous alkaline soluidhono- solution (pH 7.2) at 28C by using a Microcal VP-ITC titration

(6-thy-6-deoxy)B-CD (4) was prepared according to a reported microcalorimeter, which allows us to determine simultaneously
proceduré-’? Disodium hydrogen phosphate and sodium dihy- the enthalpy and equilibrium constant from a single titration
drogen phosphate were dissolved in distilled, deionized water curve. The VP-ITC instrument was calibrated chemically by
to make a 0.1 metim~3 phosphate buffer solution of pH 7.2,  performing a complexation reaction 8fCD with cyclohexanol,
which was used as solvent in spectrophotometric and micro- and the thermodynamic parameters obtained were shown to be
calorimetric titrations. Elemental analyses were performed on in good agreement with literature détaAll solutions were
a Perkin-Elmer 2400C instrumentH NMR spectra were  degassed and thermostated using a ThermoVac accessory before
recorded on a Varian Mercury Plus 400 or a Bruker AV300 each titration run. In each run, a phosphate buffer solution of
instrument. 2D rotating frame Overhauser effect spectroscopy hostin a 25Q:L syringe was sequentially injected with stirring
(ROESY) spectra were recorded on a Varian Mercury VX300 at 300 rpm into a buffer solution of guest in the calorimeter’s
instrument with a mixing time of 300 ms. Mass spectra were sample cell. The sample volume was 1.4227 mL in all
performed on a Thermofinnigan LCQ Advantage+HS, and experiments. Each titration experiment was composed of 25
the electrospray ionization was used. "Y¥ls and circular ~ successive injections (1L per injection). A typical titration
dichroism spectra were performed on a Shimadzu UV 2401 curve is shown in Figure 1. Each titration of host CDs into the
spectrophotometer and a JASCO J-715S spectropolarimetersample cell gave rise to a heat of reaction, caused by the
respectively. formation of inclusion complexes between guest molecules and
Synthesis of Mono(6-ade-6-deoxy-CD (2). Anhydrous host CDs. The heats of reaction decreased after each injection
K,COs (0.21 g, 1.52 mmol) was added to a solution of adenine of host CDs because fewer and fewer guest molecules were
(0.20 g, 1.52 mmol) and 6-OT/$-CD (1.30 g, 1 mmol) in dry available to form inclusion complexes. A control experiment
DMF (60 mL). The mixture was heated at 80 for 24 h under was performed to determine the heat of dilution by injecting a
nitrogen atmosphere. Then, the unreacte@®; was removed host solution into a pure buffer solution containing no guest
by filtration, and the filtrate was evaporated under a reduced molecules. The dilution heat determined in the control experi-
pressure to dryness. The residue was dissolved in water, andnent was subtracted from the apparent reaction heat measured
the aqueous solution was poured into vigorously stirred acetonein the titration experiments to give the net reaction heat.
(300 mL) to give a slight yellow precipitate. Such an operation  The net reaction heat in each run was analyzed by using “one
was repeated twice. The crude product obtained was dried inset of binding sites” model (Origin software, Microcal Inc.) to



Molecular Recognition of Camphor and Borneol gACD’s J. Phys. Chem. B, Vol. 111, No. 42, 20012213

Time (min) at 209 nm e = +4.76 Mt cm™Y) assigned to th&l_, and!Ly
0 20 40 60 8 100 transitions of adenine substituent, respectively. Therefore, we
o T T T can deduce that the adenine substituent is deeply self-included
| ﬂm into the 5-CD cavity as illustrated in Chart 2, where its,
transition is nearly parallel, while it transition is nearly
perpendicular, to the £axis of 5-CD cavity. In contrast, hosts
3 and4 have ICD signals obviously different from that 2f
~104 T The circular dichroism spectrum 8fdisplays a weak negative
T Cotton effect peak at 218 nn\é = —1.09 M~! cm™1) and a
15 1 strong positive Cotton effect peak at 268 nfwe (= +8.97 M1
: cm 1) assigned to thél, and L, transitions of the uracil
substituent, respectively. Similarly, the circular dichroism
spectrum of4 displays a weak negative Cotton effect peak at
_.' ] 234 nm Ae = —0.78 M~ cm™1) and a strong positive Cotton
51 . 1 effect peak at 270 nmAe = +6.27 M~ cm™1) assigned to the
= 1 1L, and!Ly, transitions of the thymine substituent, respectively.
10+ . . These ICD signals indicate that the substituent group af4
: = : is shallowly self-included in thgs-CD cavity with a tilt-in
15 = , conformation, where it3L, transition is nearly perpendicular,
.- | while its 1L, transition is nearly parallel, to the;@xis of 3-CD
20l = , cavity (Chart 2). Moreover, by comparing the ICD signal$of
0 1 2 3 4 5 and4, we may find that3 (Ae = +8.97 M1 cm™1) gives a
Molar Ratio Cotton effect peak stronger than thatb{Ae = +6.27 M™?
Figure 1. Calorimetric titration curve of2 with (+)-borneol in cm™), a_lthough they possess quite similar structures. A possible
phosphate buffer solution (pH 7.2) at 26. (Upper) Raw data for ~ reason is that the uracil group 8enters thes-CD cavity more

wl/s

R et S RE

kJ/mol of injectant

sequential 1QeL injections of2 solution (3.38 mM) into 4)-borneol deeply than the thymine group 4fdoes. These ICD signals of
solution (0.14 mM). (Lower) Heats of reactions as obtained from the 2—4 are consistent with the reported ones with a self-included
integration of the calorimetric traces. conformationt?b.d.22b,27,28

Upon inclusion complexation with guest molecules, the ICD
signals of2—4 retain their original shapes, but their Cotton effect
intensities show different changes. This implies that the nucleo-
base substituents @4 are still located in thgg-CD cavity,
but their self-inclusion depth changes in different degrees after
inclusion. As seen in Figure 4, with the addition ef)¢borneol,
the negative Cotton effect intensity @f decreases té\e =

simultaneously compute the binding stoichiomeiy, complex
stability constantk), standard molar reaction enthalpyH°),
and standard deviation from the titration curve. The knowledge
of complex stability constan) and molar reaction enthalpy
(AH®) enabled the calculation of standard free enery&<)
and entropy changed\§). A typical curve fitting result for
;he.rgoggsl)((atﬂgna(éﬁﬂgg (;f)_gt?;?a?\r/]g(; misrrir;?nga:&izl%:rr:m-_5'96 Mt cmt (255 nm), while the positive one reduces to
eiers at least two indeper):dent titration experimezts were carried.4'32 M.l cm * (208 .nm). However, the positive Cotton effect
out tc; afford self-consistent thermodynamic parameters, and their'menSItles of3 and4 increase tahe = +11.19 M™ cnt” (268

’ nm) for 3 and +10.00 M~ cm™! (270 nm) for4, while the

average values were listed in Table 1. negative one is enhanced Ae = —1.55 M~ cm™ (218 nm)

) ) for 3and—1.40 M~ cm~1 (238 nm) for4, respectively. These
Results and Discussion phenomena indicate that the self-included adenine substituent
Synthesis.Nucleobase-modifiei-CDs were synthesized in ~ Of 2is partly expelled from thg-CD cavity, but the uracil or
satisfactory yield by the reactions of 6-OBsSD with corre-  thymine substituents & or 4 move more deeply into the-CD
sponding nucleobases. All the reactions were carried out in DMF cavity, after complexation with guest molecules. That is to say,
solution, which avoided the formation of inclusion complexes the nucleobase-modifigé-CDs can adjust their conformation
between the nucleobases MD Ca\/ity because CD cavities upon inclusion complexation with guest molecules. Similar ICD

barely include guest molecules in DMF soluti®&nMoreover, results are also observed in the cases of inclusion complexation
the ESI-MS data clearly demonstrate the connectivity of Of 2—4 with other guests of camphor and borneol.
nucleobase substituents withCD cavity. NMR Spectra. 'H NMR investigations give further informa-

Circular Dichroism Spectroscopy. Circular dichroism spec-  tion about the conformation of hos#s-4 in the absence and
trometry is a convenient and widely employed method to presence of guest molecules. As seen in Figure 5aHMMR
elucidate the conformation of the CD-containing system. Gener- spectrum of free adenine shows two NMR signals)&8.00
ally, if an achiral chromophore is enclosed in or adjacent to the and 8.05 assigned to the H2 and H8 protons, respectively. After
chiral CD cawvity, it will give either positive or negative induced the adenine group attaches to D rim, the two resonance
circular dichroism (ICD) signals according to the location and signals shift upfield ta@d 7.93 and 7.95, respectively, which is
orientation of transition dipole moment of chromophore with attributed to the formation of the covalent bond changing the
respect to the CD axis. For the chromophore located inside theelectron density of the adenine ring as well as the changes of
CD cavity or perched on the edge of the CD cavity, its electronic magnetic field around the adenine group induced by the
transition parallel to the CD axis gives a positive ICD signal, hydrophobic microenvironment of theCD cavity. Interest-
whereas perpendicular transition gives a negative sitjnfs. ingly, these signals show further upfield shifts after complex-
can be seen in Figure 3, the circular dichroism spectrur® of ation with guest molecules (Figure 5c,d), indicating that the
displays a strong negative Cotton effect peak at 261 ~Aa adenine group is still located in th®CD cavity and interacts
—6.86 M1 cm™1) and a moderate positive Cotton effect peak with the included guest molecule. By comparing thé&values
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Figure 2. (a) Heat effects of dilutions (I) and of complextion (Il) éfwith (—)-camphor for each injection during titration microcalorimetric

experiment. (b) “Net” heat effect obtained by subtracting the heat of dilution from the heat of reaction, which was analyzed by computer simulation
using the “one set of binding sites” mode.
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TABLE 1: Complex Stability Constant (Ks) and Thermodynamic Parameters for 1:1 Complextion of ¢)-Camphor and
()-Borneol with Hosts 1—4 in Phosphate Buffer Solution (pH 7.2) at 298.15 K

Ks AG® AH° TAS

hosts guests MY (kJ-mol™?) (kJmol™?) (kJ-mol=?)
1° (+)-camphor 8264 261 —224+0.1 —-13.8+0.5 8.5+ 0.6
(—)-camphor 4988t 60 —-21.1+0.1 —23.8+0.6 —2.7+0.6

(+)-borneol 18640t 110 —244+0.1 —20.9+ 0.5 3.5+ 0.6

(—)-borneol 19750t 580 —245+0.1 —-23.2+0.1 1.3+0.2

2 (+)-camphor 4818@ 1050 —26.7+0.1 —-13.5+0.2 13.2+ 0.1
(—)-camphor 1304a: 480 —235+0.1 —-17.1+0.2 6.4+ 0.1

(+)-borneol 51006t 950 —26.9+0.1 —28.9+0.1 —-2.0+0.2

(—)-borneol 86670t 1070 —28.2+0.1 —30.9+ 0.1 —-27+01

3 (+)-camphor 1602a: 480 —24.0+0.1 —-12.9+0.2 11.1+ 0.2
(—)-camphor 1266a: 420 —23.4+0.1 —14.94+0.2 8.5+ 0.3

(+)-borneol 19306t 730 —245+0.1 —-28.2+0.1 —-3.7+02

(—)-borneol 67520t 1070 —27.6+0.1 —30.9+0.1 —-3.3+0.1

4 (+)-camphor 893@: 60 —22.6+0.1 -14.2+0.1 8.4+ 0.1
(—)-camphor 805a 17 —22.3+0.0 —15.1+0.1 7.2+0.1

(+)-borneol 3378G: 720 —25.8+0.1 —28.5+0.1 —27+02

(—)-borneol 35150t 370 —25.9+0.1 —30.2+0.1 —4.3+0.1

2 [Host] = 3.00-3.38 mM. [Guest]= 0.13-0.14 mM." Reference 4kt This work.

of adenine protons i2 (Table 2), we deduce that the adenine indicating that the adenine substituent is self-included into the
protons have bigger upfield shifts upon complexation with S-CD cavity. Further comparison shows that the adenine proton
borneol than those with camphor. This phenomenon may has stronger NOE correlations with the H3 protons than those
indicate the stronger interactions between the adenine group inwith H5 protons of5-CD. Because the H5 protons are located
2 with the borneol guest, which is consistent with the results of at the narrow side, while the H3 protons are at the wide side,
microcalorimetric titrations as described later. of the 5-CD cavity, these NOE correlations demonstrate that
Two-dimensional NMR spectroscopy is an essential method the adenine substituent is deeply self-included in fR€D
for the conformational studies of CDs and their complexes since cavity. Interestingly, the ROESY spectrum of an equimolar
one can conclude that two protons are closely located in spacemixture of 2 with (—)-borneol (Figure 6b) also presents NOE
if an NOE correlation is detected between the relevant proton correlations (peak A) between the adenine proto@ ahd the
signals in the NOESY or ROESY spectrum. Therefore, it is interior protons of thgs-CD cavity, but the strength of NOE
possible to estimate the orientation of the substituent moiety or correlations of the adenine proton2¥vith 5-CD’s H5 protons
guest molecule in the CD cavity by using the assigned NOE becomes stronger than that wiitCD’s H3 protons. This
correlations. As seen in Figure 6a, the ROESY spectru of indicates that the adenine substituen2as$ still located in the
shows clear NOE correlations (peak A) between the adenine-CD cavity and partly moves to the narrow side. Moreover,
proton of2 and the interior protons (H3/H5) ¢f-CD cavity, the (=)-borneol protons give NOE correlations with both the
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experiments, the titration data also give the 1:1 binding
stoichiometry between host and guest witk’ ‘values in the
curve fitting results varying from 0.9 to 1.1. Moreover, the CPK
molecular modeling study demonstrates that h®st$ can only
accommodate one camphor or borneol in its hydrophobic cavity,
which subsequently rationalizes the 1:1 binding stoichiometry
between host and guest. Therefore, a fixed 1:1 binding stoichi-
ometry is used in the curve-fitting analysis of calorimetric
titration.

Binding Ability. It is well-known that the induced-fit
interactions between host and guest play an important role in
the inclusion course, and the binding ability mainly depends
on the fitting efficiency of the size, shape, and functional group
of a guest into those of a CD hd®tA high fitting efficiency
usually leads to not only the strong van der Waals and
hydrophobic interactions whose strength is closely related to
the distance and contact surface area between the CD cavity
and the accommodated guest, but also the strong electrostatic
and/or hydrogen bond interactions between the substituent of
CD host and the functional group of guest molecule. As can be
seen in Table 1, all of the nucleobase-modifigDs 2—4
exhibit stronger binding abilities toward camphor and borneol
than natives-CD. For example, the stability constanks) for
the inclusion complexation of hos&-4 toward camphor are
1.08-5.83 times, while those toward borneol are 1-@439
times, higher than the corresponding values for the inclusion
complexation of nativgs-CD. Circular dichroism and NMR
studies have demonstrated that all of the h@std adopt the
self-included conformation in aqueous solution. This conforma-
tion inevitably decreases the effective volume3e€D cavity
to some extent, which consequently leads to the higher size-fit
efficiency between host and guest. Moreover, the molecular
modeling studies demonstrated that there exist the effective
hydrogen bond interactions between the carbonyl (for camphor)
or the hydroxyl (for borneol) group of guest molecule and the
nucleobase substituents of ho&ts4 (Figure 6d), which also

cavity (peaks C, D, E, F, G, H). Among them, peak B is assigned contributes to the strong hesguest binding. As a joint result

to the NOE correlations between brotons of ¢-)-borneol and
the adenine proton of. Peak C is assigned to the NOE
correlations between Hprotons of ¢)-borneol and H3/H5
protons of3-CD, where the i protons show stronger NOE

of these two factors, hos#s-4 have stronger binding abilities
than natives-CD. A close comparison on the binding abilities
of 2—4 shows that hos? gives the highest complex stability
constants toward the examined guest molecules. A possible

correlations with H3 protons than those with H5 protons of €ason is that the adenine substituen @ self-included into
B-CD. Peak D is assigned to the NOE correlations between thethe -CD cavity more deeply than the uracil or thymine

Hy, protons of ()-borneol and the H5 protons gfCD; Peaks
E and G are assigned to the NOE correlations of thé{d
protons of -)-borneol with the H3/H5 protons @-CD. Peak
F is assigned to the NOE correlations of thgprotons of ()-
borneol with the H3 protons @8-CD. Peak H is assigned to
the NOE correlations of the #H;, protons of (-)-borneol with
the H3/H5 protons of-CD, where the H3 protons show NOE

substituent of3 or 4, as estimated from the circular dichroism
signals. This deep self-included conformation leads to the
smallest effective volume ¢#-CD cavity among the examined
nucleobase-modified-CDs and thus the best size-fit efficiency
between host and guest.

From Table 1, we can also find that all of the ho%ts4
have stronger binding abilities toward borneol than toward

correlations stronger than those of the H5 protons. Moreover, camphor. A comparison of their structures shows that camphor

the NOE correlation of the Horoton of (—)-borneol with the
adenine protons o2 may be overlapped with peak A, which

and borneol present only a small difference in the structure of
C-2 substituent; that is, a carbonyl group for camphor and a

makes it difficult to be clearly assigned. Even so, we can also hydroxyl group for borneol. However, this slight difference will

deduce a possible binding mode Bfwith (—)-borneol as

lead to the great distinction in their binding abilities with host

illustrated in Figure 6¢ according to the assigned NOE cross- CDs. NMR studies have demonstrated that the C-2 substituent

peaks A-H. This binding mode is further supported by a
Corey—Pauling-Koltun (CPK) molecular modeling study. The
results show that both the adenine substitue2arid the guest
molecule ()-borneol coexist in thg-CD cavity upon inclusion

of guest is located close to the self-included nucleobase
substituent of host. This close location in space consequently
leads to the additional hydrogen bond interactions between host
and guest. Possessing a hydroxyl group at the C-2 position,

as illustrated in Figure 6d, which is in good agreement with borneol can give the strong hydrogen bond interactions with
the one deduced from the circular dichroism spectral studies.the nucleobase substituents as well as the numerous hydroxy!

Binding Stoichiometry. It is widely reported that CDs mainly

groups of host CDs. In contrast, possessing a hydrophobic

form 1:1 inclusion complexes with model substrates. In our carbonyl group at the C-2 position, camphor can give only the
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CHART 2: Possible Conformation of 2—4

N >
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Figure 5. 'H NMR spectra of (a) free adenine, (B) (c) 2 + (+)-camphor, and (d2 + (+)-borneol in BO at 25°C. ([2] = [(+)-borneol]=
[(+)-camphor]= 2 x 10°3 M.) Symbole indicates the solvent, which is identified at 4.634 ppm.

TABLE 2: Chemical Shifts (4) of H2 and H8 Protons in enthalpic changes+28.2 to—30.9 kdmol™?) than those with
9?28'“91 2, 2-(f)-Borneol, and 2-(t)-Camphor in D;O at camphor ¢12.9 to—17.1 k3mol1), which confirms stronger
hydrogen bond interactions between h@stg and borneol from
6 (ppm) the thermodynamic viewpoint. It is also interesting to compare
adenine 2 2-(+)-camphor  2-(+)-borneol the entropic changes of the associations of h@std with
Hg 8.05 7.95 7.94 7.94 camphor and borneol. Generally, the association process, which
H, 8.00 7.93 7.90 7.88 leads to the loss of conformational freedom, is inherently

accompanied by the entropic loss. On the other hand, before
relatively weak hydrogen bond interactions with host CDs, association, both the free host CD and the free guest molecule
which consequently results in its lower binding abilities with - are solvated, and the solvent molecules around the host and the
1—4 than borneol. guest are highly ordered. During the association, both the host

Thermodynamic Parameters.It is well documented that,  5nq the guest have to lose their solvation shell. This process
among several weak noncovalent interactions working betweencauses the disorder of system to increase and thus leads to a

CD and guest, the hydrogen bond and van der Waals InteraCtI().nsfavorable entropy gain, which compensates the entropic loss

between hos} and guest mgmly contribute to the enthallplc arising from the loss of conformational freedom upon association
changes, while the desolvation effect and the conformation .

change cause the entropic chandesis can be readily in different degrees. T_herefore, we can deduce that the strong
recognized from Table 1, all of the associations of h@stg binding Qf hOStS_Z_4 with borneol leads to th? Iarge entropic
with camphor and borneol give negative enthalpic chandess ( loss, Wh.ICh entirely overwhelms the entroplc. gain from thg
< 0), accompanied by either the positive (for campHakS’ desolvation effect and thus results in the negative total entropic
> 0) or negative (for borneolTAS® < 0) entropic changes. changes. However_, camphor can f_exglude more water mo_IecuIes
These results indicate that the hydrogen bond and van der Waaldrom the 5-CD cavity upon association because of its higher
interactions are the main driving forces of the associations of hydrophobicity. This extensive desolvation process is inherently
hosts 2—4. On the other hand, the relatively complicated accompanied by the larger entropic gain, which subsequently
entropic changes can be analyzed from the facets of both thecompensates the lower entropic loss from the relatively weak
conformation fixation and the desolvation effect upon kost  binding of camphor with host8—4. Thus, camphor gives the
guest complexation. A close comparison shows that the as-positive total entropic changes upon complexation with hosts
sociations of host2—4 with borneol display more negative 2—4.
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Figure 6. ROESY spectra o2 in the absence (a) and presence (b)-ef-borneol. (c) Possible binding mode ®fwvith (—)-borneol. (d) Structure

of 2/(—)-borneol based on molecular modeling study. The structure was colored by atom type: gray, carbon atoms; red, oxygen atoms; blue,
nitrogen atoms; white, hydrogen atoms. Hydrogen bond between adenine substituen)-aodngol was marked by arrow. The hydrogen bond
between adenine/borneol and cyclodextrin as well as intramolecular hydrogen bond of cyclodextrin were ignored.

Moreover, a comparison between the differential enthalpic (—)-camphor pair Ksq)—camphofKs)—campho) @nd 1.06 toward
and entropic changes for the associations of h@st4 with (—)-borneol/¢-)-borneol pair Ks-)-borneo Ks¢+)-borneo), but this
borneol exhibits that all the differential enthalpic changes for value is significantly enhanced to 3.7 towarét){camphor/
nucleobase-CD/borneol systemsH >4 — AH®g-cp = —6.7 (—)-camphor pair by and 3.5 toward-{)-borneol/f-)-borneol
to —8.0 kImol™1) are more negative than the differential pair by 3. Thermodynamically, the enthalpic loss for the

entropic changesTAS’ ;-4 — TASg-cp = —4.0 to —7.2 association oR with (+)-camphor is calculated @AH® (+)—camphor
kJmol~1), which means that the favorable enthalpic gains = AH°)—camphor— AHs—coi+)-camphor= 0.3 kImol~%, which
mainly contribute to the enhanced binding ability of hastt is 6.4 kdmol™! smaller than that for the association of

toward borneol as compared to the natB«€D. On the other (—)-camphor with2, AAH®2(-)—camphor= AH®2/(~)—camphor —
hand, for the associations with camphor, the calculated enthalpicAH®s—cp/(—)—camphor= 6.7 kImol~1. However, the significant
and entropic changes reveal that all the differential entropic difference in enthalpic losses foJ/(—)-isomers is completely
changesTAS, 4 — TASs cp = —0.1 to 11.2 kdmol™?) for compensated by the large entropic gaifAAS’ »(+)—camphor=
nucleobase-CD/camphor systems are more positive than theTAS »(+)—camphor = TAS s—coit)—camphor = 4.7 kImol™3;
enthalpic changeg\H®,—4 — AH°[;_CD =-0.4108.9 k:]mol‘l), TAAS 3(—y—camphor = TAS’2(—)—camphor — TASDﬁ_CD/(_)_camphor
indicating that the enhanced binding 4 toward camphor = 9.1 kImol™Y), which ultimately gives an enhancement in
is mainly contributed from the entropic gains. enantioselectivity as 3.7. These results indicate that the enhanced
Chiral Recognition. In addition to the stronger binding chiral discrimination of2 toward @)-camphor should be
abilities, host2—4 also show higher chiral recognition abilities  attributed to the increased positive entropic changes rather than
than natives-CD. As can be seen from Table 3,CD gives the enthalpic losses. On the other hand, the entropic loss for
relatively low selectivities up to 1.66 toward+{-camphor/ the association &with (—)-borneolis calculated 3AAS 3(—)—pomeal
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= TAS3(-)-bormeol — TAS’s-cpi(~)-bomeol = —4.6 kImol™,
which is 2.6 kdmol~! larger than that for the association of
(+)-borneol with3, TAAS 3(1)-bomeo= —7.2 kImol~%, whereas
these differences in entropic loss fok)((—)-isomers are also
overwhelmed by the enthalpic gain®\AHs-)-bomeol =
AH(ypomeo— AHg-coi-)—bomeo™ — 7.7 kIMOI™1; AAH®3(1) - bomeol

= AH°3(1)-bomeol — AH°s—cpit)—bormeol = —7.3 k3mol™2).

Therefore, we can deduce that the enhanced enantioselectivity

of 3toward @&)-borneol is attributed to the favorable enthalpic
gains rather than the unfavorable entropic losses.

Conclusion
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