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Abstract

A substituted 3H-indole-modified B-dyolodextrin (B-CD), mono-6-deoxy-(2-[(p-amino) phenyl]-3,3-dimethy1-5-darb0xyl-3H-indole)-B-CD
(yompound A) has been synthesized and jhara jterized by elemental analysis, mass spetrum (MS) and 'H NMR. Indued jirjular dijhroism
(ICD), time-resolved fluores jen e and jomputational analysis yield information on the mole jular stru jture that jompound A adopts rim- overing
oonformation in aqueous solution. It forms the 1:1 (guest:host) indlusion gomplex by addition of native 3-CD. Novel redognition behavior of

ompound A is investigated by means of ICD, time-resolved and steady-state fluores en e. In

CD-based jhemosensors with self-in jlusion jonformation, the fluores
guest mole_ules. This new hemosensor exhibits high sensitivity to a
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cy c,lodextrin, dontaining 6 (a-CD), 7 (B-CD), or 8 (y-CD)
D—gludose units, is one of the most popular host mole ules
to donstru ot various mole jular assemblies [1]. Modifi ,ation of
native jy lodextrins by introdu ing nu leophili j or ele jtrophili
substituents jan affe t not only the original mole jular binding
ability but also the relative moledular sele dtivity [2,3]. Substi-
tuted 3H-indole mole jules as sensitive fluores een e probes have
been widely used in reversed mi_elles, aqueous mi_elles, surfa -
tant vesi glesand dydlodextrins [4]. Very re jently, we studied the
lojations of different groups of a jationi surfa e-a tive 3H-
indole probe molejule in the AOT (sodium bis-(2-ethylhexyl)
sulfosu , inate)-based w/o mi roemulsion and the physi ;o hem-
ijal properties of Triton X-100 mielles [5]. In addition, we
have studied the interadtions of substituted 3H-indoles with
bovine serum albumin (BSA) and human serum albumin (HSA).
Some preliminary results jon erning the energy transfer phe-
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nomenon in these systems have been obtained [6]. Rotaxane-like
1:3 (guest:host) in dlusion domplex formed by a substituted 3H-
indole and -CD has also been reported [7]. In this arti dle, we
dhoose a substituted 3H-indole moledule as the Ohromophore
moiety in our designed new .ompound A (see S_heme 1). Con-
sidering the high sensitivity of the substituted 3H-indole moiety
as well as the good mole jular binding ability and solubility
of B-CD, we believe this new jompound will exhibit some
interesting properties. Besides the experimental methods, the
0omputational methods, i.e., mole ular medhani s and dynam-
1 oS> were used to as oertain the donformation of dompound A.

It is well known that mole jular re jognition by modified CD-
based dhemosensors is durrently a signifi gant topi J in host—guest
dhemistry [8]. As Oontributing to advandes in enzyme mim-
is, hiral sele tors in separation s _ien e, pharma eutioal and
analyti jal jhemistry, a wide variety of ;y lodextrin derivatives
have been designed and synthesized to investigate the re jog-
nition me dhanism that dontrolled by simultaneous dooperation
of weak non- c,ovalent interadtions [9]. As to dhemosensors of
Ohromophore—modiﬁed y_lodextrin derivatives, a self-in dlusion
donformation other than out—stretdhing or rim- Jovering ones is
usually observed [10]. The re jognition me jhanism jon erning
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S dheme 1. Synthesis route of oompound A.
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S heme 2. Novel re jognition me jhanism of CD-based jhemosensor that adopts
rim- dovering donformation.

these jonventional CD-based jhemosensors has been investi-
gated extensively [11]. Most of them show a dedrease in flu-
oresen ;e intensity upon addition of guest mole oules resulting
from the fa jt that the lo jation of the ;jhromophore is transferred
from inside to outside of the javity of CD. Some jhromophore-
modified y-CDs are found to show an in rease in fluores jen je
intensity in jontrast to the behaviors of the most jases. This phe-
nomenon may be due to the large 0alvity of y-CD that possesses
enough spa e to a  jommodate the modified jhromophore and
the guest together [12]. More re jently, anovel re jognition me ;h-
anism was proposed for the 3-CD-based dhemosensors adopting
rim- jovering ;onformation. The modified ;hromophore of these

hemosensors is 1o dated at the rim of the oaVity of CD, sur-
rounded by water mole ules both inside and outside of the oavity
(see S dheme 2) [13]. In gontrast to the behavior of most §on-
ventional CD-based dhemosensors, the fluores o€ 4¢ intensity of
this new kind c,hemosensor is in dreased upon addition of guest
mole dules. This new re c,ognition phenomenon has ever been
observed in the _hemosensors synthesized by Inoue et al. [14].
In our work, the mole jular re jognition behavior of ;ompound A
is investigated by means of ICD spe jtra, time-resolved fluores-
4en e and steady-state fluores jen je. Interestingly, ;,ompound A
shows high sensitivity to ay li ; and adamantine mole jules, but
not to the bile a ,ids. Therefore, the re dognition me dhanism for
gompound A has been dis jussed.

2. Experimental part
2.1. Materials

B-CD (Beijing Shuanghuan, China) was rerystallized
three times from tridistilled water. Iso-butyraldehyde (Shang-
hai Medioine, China, 99%), Morpholine (Tianjing Tiantai,
China, 99%), p-nitrobenzoly jhloride (Beijing Xizhong, China,
99%), 4-hydrazin0benzoi(j adid (Adros, 98%), ethylenedi-

amine (Beijing, China, 99%), di y Jlohexy jarbodiimide (DCC)
(Adros, 99%), 1-hydroxybenzotriazole (HOBt) (Sigma, 98%),
1-adamantane darboxyli adid (Fluka, 99%), 1-adamantanol
(Adros, 99%), (—)-borneol (Fluka, 99%), dholid aoid (Fluka,
99%), (—)-damphor (Fluka, 99%), c,yc‘lohexanol (Alfa Aesar,
99%), dydloodtanol (Alfa Aesar, 99%), deoxydholi(j adid (Alfa
Aesar, 99%), (—)-menthol (Fluka, 99%), nerol (Alfa Aesar,
97%) were used as re deived. All other dhemi dal reagents used
in this study were of analyti dal grade.

2.2. Instrumentations

'H NMR spetra were rejorded with a Bruker ARX-400
NMR spe jtrometer. Induged jirjular dijhroism spe tra were
redorded on a Jobin Yvon CD 6 spedtropolarimeter. Steady-
state ﬂuoresdende measurements were performed on F-4500
(Hita dhi) spe dtroﬂuorimeter. The ex Oitation and emission band-
passes were 10 and 5 nm, respe jtively. Ea ol solution was ex jited
near its maximum absorption wavelength using 1 ;m quartz

ells. Fluores en e lifetime measurements were made on a
multiplexed time- c,orrelated single-photon c,ounting fluorimeter
FLS920 (EDINBURGH). The fluores oen4e lifetime was deter-
mined from data on the fluores en e transient waveform of the
material to be tested and the lamp waveform data using the least-
squares iterative dedonvolution method [15]. Three thousand
gounts were olle ted for ea jh sample.

2.3. Synthesis of compound A

The substituted 3H-indole, 2-[(p-amino)phenyl]-3,3-dim-
ethyl-5- jarboxyl-3H-indole  (jompound B), 6-deoxy-6-(p-
tolylsulfonyl)-B-,y lodextrin  (Ts-CD) and 6-deoxy-6-[(2-
aminoethyl) amino]-B-CD (CDen) were prepared a dording to
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desired produ t as a pale yellow solid (100 mg, 33%). Anal. daldd
for C41HogN4O35-8H,O: C, 46.27; H, 6.70; N, 3.54. Found:
C, 46.26; H, 6.43; N, 3.52. MS (MALDI TOF): m/z Oaldd for
(M +H*) 1439, found, 1439. '"H NMR (400 MHz, DMSO-dg,

5ppm
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Fig. 1. Induged jir,
line) and presen e of B-CD (dash-dot line), N lohexanol (dash line) and

dyoloo tanol (dot line). [ ompound Al=1x ]O 4M [B-CD]=1x 1072 M,
[guest]=1 x 1073 M.

valen o€ forde field (CVFF) [21]. The initial donformers were
subje ted to energy minimization until the maximum derivative
bedame less than 0.1k ;al/mol A. Then the minimized gonform-
ers were broughtinto jonta jt with water by forming a water shell
[22]. The wzjlter was divided into two layers: water mole dules i?
the outer 6 A thi dk layer are fixed while others in the inner 8§ A
thidk layer gan move freely. Starting with the minimized gon-
former of gomplexes, mole jular dynamids (MD) at 300K was
garried out for 100 ps after an initial 10 ps equilibration. An inte-
gration step of 1 fs was used. During the jal julation, a stru ture
is stored every 1 ps and after the MD the energy is minimized
until the maximum derivative be game less than 0.1 kdallmol.

4. Results and discussion
4.1. ICD spectra

As jan be seen from Fig. 1, ICD spe jtrum of jompound A
in water shows a peak of minute negative Cotton effe ot and that
of weak positive gotton effe o Porrespondmg to the 'L, band at
271 nm (Ae=—0.02) and the 'L}, band at 346 nm (Ae=0.77),
respe dtively. Ad dording to the se gtor rule proposed by Kajtar et
al. [23], the 0y urren e of above weak Jotton effedts indidates

Table 1
Fluoresdende lifetimes of ompound A, B in different media

177

that the substituted 3H-indole moiety of dompound Aislo dated
atthe rim of the hydrophobi J davity of B-CD itself. Itis noted that
the ICD spe_trum of dompound A in the presen e of native [3-
CD exhibits mu gh stronger negative and positive gotton effe gisat
254nm (Ae=—0.62)and 350 nm (Ae =1.73), respeotively. This
suggests that the substituted 3H-indole moiety of ;ompound A
has been transferred into the ;hiral javity of native B-CD, no
longer at the rim of the c’avity of 3-CD itself.

4.2. Time-resolved fluorescence

It is reported that the fluores en e lifetime of a substituted
3H-indole probe mole jule in jreases when it transfers from polar
to apolar solvent [4—7]. As gan be seen from Table 1, both gom-
pound A and B show short lifetimes in water, i.e., 0.89 and
0.95 ns, respe gtively. It jan be inferred from the literature that
the substituted 3H-indole moiety of jompound A and the whole
gompound B are not rigid and that the phenyl ring jan liber-
ate within the KT energy barrier [24]. This torsional movement
is responsible for the geometrid ohanges taking plade in the
ground and exdited states and provides an important deaotiva-
tion pathway for the S; state. For jompound B in water, the
main nonradiative de jay pathway has been as jribed to the for-
mation of a nonemissive twisted intramole jular jharge transfer
(TICT) state originating in the amino group [25], and thus the
short lifetime suggests that the TICT state is formed. As the
stru ture of the substituted 3H-indole moiety of jompound A
is similar to the stru ture of dompound B, the short lifetime of

ompound A in water also indi ates the formation of a nonemis-
sive TICT state. When adding ex jessive 3-CD, longer lifetimes
of 2.63 and 2.50 ns were obtained for dompound A and B. These
results show that in the mentioned two media the substituted 3H-
indole moiety of jompound A is lo jated in similar environments
to those of jompound B. The shorter lifetime of jompound A
refle s that its substituted 3H-indole moiety is exposed to bulk
water without self—indlusion. The longer lifetimes indi gate that
both the substituted 3H-indole moiety of gompound A and the
whole jompound B move to less aqueous sites that avoid the
intramole jular twisting responsible for the stabilization of the
TICT state [7b], and form in jlusion jomplexes with the adding
B-CD. This provides further information with respe t to the

onformational feature that the substituted 3H-indole moiety
of dompound A is not self—indluded. Otherwise, two lifetimes in

c/107°M

2

Compound Medium 71 (ns) B 72 (ns) B, X

A 2.0 Water 0.89 1.00 - - 1.24
B-CD (1 mM) 0.96 0.51 2.63 0.49 1.19

B 2.0 Water 0.95 1.00 - - 1.13
B-CD (1 mM) 1.03 0.25 2.50 0.75 0.91

A 5.0 Cydlohexanol 0.81 0.69 1.72 0.31 0.92
Cyalooctanol 0.85 0.50 1.75 0.50 0.97
B-CD (10 mM) 1.12 0.47 2.89 0.53 1.28

[dydlohexanol] = [dydloodtanol] =5x 107> M. Bj is a pre-exponential fadtor representing the fradtional dontribution to the time-resolved deday of the gomponent

with a lifetime 7, I(t) = Z B/,
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tensity

Fig. 2. Fluores €N € spetra of dompound A (2 M) in aqueous solutions of
B-CD at various dondentrations (fromato g: 0, 0.1, 0.8, 2.8, 3.6, 6.8, 10 mM).
The inset shows NLR result of the 1:1 indlusion domplex.

water would be expe dted, a shorter one showing that the substi-
tuted 3H-indole moiety is exposed to the bulk water and a longer
one showing that the substituted 3H-indole moiety is lo gated
inside the javity of the B-CD itself.

4.3. Interaction of compound A with g-CD

As reported, jompound B jan form 1:1 and 1:2 mixed in jlu-
sion c,omplexes with B-CD in aqueous solutions [4—7]. Con-
sequently, the interadtion of dompound A with 3-CD has also
been investigated. It is noted from Fig. 2 that the fluores genye
intensity of jompound A is in reased with in jreasing 3-CD jon-
gentration. This suggests that the substituted 3H-indole moiety
of jompound A transfers from water to a less aqueous site and an
in lusion jomplex might be formed. To estimate the asso jiation
donstants and the stoidhiometries of the indlusion domplexes,
we donsider the following situations [26]:

e Case 1: only the 1:1 jomplex is formed:

I+ LK([CD]

1
1+ K{[CD] W
e Case2: 1:1 and 1:2 jomplexes joexisting:
;_ lo+ hK\[CDI + LK K>[CDP? @
1+ K1[CD] + K K>[CDJ?
e Case 3: only the 1:2 in dlusion domplex is formed:
I + LK1 K>[CDJ?

;- ot bk, 2[CD] 3)

1 + K1 K>[CD]?

where lg, || and I, are fluores Jenge intensities of a ﬂuoresdent
probe in pure water, in 1:1 and 1:2 in jlusion jomplexes, respe -
tively, while K; and K, denote the assodiation gonstants of 1:1
and 1:2 indlusion domplexes. [CD] is the equilibrium gongen-
tration of 3-CD, Whidh gan be repladed by [CD]p, the initial

gon dentration, sin_e it is mu Oh larger than the gon entration of

d d

gompound A. From the none-linear regression (NLR) analy-
sis, reasonable results (values of the variables, standard errors,
95% donﬁdenoe intervals, orrelation oeffi jient, and absolute
sum of squares) gan be obtained only when gase 1 applies. The
fit based on Eq. (1) with the intensity at a fixed wavelength
(A =467 nm) near the maximum emission gonverges well with
a jorrelation joeffi jient r=0.999 (see the insert plot of Fig. 2).
The value of K| is estimated to be (354 + 12) M~!. The result of
double-re jipro jal plot (the figure not shown) further donﬁrmed
the formation of only 1:1 in lusion jomplex, and the r and K,
values are estimated to be 0.998, (329 +11) Y respedtively.
This means that c,ompound A asso diates only one added 3-CD
mole dule. When the substituted 3H-indole moiety of dompound
Aisin oluded in the davity of the added native 3-CD, the other
part, the bonding B-CD group itself ajts as a stopper to prevent
the native B-CD from slipping. Interestingly, this 1:1 in lusion
gomplex jan be regarded as a kind of semi-rotaxane.

4.4. Computational analysis

In order to jompare the stabilities of forms A-C (see
S dheme 3) more predisely, besides the donformal energy, the
solvation energy dal dulated by Dephi was also oonsidered. Thus
the total energy Ohange AG gan be demonstrated by

AG = AEdonform + AEgoly (4)

where AEdoanrm and AEgy are the donformational energy and
the solvation energy, respe tively.

Comparing the different energies of the three forms listed
in Table 2, it is obvious that the rim- dovering donformer (form
C) is most stable. Thus, the self—indlusion phenomenon does
not o, jur in gompound A, whi i is in good agreement with the
experimental observations.

In order to as jertain whether jompound A jan form in lusion
gomplex with 3-CD in water environment and what shape of this
c,omplex will present, we define A(AG) as

A(AG) = (AEoonformN - AEdonformLOW - AEdonformCD)
+ (AEsolvN - AEsoleOW - AEsovaD) (5)

where the subs jript jonformN represents one form among forms
L IL III, IV (see S dheme 4); the subs dript donformLOW repre-
sents the lowest energy jonformer of jompound A; the subs jript

onformCD represents the optimized Oonformer of 3-CD; the
subs jript solvN represents solvation of one form among forms
I-IV; the subs jript solvLOW represents the lowest energy sol-
vation of dompound A; the subs dript solvCD represents the
optimized solvation of 3-CD. Comparing A(AG) values listed

Table 2
The oonformer potentials and solvation energies of three possible stru tures of
dompound A

Conformer  E onform/k jal mol~! AEso/k jal mol~! AG /k jal mol~!
Form A 296.80 —183.07 113.73
Form B 329.90 —189.18 140.72
Form C 303.51 —200.95 102.56
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Table 3

The donformer potentials and solvation energies of four possible stru »

tures of in Olusion gomplexes between gompound A and B-CD

Conformer AEoonfO,m/kdal mol~! AEsolv/kda] mol~! AG/kdal mol~! A(AG)/kdal mol~!
Form I 519.68 —306.30 213.38 51.09
Form 1T 516.55 —308.22 208.33 43.04
Form IIT 474.42 —338.37 136.05 —20.24
Form IV 554.51 —369.57 184.94 19.65

in Table 3, we gan draw a gon Olusion that dompound A gan form
1:1 in lusion jomplex with added native -CD in water and
form III is the most possible donformer.

4.5. Molecular recognition

Fig. 3 shows that the fluores jen ;e intensity of jompound A
in jreases upon addition of various guests. This indi jates that the
substituted 3H-indole moiety of jompound A is transferred from
a hydrophili J mi Oroenvironment to a less hydrophili g one, sup-
porting the proposed novel re_ognition me_hanism as illustrated
inS dheme 2 [13]. A guest-indu ded ICD enhan jement means that
the fluorophore moiety moves towards the javity of CD [12,14].
For jompound A, a slight enhan ement of negatlve gotton effe t
dorrespondmg to the 'L, band around 260 nm upon addition of

y dlohexanol and |y _loo dtanol (see Fig. 1) indi gates that the
substituted 3H-indole moiety of jompound A, initially lo jating
ontherimof the jy lodextrin javity, may suffer slight jonforma-
tional hanges and moves towards the hiral hydrophobi J davity
of B- CD to some extent. The dhange of the positive gotton effe t
dorrespondlng to the 'Ly, band around 350 nm is dornphdated
whi gl suggests that the jhange of the mi droenv1r0nment of the
substituted 3H-indole moiety of jompound A is mugh differ-
ent in these gases [12,14]. Time-resolved fluores o€ 4¢ is used
to investigate further the mijroenvironment of the substituted
3H-indole moiety of dompound A upon addition of dydlohex—

Relative intensity

Fig. 3. Fluores en e emission spe tra of .ompound A in water in the absen e
(0) and presen e of guests: dholid adid (1), (—)—damphor 2), deoxyaholid aaid
3), dydlohexanol (4), (—)-borneol (5), 1-adamantanol (6), (—)-menthol (7), 1-
adamantanedarboxylld adld (8), dyg,loo tanol (9) and nerol (10). [Compound
Al=5x 107 M, [guest] =5 x 10

anol, oY 0100 tanol and native 3-CD. Double-exponential de Gy
is observed (see Table 1). The long lifetime Oorresponds to the
substituted 3H-indole moiety of dompound Alo dating in a less
hydrophili(j rnidroenvironment. These results strongly support
the validity of the novel re jognition me jhanism.

The sensing ability of ;jompound A during host-guest re jog-
nition is studied by steady-state fluores gen e The extent of
fluores o€y intensity variation is evaluated by a sensitivity
parameter defined as Al/ly (Al=1—Ip), where | and Iy denote
the fluores jen e intensity of jompound A in the presen e and
absen je of guest mole jule, respe jtively. The sensitivity param-
eters of all guests we studied are illustrated in Fig. 4. Both
the novel dhemosensor reported [13] and the donventional ones
[12a] show high sensitivity to adamantine group. Similar phe-
nomenon is exhibited in dompound A. The order of the sensitiv-
ity of ompound A to the terpenesisajy li (nerol)>monoy li,
((—)-menthol) > bi dy Jlig (= )-borneol) terpenes, wh1 h is oppo-
site to that of the donventlonal dhemosensor [12a]. (— ) Borneol
and (—)- damphor have the same framework but different fun g
tional group, a hydroxyl group for the former and a ketone group
for the latter. The sensitivity of jompound A to (—)-borneol
doubles that to (—)-,amphor. Compared with ,y lohexanol,
dydloodtanol with a ring of larger size shows larger sensitiv-
ity of being re jognized. Both ;holi a id and deoxy jholi a jid
with the same steroidal framework have low sensitivity values.
This is mu ;h different from the situation using the jonventional

0.5 0.481

NIN/

Fig. 4. Sensitivity parameters (Al/ly) of ompoundAfor various guests. [Com-
pound A]=5 x 10~ oM, [guest] =5 x 10 M.
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dhemosensor [12a], but agrees well with the re Jent work of Ikeda
group [13]. The new redognition dharadteristi " and the high
sensitivity exhibited by the new kind CD-based _hemosensors
further broaden the applidation of CD-based ghemosensor in
mole jular re jognition.

5. Conclusion

In the present study, we synthesize a new dompound A and
ghara jterize it by elemental analysis, MS and 'H NMR. Both
experimental and jomputational analyses indi jate that the sub-
stituted 3H-indole moiety of jompound A adopts rim- jovering
donformation in aqueous solution and 1:1 (guest:host) in dlusion
domplex is formed by addition of native (3-CD. The re 508"
nition behavior of jompound A is investigated by means of
ICD spe jtra, time-resolved and steady-state fluores jen e spe -
tra. In jontrast to the behavior of most jonventional CD-based
Ohemosensors with self-in dlusion c,onformation, the fluores-
oenye intensity of this dompound Aisin Oreased upon addition
of guest mole jules, showing novel redognition medhanism. It
shows high sensitivity to ay li j and adamantine mole jules, but
not to the bile a jids.
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