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Abstract One or two coumarin units were incorpo-
rated to the primary face of y-cyclodextrin (y-CD), and
the resultant coumarin derivatives were employed to
harvest the chemical energy generated in the reaction
of bis(trichlorophenyl)oxalate with hydrogen peroxide.
In comparison with the coumarin without CD cavity
for molecular recognition, the coumarin—-CD conju-
gates demonstrated much higher chemiluminescence
inetensity, indicating that the CD moiety remarkably
improves the chemical energy transfer.

Keywords Cyclodextrin - Chemiluminescence -
Hydrogen peroxide - Oxalate

Introduction

A fluorophore can harvest energy from chemical or
bio-transformations. For example, a fluorophore can
illuminate by hosting the chemical energy of oxida-
tion intermediates of bis(aryl)oxalates, of which
bis(2,4,6-trichlorophenyl) oxalate (TCPO) is the most
prominent species. This approach is currently the
most sensitive and versatile chemiluminescence (CL)
detection method for liquid chromatography [1] The
overall reaction may be represented by Scheme 1:
TCPO reacts with H,O, to generate one or more
highly energetic intermediates which excite a near-by
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fluorophore molecule and the latter fluoresces during
relaxation. Energy can be sidetracked along the way
by losses in each step of the process, and the final
outcome of light is dependent on the formation rate
of the high-energy intermediates, excitation efficiency
of the fluorophore and its emission quantum yield.
Conventional fluorophores such as perylene, rubrene,
fluorescein, etc. are employed as energy acceptors. In
these systems, the energy transfer is supposed to
occur by a bimolecular process which requires the
collision of both species and is therefore generally not
very efficient. Most of the high-energy intermediates
undoubtedly decompose before they can undergo the
bimolecular reaction with the fluorophore.

On the other hand, CDs are well known to form
inclusion complexes with a variety of guest molecules
and to influence their photophysical and photochemi-
cal outcomes [2]. In connection with this, lots of flu-
orophore-appended CD derivatives and a few
fluorophore-capped CD species have been reported.
Inclusion of an energy acceptor in the CD cavity leads
to a supramolecule [3] in which photo-induced energy
transfer from the fluorophore appendage or cap to the
bound guest has been extensively investigated [4]
However, using a cavity-bearing fluorophore to harvest
energy generated in a chemical reaction is scarce [3]. It
is reasonable to deduce that incorporation of a flu-
orophore to a molecule recognition site may ensure the
formation of the high-energy intermediates in the close
vicinity of the fluorophore moiety via the binding of
TCPO prior to the chemical transformation and thus
greatly improve the light outcome (Scheme 2).
Recently, we demonstrated the first successful example
of improving the total efficiency of the luminescence
reaction of TCPO-H,0, with a fluorophore-capped
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CD [5]. The present paper describes the immobiliza-
tion of coumarin on y-CD to effect high efficiency of
luminescence in the reaction of TCPO-H,O,.

Experimental

7-Hydroxycoumarin-4-acetic acid (coumarin), DCC,
H,0, and HOBT are from Sigma or Aldrich, and
bis(2,4,6-trichlorophenyl)oxalate (TCPO) is from TCI.
CD amines were prepared by the literature procedures.
Condensation of the CD amines with 7-Hydroxy-
coumarin-4-acetic acid was performed in the presence
DCC/HOBT. Phosphate buffer solution was prepared
from KH,PO, and NaOH with high-purity water. The
pH value of buffer was accurately measured with a pH
meter.

6-Deoxy-6-(7-hydroxycoumarin-4-acetamido)-
y-cyclodextrin (3)

6-Amino-6-deoxy-y-CD (0.647 g, 0.5 mmol), 7-hy-
droxycoumarin-4-acetic acid (0.11 g, 0.5 mmol), DCC
(0.412 g, 2 mmol) and HOBT (0.27 g, 2 mmol) were
added into DMF (10 mL) and the resultant mixture
was stirred at room temperature for 24 h. Then the
reaction mixture was added to acetone (500 mL). The
precipitates were collected by filtration and applied to
chromatography on a reversed-phase Lobar column
(RP-18, Size C). Elution of the column with a gradient
from H,O to 30% EtOH afforded the product 3
(0.58 g, 77%). TLC: R; = 0.45 (on Merck precoated
silica gel, developed with n-PrOH/AcOEt/H,0 = 7/7/5
(VIVIV)). Uv—vis: Jay = 326 nm (& = 1 x 10%); Fluo-
rescence: Aem = 460 nm; TOF-Mass: 1521 (M™ + Na),
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11537 (M* + K); '"H-NMR (D,O, 500 MHz, CH;CN
int.) (Fig.1): 0=299 (dd, 3/(HeHs) = 8.24 Hz,
2J(Hg,Hg) = 14.42 Hz, 1H), 3.32-4.00 (m, 49 H),
4.96~5.06 (m, 8 H), 6.18 (s, 1 H), 6.52 (s, 1H), 6.71 (d,
*J(H,H) = 8.69 Hz, 1H), 7.28 (d, *J(H,H) = 8.70 Hz,
1H); >C-NMR (D,0, 500 MHz, CH;CN int.) (Fig. 1):
0 = 39.38 (CH, of coumarin), 41.57 (Cg), 60.95~61.06,
72.05~74.30, 79.86, 81.23-81.72 (m), 83.47, 101.19,
102.47-102.89, 104.03, 112.67, 113.14, 114.77, 126.61,
152.13, 15221, 155.78, 162.01, 164.35 (C=0), 171.74
(NHC=0).

6',6"-Dideoxy-6",6"-bis(7-hydroxycoumarin-4-
acetamido)- y-cyclodextrin (4)

Similar procedure as described in the preparation of 3
was employed starting from 6',6Y-diamino-6",6"-dide-
oxy-y-CD 2 to give 4 as orange solids in 60% yield.
TLC: Ry = 0.48 (on Merck precoated silica gel, devel-
oped with n-PrOH/AcOEt/H,O = 7/7/5 (V/IV/V)). Uv-
Vis:  Jmax=324nm (¢ =19 x 104); Fluorescence:
Jem = 461 nm; TOF-Mass: 1721 (M* + Na), 1737
(M* + K); ®C-NMR (DMSO-ds, TMS int.) (Fig. 1):
0 =59.64~60.16 (m), 69.80, 71.79~73.08 (m), 80.22,
80.42, 81.09, 83.40, 101.25, 102.21, 111.34, 112,81,
126.60, 151.22, 154.83, 160.14 (C=0), 160.23 (C=0),
161.12 (NHC=0), 167.9 (NHC=0).

Chemiluminescence measurement

The whole CL reactions were carried out in buffered
solutions (50 mM phosphate, pH =7.0) and the
detection of CL intensity was performed on a micro-
lumatplus LB 96V auto-detector (Berthold technolo-
gies, Germany). The working solutions containing all
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Fig. 1 'H and '*C NMR spectra of coumarin-CDs 3 in D,O (a, b) and 4 in DMSO-d; (c, d)

the necessary species except TCPO were added into
the cells (300 uL) of a plate (12 x 8) in advance and
sequential detection of CL was carried out. TCPO
solution was auto-injected just before the detection.
The apparent CL value originates from the integration
of the light signal during the initial 120 s. All the CL
values are the average of at least 4 parallel runs. For
the control experiment, TCPO and H,O, were used
without fluorophores.

Result and discussion
The synthetic approach to the coumarin-CD conju-

gates is shown in Scheme 3. The CD amines 1 and 2
were prepared according to the literature procedures

Scheme 3
OH

[=)

y-cyclodextrin

[6] by regioselective sulfonylation or disulfonylation of
y-CD, followed by subsequent displacement with NaN3
and final reduction with PhsP. The condensation of the
CD amines with 7-hydroxycoumarin-4-acetic acid were
carried out in DMF in the presence of DCC and
HOBT, affording the corresponding coumarin—-CD
conjugates 3 and 4 in moderated yields. The purity of
the conjugates was confirmed by HPLC and there
structures were characterized with NMR, MS, UV-vis
and CD spectra.

The CL reaction was initiated by automatic injection
of TCPO solution to the mixture of dye and H,O, in a
neutral phosphate buffer solution, and the collection of
light over the whole spectrum was started immediately.
As shown in Fig. 2, very strong light emission was
detected at the beginning when compounds 3 and 4
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Fig. 2 The decay curves of chemiluminescence intensity [fluoro-
phore] = 26.7 x 10° M, [TCPO] = 50 x 10° M, [H,0,] = 0.15 M

were used, and the light intensity decayed rapidly with
reaction time. 7-Hydroxycoumarin-4-acetic acid,
although gave some CL light, is much worse than the
immobilized dyes 3 and 4. The CL intensities in the
absence of any one of TCPO and dye pigment were
negligible compared with those of the coumarin—-CD
conjugates, ruling out any meaningful luminescence
from the oxidation of the dye pigments. Upon varying
the concentrations of the dyes and measuring the
integrated emission intensity during the first 2 min, a
linear relationship was observed between the CL
intensity and dye concentration within the examined
concentration range (Fig. 3). From Fig. 3, a ca. 20-fold
increase in CL intensity was calculated for 3 relating to
the un-immobilized coumarin. Interestingly, this value
is half decreased by compound 4 although it has dou-
bled dye units. These findings indicate that the immo-
bilization of the dye on y-CD greatly contributes to the
total apparent CL amount.

According to the CL process depicted in Scheme 1,
improvement of chemiexcitation of the fluorescence

3
4
Coumarin

Integrated CL (10° a.u.)
o
~

0 0.61 0.62 0.03
[Fluorophore] (m M)

Fig. 3 Dependence of CL intensity on the concentration of
fluorophores. [TCPO] = 50 x 10°° M, [H,0,] = 0.15 M
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Fig. 5 The ICD spectra of the fluorophores. [fluorophore]
=4x10°M

dye to its excited states and/or the enhancement of the
emission efficiency of the excited dye will lead to the
increase of the total CL output. The relative emission
efficiencies of the excited states of the various dyes
were estimated by photo-fluorescence measurements.
The fluorescence spectra (Fig. 4) show that immobili-
zation of coumarin on y-CD does not result in
remarkable changes in photo quantum yield (dye 3). It
is therefore reasonable to deduce that the chemiexci-
tation of 3 is greatly improved and most likely the
major origin of CL enhancement.

Compound 3 showed plus Cotton effect in the
longer wavelength range around 340 nm in the induced
CD spectrum (Fig. 5), implying that the coumarin
moiety is not far apart from but most likely located
(partially) in the cavity of CD. This conformation
seems to be the desired structure for performing the
energy transfer illustrated in Scheme 2.
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In compound 4, the second coumarin moiety failed
to further increase the CL amount. Instead, it induced
some decrease in CL intensity, which seems to result
from the decrease of the luminescence efficiency by
some intramolecular interaction between the two dye
moieties (Figs. 4, 5).

Conclusions

Immobilization of coumarin moiety on y-CD resulted
in a ca. 20-fold increase in CL amount in the reaction
of bis(trichlorophenyl)oxalate with hydrogen peroxide.
The enhanced CL intensity is deduced to stem from the
improvement of chemiexcitation of the dye. Simply
increasing the number of dye moieties does not nec-
essarily relate to CL enhancement because of the
possible exciton coupling that causes significant
quenching of luminescence.
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