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ABSTRACT

6-O-(2-Naphthoyl)curdlan was newly synthesized as a sensitizing polysaccharide host to examine the chiroptical properties, supramolecular
complexation, and photochirogenic behavior with (Z,Z)-1,3-cyclooctadiene (1ZZ). The enantiodifferentiating photoisomerization of 1ZZ included
and sensitized by this polysaccharide host gave a highly strained chiral (E,Z)-isomer in up to 8.7% enantiomeric excess (ee) in solution and 11.7%
ee in the solid state, which are the highest values ever reported for a supramolecular photochirogenesis of 1EZ.

Photochirogenesis,1 which opens a channel to optically
active compounds via thermally forbidden routes, is one of
the most challenging goals in current photochemistry. A
supramolecular approach to photochirogenesis is advan-
tageous due to the dual stereocontrol in both ground and
excited states, and is also intriguing from an entropic point
of view, as the enantiodifferentiation occurs in an inher-
ently low entropic (well-organized) environment.1b,c,2

In a nonsupramolecular regime, the enantiodifferentiat-
ing photoisomerization of (Z,Z)-1,3-cyclooctadiene (1ZZ)
(Scheme 1) sensitized by optically active arene(poly)carbo-
xylates was examined to give chiral (E,Z)-isomer (1EZ) in
modest enantiomeric excess (ee) of 17.6% with (-)-

menthyl mellitate and 1.2% with di-(-)-menthyl 1,4-
naphthalenedicarboxylate.3 These are highly contrasting
to the much higher ee values reported for cycloheptene4

and cyclooctene,5 proving the difficulty of achieving high
ee for 1EZ and the necessity to invent a newmethodology.

Scheme 1. Enantiodifferentiating Photoisomerization of (Z,Z)-
1,3-Cyclooctadiene
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More recently, supramolecular approacheswere applied
to this photochirogenic reaction. Thus, the photoisome-
rization of 1ZZ was mediated by chiral sensitizing hosts,
naphthalene-appended molecular clips,6 and cyclodex-
trins,7 to give 1EZ in low 0.7% and 4.6% ee, respectively.
These results revealed that achieving high ee for 1EZ is an
equally difficult task even in supramolecular photochiro-
genesis. Nevertheless, this approach is worth expanding
from such simple clips and macrocycles to polymeric
biomolecules, where the host structures are anticipated to
bemore dynamicallymanipulated by various environmen-
tal factors.
Curdlan (Cur) is a linear glucan composed of (1f3)-

linked β-D-glucose units and is known to form a triple
helical structure.8 Themost intriguing feature of Cur is the
ability to reversibly denature/renature by simply changing
the solvent from water or aqueous acidic solution to
DMSO or aqueous alkaline solution.8,9 Thus, Cur host is
expected to provide an induced chiral environment fitted
to the size and shape of the target guest through reversible
complexation equilibrium with dynamic conformational
changes.
In this study, we newly synthesized a sensitizer-ap-

pended Cur, 6-O-(2-naphthoyl)Curdlan (Nap-Cur), as a
sensitizing host, elucidated its chiroptical properties and
complexation behavior with 1ZZ, and then investigated
the enantiodifferentiating photoisomerization of 1ZZ in-
cluded and sensitized by Nap-Cur.

By using the synthetic procedure similar to that em-
ployed previously,10 Nap-Cur was prepared in 76% yield
in the reaction of 2-naphthoyl chloride with commercially
available native Cur, which was swollen overnight in N-
methyl-2-pyrrolidinone at 130 �C prior to the reaction
(Scheme2).Thedegree of substitutionofNap-Curobtained
was determined as 0.08 from the integrated areas of aro-
matic versus sugarproton signals in the 1HNMRspectrum;
see Figure S1 in the Supporting Information (SI).

The chiroptical properties ofNap-Curwere examined in
DMSO and aqueous solutions. The CD spectrum ofNap-

Cur measured in DMSO showed an extremely weak
negative Cotton effect at the 1La band of Nap centered at
280 nm (Figure 1, black line; the wavelength region <260
nmwasmaskedby theDMSOabsorption), suggesting that
the Cur host is uncoiled to a single strand. In an aqueous
solution containing 10% DMSO, the negative Cotton
effects at the 1Bb and 1La bands were greatly enhanced,
while the 1La and

1Lb peaks were diffused with appreciable
bathochromic shifts (Figure 1, red line). The large negative
CD extremum observed at 246 nm is likely to be the first
half of a negative couplet caused by the exciton coupling
interaction of the adjacent Nap groups introduced to Cur.
This is because a clear bisignate CD pattern was observed
for a 5% DMSO solution of Nap-Cur in a thinner 1-mm
cell, and its crossover wavelength was very close to the
peak top (237 nm) of the 1Bb band of methyl 2-naphthoate
used as a reference compound. According to the exciton
chirality theory,11 the negative couplet observed for Nap-

Cur indicates that the Nap chromophores are helically
arranged in a counterclockwise (left-handed) fashion on
the triple helical Cur backbone. Such a dramatic chirop-
tical property change in DMSO versus aqueous solution
indicates that the original feature of Cur to reversibly
denature/renature in the two solvents is preserved even
after the Nap modification. It is of particular interest that
the hydrophobic Nap moieties in Nap-Cur are incorpo-
rated in the right-handed helical triplex Cur to give the

Scheme 2. Synthesis of 6-O-(2-Naphthoyl)curdlan (Nap-Cur)

Figure 1. UV/vis (top) and CD (bottom) spectra of 7.5 μM (in
chromophore unit) solutions of Nap-Cur in DMSO (black) and
in 1:9 (v/v) DMSO-H2O (red), both measured in a 1-cm cell at
25 �C. Note that the molar extinction coefficient (ε) and molar
ellipticity (Δε) were calculated by using the chromophore con-
centration (not monomer unit).
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left-handed helical arrangement, which is consistent with
the CD spectral behavior of the other chromophore-
modified Cur reported previously.10

The complexation behavior of 1ZZ with Nap-Cur was
examined in a 3:7 DMSO-H2O mixture by UV and CD
spectroscopy.12 As shown in Figure 2, the addition of 1ZZ
augmented the UV absorption in the 1ZZ-absorbing
region (240-270 nm), but decreased the intensity of the
negative CD signal at 246 nm. The CD spectral change, a
smaller negative peak, may be attributed to a positive
Cotton effect induced to the π-π* transition of 1ZZ at
240-270 nm and/or a reduced couplet amplitude of the
1Bb band of Nap-Cur due to the conformational changes
upon inclusion of 1ZZ.13 The latter effect seems dominant,
since the CD intensity change is not seen over the entire
1ZZ-absorbing region but restricted to theNap’s 1Bb band
and the addition of 1ZZ to native Cur induced only
negative CD signals in a control experiment.

The fluorescence spectral behavior of Nap-Cur was ex-
amined in the presence and absence of 1ZZ inDMSO-H2O
(FigureS4andTableS1 in theSI).Nap-Cur fluorescencewas
red-shifted and band-broadened compared to that ofmethyl
2-naphthoate (used as a reference), suggesting incorporation
of excimer fluorescence, which was revealed indeed by the
lifetime measurement. Thus, the fluorescence decay profile
ofNap-Curwas essentially multicomponent in all examined

cases, but could be tentatively analyzed as a sum of two
exponential functions (χ2 = 1.2) to give “representative”
lifetimes of ca. 6 and 14 ns when measured at 380 nm (the
peak top). When measured at 480 nm (the low-energy end),
the decay became single-exponential to give a longer lifetime
of 24 ns (χ2 = 1.3), which may be assigned to an excimer.
However, the Nap-Cur solutions were slightly opaque and
light-scattering (Figure S4a, SI), and hence the quantitative
fluorescence quenching experiment was not feasible. Never-
theless, upon addition of 2.5 mM 1ZZ, the fluorescence was
appreciably quenched (Figure S4b, SI), but the lifetime did
not change (Table S1, SI), suggesting possible operation of
the static quenching of excited Nap by 1ZZ in a host cavity.
The enantiodifferentiating photoisomerization of

1ZZ sensitized by Nap-Cur was performed in DMSO
and 3:7 DMSO-H2O solutions, as well as in the solid
state, at various temperatures (Table 1). The ee of
1EZ obtained was a critical function of solvent, tem-
perature, irradiation time, guest concentration, and
phase. Upon irradiation in DMSO at 25 �C, almost
racemic 1EZ (0.7% ee) was produced with a low E/Z
ratio of 0.012, while the use of a 3:7 DMSO-H2O
mixture as solvent led to much better 6.9% ee and E/Z
ratio of 0.110 under comparable irradiation conditions.
This contrasting result is compatible with the fact that
Nap-Cur exists as a single strand in DMSO but forms a
triple helix to include 1ZZ in DMSO-H2O (Figure 2),
and hence indicates that the photosensitization by sin-
gle-stranded Nap-Cur gives only poor ee and E/Z ratio,
whereas the supramolecular photosensitization by tri-
ple-helical Nap-Cur affords much better ee and E/Z
ratio, most probably due to the inclusion of 1EZ in the
triple-helical host.

Figure 2. UV/vis (top) and CD (bottom) spectra of 0.75 mM (in
monomer unit) solutions of Nap-Cur in the presence (red) and
absence (black) of 0.5 mM 1ZZ in 3:7 (v/v) DMSO-H2O,
measured in a 2-mm cell at 25 �C.

Table 1. Enantiodifferentiating Photoisomerization of 1ZZ
Sensitized by 6-O-(2-Naphthoyl)curdlan (Nap-Cur) in Aqueous
DMSO Solution and Solid Statea

medium

1ZZ

/mM

temp

/�C
irrad time

/min

E/Z

ratio % eed

100% DMSOb 2.5 25 5 0.012 0.7

30% DMSOb 0.5 25 5 0.065 3.7

2.5 35 5 0.042 4.5

25 5 0.110 6.9

15 5 0.070 5.4

5 5 0.069 3.8

-5 5 0.058 2.5

2.5 25 0.5 0.013 8.7

1 0.021 7.3

15 0.185 4.0

30 0.221 3.1

60 0.226 2.1

solid statec -c 25 60 0.100 2.6

-50 60 0.088 4.8

-100 60 0.029 7.1

-160 60 <0.001 11.7

a Irradiated under N2 with an ultra-high-pressure Hg lamp (500 W)
fitted with a UV-29 glass filter. b [Nap-Cur] = 0.5 mM (in monomer
unit). cThe concentration of Nap-Cur and 1ZZ was not determined.
dError in ee <0.4%.

(11) Berova, N.; Bari, L. D.; Pescitelli, G. Chem. Soc. Rev. 2007, 36,
914.

(12) For the procedures for sample preparation, see the Supporting
Information.

(13) Qualitative analysis of the titration data to determine the
association constant was not feasible due to the partial spectral overlap
of 1ZZ with Nap-Cur.



Org. Lett., Vol. 13, No. 7, 2011 1859

However, the product’s ee was reduced at lower guest
concentration or temperature and by extending irradiation
time, and the highest ee of 8.7%was reached upon 0.5 min
irradiation of 2.5 mM 1ZZ in DMSO-H2O at 25 �C
(Table 1). The irregular decrease of ee at 35 �C may be
attributed to the decomplexation of 1ZZ (which was
revealed by the recovery of CD intensity at 35 �C shown
in Figure S5 in the SI).
The effects of irradiation period on the ee and E/Z ratio

were investigated in further detail. As shown in Figure 3,
the E/Z ratio smoothly increased with increasing irradia-
tion time to reach a plateau after 30 min, from which we
determined the E/Z ratio at the photostationary state, (E/
Z)pss, as 0.23. Prolonged irradiations led to the clear
deterioration of ee from 8.7% at 0.5 min to 2.1% at 60
min, indicating that the reverse photoreaction is also
enantiodifferentiating with a preference for the same en-
antiomer produced in the forward reaction, aswas the case
with the supramolecular photoisomerization of cyclooc-
tene included and sensitized by modified cyclodextrin
hosts.2b Thus, experimentally the shortest irradiation

(0.5 min) gave the highest ee of 8.7% and a further
extrapolationaffordedahypothetical ee of 13.4%at 0min.
Interestingly, the inclusion complex of 1ZZ with Nap-

Cur, prepared as precipitates by gradually adding water to
a DMSO solution of both components (see the SI), also
gave 1EZ upon irradiation.12 Thismay not be very surpris-
ing, since the quenching of Nap singlet by 1ZZ appears to
be static, as shown in the fluorescence lifetime study. In
keen contrast to the solution-phase photolysis, the ee was
gradually enhanced by lowering the temperature to reach
the highest 11.7%eeat-160 �C.TheEyring analysis of the
ee values obtained at different temperatures gave a good
straight line (Figure S6 in the SI), indicating operation of a
single enantiodifferentiation mechanism. From the slope
and intercept of the plot, the differential activation para-
meters were calculated as ΔΔHq

S-R = -0.3 kJ mol-1 and
ΔΔSq

S-R = -0.5 J mol-1 K-1.14 These fairly small values
may reflect the restricted conformational freedoms of the
complex in the solid state.
In this first supramolecular photochirogenesis mediated

by sensitizer-modified polysaccharide host Nap-Cur, we
have demonstrated that the product’s ee can be controlled
by optimizing the irradiation time, solvent or phase,
temperature, and guest concentration. The highest ee
values obtained were not very high at 8.7% in solution
and at 11.7% in the solid state, but the methodologies
employed in this study for controlling the product’s ee
should be applicable to other supramolecular photochiro-
genic systems. Studies along this line are currently in
progress with other substrates.
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Figure 3. E/Z ratio and ee values obtained upon enantiodiffer-
entiating photoisomerization of 1ZZ by Nap-Cur in 30%
DMSO at 25 �C as a function of irradiation time.

(14) Eyring analysis of the obtained ee values in the solution phase
was not attempted, since the product’s ee was highly dependent on the
irradiation time (Figure 3) and we did not have enough ee data to
extrapolate to the zero conversion at all the examined temperatures.


