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A series of anthracenecarboxylate(AC)-appended 2,3-di-
O-methylcelluloses (AC-Cells) of varying degrees of sub-
stitution (DS) were synthesized to examine their photo-
chirogenic behavior under a variety of conditions. The
product distribution and enantiomeric excess of the cyclo-
dimers obtained upon photoirradiation and the subse-
quent saponification were critical functions of theDS and
conversion, for which a conformational change of the
flexible polymer backbone is likely to be responsible.

Photochirogenesis1 enables the preparation of a variety of
chiral compounds which are not readily accessible through
thermal reactions, serving as an attractive and versatile alter-
native to the conventional catalytic or enzymatic methods.2

Although the enantiomeric excesses (ee) of photoproducts
obtained in previous studies were modest in general,3 recent
efforts in photochirogeneses with chiral templates have met
with great success to give much higher ee’s.1c,4 We have also
found that the product’s ee and even chiral sense can be dyna-
mically manipulated by the entropy-related variants such
as temperature, pressure, and solvation, which led us to the

concept of multidimensional control5 of photochirogenic
reaction to afford higher ee’s under mild conditions.

In their pioneering work, Tamaki et al. reported the signi-
ficant acceleration of the photocyclodimerization of anthra-
cenecarboxylates and anthracenesulfonates in the presence
of γ-cyclodextrin, but they did not determine the product’s ee.6

Recently,weexamined the enantiodifferentiating [4þ 4] photo-
cyclodimerization of 2-anthracenecarboxylate (AC) (Scheme 1)
mediated by chiral supramolecular hosts, such as cyclodex-
trins7 and biomolecules,8 and determined the ee’s of chiral
cyclodimers 2/ and 3/ by using chiral HPLC. More recently,
we have shown that the diastereodifferentiating photocyclo-
dimerization of AC tethered toR-cyclodextrin can bemediated
by γ-cyclodextrin or cucurbit[8]uril to afford the cyclodimers
inmuch better stereoselectivities, whereR-cyclodextrin func-
tions as a bulky chiral auxiliary to remotely control the orien-
tation and conformation of twoACmoieties accommodated
in the host cavity.9

In this study to expand the range of photochirogenesis, we
investigated the photophysical and photochemical behavior
of AC anchored to 2,3-di-O-methylcellulose, which was used
as a chiral polymer scaffold. Cellulose is a linear syndiotactic
polysaccharide composed of D-anhydroglucopyranose units,
which are linked together by β-1,4-glucosidic bonds,10 while
cyclodextrins are cyclic oligosaccharides consisted of R-1,4-
D-glucopyranose units.11 We synthesized a series of AC-
appended methylcelluloses (AC-Cell) of varying degrees of
substitution (DS) and examined their chiroptical properties,
and then the AC-Cells were subjected to the diastereodiffe-
rentiating photocyclodimerization under a variety of concen-
trations, temperatures, solvents, and pressures (as entropy-
related variants), as well as irradiation period. The results
will be discussed to elucidate the factors that control the
photochirogenic process on a flexible polymer backbone.

By using the synthetic procedures previously reported
for fluorophore-appended celluloses,12 we performed the AC

SCHEME 1. Photocyclodimerization of 2-Anthracenecarboxylate
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esterification of 2,3-di-O-methylcellulose with EDC in THF/
CHCl3 to obtain 22-53% AC-substituted AC-Cells, i.e.,
AC-Cell22 in 19%, AC-Cell42 in 44%, and AC-Cell53 in
54%, where the subscripts refer to %DS as shown in Chart 1.
The better chemical yield for higher DS sample is attribu-
table to the better solubility of the polymer obtained.

First, the spectral behavior ofAC-Cell42 in dichloromethane
was compared with that of methyl 2-anthracenecarboxylate
(5) as a reference compound. As shown in Figure 1, AC-Cell42
gave much reduced molar extinction coefficients over the
entire absorption range with appreciable band-broadening
and slight bathochromic shifts by ca. 3 nm, suggesting the
aggregation of neighboring AC molecules attached to the
polymer.12,13 In the CD spectrum, AC-Cell42 exhibited a nega-
tive exciton couplet at the major 1Bb band but only weak
induced Cotton effects at the 1La and

1Lb bands. According
to the exciton chirality theory,14 the AC chromophores on
the methylcellulose backbone of AC-Cell42 are oriented in
the left-handed helical conformation on the average, as was
the case with other chromophore-modified methylcelluloses.12

The fluorescence spectral behavior ofAC-Cell42 and 5was
comparatively investigated in dichloromethane at room tem-
perature. To evaluate the relative fluorescence quantum yield,
dichloromethane solutions of AC-Cell42 (in chromophore
unit) and 5 at the same concentration (0.05mM) were prepa-
red and excited at such a wavelength (318 nm) that gives the
same extinction coefficient for both compounds (Figure 1,
inset). As shown in Figure 2, the fluorescence spectrum of
AC-Cell42was slightly red-shifted and weaker in intensity by
a factor of 5.7, relative to 5. The much smaller fluorescence
quantum yield, as well as the lack of excimer emission at the
longer wavelengths, may be rationalized by the efficient photo-
dimerization of AC tethered to the methylcellulose scaffold,
as was the case with the supramolecular photocyclodimeri-
zation of AC in γ-cyclodextrin cavity.6,7

As judged from the exciton-coupled CD spectrum and the
reduced fluorescence intensity of AC-Cell42 compared to 5,
the ACmoieties attached to the polymer backbone were likely
to be located close enough to photocyclodimerize to each
other. Indeed, the photoirradiation ofAC-Cell42 in dichloro-
methane gave cyclodimers 1-4 as major photoproducts; see
Table 1. However, photoreactive groups introduced to a
polymer often cross-link two polymer chains.15 Hence, we
examined the effect of AC-Cell42 concentration on the photo-
cyclodimerization behavior to find no essential difference16

in product distribution or ee at least in the concentration range
employed (0.07-0.28 mM in chromophore unit) (Table 1,
runs 7-10), indicating no serious contribution of the inter-
molecular photocyclodimerization.

In the photocyclodimerization of 5 (run 1), the four stereo-
isomeric cyclodimers were almost randomly distributed to
give an HH/HT ratio of 44:56. In contrast, the HH dimers
(3* and 4) were favored upon photoirradiation of AC-Cell42
to give an averaged HH/HT ratio of 65:35 (runs 7-10). This
is compatible with the idea that the photocyclodimerization
occurs intramolecularly between the AC moieties tethered
to a polymer scaffold. The chiral syn-HT (2*) and anti-HH
dimer (3*) were obtained in 13% (run 7) and 22%ee (run 10),
respectively, indicating the ability of 2,3-dimethylcellusose
as a chiral scaffold.

CHART 1. 6-O-(2-Anthroyl)methylcelluloses (AC-CellX; X =

22, 42, and 53%) and Methyl 2-Anthracenecarboxylate (5) as a
Reference Compound

FIGURE 2. Fluorescence spectra of AC-Cell42 (50 μM in chromo-
phore unit, red) and 5 (50 μM, black) excited at 318 nm in dichloro-
methane at room temperature.

FIGURE 1. UV/vis and CD spectra of AC-Cell42 (0.22 mM in
chromophore unit, red) measured in a 2-mm cell and 5 (35 μM,
black) measured in a 1-cm cell in dichloromethane at room tem-
perature; the insets show the UV/vis spectra ofAC-Cell42 (50 μM in
chromophore unit, red) and 5 (50 μM,black)measured in a 1-cm cell
and the CD spectrum of AC-Cell42 (0.22 mM in chromophore unit,
red) measured in a 1-cm cell.
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Interestingly, the product distribution and ee obtained in
the photocyclodimerization of AC-Cell42 turned out to be
functions of the irradiation period.As shown inTable 1 (runs
2-7), theHH/HT ratio and the ee of 2*were larger at shorter
irradiation periods to give the best values of 85:15 ratio and
20%eeupon<1min irradiations (<20%conversion),whereas
the ee of 3* was enhanced from 7% to 18% by extending the
irradiation time from 15 s to 62 min.

To better understand the photocyclodimerization kinetics
and the conversion dependency of HH/HT ratio and ee, we
monitored the UV spectral changes of the anthracene chromo-
phore upon irradiation ofAC-Cell42 and 5 to obtain the first-
order kinetics plots (Figure 3 and S6 (Supporting Informa-
tion)). The reference compound 5 gave a linear plot, fromwhich
the rate constant was calculated as k1

ref=1.1�10-4 s-1. In
contrast, the UV spectral changes for AC-Cell42 showed
saturating behavior, affording a good straight line in the
initial stage (up to 40-50% conversion), a relatively good
straight line thereafter (up to 70-80% conversion), and
finally leveled off at 80-90% conversion. The rate constants

for the first and second stages were calculated as k1=1.7�
10-3 s-1 and k1

0 = 2.9 � 10-4 s-1, respectively. Thus, the
photocyclodimerization of AC-Cell42 is accelerated by a
factor of 15 in the initial stage and by a factor of 2.6 even
in themiddle stage, compared to the photocyclodimerization
of 5.

In nice agreement with the conversion dependency of the
rate constant, the HH:HT ratio, as well as the ee value of 2*,
showed obvious link at ca. 50% conversion, as shown in
Figure 4. Thus, the HH:HT ratio stayed almost constant at
8:2 up to 54% conversion but gradually decreased to reach
an extrapolated value of 6:4 at 100% conversion. The
enantioselectivity of 2* was also kept constant at 19% ee
up to 54% conversion and gradually decreased to 7% ee at
100% conversion. The ee of 3* behaved somewhat diffe-
rently, being steady increased (with a less-clear kink at
40-50% conversion) to reach the ultimate value of 22% ee.

The stereoselectivities of ACdimers obtained upon photo-
cyclodimerization are thought to reflect the original confor-
mation of AC moieties in AC-Cell42. It is reasonable,
therefore, to assume that the HH/HT ratio and ee value
obtained in the initial stage (low conversions) represent the
inherent stereoselectivities of AC-Cell42 upon photocyclo-
dimerization,where neighboring, or closely located,ACmoie-
ties predominantly photocyclodimerize.

However, the HH/HT ratio and ee value at higher con-
versions are affected more or less by the intrachain cross-
linking photocyclodimerization of the AC moieties located
at more distant positions. The high HH selectivity (80%)
at low conversions and the subsequent decrease at higher
conversions seem reasonable, since an excited AC moiety
can readily find the photocyclodimerization partner that is
oriented inHH fashion at neighboring units, but has to seek for
the partner in more distant positions in the later stage, which
inevitably leads to the enhanced formation of HT dimers.

TABLE1. ProductDistribution andEnantiomericExcesses ofCyclodimers 1-4Obtained in thePhotocyclodimerization ofAC-Cells inDichloromethane

under Various Conditionsa

product distribution/% eei/%

run substrate
concnb/
mM temp/�C % toluene

pressure/
MPa

irradiation
time/min convn/% 1 2* 3* 4 HH:HTh

2* 3*

1 5 0.10 25 0 0.1 60 80 27 29 23 21 44:56 0 0
2 AC-Cell42 0.17 25 0 0.1 0.25g 6 11 7 54 28 82:18 17 7
3 0.5g 11 9 6 55 30 85:15 19 10
4 1g 20 10 7 53 30 83:17 20 10
5 3g 30 13 9 50 28 78:22 19 14
6 15g 55 14 10 49 27 76:24 18 16
7 62g 77 19 14 45 22 67:33 13 18
8 0.28 25 0 0.1 60 90 23 15 40 22 62:38 8 19
9 0.14 25 0 0.1 60 88 20 14 42 24 66:34 11 20
10 0.07 25 0 0.1 60 87 22 15 42 21 63:37 11 22
11 0 85 20 12 45 23 68:32 8 20
12 0.17 25 0 0.1f 60 34 13 10 49 28 77:23 18 16
13 100f 54 18 12 46 24 70:30 9 15
14 0.08 25 50 0.1 10g 54 13 10 52 25 77:23 14 14
15 c e 0 0.1 60 4 23 11 30 36 66:34 10 -15
16 AC-Cell22

d 25 0 0.1 3g 25 25 17 42 16 58:42 14 5
17 60 89 25 19 37 16 56:44 6 12
18 AC-Cell53 0.17 25 0 0.1 0.25 4 6 4 58 32 90:10 18 -10
19 0.5g 9 6 4 57 33 90:10 16 -7
20 10g 58 9 7 52 32 84:16 15 5
21 60g 80 13 10 48 29 77:23 12 5

aIrradiated under a nitrogen atmosphere with an ultrahigh-pressure mercury lamp (500 W) fitted with a UV-35 glass filter, unless stated otherwise.
bIn chromophore units. cSolid state. dValue not determined due to the solubility problem. eRoom temperature. fIn a high-pressure vessel. gIrradiated
under a nitrogen atmosphere with a xenon lamp (300 W) fitted with a band-pass filter (360 nm). hHH/HT = ([3*] þ [4])/([1] þ [2*]). iThe first-eluted
enantiomer is given a positive sign; error <2% ee.

FIGURE 3. First-order kinetic plots for photocyclodimerization of
AC-Cell42 (red) and 5 (black) in dichloromethane at 25 �C
(correlation coefficient for k1 = 0.98, k1

0 = 0.99 and k1
ref = 0.99).
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Similar behavior observed for the ee of 2* indicates that the
diastereoselectivity of photocyclodimerization to 2* is higher
in the initial, rather than later, stage.

However, this is not the case with the ee of 3*, which is
more sensitive to the conversion even in the initial stage,
growing from 7% to 22% ee by extending the irradiation
time. Probably, the gradually reducing mobility of the poly-
mer chain, caused by the intrachain cross-linking photocyclo-
dimerization, effectively discourages the photocyclodimeri-
zationofHT-orientedACpairs in less favorable conformations
and/or more distant positions.

We further examined the effects of temperature, pressure,
and solvent (Table 1, runs 11, 13, and 14). However, the photo-
cyclodimerization of AC-Cell42 performed at 0 �C (run 11),
at 100 MPa (run 13), or in a 1:1 toluene-dichloromethane
mixture (run 14) showed no significant change in relative
yield or ee. It is noted that the photocyclodimerization took
place even in the solid state. Intriguingly, the chiral sense of
3* was inverted to afford the antipode in 15% ee (run 15),
probably reflecting the change of the initial AC orientation
in the solid state.

Since the intramolecular cross-linking upon irradiation
turned out to affect the stereochemical outcomes of photo-
cyclodimerization, we prepared AC-Cells of different DS,
i.e., AC-Cell22 (DS=0.22) and AC-Cell53 (DS=0.53), and
examined their photochemical behavior (Table 1). The HH/
HT ratio obtained upon irradiation of AC-Cell22 (runs 16
and 17) did not depend on the irradiation time to give an
average ratio of 57:43, which is however appreciably smaller
than those obtained for AC-Cell42, while the ee of 2* de-
creased from14% to 6%and that of 3* increased from5%to
12%, as was the case in the photoreaction of AC-Cell42. In
the photodimerization of AC-Cell53 (runs 18-21), the HH/
HT ratio was greatly enhanced up to 90:10, reflecting the
increased abundance of the HH-oriented neighboring AC
moieties. The ee’s of 2* were comparable to those obtained
for AC-Cell42, including the decreasing tendency with irra-
diation time. However, the ee of 3* behaved very differently
with an accompanying inversion of the product chirality,

starting from-10% ee at 4% conversion to reachþ5% ee at
68-80% conversions. The formation of antipodal 3* in the
initial stage may indicate a significant change in the initial
conformation ofAC-Cell53. The chirality switching observed
for 3* upon prolonged irradiations would be attributed to
the more severe effect of photoinduced cross-linking on the
mobility of AC moieties located at distant positions.

In the present study, we newly synthesized a series of AC-
Cells of DS= 0.22, 0.42, and 0.53, elucidated their chirop-
tical properties, and examined the diastereodifferentiating
photocyclodimerization behavior under a variety of condi-
tions to reveal that the HH/HT ratio can be enhanced up to
90:10 by increasing the DS to 0.53, while the ee’s of chiral
photocyclodimers 2* and 3* stay modest at 20-22%. It was
also demonstrated that the intramolecular cross-linking
photocyclodimerization plays critical roles in determining
the HH/HT ratio as well as the ee of chiral products. Further
studies on the photochirogenesis with chiral polymer scaf-
folds, such as polysaccharides, are currently in progress.

Experimental Section

General Procedure for the Synthesis of AC-Cell: AC-Cell42. In
a 100 mL, three-necked flask, 2,3-di-O-methylcellulose (Sup-
porting Information) (300 mg, 1.58 mmol based on the glucose
units), AC (525mg, 2.37mmol), andDMAP (780mg, 6.30mmol)
were suspended in dry THF (50 mL) under N2, to which was
added EDC (300 mg, 1.58 mmol) at 0 �C. The resulting mixture
was stirred for 1 h at 0 �C and for an additional 2 days at room
temperature. After removal of the solvent, the residue obtained
was dissolved in dry chloroform (50 mL), to which were added
DMAP (190 mg, 1.58 mmol) and EDC (76 mg, 0.396 mmol) at
0 �C. The mixture was stirred for 30min at 0 �C and for an addi-
tional 24 h at room temperature and then concentrated to ca.
10 mL under high vacuum. The concentrated solution was slowly
poured into methanol (250 mL) to give a precipitate. The solid
was dissolved in chloroform (50 mL) and filtered. The filtrate
was slowly poured into methanol (200 mL) again, and the
precipitate was collected by washing with acetone to give the
AC-Cell42 polymer as yellow solid (190 mg, 0.69 mmol in mono-
mer unit) in 44% yield: 1H NMR (CD2Cl2, 400 MHz, 25 �C)
δH 8.69-7.42, 4.81, 4.34, 4.00-3.29, 2.84; the DS was deter-
mined as 0.42 from the comparison of the aromatic and sugar
peaks; 13C NMR (CDCl3, 150 MHz, 25 �C) δC 165.2, 133.4,
132.1, 131.6, 131.4, 131.0, 129.3, 127.7, 127.4, 127.2, 125.6,
125.2, 124.9, 123.0, 102.4, 102.1, 84.0, 82.9, 77.5, 73.8, 72.0,
69.2, 62.3, 60.8, 59.6, 58.1; IR (KBr) ν 3473, 2929, 2836, 2360,
1719, 1630, 1536, 1458, 1413, 1377, 1313, 1278, 1234, 1183, 1078,
957, 887, 807, 731 cm-1; GPC (CHCl3)Mn=19700 and PDI=
1.8 at 254 nm.
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FIGURE 4. Plots of relative yields and ee’s obtained upon irradiation
of dichloromethane solutions of AC-Cell42 for varying conversions.


