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ABSTRACT: A novel optically active polymer consisting of
riboflavin units as the main chain (poly-1) was prepared from
naturally occurring riboflavin (vitamin B2) in three steps. The
riboflavin residues of poly-1 were converted to 5-ethyl-
riboflavinium cations (giving poly-2), which could be
reversibly transformed into the corresponding 4a-hydroxyribo-
flavins (giving poly-2OH) through hydroxylation/dehydrox-
ylation reactions. This reversible structural change was
accompanied by a visible color change along with significant
changes in the absorption and circular dichroism (CD)
spectra. The nuclear Overhauser effect spectroscopy (NOESY) and CD spectra of poly-2 revealed a supramolecularly twisted
helical structure with excess one-handedness through face-to-face stacking of the intermolecular riboflavinium units, as evidenced
by the apparent NOE correlations between the interstrand riboflavin units and intense Cotton effects induced in the flavinium
chromophore regions. The hydroxylation of poly-2 at the 4a-position proceeded in a diastereoselective fashion via chirality
transfer from the induced supramolecular helical chirality assisted by the ribityl pendants, resulting in a 83:17 diastereomeric
mixture of poly-2OH. The diastereoselectivity of poly-2 was remarkably higher than that of the corresponding monomeric model
(64.5:35.5), indicating amplification of the chirality resulting from the supramolecular chirality induced in the stacked poly-2
backbones. The optically active poly-2 efficiently catalyzed the asymmetric organocatalytic oxidation of sulfides with hydrogen
peroxide, yielding optically active sulfoxides with up to 60% enantiomeric excess (ee), whose enantioselectivity was higher than
that catalyzed by the monomeric counterpart (30% ee). In addition, upon exposure to primary and secondary amines, poly-2
exhibited unique high-speed vapochromic behavior arising from the formation of 4a-amine adducts in the film.

■ INTRODUCTION

Riboflavin, well-known as vitamin B2, plays a central role in
biological systems as a redox-active unit of cofactors, such as
flavin mononucleotide (FMN) and flavin adenine dinucleotide
(FAD).1 Riboflavin consists of a planar heterocyclic isoallox-
azine ring with an optically active ribityl unit and affords
attractive diverse functions, such as redox activity, photo-
sensitivity, and catalytic activity.1−3 In particular, the flavin
analogues have recently received growing attention as unique
and environmentally friendly organocatalysts that mimic the
enzymatic processes performed by hepatic microsomal FAD-
containing monooxygenase (FADMO).3 Bruice and co-workers
performed the earliest mechanistic investigation of the synthetic
flavin-mediated monooxygenation and discovered that the
oxidatively active 5-ethyl-4a-hydroperoxyflavin generated from
the corresponding flavinium cation with hydrogen peroxide
(H2O2) promotes the stoichiometric oxidation of sulfides and
amines.1b,4 Murahashi et al.5 gave the first report of a flavin-
catalyzed oxidation, in which 5-ethyl-4a-hydroperoxyflavin
generated in situ in the presence of H2O2 catalytically oxidizes
sulfides and amines. Since their pioneering studies, a variety of
flavin-6 and riboflavin-based organocatalysts7 have been
developed for diverse transformation reactions, including the
oxidation of sulfides and amines,6a,b,d,e,g−i,k−r,t,7b,d Baeyer−

Villiger oxidation of ketones,6c,f,p,7a Dakin oxidation of
arylaldehydes,6u and hydrogenation of alkenes and alkynes
with hydrazine.6j,s,7b−e In most cases, however, the isoalloxazine
and alloxazine units of these flavin-based catalysts were
synthesized through multistep procedures, and riboflavin-
based organocatalysts7 readily derived from commercially
available riboflavin are still rare in spite of their economical
and environmental advantages.8 In addition, flavin-catalyzed
asymmetric transformations have been limited to a few
examples using artificially synthesized flavin catalysts with
planar chirality6a,b,f,o or bearing a chiral alkyl group,6p for which
the enantioselectivities were modest (54−74% ee) and low
(<5% ee), respectively. As an exceptional example, artificial
alloxazine catalysts bearing an α- or β-cyclodextrin unit that
mediate the asymmetric oxidation of sulfides and give high
enantioselectivity (up to 91% ee) have recently been
reported.6r,t

On the other hand, riboflavin-containing polymers are
extremely attractive and interesting not only as polymeric
flavoenzyme models9,10 but also as a new class of functional
chiral materials. In particular, if macromolecular helicity and/or
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supramolecular chirality could be generated in the polymer
backbone via induction by the optically active ribityl pendants,
intriguing reversible chiroptical changes originating from
electron transfer processes of the riboflavin units as well as
asymmetric catalytic activity and chiral recognition ability might
be significantly promised. However, optically active riboflavin-
containing polymers are quite rare,10 and their application as
chiral materials on the basis of the chirality of the riboflavin has
scarcely been reported.11

We recently reported the first example of a riboflavin-bound
helical polymer consisting of a chromophoric polyacetylene
backbone with pendant optically active riboflavin residues,
which showed characteristic induced circular dichroism (ICD)
in the π-conjugated polymer backbone regions due to a
preferred-handed helical conformation induced by the optically
active ribityl groups.10f The polymer also exhibited unique
redox-triggered switching of the helical chirality in response to
electron transfer events occurring at remote riboflavin
pendants, thus showing a reversible change in its circular
dichroism (CD) spectral pattern.

In the present study, we synthesized a novel optically active,
riboflavin-containing polymer composed of riboflavin units as
the main chain (poly-1). The riboflavin residues of poly-1 were
converted into 5-ethylriboflavinium cations (giving poly-2),
which could be reversibly transformed into the corresponding
4a-hydroxyriboflavins (giving poly-2OH) (Figure 1). We found
that the cationic poly-2 self-assembled in solution to form a
supramolecularly twisted helical structure through face-to-face
stacking of the riboflavinium units, thereby showing an intense
Cotton effect in the riboflavinium chromophore regions. In
addition, the chirally self-assembled poly-2 enantioselectively
catalyzed the asymmetric oxidation of sulfides in the presence
of H2O2 through the generation of oxidatively active 4a-
hydroperoxyriboflavins (giving poly-2OOH) with higher
enantioselectivity than in the reaction catalyzed by the
monomeric counterpart. The mechanism and origin of this
remarkable enhancement of the enantioselectivity relative to
the monomeric model were thoroughly investigated by
absorption, CD, and NMR spectroscopies. Furthermore, we
found that poly-2 in the film state exhibited a rapid, reversible

Figure 1. Optically active riboflavin-containing polymers.

Scheme 1. Synthesis of Poly-1, Poly-2, and Poly-2OH from Riboflavin
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colorimetric response to primary and secondary amine vapors
resulting from the generation of 4a-amine adducts (giving poly-
2N), thereby enabling direct visual detection of the amines.
The present polymers are, to the best of our knowledge, the
first examples of optically active polymers bearing riboflavin
residues as the main chain.

■ RESULTS AND DISCUSSION

Synthesis of the Riboflavin-Containing Polymers and
Their Chiroptical Properties. Poly-1 was prepared by base-
mediated polycondensation of 8α-bromoriboflavin (1) accord-
ing to Scheme 1; 1 had been readily prepared from
commercially available riboflavin via a two-step reaction.13

We optimized the polymerization conditions (Table S1 in the
Supporting Information) and found that the polymerization of
1 in the presence of 1 equiv of 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) in benzene produced poly-1 in a relatively higher
yield (64%), although the molecular weight (MW) was rather
low because the polymer precipitated during the polymer-
ization; the number-average molecular weight (Mn) and its
distribution (Mw/Mn) as determined by size-exclusion
chromatography (SEC) with poly(ethylene oxide) and poly-
(ethylene glycol) standards were 2.0 × 103 and 1.8, respectively.
When 1 was polymerized in the presence of DBU (1 equiv) and
Bu4N

+I− (1 equiv), higher-MW poly-1 (Mn = 5.2 × 103,Mw/Mn
= 1.3) was obtained in 37% yield. Therefore, the poly-1 (Mn =
2.0 × 103, Mw/Mn = 1.8) was fractionated by SEC into three
fractions: a high-MW part [poly-1H, Mn = 6.4 × 103, Mw/Mn =
1.2, degree of polymerization (DP) = 11.8], a medium-MW
part (poly-1M, Mn = 3.3 × 103, Mw/Mn = 1.7, DP = 6.1), and a
low-MW part (poly-1L, Mn = 1.7 × 103, Mw/Mn = 1.4, DP =
3.1). The DP values for poly-1H, poly-1M, and poly-1L as
estimated by SEC were in good agreement with those
estimated by 1H NMR analysis (10.1, 5.5, and 3.0, respectively;
Figure S1 in the Supporting Information).
We then investigated the effect of the MW of poly-1 on its

chiroptical properties by measuring its CD and absorption
spectra in N,N-dimethylformamide (DMF) (Figure 2). A
monomeric model compound, model-1 (see Scheme 2), was
also prepared for comparison,10f and it showed typical
absorption signals centered at around 340 and 440 nm assigned

to the conjugated flavin ring chromophore14 and weak Cotton
effects in these regions. In contrast, the poly-1 fractions
exhibited intense Cotton effects in the flavin chromophore
regions accompanied by a large red shift in the longer-
wavelength absorption band, indicating macromolecular or
supramolecular chirality that was most likely induced in the
poly-1 backbones through chirality transfer from the optically
active ribityl pendants. The CD intensities of the first Cotton
effects of the poly-1 fractions in the long-wavelength absorption
regions tended to increase with increasing MW in going from
poly-1L to poly-1M and poly-1H, while the CD intensities and
patterns of poly-1M and poly-1H were almost identical.
To gain insight into the enhancement of the ICD observed in

the poly-1 fractions, the temperature- and concentration-
dependent CD spectral changes were then measured for
poly-1M. The CD intensities of poly-1M in DMF increased
monotonically with decreasing temperature, and its CD spectral
pattern was maintained, but with a slight change in the
absorption spectra (Figure S2 in the Supporting Information).
The temperature-dependent CD and absorption spectral
changes were reversible. Depending on the concentration
(0.01−5 mM), the CD intensity also varied slightly (Figure S3
in the Supporting Information); the CD magnitude gradually
increased with increasing polymer concentration, accompanied
by a slight increase in the absorption.15 Poly-1M displayed an
apparent emission with a peak at around 540 nm upon
excitation at 450 nm in DMF (5 μM), but its intensity was
approximately one-third of that of model-1 (Figure S4 in the
Supporting Information). The main chain of the polymer is not
fully π-conjugated because of the methylene linkers, and
therefore, this fluorescence quenching phenomenon may
indicate a possible intermolecular energy transfer between the
pendant fluorescent flavin residues of different polymer chains.
These results suggest that the poly-1 may form chiral
aggregates in solution,16 although the exact structure remains
unclear, but the chirality of the optically active ribityl pendants
appears to be transferred to induce such a supramolecular
chirality.17,18

Next, the riboflavin residues of poly-1H and poly-1M were
converted to 5-ethyl-4a-hydroxyriboflavins (giving poly-2HOH
and poly-2MOH, respectively) by a three-step polymer reaction
through the corresponding 5-ethylriboflaviniums (poly-2H and
poly-2M, respectively) according to the method reported for
small flavin compounds (Scheme 1 and Scheme S1 in the
Supporting Information).6f,7a,19 Purple-colored poly-2 fractions
were prepared by NaBH3CN-mediated reductive ethylation of
the poly-1 fractions followed by oxidation with NaNO2, and the
riboflavinium units were successively converted to the
corresponding 4a-hydroxy adducts via hydroxylation with a
phosphate buffer at room temperature, thus producing poly-
2HOH and poly-2MOH. The resulting hydroxyriboflavin-
containing polymers were further allowed to react with
HClO4, which resulted in the transformation back into the
corresponding riboflavinium cations via dehydroxylation,
affording poly-2H and poly-2M, respectively (Scheme 1).5,19a

The riboflavinium cations are versatile intermediates as
biomimetic models of FADMO and also as organocatalysts
for the H2O2-mediated oxidation of sulfides and amines.3 In the
same way, the corresponding model compounds model-2 and
model-2OH were also prepared for comparison (Scheme 2).
Figure 3 shows absorption and CD titrations of (A) poly-

2MOH and (B) model-2OH with increasing amounts of
aqueous HClO4 (60%) in CH3CN. The addition of HClO4 to a

Figure 2. (a−d) CD and (e−h) absorption spectra of (a, e) poly-1H,
(b, f) poly-1M, (c, g) poly-1L, and (d, h) model-1 in DMF at ca. 25 °C.
The concentrations were 0.5 mM.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja306159t | J. Am. Chem. Soc. 2012, 134, 15103−1511315105



poly-2MOH solution in CH3CN caused a gradual and
significant red shift of 254 nm in λmax with clear isosbestic
points at 298 and 380 nm in the absorption, reaching a constant
pattern in the presence of 1 equiv of HClO4. The solution color
changed from pale yellow to purple, resulting from the
generation of the conjugated flavinium cation species, poly-
2M. A similar dramatic change in the absorption was also
observed for model-2OH, indicating that the conversion of the
4a-hydroxyriboflavin residues to the cationic species by
dehydroxylation readily occurs, is independent of the MW,
and is almost completed by 1 equiv of HClO4. Interestingly,
poly-2M exhibited intense Cotton effects at around 290, 420,
and 610 nm corresponding to the flavinium cation
chromophores, whose intensities synchronously increased
with increases in the amounts of HClO4, whereas model-2
showed negligible Cotton effects in the same regions, despite
the fact that its absorption spectrum is almost identical to that
of poly-2M, demonstrating a remarkable difference in the
chiroptical properties of the polymer and monomeric model-
2.20 The noticeable enhancement of the Cotton effects for poly-
2M compared with the weak CD for model-2 suggests the
formation of supramolecular aggregates of the poly-2M
backbones, which will be discussed later.
After the conversion of poly-2MOH to poly-2M with HClO4

(1 equiv), the addition of Et3N (1 equiv) to the poly-2M
solution regenerated the original poly-2MOH, as revealed by the
complete recovery of the absorption and CD spectra. As a

result, the chiroptical properties of the polymers can be
reversibly switched upon the alternative addition of acid and
base (Figure S8 in the Supporting Information), which may
enable the present 5-ethylriboflavin-containing polymers (poly-
2 and poly-2OH) to detect and sense the chirality of acids and
bases by taking advantage of this chiroptical molecular
switching behavior.21

Structure of Poly-2 Aggregates. To propose a possible
structure for chiral poly-2 in solution, the 2D nuclear
Overhauser effect spectroscopy (NOESY) spectrum of poly-
2M was recorded in CD3CN (Figure 4B and Figures S12 and
S13 in the Supporting Information).22 Several intermolecular
NOE cross-peaks between the e and e′ protons of the ribityl
groups and the 5-ethyl (x and y) and aromatic protons (a) were
observed, whereas model-2 showed no intermolecular NOE
cross-peaks, as anticipated (Figures S17−S20 in the Supporting
Information). In addition, the neutral poly-1M did not show
apparent intermolecular NOE cross-peaks between the
riboflavin moieties (Figures S9 and S10 in the Supporting
Information), in contrast to the cationic poly-2M, probably
because poly-1M could not form such intermolecular contacts
extensively enought to be detectable on the NMR time scale;
the cationic poly-2M chains may stack more efficiently than the
neutral poly-1M chains through electrostatic interactions
assisted by oppositely charged counterions.
On the basis of these NOE results along with the CD data, a

possible model for the interstrand-stacked poly-2 structure can
be proposed.23 We assume that the poly-2M chains most likely
self-assemble to form a π-stacked duplexlike structure in such a
way that the planar flavin repeating units stack face-to-face and
the bulky ribityl groups are oriented antiparallel to each other
to avoid steric repulsion, as illustrated in Figure 4A. The poly-2
duplex may be loosely twisted clockwise or counterclockwise,
accounting for the observation that poly-2 exhibited extra-
ordinarily intense Cotton effects in the flavinium chromophore
regions. Hence, model-2 showed negligible CD in the same
regions. It has been reported that analogous riboflavin and
flavin derivatives have a tendency to form similar face-to-face π-
stacked structures in crystals.25 If this is the case, there are two
possible geometries for the stacking interactions. In the first of
these, the flavin rings could intermolecularly stack in a regular

Scheme 2. Synthesis of Model-2 and Model-2OH

Figure 3. CD and absorption spectral changes of (A) poly-2MOH and (B) model-2OH in CH3CN (0.5 mM) in the presence of increasing amounts
of HClO4 (0, 0.25, 0.5, 0.75, 1.0, and 2.0 equiv) at ca. 25 °C. The insets show the color changes of poly-2MOH and model-2OH in CH3CN before
and after the addition of HClO4 (1.0 equiv).
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way with the same Re (or Si) faces stacked with each other and
the opposite Si (or Re) faces of each flavin ring efficiently open-
surfaced [Figure 4A(a)]. The other possible geometry would
involve Re−Si stacking interactions between the interstrand
flavin rings [Figure 4A(b)]. At present, we are unable to
distinguish the geometries [Re−Re (Si−Si) stacking vs Re−Si
stacking] because of the lack of NOE cross-peaks between the
riboflavin residues for unambiguous assignments, although the
Re−Re (Si−Si) stacking may be predominant on the basis of
the results for asymmetric oxidation catalyzed by poly-2M (see
below).
Diastereoselective Hydroxylation of Poly-2 and

Model-2. Nucleophilic addition of hydroxide anions to the
flavinium cation units of model-2 and poly-2 to afford the
corresponding 4a-hydroxy adducts (model-2OH and poly-
2OH, respectively) generates new stereogenic centers at the 4a-
positions, thereby giving the (R)- and (S)-4a-hydroxy
diastereomers. It was anticipated that one of the diastereomers
could be formed diastereoselectively via induction by the
optically active ribityl pendant groups. The formation of
diastereomers of model-2OH was first elucidated by 1H NMR
and HPLC analyses. Figure 5A,B shows the 1H NMR spectra of
model-2OH and model-2 derived from model-2OH (Scheme
2), respectively, as measured in CD3CN. The

1H NMR spectra
of model-2 gave simple peaks assigned as shown in Figure 5B

and Figure S21B in the Supporting Information. In contrast,
model-2OH showed two sets of peaks attributed to a
diastereomeric pair (isomers A and B), and the diastereomeric
excess (de) was estimated to be 8% (Figure 5A and Figure
S21A) (for the peak assignments, see Figures S22−S25 in the
Supporting Information). Further concrete evidence was
obtained by HPLC analysis, as model-2OH was successfully
separated into its diastereomers using a chiral column
(Chiralpak IB, Daicel Co., Ltd.) with 1:1 (v/v) n-hexane/
CHCl3 as the eluent (Figure 5E); the de value was determined
to be 9%, in good agreement with that estimated by the 1H
NMR analysis. We note that this is the first example of the
separation of diastereomers of 4a-hydroxyriboflavin derivatives.
The 1H NMR spectra of poly-2MOH and poly-2M derived

from poly-2MOH were also measured in CD3CN (Figure 5C,D,
respectively). Although the peaks became broadened, the
resonance for the aromatic protons b of poly-2MOH split into
two peaks (bmajor and bminor) with an integral ratio of 84:16
(Figure 5C). On the basis of the peak assignments using 2D
NOESY measurements (Figures S27 and S28 in the Supporting
Information) together with the fact that the same aromatic
protons of the higher-MW poly-2HOH also split into two peaks
with an integral ratio of 82:18 (Figure S26 in the Supporting
Information), these two peaks could be assigned to the
diastereomers derived from the 4a-hydroxyriboflavin units, with
the contribution from the end groups of poly-2OH being
negligibly small. Consequently, poly-2MOH and poly-2HOH
were formed with 68 and 64% de, respectively, as estimated by
NMR analysis; these de values are remarkably higher than that
of model-2OH (8−9%). The intriguing enhancement of the
diastereoselectivity observed for poly-2 can be rationally
explained on the basis of the supramolecularly stacked duplex
structure of poly-2 with an excess twist sense, as proposed in
Figure 4A: one of the planar riboflavinium faces (Re or Si) is
completely blocked via the favored face-to-face (Re−Re or Si−
Si) π-stacking [Figure 4A(a)], allowing the hydroxide anion to
be attacked only from the opposite open (Si or Re) face and
thus preferentially producing the (S)- or (R)-4a-hydroxy
adducts in poly-2OH with a relatively high diastereoselectiv-
ity.26

Enantioselective H2O2-Mediated Oxidation of Sulfides
Catalyzed by Cationic Riboflavin-Containing Poly-2 and
Its Model Monomer. We next applied the cationic riboflavin-
containing polymer poly-2 and its model monomer model-2 as
asymmetric organocatalysts for the biomimetic oxidation of
sulfides with H2O2.

5,6a,b,e,h,i,l−r,t,7b Flavinium cations have been
reported to act as useful intermediates in oxidations of sulfides
and Baeyer−Villiger reactions in the presence of H2O2; they
generate the corresponding 4a-hydroperoxyflavins in situ via
nucleophilic addition of H2O2, which are real active species for
the monooxygenation of sulfides and cyclobutanones, respec-
tively.27 We anticipated from the diastereoselective hydrox-
ylation results for poly-2 that the riboflavinium cation units of
poly-2 having the supramolecularly twisted helical structure
with excess one-handedness would also be diastereoselectively
converted into one of the 4a-hydroperoxyriboflavin diaster-
eomers (poly-2OOH) in the presence of H2O2, thus catalyzing
the asymmetric oxidation of sulfides through the catalytic cycle
shown in Scheme 3. The poly-2OOH generated in situ via
mediation by H2O2 enantioselectively oxidizes sulfides to yield
optically active sulfoxides along with the corresponding 4a-
hydroxyriboflavin (poly-2OH), which undergoes dehydration
to regenerate cationic poly-2 to complete the catalytic cycle.

Figure 4. (A) Plausible interstrand face-to-face π-stacked structures for
supramolecularly assembled, one-directionally twisted poly-2. (B)
Partial NOESY spectrum of poly-2M in CD3CN at 25 °C; mixing time
=200 ms. The peak were assigned on the basis of the 2D correlation
spectroscopy (COSY) and NOESY spectra of model-2 (see Figures
S14−S20 in the Supporting Information).
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Table 1 summarizes the results for the asymmetric oxidation
of methyl p-tolyl sulfide in CH3CN and THF using poly-2M or
the corresponding monomeric model-2 as the organocatalyst at
−40 °C.28 The H2O2-mediated asymmetric oxidation pro-
ceeded in the presence of poly-2M or model-2 in CH3CN at
−40 °C, producing (S)-methyl p-tolyl sulfoxide with 20 and
11% ee, respectively (Table 1, entries 1 and 2), demonstrating a
relatively higher enantioselectivity with poly-2M than with the

monomeric model-2. The enantioselectivity observed in the
asymmetric oxidation may be closely correlated to the
stereochemistry (diastereoselectivity) of the active species,
poly-2MOOH or model-2MOOH, catalytically generated during
the reaction. However, it was difficult to estimate their de
values using NMR analysis because of their labile characteristics
in solution. We then performed the hydroxylation reaction of
cationic poly-2M and model-2 using Me4N

+OH− as a
nucleophile in CD3CN at −40 °C to obtain the corresponding
4a-hydroxy adducts, poly-2MOH and model-2OH, respectively,
and their de values were estimated from their 1H NMR spectra
to be 66 and 29%, respectively (Figure S29A,B in the
Supporting Information), and a value of 28% de was obtained
for model-2OH by chiral HPLC analysis (Figure S29C in the
Supporting Information) in a similar way as already mentioned.
As a result, a good correlation was realized between the
enantioselectivities of the asymmetric oxidations catalyzed by
poly-2M and model-2 and the de values of the corresponding
4a-hydroxy adducts: poly-2M afforded a higher enantioselectiv-
ity than model-2 and possessed a higher de value.
In THF, poly-2M gave a higher enantioselectivity (60% ee)

than in CH3CN in spite of the relatively lower catalyst loading,
and the enhancement of the enantioselectivity relative to
model-2 was also observed for the asymmetric oxidations of
other sulfides, such as methyl 2-naphthyl sulfide and 2-phenyl-

Figure 5. Partial 1H NMR spectra of (A) model-2OH, (B) model-2 prepared in situ from model-2OH by addition of HClO4 (1 equiv), (C) poly-
2MOH, and (D) poly-2M derived from poly-2MOH by addition of HClO4 (1 equiv) in CD3CN. (E) HPLC trace of model-2OH using a Daicel
Chiralpak IB column [1:1 (v/v) n-hexane/CHCl3, 304 nm, 1 mL/min].

Scheme 3. Reaction Mechanism of H2O2-Mediated
Asymmetric Oxidation of Sulfides Catalyzed by Poly-2
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1,3-dithiane (Table 1, entries 3−8).29,30 Although the observed
enantioselectivities of up to 60% ee were modest, the noticeable
enhancement of the enantioselectivity over the monomeric
counterpart clearly revealed that the supramolecular chirality
induced in the riboflavin-containing polymers seemed to play
an important role in the present H2O2-mediated asymmetric
oxidation of sulfides.
It still remains unclear whether it is the (R)- or (S)-4a-

hydroperoxy diastereomer (poly-2MOOH) that is preferentially
generated. However, on the basis of the fact that (S)-sulfoxides
were enantioselectively produced with catalysis by poly-
2MOOH generated during the reaction and the plausible
stacked structure of poly-2M in Figure 4A, we propose a
transition state model to account for the obtained asymmetric
induction in the present enantioselective oxidation reaction
(Figure 6). It can be assumed that poly-2M may predominantly

form a Re−Re-stacked duplex [Figure 4A(a)], to which the
nucleophilic addition of H2O2 takes place from the opposite
open Si face, thus generating the (S)-4a-hydroperoxy adduct
(poly-2MOOH). The sulfide substrate approached the hydro-
peroxy species in such a way that the phenyl ring of the
substrate favorably interacts with the aromatic group of poly-
2MOOH via hydrophobic π-stacking, giving the (S)-sulfoxide.
Vapochromic Behavior of Cationic Riboflavin-Con-

taining Polymer Films upon Exposure to Amine Vapors.
Vapochromic materials, which show drastic color changes upon

exposure to volatile organic vapors, have attracted much
attention because of their application to chemical sensing.31 In
particular, optical sensors that enable the selective detection of
amines in solution have been studied extensively because of its
importance in environmental and industrial monitoring,
medical diagnosis, and quality control of food.32 However,
colorimetric sensory materials that selectively detect primary,
secondary, and tertiary amine vapors by giving rise to color
changes are quite limited,33,34 whereas fluorescence sensors for
amine vapors have been successfully developed.35 We found
that poly-2 in the film state exhibits a rapid and reversible
colorimetric response to primary and secondary amine vapors,
thus enabling the direct visual detection of the amines (Table
2). The poly-2M was readily processed into homogeneous films
by drop-casting of its CH3CN solution onto a thin glass plate.
When a poly-2M film was exposed to 2-propylamine vapor, the
color of the film spontaneously changed from purple to yellow
within 5 s (Table 2, entry 1). Exposure to other secondary and
primary amine vapors resulted in similar color changes (entries
3−6). In sharp contrast, no vapochromic response was
observed even after 1 h when the films were exposed to
tertiary amine, ether, ester, amide, alcohol, and thiol vapors
(entries 7−12). This specific and rapid vapochromic behavior
toward secondary and primary amines can be explained by the
nucleophilic and basic characteristics of the amines, which
promote the formation of the corresponding 4a-amine adducts
(poly-2MN) and ammonium perchlorate.36 Alcohols and thiols
are also weak nucleophiles, but their 4a-adduct formations
cannot be completed because of their lack of basicity, which
prevents trapping of the in situ-generated perchloric acid
(entries 11 and 12). This is supported by the fact that a
vapochromic response was observed upon exposure to a
mixture of the vapors of nucleophilic butanethiol and basic
Et3N for 1 h (entry 13), whereas the uses of Et3N or
butanethiol vapor separately resulted in no color change
(entries 7 and 12).
Because the π-conjugated flavinium cation is changed to the

nonconjugated 4a-amine adduct, the purple color due to the
flavinium cation changes to yellow. The resulting yellow
polymer films of poly-2MN could be converted back to the
original purple poly-2M films through elimination of the amines
by the treatment with diethyl ether containing HClO4, and the

Table 1. Asymmetric Oxidations of Sulfides Catalyzed by Model-2 or Poly-2M
a

aConditions: sulfide (0.1 M), model-2 or poly-2M (5 mol %), and 30% aqueous H2O2 in solvent at −40 °C under N2.
bIsolated yields. cDetermined

by chiral HPLC. dThe concentration of sulfide was 0.02 M.

Figure 6. Possible transition state model for the asymmetric oxidation
of sulfides by poly-2MOOH possessing the (S)-4a-hydroperoxy
configuration, which is generated in situ from the Re−Re-stacked
poly-2M duplex with an open Si face.
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recovered purple polymer films could be reused for further
sensing of 2-propylamine (Table 2, entry 2). The absorption
spectra of a poly-2M film before and after the exposure to 2-
propylamine vapor were then measured (Figure 7A). The
absorption spectral pattern of the film was drastically changed
upon treatment with the amine vapor, and the characteristic
absorption peaks due to the conjugated flavinium cation units
of poly-2M (400−700 nm) almost completely disappeared

within 5 s as a result of the nucleophilic addition of the amine
to poly-2M (Figure 7A), which was confirmed by the 1H NMR
spectral changes of poly-2M in CD3CN (Figure S30 in the
Supporting Information). The addition of 2-propylamine
resulted in a change in the 1H NMR spectral pattern
accompanied by the appearance of new peaks attributed to
the formation of poly-2MN and 2-propylammonium perchlo-
rate. We further measured the absorption spectra of the
samples used for the 1H NMR measurements after dilution
with CH3CN (Figure 7B). The absorption spectral changes of
poly-2M in solution before and after the addition of 2-
propylamine were almost identical to those observed in the film
state, indicating that the conversion from poly-2M to poly-2MN
in the film state definitely occurred upon exposure to 2-
propylamine. These results suggest that the riboflavinium-
containing polymers may be a novel and promising class of
materials for rapid sensing of basic organic compounds in the
solid state that could be visualized with the naked eye.

■ CONCLUSION

We have successfully synthesized the first optically active
polymer composed almost entirely of the riboflavin residue as
the main chain (poly-1) starting from commercially available
riboflavin in three steps. The riboflavin residues of poly-1 were
converted to the corresponding 5-ethylriboflavinium cations to
give poly-2, which further self-assembled to form a supra-
molecularly twisted, duplexlike helical structure with excess
one-handedness through intermolecular face-to-face π-stacking
of the riboflavinium units, as revealed by the absorption, CD,
and NMR spectra. Poly-2 catalyzed the H2O2-mediated
asymmetric organocatalytic oxidation of sulfides with enantio-
selectivities of up to 60% ee, which is much higher than that
catalyzed by the monomeric counterpart (30% ee). This
remarkable enhancement of the enantioselectivity of poly-2
relies on its helically twisted π-stacked structure, which most
probably assists in the generation of the oxidatively active 4a-
hydroperoxyflavins (poly-2OOH) in a diastereoselective
manner. As a result of the reactive characteristics of the
riboflavinium cations, poly-2 showed a rapid and reversible

Table 2. Vapochromic Behavior of Poly-2M Films upon
Exposure to Various Organic Vaporsa

aPoly-2M films drop-cast on thin glass plates were exposed to organic
vapors at room temperature for the indicated times. bThe poly-2M film
recovered after the first run (entry 1) by washing with aqueous HClO4
in diethyl ether was reused.

Figure 7. Absorption spectra of (A) a poly-2M film (a) before and (b) after exposure to 2-propylamine vapor for 5 s and (B) poly-2M in 99:1 (v/v)
CH3CN/CD3CN (0.5 mM) in the (c) absence and (d) presence of 2 equiv of 2-propylamine.
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colorimetric response to primary and secondary amine vapors
in the film state, leading to the direct visual detection of the
amines. The present study implies that optically active
riboflavin-containing polymers will be a novel class of
promising green asymmetric organocatalysts and could be
applicable as chiral materials not only for sensing the chirality of
chiral amines as well as single-walled carbon nanotubes37 but
also for separating enantiomers when used as a chiral stationary
phase in liquid chromatography.38
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(b) Bühlmann, P.; Pretsch, E.; Bakker, E. Chem. Rev. 1998, 98, 1593−
1688. (c) Albert, K. J.; Lewis, N. S.; Schauer, C. L.; Sotzing, G. A.;
Stitzel, S. E.; Vaid, T. P.; Walt, D. R. Chem. Rev. 2000, 100, 2595−
2626. (d) Mohr, G. J. Chem.Eur. J. 2004, 10, 1082−1090.
(e) Thomas, S. W.; Joly, G. D.; Swager, T. M. Chem. Rev. 2007,
107, 1339−1386. (f) McDonagh, C.; Burke, C. S.; MacCraith, B. D.
Chem. Rev. 2008, 108, 400−422.
(32) (a) Mohr, G. J.; Demuth, C.; Spichiger-Keller, U. E. Anal. Chem.
1998, 70, 3868−3873. (b) Fuji, K.; Tsubaki, K.; Tanaka, K.; Hayashi,
N.; Otsubo, T.; Kinoshita, T. J. Am. Chem. Soc. 1999, 121, 3807−3808.
(c) Reppy, M. A.; Cooper, M. E.; Smithers, J. L.; Gin, D. L. J. Org.
Chem. 1999, 64, 4191−4195. (d) Mertz, E.; Zimmerman, S. C. J. Am.
Chem. Soc. 2003, 125, 3424−3425. (e) Feuster, E. K.; Glass, T. E. J.
Am. Chem. Soc. 2003, 125, 16174−16175. (f) Comes, M.; Marcos, M.
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