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Cyclodextrins (CDs), which are water-soluble cyclic
oligomers of D-(+)-glycopyranose units, are of interest in
supramolecular chemistry owing to their ability to in-
clude in a chiral environment various hydrophobic spe-
cies.! This allows CDs to be employed as resolving agents
of racemic mixtures® and as chiral stationary phases in
chromatographic separations.® CDs are also useful model
compounds which mimic the hydrophobic pockets of
enzymes.* The use of CDs as chiral auxiliaries in the
synthesis of chiral molecules has been reported.” As an
example asymmetric inductions have been observed in
the enantioselective oxidation of aromatic thioethers to
the corresponding sulfoxides by various oxidants in the
presence of CDs.® The best enantiomeric excesses are
obtained when CDs behave as “molecular reaction ves-
sels” in which both the substrate and the oxidant are
present.f¢ This favorable behavior could be obtained in
transition metal catalyzed oxidations by hydrogen per-
oxide” when properly modified CDs capable of binding
to the metal were added to the reaction mixture. In this
work we have investigated the oxidation of thioanisole
by hydrogen peroxide in water in the presence of catalytic
amounts of Na;MoO, and of functionalized cyclohep-
taamyloses (8CDs). Under these conditions an oxodiper-
oxomolybdenum complex, MoO(O,),L, which is the real
oxidant,”® is formed. L isthe SCD based ligand. Ligands
3-6 have been synthesized starting from 2a° and 2b,%
which in turn are obtained from the unfunctionalized
BCD (1) as shown in Scheme 1.
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Scheme 1. Synthesis of JCD-Based Ligands
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By reacting the diamine 8,% which is already a biden-
tate ligand, with salicylaldehyde, the Schiff base deriva-
tive 4 is obtained. In 4 an additional anionic binding
site, i.e. the phenolic oxygen, is present. Ligand 5 is
prepared by reduction of the imino function of 4. 5
compared with 4 should have the advantage of increased
flexibility together with a better stability under hydro-
lytic conditions. Moreover the 2-diamino-3CD 6 was
synthesized® to establish, by comparison with 8, the
relevance of the rigidity of the complex on the stereo-
chemical outcome of the reaction.

The various conditions adopted and the corresponding
results are illustrated in Table 1. All the reactions
proceed smoothly at 20 °C, so that after ca. 2 h yields of
phenyl methy! sulfoxide ranging from fair to good (62—
98%) are obtained.!® Overoxidation to sulfone is not
observed. The enantioselectivities are in the range 17—
60% (R-enantiomer) depending on the nature of the SCD-
based ligand and on the experimental conditions.

Most of the experiments were carried out by suspend-
ing thioanisole in a buffered aqueous solution (note a,
Table 1) in which the peroxomolybdenum complex is
completely soluble. Under these conditions 1 has almost
no effect (compare entries 1 and 4) and racemic sulfoxide
is obtained. These results confirm previous reports that,
in similar systems, at least stoichiometric amounts of 1
are required to achieve appreciable enantioselections.®
By contrast, in the presence of ligands 3—6 both catalysis
and asymmetric induction are observed. This is evidence
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Table 1. Asymmetric Oxidation of Thioanisole (0.55
mmol) with H20; (0.55 mmol) Catalyzed by NazMoO,
(0.025 mmol) in the Presence of Various SCD-Based
Ligands under Heterogeneous (HE), Inverse Phase
Transfer (IPT), or Homogeneous (H) Reaction

Conditions®
BCD reactn yield (%) ee, %°
entry deriv mmol conditn T,°C of PhS(O)Me (confign)
1 HE 20 68 0
2 IPT 20 9 0
3 H 20 82 0
4 1 0.025 HE 20 69 0
5 3 0.025 HE 20 91 59 (R)
6 3 008 HE 20 62 53 (R)
7 3 0.025 HE 0 87 57 (R)
8¢ 3 0.025 HE 20 85 54 (R)
9 3 0.025 IPT 20 44 53 (R)
10 3 0025 H 20 98 60 (R)
11 4 0025 HE 20 76 24 (R)
12 5 0025 HE 20 89 20 (R)
13 6 0025 HE 20 90 17(R)

@ See Experimental Section. ? Yields based on substrate conver-
sion and determined by 'H NMR (CDCls, 200 MHz) after 2 h
reaction time. ¢ Determined by {H NMR (CDCl3, 200 MHz) in the
presence of (B)-(—)-1<(9-anthryl)-2,2 2-triftuoroethanol. ¢ Reaction
carried out in 2.5 mL of aqueous HEPES buffer solution.

of an interaction between the peroxomolybdenum com-
plex and the hydrophobic recognition site of SJCD. A
further more direct evidence has been provided by
spectroscopic experiments. The reaction mixture in the
absence of SCD-based ligands exhibits the typical elec-
tronic absorption band of peroxomolybdenum species!!
(A, = 315nm, €nqc = 800) (Figure 1a). No optically active
bands are, of course, observed by circular dichroism.
Upon addition of 3, while the absorption at 315 nm is
not significantly modified, two negative induced circular
dichroism (ICD) bands are observed (Figure 1b). This is
a clear indication that the catalytic center is located in
the proximity of the chiral 3CD cavity.!? The possible
modes of interaction between the metal catalyst and the
BCD-based ligand are shown in Scheme 2, in which the
terminology adopted in the following discussion is also
explained.

The finding that the highest enantioselections are
obtained with the holohost 3 (entries 5—10) suggests that
the primary hydroxylic functions of 3CD play an impor-
tant role by interacting with molybdenum. An interac-
tion with the nitrogen atoms of the diamine is also
possible.!® This interaction causes a decrease of the
degrees of freedom of the system, leading to the formation
of an effective metal-capped apohost (Scheme 2). The
presence of the phenolic oxygens in 4 and 5, which may
compete with the hydroxylic functions of SCD, lowers the
enantioselection likely because a less effective metal-
appended apohost conformation (Scheme 2) is reached.
Furthermore, the observation that the diamine 6 provides
the lowest enantioselection may be rationalized by point-
ing out that, in this case, the catalytic center is located
above the secondary hydroxylic functions on the larger
side of the SCD molecule. This again reduces the rigidity
of the system.

As additional pieces of information, we have observed
that the enantioselection is scarcely dependent on the
temperature (entry 7), on the total concentration of the
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Figure 1. Electronic (a) and circular dichroism (b) spectra of
NasMoO, (0.00125 M) in the presence of Hy0, (0.0275 M) and
of 3 (0.00125 M) in HEPES buffer aqueous solution (0.05 M,
pH =T7).

reactants (entry 8), and on the ligand—molybdenum
ratios (entry 6).14 An important point has been addressed
concerning the relevance of the achiral oxidation of
thioanisole, e.g. the reaction which takes place in the
absence of the SCD-based ligands. This process, likely
due to the fact that thioanisole is present, though in small
concentration, in water, occurs also when 3 is added,
providing racemic sulfoxide. To minimize the achiral
path, we have carried out the oxidation in a biphasic
(H,O0—-DCE) system, taking advantage of the inverse
phase transfer capability of SCD which may extract the
substrate from DCE. Under these conditions the oxida-
tion in the absence of ligand 3 is almost suppressed (entry
2), as expected since the two reagents are not in contact.
However when 8 is added (entry 9), the enantioselectivity
is similar to that obtained under heterogeneous condi-
tions (entry 5), thus indicating that the achiral oxidation

(14) A competitive oxidation of the ligand is observed when ligand—
molybdenum ratios larger than stoichiometric are employed.
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path is not responsible for the incomplete enantioselec-
tivity achieved. A further evidence supporting the latter
conclusion is the fact that, under homogenous conditions
(aqueous methanol solution), which definitively favor the
achiral oxidation (entry 3), we obtained the highest yield
and enantiomeric excess (entry 10). At this stage of the
work at least two hypothesis could be considered; either
homogeneous conditions do not repress the inclusion of
the substrate in the SCD cavity or a chiral external
oxidation is taking place which proceeds with a similar
enantioselectivity as the chiral internal oxidation (Scheme
2). The results obtained, though not yet synthetically
significant, are of interest because they are among the
first examples of supramolecular catalysis in oxidation
reactions.’® Furthermore, the information collected should
allow an improvement of the efficiency of the chiral
oxidazing system.

Experimental Section

General. Deionized water was purified with a Milli-Q
apparatus (Millipore). Methanol and dichloromethane (HPLC
grade, Aldrich) were used as received. 1,2-Dichloroethane
(Aldrich, 99%) was washed with concentrated sulfuric acid, dried
over CaCly, and distilled over P20s. Thioanisole (Aldrich) was
purified by distillation under reduced pressure. 3—Cyclodextrin
(Fluka) was recrystallized from water and dried under vacuum
overnight at 100 °C. NasMoO; (Fluka), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Aldrich), and (R)-(—)-
1-(9-anthryl)-2,2,2-trifluoroethanol (Aldrich) were used as pur-
chased. The purity of hydrogen peroxide (30% wt solution in
water, Aldrich) was determined by iodometric titration. 'H- and
C-NMR spectra were recorded on a Bruker WP-200 spectrom-
eter. IR spectra were recorded on a FT-IR Perkin-Elmer 1600
instrument. UV—vis and CD spectra were obtained respectively
on a Lambda 5 Perkin-Elmer instrument and on a Jasco Model
J-500 automatic recording spectropolarimeter equipped with a
Jasco DP-501 N data processor.

Oxidation Procedures. All the oxidation reactions were
carried out in a jacketed glass reactor with the temperature
control better then +0.05 °C. Heterogeneous oxidations (HE):
thioanisole was suspended in 5 mL of aqueous HEPES buffer
solution (0.05M, pH = 7) in which the appropriate amounts of
Na,MoO; and of fCD or a fCD-based ligand had been previously
dissolved. To this mixture, thermostated at 20 °C, was added
hydrogen peroxide. Inverse phase transfer oxidations (IPT):
thioanisole was dissolved in 2 mL of a DCE solution which was
added, under vigorous stirring, to 5 mL of aqueous HEPES
buffer solution (0.05M, pH = 7) containing H20,, Na;MoO4, and
pCD or a SCD-based ligand. Homogeneous oxidations (H): 3
mL of a HEPES buffer water solution (0.05M, pH = 7) and 4mL

(15) It should be emphasized that the stereochemical outcome of
the reaction is just the opposite to that reported in other CD-mediated
chiral oxidations of thioanisole, with in our case the (R)-(+)-phenyl
methyl sulfoxide being the enantiomer in excess.

of CH30H were used to dissolve thioanisole in the presence of
both the catalyst and the oxidant. After 2 h all oxidation
reactions were extracted with CH2Cl; (5 mL) and the organic
phase was washed with a saturated solution of Na»S,0; and
subsequently with water, dried over anhydrous MgSO,, and
concentrated under vacuum.

Compounds 2a,% 2b,% 3,% and 6% were prepared according
to the literature. Compound 4% has been synthesized according
to a literature procedure modified as follows: the diamine
derivative 3 (1.03 g, 0.875 mmol) was suspended in dry ethanol
(10 mL) and a 5-fold excess of salicylaldehyde (0.53 g, 4.37 mmol)
was added. The suspension was stirred overnight. The yellow
solid obtained was filtered off, washed with diethyl ether, and
dried in vacuo (yield 0.6 g, 54%). 'H NMR (DMSO-dg, 6): 8.52
(s, broad, 1H, —HC=N-), 7.42—6.82 (m, 4H, phenyl), 5.72 (s,
broad, 14H, OH), 4.82 (s, broad, 7H, C1H), 4.46 (s, broad, 6H,
OH), 3.94-3.09 (m, 42H, C2H—-C6H), 3.00—2.69 (m, 4H, —~NCH,-
CHzN-). ¥C NMR (DMSO-dg, 0): 166.7 (N=CH); 161.7, 132.5,
131.9, 118.7, 118.3, 116.9 (phenyl); 102.2, 81.8, 73.3, 72.7, 72.3,
60.1 (unsubstituted glucose moieties); 83.4, 70.9, 50.0 (substi-
tuted glucose moiety); 58.2 (—CH;N=); 49.2 (-NHCH;—). Anal.
Caled for Cs5,HgoO35N28H0: C, 42.7; H, 6.74; N, 1.95. Found:
C, 42.7; H, 6.24; N, 1.91. IR characterization of compound 4
through its C=N stretching band, which is the most significative
parameter for such a class of compounds, was hampered by the
presence of a strong absorption at 1635 em™! due to water of
crystallization. A similar strong band at 1641 cm™! is observed
also in the IR spectrum of the parent SCD.

Compound 5 was obtained by reduction of compound 4 (0.5
g, 0.39 mmol) with a 10-fold excess of NaBH, (0.147 g, 3.9 mmol)
in dry methanol (50 mL). The yellow reaction mixture was
stirred overnight. After this time a white suspension was
formed. Addition of water (10 mL) gave a clear solution which
was neutralized using 10% HCI. A white solid precipitated upon
addition of acetone (1 L). This crude product was desalted by
inclusion chromatography (Sephadex G15, water eluent) (yield
0.35 g, 70%). 'H NMR (D,0, 6): 7.23-6.89 (m, 4H, phenyl), 4.95
(s, broad, 7TH, H-1), 3.80-3.36 (m, 42H, H-2—H-6), 3.28—2.77
(m, 6H, —NCH2:CH3NCH2—). C NMR (D;0, ¢): 157, 132.2,
132.0, 121.2, 120.0, 116.8 (phenyl); 103.2, 82.3, 74.4, 74.3, 73.2,
61.2 (unsubstituted glucose moieties); 102.8, 84.6, 71.1 (substi-
tuted glucose moiety); 49.8, 48.8, 46.2, 45.3 (—~CH.NCH,CH,-
NCH3Ph). Because of the variable amount of water molecules
of crystallization contained in cyclodextrin compounds, elemen-
tary analysis of compound 5 is of little help in establishing the
extent of imine reduction. This information is provided by the
disappearance of the 'H-NMR signal at 8.55 ppm (-CH=N-)
and of the 3C-NMR signal at 166.7 ppm (—CH=N-).
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