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Introduction

The synthesis of α-hydroxy carbonyl compounds of preselected
stereochemistry is of considerable interest, as this structural
array is featured in many bioactive molecules, such as vast num-
bers of flavonoids. Noteworthy in the structural assembly of
these flavonoids is that the stereochemistry of the majority of
flavonoids resides mainly in C2, C3, and C4 of the heterocyclic
C3-moiety (pyran ring). Emphasis in the present article is, how-
ever, placed on the stereochemistry of the C3 carbon bearing
the hydroxyl functionality, because the absolute configuration
of only this carbon atom is likely to be preserved under mild
reaction conditions.

Although the source of the C15-skeleton of flavonoids has
been beyond dispute for decades,[1–3] the sequence of changes
that result in the formation of a relatively diverse group of com-
pounds based on variation in the oxidation level of the C3-moiety
of the molecule remains a source of uncertainty despite impres-
sive progress in the understanding of flavonoid biosynthesis.[4]
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Although the central role of the chalcone–flavanone pair has
gained general acceptance, the biogenetic origin of the 3-
hydroxyflavonoids (Scheme 1) may conceivably be attributed
to more than one route, the possibilities considered being via
chalcone epoxides, α-hydroxychalcones, or 3-hydroxylation of
flavanones.

It was suggested decades ago that chalcone epoxides may
play an important role in the stereoselective biosynthesis of
dihydroflavonols[5] and the success that has been achieved by
the in vitro mimicking of the chalcone epoxide route[6–10] has
understandably and justifiably created expectations that this is
indeed the reactive and biosynthetic intermediate towards the
synthesis of the abundant natural dihydroflavonols.

Although evidence to unequivocally corroborate the exis-
tence of the elusive natural chalcone epoxides remains out-
standing, it is likely that revealing and irrefutable evidence
is lacking because of the high reactivity and hence short-
lived existence of such a proposed and unprotected epoxide.
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Fig. 1. Isolated chalconol glucosides and a typical chalcone epoxide.
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Notable, however, is the recent isolation from Trifolium alexan-
drinum by Mohamed et al.[11] of the analogous chalcanol glu-
cosides, 2-methoxy-4,6-dihydroxy-α′-chalcanol-α,β-epoxide-4-
O-β-d-glucopyranoside 8 and 2-methoxy-3,4,6-trihydroxy-α′-
chalcanol-α,β-epoxide-4-O-β-d-glucopyranoside 9, which is
plausibly formed via the enzymatic reduction of the correspond-
ing chalcone epoxides (e.g. 10) (Fig. 1).[12]

Roux and Ferreira[13] suggested that α-hydroxychalcones,
of which only three have been isolated to date,[14–17] offer
a viable alternative route to 2,3-trans- as well as 2,3-cis-
dihydroflavonols. More recent evidence, however, indicates that
these are presumably not intermediates representing a first step
in the biological oxygenation of either a flavanone or chalcone,
but rather compounds resulting from the isomerisation and/or
ring contraction of already formed dihydroflavonols.[18]

The stereoselective biosynthetic C3 hydroxylation of fla-
vanones by 2-oxoglutarate-dependent dioxygenases (2-ODDs)
has been conclusively evaluated and reported on.[4,19–23] This
preferred enzymatic conversion of the abundant 2S-flavanones
3 into the 2R,3R-trans isomers 4,[24] and to a lesser extent
the 2R,3S-cis isomers 5,[22] is reflected by the preference for
these configurations in nature and is also corroborated by
the exclusive isolation of the 2R,3S-cis isomers 5 of certain
dihydroflavonols.[25–30]

Although we, like the majority of chemists, take cognisance of
the complexity of biochemical transformations, an investigation
into the chemical 3-hydroxylation of flavanones, utilizing mod-
ern synthetic methodologies such as powerful chiral reagents
or catalysts seems desirable. The general applicability of N-
sulfonyloxaziridines in the hydroxylation of enolates to afford
α-hydroxy compounds[31] offered a promising opportunity to
shed more light on this intriguing biosynthetic question. More-
over, with non-racemic oxaziridines 11 (Fig. 2), these hydroxy-
lations can be carried out with high asymmetric induction and
predictable stereochemistry.[31]

In the present paper, we describe details of a comprehen-
sive study of the asymmetric hydroxylation of propiophenone
analogues, 4-chromanones, and also of flavanones using non-
racemic (camphorylsulfonyl)oxaziridines. In addition, these

∗ As both alcohol isomers are present in the reaction mixture, both of them are esterified with the (R)-(+)-Mosher acid chloride, which enables comparison
of the chemical shifts of corresponding protons of these isomers and thus allocation of the absolute configuration according to the established model. By the
same token, the % ee is conveniently calculated by the comparison of the integration values of the relevant protons (A. F. Hundt, J. F. W. Burger, J. P. Steynberg,
J. A. Steenkamp, D. Ferreira, Tetrahedron Lett. 1990, 31, 5073).

results will be related to an outstanding issue concerning the
biosynthetic route to C3-hydroxylated flavonoids.

Results and Discussion

Various oxidative methods have been developed for the syn-
thesis of α-hydroxy carbonyl compounds from ketones.[31–35]

The versatility of metal enolates, the aprotic nature of N-
sulfonyloxaziridines, and their availability in enantiopure form
(e.g. 11) made this protocol ideally suited to the stereoselective
hydroxylation of flavanone analogues (Scheme 2).

Hence, the propiophenone analogues (Scheme 3, 12–19),
reminiscent of the flavanone structural array, were exposed to an
appropriate base (lithium diisopropyl amide (LDA)), the kinetic
enolates oxidized by an oxaziridine 11 (X = Cl), and the prod-
ucts separated and identified. The absolute configuration and
% enantiomeric excesses (% ees) were determined by derivati-
zation of the non-racemic α-hydroxy carbonyl compounds with
the (R)-(+)-Mosher acid chloride, utilizing a modified Mosher’s
method.∗ These results are summarized in Tables 1 and 2.

It is clear from the results that utilization of the
dichloro(camphorylsulfonyl)oxaziridine, (+)-11 (X = Cl), led
to a good stereochemical outcome, while the chemical yields
of the desired products were satisfactory.

Notable, however, is the erosion of the stereogenic integrity
as the hydroxylation of the aromatic ring is increased. Although
the yields (chemical and ees) of compounds 12 and 13 (Table 1,
entries 1 and 2) were good, a decline in % ee for compounds
14 and 15 (Table 1, entries 3 and 4) was evident. Not only were
the yield and % ee disappointingly low for compound 15, but
the absolute configuration was R compared with the S absolute
configuration of the other oxidation products. The most obvi-
ous argument to account for this inversion of configuration is
to embrace the notion that the opposite geometry (E-isomer)
of the enolate is operational under the prevailing conditions
(Scheme 4). It is, however, clear from an investigation by Davis
et al.[36] on the geometry of various enolates that it is highly likely
that the enolate of 15 is in the Z-configuration. In the absence of
evidence to the contrary, it is conceivable that the Z-isomer is the
kinetically favoured product at the prevailing low temperature,
whereas the E-isomer predominates at higher temperatures.

Davis et al.[36] proposed both planar (AS and CR) and spiro
(BS and DR) transition states for the attack of (+)-11 (X = Cl)
on either the Si- or Re-faces of Z-enolates with the transition
state that is more favourable under each unique circumstance
resulting in the major product.

The prevailing protocol was extended to include the 4-
chromanones (Scheme 5, 20–24, Table 3). Although no obvious
discernible pattern emerged, it is worthwhile to note that sub-
stitution at the α-carbon (cf. 24) had a positive influence on the
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enantioselectivity of the reaction (ee > 95%). Further, little or no
substitution on the aromatic ring seemed to negatively impact
on the enantioselectivity as well as the yield of the reaction
(cf. 20 and 21). In contrast to the propiophenones (see above),
chromanones can only form the enolates with the E-geometry.
The stereochemistry of the stereogenic centres was confirmed
by the Mosher protocol (Table 4) and that, together with the
various yields, can be rationalized in terms of the transition states
proposed by Davis et al.[36] and Davis and Chen.[31]

Noteworthy is the very satisfactory outcome of the hydroxy-
lation of chromanone 24, which may conceivably be attributed
to, among others, the greater stability of the more substituted
enolate compared with the enolate of chromanone 20.

Flavanones (e.g. 2 and 3) represent a small but salient group
of compounds in the flavonoid family. They are considered to
be the biogenetic precursors of the C3 hydroxylated analogues
(dihydroflavonols, e.g. 4–7). Hence, stereoselective hydroxyla-
tion of those flavanones via their respective enolates and the
utilization of a chiral oxidant could possibly shed some light on
this biosynthetic pathway.

Indeed, oxidation of the enolate of racemic 30 (Scheme 6)
with chiral oxaziridine (+)-11 (X = Cl), afforded the expected
dihydroflavonol 32, in 26% yield, with the 2,3-trans-2R,3R con-
figuration dominating (57% ee) as established by the Mosher
protocol (Table 5). Extension of the established protocol to
the racemic substituted flavanone 31 led to the expected di-
hydroflavonol 33 in 13% yield, with the 2,3-trans-2R,3R iso-
mer in excess (63% ee). Conspicuous is the absence of the
diastereomeric 2,3-cis isomers, reflecting a truly amazing 100%
diastereoselectivity in favour of the 2,3-trans isomers. The
absence of the thermodynamically less stable 2,3-cis isomers
is likely explicable in terms of a strong and supporting syner-
gism between a preferred fit of the oxaziridine and the formed
enolate and a dynamic stereo-directing effect of the C2 phenyl
ring. Such a transitional spatial arrangement would govern a

Table 1. Oxidation of propiophenones
ee, enantiomeric excess

Entry Substrate Product Yield [%] ee [%] Absolute
configuration

1 12 16 89 88 S
2 13 17 95 91 S
3 14 18 91 70 S
4 15 19 45 28 R

biased electrophilic attack of the oxaziridine such that the ‘oxy-
gen’ is delivered to the opposite side of the bulky phenyl ring,
hence the exclusive formation of the 2,3-trans products. This
notable ability of the C2 phenyl group to direct selected reagents
to the ‘opposite’ side of itself (2,3-trans-type intermediate) is a
structural feature in certain flavonoids that plays a pivotal role
in many of their reactions, details of which will be discussed
elsewhere.

A disappointing feature of these reactions was the low
yields. This is, however, explicable in terms of a competitive
base-catalyzed opening of the heterocyclic ring to afford the cor-
responding chalcones, the intermediate shifting progressively
from an enolate (34) to a carbanion (35) (Scheme 7) with
increasing base concentration.[37]

Based on these observations, it was envisaged that the selec-
tion of a suitable substrate could lead to an outstanding degree
of stereoselection. Indeed, oxidation of enantiopure flavanone
37 afforded the expected dihydroflavonol 32 (Scheme 8) in
56% yield, and only the trans-2R,3R stereoisomer in 100%
diastereomeric excess (de), but also in 100% ee. Although the
likelihood of scrambling of the established chirality of the enan-
tiopure products via ring-opening or enolization is possible
under the prevailing conditions, the high % ee attained is an
unmistakable indication of a highly successful stereoselective
α-hydroxylation.

Conclusion

In conclusion, it was established (see above) that the enolate
of flavanones are stable under mild conditions and that the
stereochemistry of the formed enantioenriched dihydroflavonol
remained intact under mild workup and separation conditions.
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Table 2. 1H NMR data for the (S)-(−)-MTPA esters of 16–19 in CDCl3 (J values in Hz)
(R) and (S) notation refers to the configuration of the newly formed chiral centre. MTPA, α-methoxy-α-(trifluoromethyl)phenyl acetic

Proton 16 17 18 19

ArH 7.96–7.36 (10H, m)
H2′, H6′ (R) 7.93 (2H, d, J 9.0)
H2′, H6′ (S) 7.89 (2H, d, J 9.0)
H3′, H5′ (R) 6.95 (2H, d, J 9.0) 6.07 (2H, s)
H3′, H5′ (S) 6.95 (2H, d, J 9.0) 6.01 (2H, s)
H6′ (R) 7.90 (1H, d, J 8.8)
H6′ (S) 7.87 (1H, d, J 8.8)
H5′ (R) 6.56 (1H, dd, J 2.5, 8.8)
H5′ (S) 6.54 (1H, dd, J 2.5, 8.8)
H3′ (R) 6.44 (1H, d, J 2.5)
H3′ (S) 6.43 (1H, d, J 2.5)
MTPA ArH 7.68–7.56 (2H, m) 7.71–7.59 (2H, m) 7.59–7.48 (2H, m)

7.42–7.38 (3H, m) 7.42–7.37 (3H, m) 7.54–7.30 (3H, m)
H2 6.09 (1H, q, J 7.0) 5.96 (1H, q, J 7.0)
H2 (R) 6.13 (1H, q, J 7.0) 6.17 (1H, q, J 7.0)
H2 (S) 6.13 (1H, q, J 7.0) 6.19 (1H, q, J 7.0)
H3 (S) 1.62 (3H, d, J 7.0) 1.61 (3H, d, J 7.0) 1.53 (3H, d, J 6.8) 1.52 (3H, d, J 7.5)
H3 (R) 1.55 (3H, d, J 7.0) 1.53 (3H, d, J 7.0) 1.45 (3H, d, J 6.8) 1.42 (3H, d, J 7.5)
MTPAOMe (R) 3.64 (3H, m) 3.66 (3H, m) 3.65 (3H, m) 3.53 (3H, m)
MTPAOMe (S) 3.57 (3H, m) 3.58 (3H, m) 3.58 (3H, m) 3.48 (3H, m)
OMe (S) 3.85 (3H, s) 3.89 (3H, s), 3.84 (3H, s) 3.81 and 3.80 (9H, 2 × s)
OMe (R) 3.86 (3H, s) 3.89 (3H, s), 3.85 (3H, s) 3.74 and 3.73 (9H, 2 × s)
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Table 3. Oxidation of chromanones

Entry Substrate Product Yield [%] ee [%] Absolute
configuration

1 20 25 61 20 S
2 21 26 74 3.4 R
3 22 27 82 69 R
4 23 28 23 62 R
5 24 29 74 >95 R

Furthermore, it was confirmed that there exists a preferen-
tial facial attack on the enolate by the enantiopure oxazaridine
(+)-11 and that if such a propensity is synergistically sup-
ported by the crucial and dominating directing effect of the
bulky B-ring towards a hydroxylation step to the ‘opposite’
side, the stereochemical induction is amplified to an exception-
ally high level with the overwhelming dominance of the trans
isomers. Moreover, this investigation culminated in the success-
ful C3 hydroxylation of an enantiopure flavanone to yield the
enantiopure dihydroflavonol in acceptable yield.

The influence of the ‘fit’ of the substrate and oxidizing agent,
as well as the influence of the stereochemistry of the B-ring

and the proximity of the oxidizing agent, find a precedent in the
stereoselective C3 hydroxylation of flavanones by biosynthetic
enzymes. Different mechanisms of oxidation are applicable
although, as an SN2 mechanism is presumably applicable in
the case of the N-sulfonyloxaziridines,[31] whereas a radical
mechanism prevails in the case of the FeII 2-ODDs[20] (which
utilize 2-oxoglutarate as co-substrate to achieve the two-electron
oxidation of the substrate).

Scrutiny of a dihydroflavonol (DHF) structure (e.g. 38 in
Scheme 9) reveals the presence of labile bonds, the cleavage of
which can have a significant effect on the stereochemistry of a
particular compound. It is conceivable that the cleavage of the
O1–C2 bond, ably assisted by the inductive effect of the 4′-OH
group (as the phenoxide), is more likely than the competing
removal of H3 (C), which, in turn, is synchronized with the
departure of the relatively good leaving A-ring (benzoyl moiety)
to afford the conjugated C2–C3 double bond. For the H3 (C) to
act as the counterpart for the A-ring for elimination of these two
groups with the formation of the α-hydroxychalcone (e.g. 42),
they must be able to form an antiperiplanar-type transition state
to accomplish the favourable orbital alignment – a prerequisite
that will not be satisfied in all the cases under discussion. In con-
trast, it is clear that the formation of the quinone methide (e.g. 39)
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Table 4. 1H NMR data of the (S)-(−)-MTPA esters of 25–29 in CDCl3 (J values in Hz)
(R) and (S) notation refers to the configuration of the newly formed chiral centre. MTPA, α-methoxy-α-(trifluoromethyl)phenyl acetic

Proton 25 26 27 28 29

ArH 7.90–6.98 (9H, m) 7.83–6.40 (8H, m) 7.68–7.64 (2H, m) 7.80–7.73 (2H, m; 7.97–6.96 (9H, m)
7.45–7.37 (3H, m) 3S-isomer)
6.08–6.04 (2H, m) 7.69–7.62 (2H, m,

3R-isomer)
7.47–7.39 (3H, m)
7.18 (1H, s)
6.39 (1H, s)

H3 5.73 (1H, s)
H3 (3S) 5.92 (1H, dd, J 6.0, 12.5) 5.86 (1H, dd, J 6.0, 11.5) 5.74 (1H, dd, J 6.0, 10.5)
H3 (3R) 5.84 (1H, dd, J 6.0, 12.5) 5.78 (1H, dd, J 6.0, 11.5) 5.68 (1H, dd, J 6.0, 11.0)
H2 5.04 (1H, d, J 10.5)

4.10 (1H, d, J 10.5)
H2eq (3R) 4.62 (1H, dd, J 6.0, 11.0) 4.59 (1H, dd, J 6.0, 11.0) 4.54 (1H, dd, J 6.0, 11.0)
H2ax (3R) 4.53 (1H, dd, J 11.0, 12.5) 4.51 (1H, dd, J 11.0, 11.5) 4.47 (1H, t, J 11.0)
H2eq (3S) 4.49 (1H, dd, J 6.0, 11.0) 4.47 (1H, dd, J 6.0, 11.0) 4.40 (1H, dd, J 6.0, 11.0)
H2ax (3S) 4.36 (1H, dd, J 11.0, 12.5) 4.34 (1H, dd, J 11.0, 11.5) 4.39 (1H, dd, J 10.5, 11.0)
MTPAOMe (3S) 3.69 (3H, m) 3.68 (3H, m) 3.70 (3H, m) 3.66 (3H, m) 3.67 (3H, m)
MTPAOMe (3R) 3.58 (3H, m) 3.60 (3H, m) 3.55 (3H, m) 3.59 (3H, m) 3.59 (3H, m)
OMe 3.83 (3H, s) 3.86 (3H, s) 3.83 (3H, s)

3.82 (3H, s)
CH2CH3 4.11 (2H, q, J 7.0)
CH2CH3 1.48 (3H, t, J 7.0)
2-CH3 1.56 (3H, s)

1.35 (3H, s)
3-CH3 2.15 (3H, s)
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is accomplished in a relatively facile mode as the free rotation
of the B-ring assists the formation of a transition state in which
the obligatory orbital arrangement is possible. It is also worth
mentioning the presence of the relatively strong intramolecular
H-bond between the carbonyl functionality and the α-hydroxyl
group. The planar character of this formed five-membered ring
must have an influence on the preferred conformation of the C-
ring, hence exerting an influence on the necessary orbital overlap

to influence significantly the formation of the enol tautomer
(cf. the H3 (C) of trans- and cis-DHF). The structural features
mentioned (see above) act to abate the probable scrambling of
the formed stereogenic centres of those natural DHFs. On the
contrary, when the C-ring has opened to form the open-chain
analogue, most of the conformational restrictions mentioned
lapse, hence enabling the optimal orbital overlap to afford in
thermodynamic ratios E- and Z-α-hydroxychalcones and hence
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all the possible stereoisomers of the DHF, whereas the same α-
hydroxychalcones may lead to the diketone 43 and hence the
coumaranone 44 (Scheme 9).

These arguments are corroborated by in vitro retention of
configuration at C3[18] and the absence of deuterium incorpora-
tion at C3[38] under mild conditions, as well as the co-occurrence
of non-racemic cis- and trans-dihydroflavonol isomer pairs with
similar C3 absolute configurations in nature,[18,39] which sug-
gests the formation of a quinone methide intermediate 39 for
cis–trans isomerization[40] of 3-hydroxyflavanols under mild
conditions. 2-Benzyl-2-hydroxy-3-coumaranone 44, however,
forms only on harsh treatment,[18] which suggests the forma-
tion of an α-hydroxychalcone 42 as intermediate under those
circumstances.

A few α-hydroxychalcones[13–17] and 2-benzyl-2-hydroxy-
3-coumaranones[14,16,41–43] have been reported to be isolated
from plants, but as the conditions under which flavonoids are
isolated (Soxhlet extraction, high temperature, acid content of
EtOAc, evaporation under reduced pressure at ∼50◦C, etc.)
are comparable with the harsh conditions considered above,
the authors feel modestly confident to suggest that a distinct
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probability exists that compounds such as α-hydroxychalcones
and 2-benzyl-2-hydroxy-3-coumaranones are artefacts rather
than natural products.

The authors thus feel confident to suggest that the most prob-
able biosynthetic route towards trans- and cis-dihydroflavonols
entails the 2-ODD-catalyzed hydroxylation of flavanones,
whereas in vivo isomerization of dihydroflavonols via the
quinone methide and especially via the α-hydroxychalcone still
need to be confirmed.

Table 5. 1H NMR data of the (S)-(−)-MTPA esters of 32 and 33 in
CDCl3 (J values in Hz)

(R) and (S) notation refers to the configurations of the chiral centres at
C2 and C3. MTPA, α-methoxy-α-(trifluoromethyl)phenyl acetic

Proton 32 33

ArH 7.94–7.04 (14H, m) 7.63–7.20 (10H, m)
H-8 (2R,3R) 6.53 (1H, d, J 2.5)
H-8 (2R,3S) 6.50 (1H, d, J 2.5)
H-6 (2R,3R) 6.71 (1H, dd, J 2.5, 9.0)
H-6 (2R,3S) 6.713 (1H, dd, J 2.5, 9.0)
H-5 (2R,3R) 7.89 (1H, d, J 9.0)
H-5 (2R,3S) 7.90 (1H, d, J 9.0)
H-3 (2R,3R) 6.04 (1H, d, J 12.5) 6.04 (1H, d, J 12.5)
H-3 (2R,3S) 6.15 (1H, d, J 12.5) 6.13 (1H, d, J 12.5)
H-2 (2R,3R) 5.50 (1H, d, J 12.5) 5.51 (1H, d, J 12.5)
H-2 (2R,3S) 5.42 (1H, d, J 12.5) 5.40 (1H, d, J 12.5)
7-OMe 3.87 (3H, s)
MTPAOMe (2R,3R) 3.33 (3H, m) 3.38 (3H, m)
MTPAOMe (2R,3S) 3.55 (3H, m) 3.57 (3H, m)
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Experimental
General
1H NMR spectra were recorded on a Bruker AM-300 spec-
trometer for solutions as indicated with Me4Si as internal
standard. J values are given in Hz. Mass spectra were obtained
with a VG 70-70 instrument. TLC was performed on pre-
coated Merck plastic sheets (silica gel 60 PF254, 0.25 mm) and
the plates were sprayed with H2SO4–HCHO (40:1 v/v) after
development. Preparative plates (PLC), 20 × 20 cm, Kieselgel
PF254 (1.0 mm) were air-dried and used without prior activa-
tion. Column chromatography was on silica (Merck Kieselgel
60, 230–400 mesh) in various columns, solvent systems, and
flow rates (to be specified in each instance) under the influ-
ence of gravity or pressure from a nitrogen cylinder in the
case of flash column chromatography. Diazomethane methy-
lations were performed with an excess of diazomethane in
MeOH/diethyl ether over 48 h at −15◦C. Evaporations were
done under reduced pressure at ambient temperatures in a rotary
evaporator. 3-Methoxyphenol, 2,5-dimethoxyphenol, 2′,4′,6′-
trihydroxyacetophenone, 2′,4′-dimethoxyacetophenone, propio-
phenone 12, 4′-methoxypropiophenone 13, 4-chromanone
20, 7-ethoxy-6-methoxy-2,2-dimethyl-4-chromanone 23, 7-
methoxyflavanone 31, and flavanone 30 were obtained
from Aldrich, whereas (+)-(8,8-dichlorocamphorylsulfonyl)
oxaziridine (+)-11 was obtained from Merck. 2′,4′,6′-
Trimethoxyacetophenone[36] was prepared by the methyl-
ation of 2′,4′,6′-trihydroxyacetophenone with dimethylsulfate
in dry acetone. 2′-Hydroxy-4′-methoxyacetophenone was pre-
pared by the regioselective diazomethane methylation of 2′,4′-
dihydroxyacetophenone.

Preparation of Propiophenones 14 and 15
LDA was prepared by standard procedure from equivalent
amounts of dry diisopropylamine and butyllithium (BuLi) in
freshly distilled anhydrous tetrahydrofuran (THF) at 0◦C over
∼10 min under argon and subsequently cooled to −78◦C, where-
after a solution of the appropriate acetophenone, in dry THF,
was slowly transferred to the base and stirred for ∼30 min in
an argon atmosphere to form an enolate. MeI was added and
the temperature kept at −78◦C for 0.5 h, then at −40◦C for
1 h and finally at 0◦C for 2–6 h. Following completion of the
reaction according to TLC, NH4Cl was added and the reac-
tion mixture extracted with diethyl ether (×3). The organic
layer was concentrated under vacuum and the products puri-
fied to afford 2′,4′-dimethoxypropiophenone 14 with NMR
data entirely consistent with those published[44] and 2′,4′,6′-
trimethoxypropiophenone 15. δH (CDCl3) 6.08 (2H, s, H3′ and
H5′), 3.80 (3H, s, 1 × OMe), 3.75 (6H, s, 2 × OMe), 2.72 (2H,
q, J 7, H2) and 1.11 (3H, t, J 7, H3) in acceptable yields.

7-Methoxychroman-4-one 21
Exposure of 3-(3′-methoxyphenoxy)propionitrile (5.0 g,
28 mmol), prepared in 66% yield from 3-methoxyphenol, acry-
lonitrile, and Triton (40% benzyltrimethylammonium hydroxide
in methanol), to Hoesch reaction conditions[45] afforded the title
compound[46] 21 as an amorphous solid (3.6 g, 24 mmol, 70%),
the 1H NMR data completely consistent with those published.[47]

Found: [M+] m/z 178.0633. Calc. for C10H10O3 178.0630.

5,7-Dimethoxychroman-4-one 22
Exposure of 3-(3′,5′-dimethoxyphenoxy)propionitrile (7.4 g,
36 mmol), prepared in 70% yield from 3,5-dimethoxyphenol,

acrylonitrile and Triton (40% benzyltrimethylammonium
hydroxide in methanol), to Hoesch reaction conditions[45]

afforded the title compound[46] 22 as an amorphous solid (3.8 g,
18 mmol, 52%). δH (C3D6O) 6.15 (1H, s, H6 or H8), 6.08 (1H,
s, H6 or H8), 4.43 (2H, t, J 6.2, H2), 3.83 (3H, s, 1 × OMe),
3.79 (3H, s, 1 × OMe), 2.58 (2H, t, J 6.2, H3). Found: [M+] m/z
208.0740. C11H12O4 requires M 208.0736.

3-Methylchroman-4-one 24
An enolate of chroman-4-one (2.0 g, 13 mmol) in anhydrousTHF
(75 mL) was prepared by transferring the chroman-4-one solu-
tion to freshly prepared LDA (1.2 equiv.) in dry THF (20 mL)
at −78◦C, whereafter MeI (1.2 equiv.) was added. After 0.5 h,
the reaction temperature was increased to −40◦C for 1 h and
finally to 0◦C for 2–6 h. Following completion of the reaction
according to TLC, NH4Cl was added and the reaction mixture
extracted three times with ethyl acetate. The organic layer was
concentrated under vacuum and the product purified by means
of column chromatography with hexane/ethyl acetate/acetone
(9:0.5:0.5, v/v) to yield the title compound 24 as an amorphous
solid (1.53 g, 9.43 mmol, 73%) and 1H NMR data consistent
with those published.[48] Found: [M+] m/z 162.0679. C10H10O2
requires M 162.0681.

General Oxidation Procedure[36]

The appropriate base (LDA or 0.88 M N-sodiohexamethyldisi-
lazane (NHMDS)) in freshly distilled dry THF was cooled to
−78◦C, whereafter a solution of the ketone in THF was slowly
transferred to the base and the mixture stirred for ∼30 min in
an argon atmosphere. The mixture was warmed to −40◦C, kept
at this temperature for 0.5 h, and cooled to −78◦C, whereafter
a solution of (+)-(8,8-dichlorocamphorylsulfonyl)oxaziridine
(+)-11 (1.2 equiv. propiophenones, 1.5 equiv. chromanones and
7-methoxyflavanone 31, or 1.7 equiv. flavanone 30) in dry THF
was added slowly over 20 min. The reaction was subsequently
quenched by the addition of a saturated NH4Cl solution, diluted
with diethyl ether at −78◦C, and allowed to reach room tem-
perature. The aqueous layer was extracted with diethyl ether
(3 × 25 mL) and the combined organic layers were washed
with saturated aq. Na2S2O3 (2 × 20 mL) and brine solutions
(2 × 20 mL). The organic layer was dried with Na2SO4, filtered,
and the filtrate concentrated under reduced pressure.

Silylation and Desilylation[49,50]

To facilitate the separation of the substrate chromanone (except
25) and 7-methoxyflavanone 31 from the respective reaction
products, silylation was performed after workup of the oxidation
mixture. The residue of the oxidation mixture was dried in ben-
zene, after which 4-(dimethylamino)pyridine (DMAP; 5 mg),
imidazole (2 equiv.), tert-butyldimethylsilyl chloride (TBDM-
SCl; 1.2 equiv. for the chromanones and 1.5 for the flavanone),
and dry THF (2 mL) were added. The reaction mixture was
stirred for 12 h, after which ether (50 mL) was added. Filtration,
followed by concentration under vacuum and flash chromato-
graphy with hexane/acetone (9:1, v/v) yielded the pure silyl ether.
This derivative was dissolved in a minimum volume of dry THF
(∼2 mL), whereafter tetrabutylammonium fluoride (TBAF; 1.5
equiv.) was added. After 5 min, a saturated aq. NH4Cl solu-
tion was added and the reaction mixture extracted with ether
(3 × 20 mL). The combined organic layers were dried (Na2SO4)
and concentrated under vacuum to afford the α-hydroxy ketone.
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Absolute Configuration and ee Determinations
The (S)-(−)-α-methoxy-α-(trifluoromethyl)phenyl acetic deriva-
tives ((S)-(−)-MTPA) of the α-hydroxy compounds were pre-
pared according to the standard procedure[51] and separated.
Analysis of the NMR spectra of these MTPA esters not only
established their structures, but also gave unambiguously the per-
centage ee as well as the absolute configuration of the dominant
stereoisomer.[52]

(S)-α-Hydroxypropiophenone 16
Application of the oxidation procedure to propiophenone 12
(201.3 mg, 1.50 mmol), in anhydrous THF (8 mL), with LDA
(1.2 equiv.) in dry THF (2 mL) afforded, after flash chromato-
graphy purification with hexane/ethyl acetate/acetone (8:1:1,
v/v), the title compound 16 as an amorphous solid (200.5 mg,
1.335 mmol, 89.00% yield and 88% ee), with 1H NMR data
consistent with those published.[53] Found: [M+] m/z 150.0682.
C9H10O2 requires M 150.0681.

(S)-α-Hydroxy-4′-methoxypropiophenone 17
Application of the oxidation procedure to 4′-methoxypropio-
phenone 13 (98.9 mg, 0.602 mmol) in anhydrous THF (5 mL)
with LDA (1.2 equiv.) in dry THF (2 mL) afforded, after flash
chromatography purification with hexane/ethyl acetate/acetone
(8:1:1, v/v), the title compound 17 as an amorphous solid
(103.3 mg, 0.5732 mmol, 95.2% yield and 91% ee). δH (CDCl3)
7.90 (2H, d, J 7.0, H2′), 6.95 (2H, d, J 7.0, H3′), 5.09 (1H, q, J
7.0, H2), 3.83 (3H, s, 1 × OMe), 1.42 (3H, d, J 7.0, H3). Found:
[M+] m/z 180.0782. C10H12O3 requires M 180.0786.

(S)-α-Hydroxy-2′,4′-dimethoxypropiophenone 18
Application of the oxidation procedure to 2′,4′-dimethoxypropio-
phenone 14 (100.0 mg, 0.5149 mmol) in anhydrous THF (5 mL)
with LDA (1.2 equiv.) in dry THF (2 mL) afforded, after flash
chromatography purification with hexane/ethyl acetate/acetone
(7:2:1, v/v), the title compound 18 as an amorphous solid
(98.7 mg, 0.469 mmol, 91.1% yield and 70% ee). δH (CDCl3)
7.89 (1H, d, J 8.9, H6′), 6.56 (1H, dd, J 8.9 and 2.8, H5′), 6.44
(1H, d, J 2.8, H3′), 5.10 (1H, q, J 7.0, H2), 3.88 (3H, s, 1 × OMe),
3.85 (3H, s, 1 × OMe), 1.30 (3H, d, J 7.0, H3). Found: [M+] m/z
210.0889. C11H14O4 requires M 210.0892.

(R)-α-Hydroxy-2′,4′,6′-trimethoxypropiophenone 19
Application of the oxidation procedure to 2′,4′,6′-trimethoxy-
propiophenone 15 (84.4 mg, 0.376 mmol) in anhydrous THF
(5 mL) with LDA (1.2 equiv.) in dry THF (2 mL) afforded,
after flash chromatography purification with hexane/ethyl
acetate/acetone (7:2:1, v/v), the title compound 19 as an amor-
phous solid (40.5 mg, 0.169 mmol, 44.9% yield and 28% ee). δH
(CDCl3) 6.12 (2H, s, H3′ and H5′), 4.79 (1H, q, J 7.0, H2), 3.84
(3H, s, 1 × OMe), 3.78 (3H, s, 1 × OMe), 1.28 (3H, d, J 7.0, H3).
Found: [M+] m/z 240.1001. C12H16O5 requires M 240.0998.

(R)-3-Hydroxychroman-4-one 25
Application of the oxidation procedure to chroman-4-one 20
(100.0 mg, 0.6749 mmol) in anhydrous THF (2.5 mL) with
0.88 M NHMDS (1.5 equiv.), afforded, after flash chromato-
graphy purification with hexane/acetone (9:1, v/v), the title
compound 25 as colourless needles (67.3 mg, 0.410 mmol,
60.7% yield and 20% ee). mp 58–60◦C (lit.[54] 57–58◦C) with
1H NMR data consistent with those published.[54] Found: [M+]
m/z 164.0476. C9H8O3 requires M 164.0474.

(R)-3-Hydroxy-7-methoxychroman-4-one 26
Application of the oxidation procedure to 7-methoxychroman-4-
one 21 (219.1 mg, 1.230 mmol) in anhydrous THF (2.5 mL) with
0.88 M NHMDS (1.5 equiv.) in dryTHF afforded, after silylation
and desilylation purification, the title compound 26 as colourless
needles (176.7 mg, 0.910 mmol, 73.98% yield and 3.4% ee). mp
104–106◦C. δH (CDCl3) 7.78 (1H, d, J 9.0, H5), 6.60 (1H, dd,
J 9.0 and 2.8, H6), 6.39 (1H, d, J 2.8, H8), 4.62 (1H, dd, J 10.0
and 6.5, H3), 4.52 (1H, dd, J 13.0 and 6.5, H2eq), 4.08 (1H, dd, J
13.0 and 10.0, H2ax), 3.82 (3H, s, 1 × OMe). Found: [M+] m/z
194.0584. C10H10O4 requires M 194.0579.

(R)-5,7-Dimethoxy-3-hydroxychroman-4-one 27
Application of the oxidation procedure to 5,7-dimethoxy-
chroman-4-one 22 (256.0 mg, 1.230 mmol) in anhydrous THF
(2.5 mL) with 0.88 M NHMDS (1.5 equiv.) in dry THF afforded,
after silylation and desilylation purification, the title compound
27 as colourless needles (226.4 mg, 1.01 mmol, 82.11% yield
and 69% ee). mp 121–123◦C. δH (CDCl3) 6.04 (1H, d, J 2.0, H6
or H8), 6.02 (1H, d, J 2.0, H6 or H8), 4.56 (1H, dd, J 7.1 and
4.8, H3), 4.39 (1H, dd, J 9.8 and 4.8, H2eq), 3.99 (1H, dd, J 9.8
and 7.1, H2ax), 3.86 (3H, s, 1 × OMe), 3.80 (3H, s, 1 × OMe).
Found: [M+] m/z 224.0684. C11H12O5 requires M 224.0685.

(R)-7-Ethoxy-3-hydroxy-6-methoxy-2,2-dimethylchroman-
4-one 28
Application of the oxidation procedure to 7-ethoxy-6-methoxy-
2,2-dimethylchroman-4-one 23 (307.7 mg, 1.229 mmol) in
anhydrous THF (2.5 mL) with 0.88 M NHMDS (1.5 equiv.)
in dry THF afforded, after silylation and desilylation purifi-
cation, the title compound 28 as colourless needles (75.3 mg,
0.283 mmol, 23.0% yield and 62% ee). mp 119–121◦C. δH
(CDCl3) 7.15 (1H, s, H5 or H8), 6.35 (1H, s, H5 or H8), 4.33 (1H,
s, H3), 4.10 (2H, q, J 7.0, CH3CH2O), 3.84 (3H, s, 1 × OMe),
1.60 (3H, s, 2-CH3), 1.47 (3H, t, J 7.0, CH3CH2O), 1.19 (3H,
s, 2-CH3). Found: [M+] m/z 266.1152. C14H18O5 requires M
266.1154.

(R)-3-Hydroxy-3-methylchroman-4-one 29
Application of the oxidation procedure to 3-methylchroman-4-
one[55] 24 (216.7 mg, 1.336 mmol) in anhydrous THF (2.5 mL)
with 0.88 M NHMDS (1.5 equiv.) in dry THF afforded, after
silylation and desilylation purification, the title compound 29
as an amorphous solid (177 mg, 0.995 mmol, 74.48% yield and
>95% ee). δH (CDCl3) 7.90–7.84 (1H, m, ArH), 7.55–7.47 (1H,
m, ArH), 7.09–6.95 (2H, m, ArH), 4.29 (2H, d, J 11.2, H2), 4.18
(2H, d, J 11.2, H2), 2.15 (3H, s, 1 × OMe). Found: [M+] m/z
178.0636. C10H10O3 requires M 178.0630.

(2R,3R)-Dihydroflavonol 32
Application of the oxidation procedure to flavanone 30
(200.0 mg, 0.8918 mmol) in anhydrous THF (5 mL) with 0.88 M
NHMDS (1.2 equiv.) in dry THF afforded, after flash chromato-
graphy purification with hexane/ethyl acetate/acetone (90:5:5,
v/v), the title compound 32 as an amorphous solid (55.6 mg,
0.231 mmol, 25.9% yield, 57% ee) and 1H NMR data consistent
with those published.[56] Found: [M+] m/z 240.0786. C15H12O3
requires M 240.0787.

In a similar procedure, oxidation of (2S)-flavanone 37[57]

(200.0 mg, 0.8918 mmol) afforded the title compound 32
as white needles[56] (119.7 mg, 0.4982 mmol, 55.86% yield,
100% ee).
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(2R,3R)-7-Methoxydihydroflavonol 33
Application of the oxidation procedure to 7-methoxyflavanone
31 (254.3 mg, 1.00 mmol) in anhydrousTHF (5 mL) with 0.88 M
NHMDS (1.5 equiv.) in dry THF, afforded, after silylation and
desilylation purification, the title compound 33 as an amor-
phous solid (35.1 mg, 0.130 mmol, 13.0% yield, 63% ee), with
1H NMR data completely consistent with those published.[58]

Found: [M+] m/z 270.0893. C16H14O4 requires M 270.0892.
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