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Abstract We report a straightforward method for the synthesis of
five-membered 1,3-dioxolan-4-ones by an unprecedented oxidative
alkene geminal difunctionalization strategy using a-hydroxy carboxylic
acids. Under the geminal oxidative addition conditions, various substi-
tuted a-hydroxy carboxylic acids and styrenes containing a variety of
substituents, including B-substituted styrenes, were effectively coupled
regioselectively (anti-Markovnikov) with an isobutyl-substituted chiral
a-hydroxy carboxylic acid, providing an annulation with excellent dia-
stereoselectivity. An aryl migration in the semipinacol rearrangement
leading to geminal oxidative addition of the a-hydroxy carboxylic acids
was confirmed by deuterium-labelling and control studies.

Key words dioxolanones, geminal difunctionalization, regioselectivi-
ty, rearrangement, aryl migration

Installation of new chiral centers or stereoselective
transformation using a chiral auxiliary (the chiral pool ap-
proach) remains an attractive and powerful strategy in or-
ganic synthesis. Because of its effectiveness in stereocontrol
and its broad applicability, the chiral pool approach has
been routinely employed in stereoselective syntheses of en-
antiopure compounds, despite the emergence of efficient
catalytic asymmetric synthetic methods. The five-mem-
bered chiral 1,3-dioxolan-4-one unit is among the most
highly privileged and most widely used chiral scaffolds in
asymmetric synthesis.! The remarkable work of Seebach
and co-worKkers, illustrating the power of self-regeneration
of stereoisomers has popularized the use of dioxolanones as
chiral auxiliaries in asymmetric synthesis.?3 Due to their ef-
fectiveness in generating new stereogenic centers, chiral
1,3-dioxolan-4-ones are widely used in syntheses of a vari-
ety of chiral building blocks, especially through a-function-
alizations of carbonyl groups,?**4 the Petasis-Ferrier rear-
rangement,® cycloadditions,® and radical reactions.” These
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have been used as powerful tools in syntheses of complex
natural products and in stereocontrolled polymerizations.8°
Moreover the 1,3-dioxolan-4-one moiety is also found as a
key structural motif in many bioactive natural products.'°
Five-membered 1,3-dioxolan-4-ones are conventionally
synthesized by Lewis or Bregnsted acid mediated condensa-
tion of a-hydroxy carboxylic acids with aldehydes.'“? Ow-
ing to the importance of 1,3-dioxolan-4-ones as useful syn-
thons, various methods have been developed for their syn-
thesis by using such Lewis or Brgnsted acids as Bi(NOs),,
BF;-OEt,, I,, TsOH, TfOH, or MsOH, or dehydrating agents,
such as P,0;, under microwave conditions (Scheme 1A).™
Yamamoto and co-workers have developed a highly effi-
cient and diastereoselective Sc(OTf);/Sc(NTf);-catalyzed
condensation of chiral a-hydroxy carboxylic acids with al-
dehydes or ketones.'> Senanayake and co-workers investi-
gated in detail the factors that control the diastereoselectiv-
ity of the condensation, and they developed a multikilo-
gram protocol for the synthesis of (S)-cyclohexyl-
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Scheme 1 Approaches to the synthesis of 1,3-dioxolan-4-ones
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(phenyl)glycolic acid.’® Although variety of efficient meth-
ods has been reported for the synthesis of 1,3-dioxolan-4-
ones, most of them rely on a dehydrative acetal-type con-
densation between an aldehyde and an a-hydroxy carbox-
ylic acid mediated either by activation of the carbonyl
group or by dehydration.

Intriguingly, however, only a few methods are available
based on other approaches. 1,3-Dioxolan-4-ones have also
been obtained by protic-acid-mediated or Cu(OTf),- or
Al(OTf),_catalyzed intramolecular lactonization through ad-
dition of a tethered carboxylic acid to an alkene, and also by
aldol-type addition of a carbonyl group to an akene through
tethered lactonization of a carboxylic acid (Scheme 1B).'4
Dixneuf and co-workers reported an elegant and highly di-
astereoselective Ru(Il)-catalyzed addition of a-hydroxy car-
boxylic acids to terminal alkynes for the synthesis of 1,3-di-
oxolan-4-ones.'® Despite the high utility of 1,3-dioxolan-4-
ones in organic synthesis, there are few alternative meth-
ods to the condensation reaction for the synthesis. In this
context, we report a concise method for the synthesis of
1,3-dioxolan-4-ones through oxidative difunctionalization
of olefins, mediated by bromonium ion, in a highly regiose-
lective manner (Scheme 1C).

We recently reported that vinylarenes can be oxidative-
ly difunctionalized in a stereoselective manner by haloni-
um-mediated methods, providing straightforward access to
nitrogen- or oxygen-containing heterocycles.'® With our
continued interest in oxidative geminal difunctionalization
of alkenes, and with the scarcity of available methods for
the synthesis of 1,3-dioxolan-4-ones, we surmised that suc-
cessful geminal addition of a-hydroxy carboxylic acids to
alkenes might provide a concise access to 1,3-dioxolan-4-
ones directly from alkenes. Accordingly, when we treated
(R)-(-)-mandelic acid (1a), an a-hydroxy carboxylic acid,
with styrene (2a) under our prototype bromonium ion me-
diated conditions (NBS, AgOTf, CH,Cl,, 1 h, rt),'6* we were
pleased to observe that the 1,3-dioxolan-4-one product 3a
was obtained in a good yield through geminal addition, al-
beit as a mixture of diastereomers (Scheme 2)
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-
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1a 2a

Scheme 2 Synthesis of a 1,3-dioxolan-4-one through a geminal addi-
tion to styrene (2a)
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Encouraged by these results, which demonstrated the
feasibility of a straightforward synthesis of 1,3-dioxolan-4-
ones from styrene through geminal addition, we decided to
study the scope of the reaction further. First, we studied the
effects on the geminal addition of substituents on the a-hy-
droxy carboxylic acid (Table 1). The a-hydroxy carboxylic

acids 1b-e, containing various substituents at the o-posi-
tion, reacted smoothly with styrene (2a) (NBS, AgOTf,
CH,CI,, 1 h, rt) to give good yields of the corresponding 1,3-
dioxolan-4-ones 3b-e. Interestingly, the chiral a-hydroxy
carboxylic acid 1f containing a 2-butyl group derived from
L-isoleucine, on reaction with styrene, afforded a single di-
astereomer of the 1,3-dioxolan-4-one 3f exclusively and in
a good yield. The disubstituted and unsubstituted o-hy-
droxy carboxylic acids 1g and 1h, respectively, also under-
went efficient geminal addition reactions with styrene to
furnish the corresponding 1,3-dioxolan-4-ones 3g and 3h
as sole products with good regioselectivity.

Table 1 Geminal Addition of Substituted a-Hydroxy Carboxylic Acids
to Styrene (2a)

R
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Reaction conditions: 1 equiv (0.50 mmol) of corresponding a-hydroxy acid 1a-h,
1.5 equiv of 2a, 1.2 equiv of NBS, 1.4 equiv of AgOTf, 5 mL of CH,Cl,. Isolated yields

We then examined the effects of substituents on the
styrene on the geminal oxidative addition reaction (Table
2). Styrenes 2i-1 containing alkyl substituents at the ortho-,
meta- or para-positions, on reaction with the a-hydroxy
carboxylic acid 1g, afforded good yields of the correspond-
ing 1,3-dioxolan-4-ones 3i-1 through geminal addition (Ta-
ble 2, entries 1-4). Interestingly, styrenes 2m and 2n, con-
taining electron-withdrawing substituents, also reacted ef-
fectively with the a-hydroxy carboxylic acid 1g to furnish
the 1,3-dioxolan-4-ones 3m and 3n, respectively, under the
same oxidative conditions (NBS, AgOTf, CH,Cl,, rt, 1 h) (en-
tries 5 and 6). The B-substituted styrenes, cis- and trans-
stilbenes 20 and 2p, respectively, on reaction with a-hy-
droxy carboxylic acid 1g both gave the 1,3-dioxolan-4-one
30 as the sole product (entries 7 and 8). Similarly, the cis-
and trans- B-methyl styrenes 2q and 2r, on reaction with a-
hydroxy carboxylic acid 1g, also both gave the single 1,3-di-
oxolan-4-one 3q as the sole product (entries 9 and 10).
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Table 2 Geminal Addition of a-Hydroxy Carboxylic Acid 1g to Substi-
tuted Styrenes
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2 Reaction conditions: same as Table 1. ° Isolated yields.

To gain some mechanistic insights into the geminal oxi-
dative addition of a-hydroxy carboxylic acids to vinyl-
arenes, we conducted control experiments using carboxylic
acids and an alcohol as mononucleophiles (Scheme 3). The
alkyl and the aryl carboxylic acids 4 and 6, on reaction with

styrene (2a) (NBS, AgOTf, CH,Cl,, rt, 1 h), formed only the
vicinal addition products 5 and 7, respectively (Scheme 3, A
and B), and did not give geminal addition products, where-
as alcohol 8, under the same reaction conditions, formed
the geminal addition product 9 exclusively (Scheme 3C),
showing that the regioselectivity is dependent on the na-
ture of the nucleophile being added.
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Scheme 3 Control experiments

The reaction of B,-dideuterostyrene (2s) with a-hy-
droxy carboxylic acid 1g provided the dideuterobenzyl-
substituted 1,3-dioxolan-4-one 3s as the sole product in
good yield (Scheme 4).

HsG,

OH DJ.D
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0™ "OH * 1 h, 63%
1g 2s

Scheme 4 Deuterium-labelling studies

A plausible mechanism for the geminal oxidative addi-
tion reaction, based on the control studies and the deuteri-
um-labelling study, is presented in Scheme 5. Activation of
alkene 2s by formation of bromonium ion, followed by the
regioselective ring-opening addition of the hydroxy group
of 1g provides the B-bromo benzylic ether I-1. The forma-
tion of the dideuterobenzyl-substituted 1,3-dioxolan-4-one
3s (see Scheme 4) as the only product in the addition reac-
tion of B,p-dideuterostyrene (2s) clearly demonstrates that
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Scheme 5 Plausible pathway for the geminal addition of a-hydroxy carboxylic acids to a vinylarene

the reaction follows a single pathway involving the forma-
tion of phenonium ion I-2 and subsequent migration of the
phenyl group from the benzylic (a-position) to the methy-
lene (B-position) driven by the formation of the oxonium
ion intermediate I-3 (Scheme 5). Furthermore, this is in ac-
cordance with the observed dependence of the regioselec-
tivity on the nature of the nucleophile being added (cf.
Scheme 3, B and C). This indicates the essential role of the
functional group in the formation of a favorable carboca-
tion through neighboring-group participation, thereby con-
trolling the regioselectivity of the addition process. Eventu-
ally, the tethered carboxylic acid adds to the oxonium ion I-
3 to form the 1,3-dioxolan-4-one 3s in an overall geminal
addition process.

In summary, a, bromonium-ion-mediated, straightfor-
ward synthesis of 1,3-dioxolan-4-ones has been developed
through highly regioselective (anti-Markovnikov) geminal
addition of a-hydroxy carboxylic acids to vinylarenes.!” In
this unprecedented approach, the reaction proceeds
through geminal oxidative dioxygenation of a hydrocarbon
(olefin) facilitated by NBS and AgOTf, in which two new C-
0 bonds are formed. This geminal addition works efficient-
ly with various substituted o-hydroxy carboxylic acids to
provide 1,3-dioxolan-4-ones in good yields. Moreover, a
chiral a-hydroxy carboxylic acid derived from isoleucine,
which contained a 2-butyl substituent at the a-position,
formed the corresponding annulation product with excel-
lent diastereoselectivity. The a-hydroxy carboxylic acids
added effectively to variety of substituted styrenes with
complete regioselectivity. Control studies using carboxylic
acids and alcohols as nucleophiles exclusively gave vicinal
and geminal addition products, respectively. This supports
the essential role of neighboring-group-participation-facili-
tated formation of an oxonium ion in achieving selective
geminal addition in a highly regioselective manner. The in-
volvement of aryl-group migration leading to geminal oxi-
dative addition was confirmed by deuterium-labelling
studies.
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Diastereomer B: white solid; mp 53-54 °C; [0]p2* -38.2 (c 1.0,
CHCI,). IR (thin film): 3031, 2924, 1797, 1495, 1454, 1215, 1177,
1109, 992, 934 cm~'. '"H NMR (400 MHz, CDCl,): & = 7.38-7.25
(m,10H), 6.02 (t,J=3.9Hz, 1H),5.11(s, 1 H),3.21(d,J=4.2 Hz,
2 H). 3C NMR (100 MHz, CDCl,): 8 = 164.1, 126.6, 126.0, 123.2,
122.0, 121.9, 121.6, 120.4, 118.9, 97.9, 68.3, 34.3. HRMS (ESI-
QTOF): m/z [M + NaJ* calcd for C;H;,NaO5: 277.0841; found:
277.0850.

2-Benzyl-5,5-dimethyl-1,3-dioxolan-4-one-d, (3s)

Colorless oil; yield: 66 mg (63%). IR (thin film): 2984, 2926,
1798, 1387, 1281, 1183, 1008, 986 cm~'. 'H NMR (400 MHz,
CDCly): & = 7.34-7.25 (m, 5 H), 5.72 (s, 1 H, HCCD,Ph), 1.38 (s, 3
H), 1.34 (s, 3 H). 3C NMR (100 MHz, CDCl3): 8 =175.4, 133.3,
130.1, 128.4, 127.2, 101.9, 77.2, 40.4 (quint, 3J.p=19.6 Hz),
244, 21.8. HRMS (ESI-QTOF): m/z [M + Na]* calcd for
C;,H;,D,Na05: 231.0966; found: 231.0969.
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