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Abstract
Halogenated butyrolactones are found in a variety of bioactive materials and used for the construction of nucleoside analogues.
Short procedures for their synthesis have been developed starting with levoglucosenone, which can be obtained in a single step
from the pyrolysis of acid-treated cellulose. The processes use inexpensive reagents for the stereoselective C3 functionalization of
the bicyclic ring system, with a subsequent Baeyer–Villiger oxidation affording the fluorinated, chlorinated, and brominated
dideoxyribonolactones.
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Introduction
The γ-butyrolactone ring is a privileged scaffold found in
natural products and can be used as a valuable intermediate in
synthesis [1,2]. Several nucleoside analogue drugs are prepared
using γ-butyrolactones, that when reduced give pentose sugars
that can be used as glycosyl donors [3,4]. A number of these
clinically used drugs contain fluorine as a hydroxy bioisostere
at C2, most notably gemcitabine (1) and sofosbuvir (2). Fluori-
nation at C2 in the nucleoside results in metabolic stability and
resistance to hydrolysis as it destabilizes the formation of a C1
oxocarbenium ion [5,6]. Trifluoromethylated γ-butyrolactones
also find applications as antiviral agents, for example, lactone 4
which has activity against influenza [7], while chlorinated ana-
logues such as 3 have demonstrated activity against hepatitis C
(Figure 1) [8]. Stereoselective methods to access halogenated
γ-butyrolactones are therefore valuable, as they enable access to

nucleoside analogues which have applications in treating cancer
and certain infections.

The preparation of 2-halo-2-deoxy-ᴅ-ribose derivatives can be
achieved via the modification of the parent sugar [9,10] or
chain-elongation strategies from lower homologues. For exam-
ple, Castro and co-workers have demonstrated the synthesis of a
dichlorinated 2-deoxypentose via the addition of dichloro-
magnesium enolates to protected ᴅ-glyceraldehyde [11]. In
1988, Hertel et al. from the Lilly laboratories published the first
synthesis of the clinically important anticancer agent
gemcitabine, using an intermediate γ-butyrolactone constructed
using protected ᴅ-glyceraldehyde and ethyl bromodifluoroac-
etate under Reformatsky conditions [12]. While this reaction is
still used in recent patents concerning the synthesis of
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Figure 1: Halogen-containing butyrolactone-derived bioactives.

gemcitabine, the drug’s commercial success has driven interest
in alternative procedures for its synthesis [13], as well as the ex-
tensive evaluation of other halogenated derivatives [14,15].

In recent years, the chiral biomass derivatives levoglucosenone
(LGO, 5) and its reduced form Cyrene® (6) have gained in-
creased attention as platforms for drug discovery [16-19]. The
bicyclic ketone 5 is the major product from the pyrolysis of
acid-treated cellulose [20], while its reduced form 6, which is
sold as a solvent, is an inexpensive commercially available
reagent (Scheme 1) [21]. Monohalogenation of LGO giving
chloride 7a [22] and bromide 7b [23] is readily achieved in a
single step, however, fluorinated 7c, which is a potent inflam-
masone inhibitor (0.8 ± 0.5 µM), has only been reported in a
12-step procedure starting with glucose in an overall yield of
2% [24]. Enol esters [25], enolates [26], enamines [27,28], and
silyl enol ethers [29], some of which can be derived from LGO,
have been used in electrophilic fluorination and trifluoromethyl-
ation strategies. It was envisaged that halogenation could be
combined with the Baeyer–Villiger oxidation which yields the
butyrolactones by excision of C5, a reaction which is tolerant to
substitution at C3 and can be carried out on a kilogram scale
[30]. The present work was focussed on the development of ad-
ditional halogenation reactions for 5 to give substrates for the
Baeyer–Villiger oxidation resulting in halogenated butyrolac-
tones, which is an unexplored chemical space for this biomass
derivative.

Scheme 1: Preparation of chlorinated and brominated lactones 8a,b
and 11a,b.

Results and Discussion
The halogenated LGO derivatives 7a and 7b were prepared
using literature procedures [22,23]. The reaction of alkenyl
halides 7a and 7b with the green oxidant H2O2 gave trace
conversion after 3 days; however, the reaction using m-CPBA
catalyzed with p-TSA was complete in 24 hours and afforded
the halogenated lactones 8a and 8b in 33% and 34% yield, re-
spectively (Scheme 1). We have recently reported the C3 mono-
chlorination and bromination of ketone 6 via enamine 9a [31],
and it was envisaged that 9a would be a suitable substrate to
achieve the double halogenation using an excess of electrophil-
ic halogen. When enamine 9a was treated with 1.0 mol equiva-
lent of trichloroisocyanouric acid (TCCA), a reagent which can
transfer all three chlorine atoms [32], dichlorinated ketone 10a
was obtained in 88% yield following acidic workup. Similarly,
treatment of enamine 9a with 3.0 equivalents of N-bromosuc-
cinimide and acidic hydrolysis gave dibrominated material 10b
in excellent yield. This procedure is attractive due to the ready
availability of enamine 9a; however, direct double halogena-
tion of 6 may also be possible using an excess of halogenation
agent in DMSO [31]. The Baeyer–Villiger oxidation using
H2O2 in MeCN gave the desired chiral lactones 11a and 11b in
moderate to good yield following an acidic workup to cleave
the intermediate formate ester.

Fluorination of enamine 9a with Selectfluor (SF) resulted only
in hydrolysis with conditions adapted from Peng and Shreeves
work [28]; and likewise, the base-promoted (KOt-Bu, LHMDS)
fluorination of ketone 6 with Selectfluor was unsuccessful.
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However, when ketone 6 was converted into the silyl enol ether
12 and treated with Selectfluor, fluorinated ketone 13 was
formed as the major product after aqueous workup (Scheme 2).
When the solution of 13 was concentrated following flash
column chromatography, rapid decomposition was observed,
which may explain failures with many fluorination attempts.
Maintaining some residual solvent allowed for the characteriza-
tion of compound 13 by NMR spectroscopy. Stereochemical as-
signment in 13 was based on a large trans-axial coupling con-
stant JH2exo-H3 = 10.6 Hz in the 1H NMR spectrum and interac-
tions between H3endo and H7endo on the oxymethylene bridge in
the 2D NOESY NMR spectrum. Given the instability of fluoro-
ketone 13, a one-pot procedure was developed in which the
reaction mixture containing 13  was subjected to the
Baeyer–Villiger oxidation with H2O2 giving the fluorinated and
stable lactone 14, which is the expected kinetic product in 22%
yield.

Scheme 2: Preparation of fluorinated lactone 14.

Fluorination of α,β-unsaturated ketones is a more challenging
transformation than the halogenation reactions presented in
Scheme 1 [33]. The previous reports of enamines as suitable
substrates led us to prepare and examine enamine 15, which
was generated from 5 with 3.0 equivalents of morpholine via an
aza-Michael addition and condensation (Scheme 3). It was
envisaged that the β-amino group could act as a stable func-
tional group resulting in Baylis–Hillman-like reactivity. An ex-
tensive survey of reaction conditions using Selectfluor and
N-fluorobenzenesulfonimide (NFSI) as the sources of electro-
philic fluorine in the best case gave 15% conversion for NFSI
and less than 8% isolated yield of 7c for SF. The major product
in these reactions was 5, due to a β-elimination of the amine. In
comparison, the reaction of 15 with NBS afforded 7b in an
unoptimized yield of 48% after hydrolysis, which demonstrated
that halogenation reactions with 15 were viable, but dependent
on the characteristics of the electrophile. To avoid the elimina-
tion of the amine, β-methyl ether 16 was prepared. The reaction
of ketone 16 with Selectfluor promoted by ʟ-proline in MeOH/
MeCN, which ensured that the equilibrium between was biased

to 16 and not 5, gave full consumption of the starting material
in 2 hours and the fluorinated product 7c was obtained in 18%
yield. Attempts to combine the methanol addition reaction and
the fluorination starting with LGO proceeding through 16 were
unsuccessful. Although the yield was low, the synthesis of 7c
via this method represents a substantial improvement on
previous approaches to this material [24]. The Baeyer–Villiger
oxidation of 7c was uneventful and the fluorinated alkene 17
was isolated in 50% yield.

Scheme 3: Fluorination of LGO (5) and conversion to lactone 17.

The α-trifluoromethylation of ketones and aldehydes can be
performed using CF3 donors in copper-catalyzed [34], base- and
Lewis acid-mediated reactions [35-37]. The reaction of en-
amine 9a with Togni’s reagent (18) and subsequent hydrolysis
gave the substituted derivative 19 in 35% yield (qNMR)
(Scheme 4). The yield was improved using the N-methylpiper-
azine-derived enamine 9b, which was completely consumed in
6 hours at room temperature. Following acidic hydrolysis of the
enamine, a mixture of α-trifluoromethylated ketone diastereo-
mers was obtained, and subsequent epimerization with K2CO3
afforded 19 as a single stereoisomer in 48% yield. The equato-
rial position of the trifluoromethyl group was established based
on NOE interactions between H3endo and H7endo in the
oxymethylene bridge. Subsequent Baeyer–Villiger oxidation of
19 gave lactone 20 in moderate yield. Attempts to improve the
yield of 19 using base-promoted trifluoromethylation [38] of 6
gave only traces of the desired product.
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Scheme 4: Trifluoromethylation of 9a,b and 15 and subsequent
Baeyer–Villiger oxidation.

Methods for the installation of a CF3-group on enones are
limited, although approaches have been applied to quinones,
uracils, flavones or arylenones via radical pathways [39-42]. As
per the fluorination reactions, we envisaged that a leaving group
in the β-position could mask the double bond when incorporat-
ing the trifluoromethyl group into 5. When enamine 15 was
subjected to the same conditions established for the trifluoro-
methylation of enamine 9b, only trace amounts of the desired
product were detected. It was found that generating the electro-
philic CF3 species in situ was crucial for this transformation. By
modifying a procedure for the trifluoromethylation of ketene
dithioacetals reported by Liu and co-workers using TMSCF3
[43], rapid consumption of enamine 15 was observed. Acidic
treatment of the intermediate promoted the hydrolysis/elimina-
tion cascade to give enone 21 in 42% yield. Baeyer–Villiger ox-
idation of this highly activated alkene promoted an epoxidation/
Baeyer–Villiger oxidation cascade to yield lactone 22 in 67%
yield (dr 2:1). The low diastereoselectivity suggested that the
epoxidation happened subsequent to the ring contraction, as
epoxidations of 5 are highly stereoselective [44]. Unambiguous
assignment of configuration for the diastereomers was not
possible on the basis of the selective 1D NOE spectra due to the
lack of informative crosspeaks. Limiting the amount of oxidant
(H2O2 or peracetic acid) resulted in mixtures, suggesting that
the Baeyer–Villiger reaction without epoxidation may be chal-
lenging.

Conclusion
In conclusion, we have successfully established halogenation
strategies of the biomass derivates 5 and 6, including fluorina-

tions and trifluoromethylation. Baeyer–Villiger oxidations of
these materials provide access to chiral halogenated lactones,
which could be useful in the enantioselective synthesis of
valuable drug precursors. The syntheses feature the use
of readily available and cheap starting materials, and we have
also demonstrated some of these transformations on a gram
scale.
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