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The Mg-mediated conjugate addition of bromoform to en-
ones followed by alcoholysis of the resulting keto tribromides
proceeds through an unusual course, affording cyclic ortho-
ester (dihydrofuran) intermediates under neutral workup
conditions. However, acid workup of the reaction mixture or
treatment of the isolated dihydrofurans with acid provides

Introduction

Orthoesters are valuable substrates for the synthesis of
glycosides,[1] carboxylic esters, and acetals.[2] The intermedi-
acy of orthoesters in the Johnson–Claisen rearrangement[3]

and in protecting group chemistry[4] is well documented.
Due to the presence of latent hydroxy groups, orthoesters
are also exquisite building blocks for the synthesis of envi-
ronmentally friendly polymers.[5] Although numerous meth-
ods for the synthesis of orthoesters are available,[2] treat-
ment of trihalo compounds with alkoxides is an effective
and convenient strategy.[2,6] However, participation of a
neighboring carbonyl group in the transformation of a trih-
alo compound to an orthoester, to the best of our knowl-
edge, is unreported. Furthermore, the synthesis of orthoes-
ters possessing a dihydrofuran (2,2-dialkoxydihydrofuran)
motif has not received much attention.[7–9] Such dialkoxyfu-
rans are also structurally related to synthetically useful 2-
alkoxyfurans[10] and butenolides.[11] Of the two reported ap-
proaches, one is based on the copper-catalyzed decomposi-
tion of α-diazo carbonyl compounds in the presence of
ketene acetals.[7] The other method involves treatment of
gem-dichlorocyclopropyl ketones with sodium alkoxides.[8]

There are also no reports, to the best of our knowledge, for
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the expected but synthetically useful γ-keto esters. The inter-
mediacy of dihydrofurans in the one-pot transformation of
keto tribromides into γ-keto esters provides evidence for the
active participation of the neighboring carbonyl group in the
alcoholysis of the tribromide moiety.

the transformation of keto tribromides, especially by a one-
pot procedure, into γ-keto esters,[12] which are precursors
to a variety of bioactive heterocycles, pharmaceuticals, and
natural products.[13]

We report here the generation of γ-keto tribromides
through the Mg-mediated conjugate addition of bromo-
form to enones and alcoholysis of the tribromides under
basic conditions. The unusual course taken by the latter
step to afford 2,2-dialkoxydihydrofurans with the participa-
tion of the neighboring carbonyl group and the facile one-
pot transformation of the tribromides into γ-keto esters are
also reported here.

Results and Discussion

We recently disclosed the Mg- and LDA-mediated
conjugate addition of bromoform to nitroalkenes 1
(Scheme 1).[14–15] Whereas the LDA-mediated reaction pro-
vided dibromomethylenated nitroalkenes 3 at low tempera-
ture (–78 °C), the Mg-mediated reaction furnished nitrotri-
bromides 2 at 0 °C to room temperature, which underwent
elimination under reflux conditions to form dibromides 3.

Scheme 1. Conjugate addition of bromoform to nitroalkenes 1.
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We felt that addition of bromoform to other activated
alkenes such as enones 4 would provide synthetically useful
γ-keto tribromides 5 (Table 1). Accordingly, chalcone 4a
was treated with bromoform in the presence of Mg at 0 °C,
and the reaction mixture was warmed to room temperature
over 30 min (Table 1, Entry 1). Much to our delight, com-
plete conversion of 4a was observed, and after aqueous
workup and purification, keto tribromide 5a was isolated in
excellent yield (85%). Under the same conditions, chalcones
4b–e possessing electron-donating groups on the β-aryl ring
were treated with CHBr3/Mg to afford tribromides 5b–e in
good to excellent yield (Table 1, Entries 2–5).

Table 1. Mg-mediated addition of bromoform to enones 4.[a]

Entry Enone 4 R2 R3 5 Yield [%][b]

1 4a Ph Ph 5a 85
2 4b 4-MeOC6H4 Ph 5b 82
3 4c 3,4-(MeO)2C6H3 Ph 5c 80
4 4d 3,4,5-(MeO)3C6H2 Ph 5d 70
5 4e 4-Me2NC6H4 Ph 5e 77
6 4f 4-O2NC6H4 MeC6H4 5f 60
7 4g 2-furyl Ph 5g 58
8 4h 2-thienyl Ph 5h 90
9 4i Ph Me 5i 35[c]

[a] THF/CHBr3 (10:1, 4 m), Mg (8 equiv.), and CHBr3 (22 equiv.)
were used. [b] Isolated yield after purification by silica gel column
chromatography. [c] The 1,2-adduct was formed in 41% yield.

Although chalcones possessing an electron-withdrawing
β-aryl moiety and a β-heteroaryl moiety such as 4f and 4g
provided tribromides 5f and 5g, respectively, in moderate
yield (58–60 %; Table 1, Entries 6 and 7), chalcone 4h pos-
sessing a 2-thienyl substituent underwent smooth conjugate
addition of bromoform to give tribromide 5h in excellent
yield (Table 1, Entry 8). Similar reaction of bromoform
with benzylideneacetone (4i) was less impressive, giving a
mixture of 1,4-adduct 5i and 1,2-adduct (Table 1, Entry 9).

Having obtained a variety of γ-keto tribromides 5a–i in
good to excellent yield in most cases by addition of bromo-
form to enones 4 under mild conditions (Table 1), we ex-
plored the possible transformation of the CBr3 moiety into
a carboxylate function under basic conditions. Much to our
surprise, treatment of 5a with ethanolic KOH at room tem-
perature for 10 min followed by neutral workup, involving
concentration of the reaction mixture, treatment of the resi-
due with water, extraction of the aqueous layer with EtOAc,
and concentration, afforded 6a in 68% yield instead of ex-
pected γ-keto ester 7a (Scheme 2). However, on acid
workup, γ-keto ester 7a was indeed isolated in 81% yield.
These observations suggested that 6a is an intermediate in
the formation of 7a.

In view of the above, we proceeded to optimize the con-
ditions for the formation of 6a (Table 2). Although the yield
was only 68 % when the reaction was carried out in EtOH
as solvent (Table 2, Entry 1), it improved substantially to
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Scheme 2. Alcoholysis of keto tribromide 5a.

78% when THF was used as the solvent (Table 2, Entry 2).
Further improvement in the yield was observed when the
reaction was conducted in EtOAc (Table 2, Entry 3), which
made the reaction mixture homogeneous. In the absence of
EtOH, no 6a was isolated (Table 2, Entry 4), confirming
that EtOH, which takes part in the reaction, was not
formed or formed only very slowly by hydrolysis of EtOAc
under our experimental conditions. Finally, the reaction
performed in EtOH/H2O provided 6a only in moderate
yield (Table 2, Entry 5).

Table 2. Optimization of the reaction conditions for the conversion
of keto tribromide 5a into dihydrofuran 6a.

Entry Solvent Yield [%][a]

1 EtOH 68
2 EtOH/THF (1:1) 78
3 EtOH/EtOAc (1:1) 95
4 EtOAc –
5 EtOH/H2O (1:1) 45

[a] Isolated yield after purification by silica gel column chromatog-
raphy.

Under the above optimized conditions (Table 2, Entry 3),
keto tribromides 5b–i were treated with ethanolic KOH,
and the reaction mixtures were subjected to neutral workup
to afford dihydrofurans 6b–i (Table 3).

Table 3. Transformation of keto tribromide 5 into dihydrofuran 6.[a]

Entry Tribromide 5 R2 R3 6 Yield [%][b]

1 5a Ph Ph 6a 95
2 5b 4-MeOC6H4 Ph 6b 68
3 5c 3,4-(MeO)2C6H3 Ph 6c 82
4 5d 3,4,5-(MeO)3C6H2 Ph 6d 92
5 5e 4-Me2NC6H4 Ph 6e [c]

6 5f 4-O2NC6H4 Ph 6f [c]

7 5g 2-furyl Ph 6g 58
8 5h 2-thienyl Ph 6h 72
9 5i Ph Me 6i 70

[a] EtOH and EtOAc were used in 1:1 ratio in all the cases. [b] Iso-
lated yield after purification by silica gel column chromatography.
[c] Complex mixture.
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Although no clear trend was observed, keto tribromides

5a–d possessing phenyl and electron-donating aryl groups
α to CBr3 furnished dihydrofurans 6a–d in higher yields
(Table 3, Entries 1–4) as compared to 5g and 5h, which con-
tain a heteroaryl group (Table 3, Entries 7 and 8). It is note-
worthy that strongly electron-donating and strongly elec-
tron-withdrawing aryl groups do not favor the transforma-
tion of 5 into 6 under our experimental conditions (Table 3,
Entries 5 and 6). Enone 5i also underwent smooth transfor-
mation into its corresponding dihydrofuran 6i (Table 3, En-
try 9).

The proposed mechanism for the formation of dihy-
drofuran 6 involves initial dehydrohalogenation of keto tri-
bromide 5 by the alkoxide ion to form keto dibromide 8
followed by enolization of 8 into 9 and intramolecular cycli-
zation of 9 to form dibromodihydrofuran 10 (Scheme 3).
Elimination of bromide from 10 and subsequent displace-
ment of bromide from 11 by the alkoxide ion through an
addition–elimination sequence provided gem-dialkoxydihy-
drofuran 6, which is stable under nonacidic conditions.

Scheme 3. Proposed mechanism for the formation of dihydrofuran
6.

Having isolated and fully characterized key intermediates
6 in the transformation of keto tribromides 5 into γ-keto
esters 7 (see dialkoxyfurans 6, Table 3 and Scheme 3), we
proceeded to perform the one-pot transformation of 5 into
7 by acid workup of the reaction mixture (Table 4). As de-
sired, γ-keto esters 7 were isolated in good to excellent yield
(Table 4, Entries 1–4, 7–9) except in the cases of 5e and 5f
(Table 4, Entries 5 and 6). Interestingly, γ-lactone 17
(Scheme 4) was not observed in any of the cases.

The alcoholysis of keto tribromides 5 to afford dihy-
drofurans 6 and γ-keto esters 7 under different workup con-
ditions was further generalized with various alcohols
(Table 5). For instance, reaction of keto tribromide 5a with
KOH in methanol, 2-propanol, benzyl alcohol, and allyl
alcohol afforded dihydrofurans 6j–m under neutral workup
conditions and keto esters 7j–m under acid workup condi-
tions in moderate to good yield (Table 5, Entries 2–5).

The above experiments demonstrated the simplicity and
efficiency in the synthesis of γ-keto esters 7 from readily
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Table 4. Transformation of keto tribromides 5 into γ-keto esters 7.

Entry Tribromide 5 R2 R3 7 Yield [%][a]

1 5a Ph Ph 7a 98 (86)
2 5b 4-MeOC6H4 Ph 7b 73 (60)
3 5c 3,4-(MeO)2C6H3 Ph 7c 62 (69)
4 5d 3,4,5-(MeO)3C6H2 Ph 7d 96 (84)
5 5e 4-Me2NC6H4 Ph 7e [b]

6 5f 4-O2NC6H4 Ph 7f [b]

7 5g 2-furyl Ph 7g 58 (50)
8 5h 2-thienyl Ph 7h 76 (64)
9 5i Ph Me 7i 60 (52)

[a] Isolated yield after purification by silica gel column chromatog-
raphy; yield in parentheses is that obtained when isolated and puri-
fied 6 was treated with acid to get 7. [b] Complex mixture.

Scheme 4. Proposed mechanism for the formation of γ-keto ester 7
and γ-lactone 17.

Table 5. Scope of dihydrofuran 6 and γ-keto ester 7 formation with
different alcohols.

Entry R 6 Yield [%][a] 7 Yield [%][a]

1[b] Et 6a 95 7a 98
2 Me 6j 60 7j 58

3[b] iPr 6k 41 (63)[b] 7k 37 (68)[b]

4 Bn 6l 57 7l 48
5 allyl 6m 70 7m 64

[a] Isolated yield after purification by silica gel column chromatog-
raphy. [b] Yields in Entry 1 and those in parenthesis (Entry 3) refer
to reactions in which ROH and ROAc were used in a 1:1 ratio. In
all other cases, no solvent was used.

available enones 4 through keto tribromides 5 and isolable
synthetic intermediates such as 6. The structure of key dihy-
drofuran intermediates 6 was unambiguously established by
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single-crystal X-ray diffraction analysis of representative
compound 6k (Figure 1, see also the Supporting Infor-
mation).

Figure 1. Single crystal X-ray structure of 6k.

The acid hydrolysis of dihydrofuran 6 leads to γ-keto es-
ter 7 through protonation of the ring oxygen atom as in 14
followed by ring opening of 14 into 15 and tautomerization
of 15 into 7 (Scheme 4). Alternatively, protonation of the
exocyclic oxygen atom as in 16 and elimination of ROH
would give rise to γ-lactone 17. However, in our hands, γ-
lactone 17 was not formed in any of the cases (Table 4).

More importantly, although the alcoholysis of keto tri-
bromide 5 into γ-keto esters 7 can take place without the
participation of the carbonyl group (Supporting Infor-
mation, Scheme S1), our studies provide evidence to the
contrary through isolation and characterization of key dihy-
drofuran intermediate 6.

Conclusions

In conclusion, 2,2-dialkoxydihydrofurans were formed,
instead of γ-keto orthoesters, when γ-keto tribromides were
treated with alcoholic KOH. This transformation of trihal-
ides into orthoesters with the participation of a neighboring
carbonyl group is unusual and is mechanistically and syn-
thetically interesting. Possible applications of the hitherto
poorly explored 2,2-dialkoxydihydrofurans, besides the
demonstrated in situ transformation into γ-keto esters, are
currently being pursued in our laboratory.

Experimental Section
General Procedure for the Mg-Mediated Addition of Bromoform to
Enones 4: To a stirred solution of magnesium (96 mg, 4 g atom)
and enone 4 (0.5 mmol) in THF (10 mL) under an atmosphere of
N2 was added bromoform (2.7 g, 1 mL, 11 mmol) dropwise over a
period of 10 min at 0 °C. The reaction mixture was gradually
brought to room temperature over a period of 0.5 h, during which
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time the solution turned dark brown. The reaction mixture was
subsequently quenched with saturated aqueous NH4Cl (5 mL). The
aqueous layer was extracted with ethyl acetate (5�10 mL), and the
combined organic layers were washed with H2O (3�10 mL), dried
(anhyd. Na2SO4), and concentrated in vacuo to afford the crude
product, which was subjected to silica gel column chromatography
(ethyl acetate/hexane mixture, gradient elution) to afford pure 1,4-
adduct 5.

General Procedure for the Transformation of Keto Tribromides 5
into Dihydrofurans 6: To a stirred solution of keto tribromide 5
(0.5 mmol) in alkyl acetate (0 or 2 mL) and alcohol (2 mL) at room
temperature was added KOH (0.112 g, 2 mmol). The reaction mix-
ture was stirred at room temperature for 5–10 min, during which
time the solution turned dark brown. After complete consumption
of the starting material (monitored by TLC), the reaction mixture
was concentrated in vacuo, and the crude residue was diluted with
water (10 mL) and extracted with ethyl acetate (5�10 mL). The
combined organic layers were washed with H2O (3�10 mL), dried
(anhyd. Na2SO4) and concentrated in vacuo. The residue was sub-
jected to column chromatography (Et3N washed silica gel, ethyl
acetate/hexane mixture, gradient elution) to afford pure gem-di-
alkoxydiaryl 2,3-dihydrofuran 6.

General Procedure for the One-Pot Transformation of Keto Tribro-
mides 5 into γ-Keto Esters 7: To a stirred solution of 1,4-adduct 5
(0.5 mmol) in alkyl acetate (0 or 2 mL) and alcohol (2 mL) was
added KOH (112 mg, 2 mmol). The reaction mixture was stirred at
room temperature for 10 min, during which time the solution
turned dark brown. Upon complete consumption of the starting
material (monitored by TLC), the reaction mixture was concen-
trated in vacuo, the residue was diluted with water (20 mL), and
the aqueous layer was extracted with ethyl acetate (5�10 mL). The
combined organic layer was washed with H2O (3 �10 mL) and
10% HCl (10 mL), dried (anhyd. Na2SO4), and concentrated in
vacuo. The residue was subjected to silica gel column chromatog-
raphy (ethyl acetate/hexane mixture, gradient elution) to afford
pure γ-keto esters 7.

CCDC-805518 (for 6k) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Complete characterization data for all the new compounds,
X-ray data tables for 6k, and copies of the NMR spectra for all
new compounds.

Acknowledgments

The authors thank the Department of Science and Technology, In-
dia (SR/S1/OC-81/2009), for financial assistance, Sophisticated An-
alytical Instruments Facility (SAIF), Indian Institute of Technol-
ogy (IIT) Bombay, for selected analytical data, Mr. Rajesh Gunjal
and Mr. Sushant Chopdekar for mass spectromeric data, and Mr.
Amol Hanumante and Mrs. Shweta Mohite for NMR spectro-
scopic data. G.N.G. thanks the Indian Institute of Technology
(IIT) Bombay for a research fellowship.

[1] a) B. Fraser-Reid, J. C. Lopez in Handbook of Chemical Glyco-
sylation (Ed.: A. V. Demchenko), Wiley-VCH, Weinheim, 2008,
pp. 381–412; b) F. Kong, Carbohydr. Res. 2007, 342, 345–373;
c) N. K. Kochetkov, A. F. Bochkov, Methods Carbohydr. Chem.
1972, 6, 480–486.



G. N. Gururaja, S. M. Mobin, I. N. N. NamboothiriSHORT COMMUNICATION
[2] H. Lebel, M. Grenon, Science Synthesis 2005, 22, 669–747.
[3] Y. Langlois in Claisen Rearrangement (Eds: M. Hiersemann,

U. Nubbemeyer), Wiley-VCH, Weinheim, 2007, pp. 301–366.
[4] a) K. M. Sureshan, M. S. Shashidhar, T. Praveen, T. Das,

Chem. Rev. 2003, 103, 4477–4504; b) M. S. Shashidhar, ARKI-
VOC 2002, 63–75; c) M. C. Pirrung, Chemtracts 1999, 12, 684–
686.

[5] a) F. Sanda, T. Endo, J. Polym. Sci. Polym. Chem. Ed. 2001,
39, 265–276; b) A. Noomen, Prog. Org. Coatings 2002, 45, 225–
230; c) T. Endo, F. Sanda, Macromol. Symp. 2000, 153, 227–
231.

[6] Selected articles: a) H. Suzuki, S. Yonezawa, T. Mori, Bull.
Chem. Soc. Jpn. 1995, 68, 1535–1544; b) J. S. Bradshaw, R. B.
Nielsen, P.-K. Tse, G. Arena, B. E. Wilson, N. K. Dalley, J. D.
Lamb, J. J. Christensen, R. M. Izatt, J. Heterocycl. Chem. 1986,
23, 361–368.

[7] a) M. L. Graziano, M. R. Iesce, R. Scarpati, J. Heterocycl.
Chem. 1986, 23, 553–556; b) M. E. Alonso, P. Jano, M. I. Her-
nandez, R. S. Greenberg, E. Wenkert, J. Org. Chem. 1983, 48,
3047–3050.

[8] O. G. Kulinkovich, I. G. Tishchenko, N. V. Masalov, Synthesis
1984, 886.

[9] For a review on dihydrofurans, see: T. G. Kilroy, T. P. O’Sulli-
van, P. J. Guiry, Eur. J. Org. Chem. 2005, 4929–4949.

[10] a) For a review, see: R. Scarpati, M. R. Iesce, F. Cermola, A.
Guitto, Synlett 1998, 17–25; b) for a recent article, see: J. Chen,
S. Ma, Chem. Asian J. 2010, 5, 2415–2421.

[11] For recent reviews, see: a) T. M. Ugurchieva, V. V. Veselovsky,
Russ. Chem. Rev. 2009, 78, 337–373; b) P. Langer, Synlett 2006,
3369–3381.

[12] a) For hydrolysis of 2,2-dialkoxydihydrofurans into γ-keto es-
ters, see ref.[7,8] For other methods for the synthesis of γ-keto
esters, see: b) W. Wang, B. Xu, G. B. Hammond, J. Org. Chem.

www.eurjoc.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2011, 2048–20522052

2009, 74, 1640–1643; c) W.-J. Zhao, M. Yan, D. Huang, S.-J.
Ji, Tetrahedron 2005, 61, 5585–5593; d) J. B. Brogan, C. K.
Zercher, J. Org. Chem. 1997, 62, 6444–6446; e) T. Fujimura, S.
Aoki, E. Nakamura, J. Org. Chem. 1991, 56, 2809–2821; f)
K. A. Parker, J. K. Kallmerten, J. Org. Chem. 1980, 45, 2614–
2620; g) T. Kunz, A. Janowitz, H. U. Reissig, Synthesis 1990,
43–47; h) R. Ballini, L. Barboni, G. Bosica, D. Fiorini, Synthe-
sis 2002, 2725–2728; i) D. Huang, M. Yan, W.-J. Zhao, Q. Shen,
Synth. Commun. 2005, 35, 745–750; j) B. L. Feringa, W. Dan-
nenberg, Synth. Commun. 1983, 13, 509–514.

[13] Selected articles: a) C. Forzato, R. Gandolfi, F. Molinari, P.
Nitti, G. Pitacco, E. Valentin, Tetrahedron: Asymmetry 2001,
12, 1039–1046; b) J. Cardellach, J. Font, R. M. Ortuno, J. Het-
erocycl. Chem. 1984, 21, 327–331; c) K. M. Short, A. M. M.
Mjalli, Tetrahedron Lett. 1997, 38, 359–362; d) R. Frenette, M.
Monette, M. A. Bernstein, R. N. Young, T. R. Verhoeven, J.
Org. Chem. 1991, 56, 3083–3089; e) T. Ohkuma, M. Kitamura,
R. Noyori, Tetrahedron Lett. 1990, 31, 5509–5512; f) V. M.
Sonpatki, M. R. Herbert, L. M. Sandvoss, A. J. Seed, J. Org.
Chem. 2001, 66, 7283–7286.

[14] B. Sahu, G. N. Gururaja, S. M. Mobin, I. N. N. Namboothiri,
J. Org. Chem. 2009, 74, 2601–2604.

[15] For addition of haloform to polarized double bonds under
phase-transfer catalysis conditions to afford trihalomethyl de-
rivatives, see: a) F. Nerdel, W. Brodowski, J. Buddrus, M.
Fligge, P. Weyerstahl, K. Ulm, C. Finger, D. Klamann, Chem.
Ber. 1968, 101, 1407–1413; b) E. V. Dehmlow, J. Wilkenloh,
Chem. Ber. 1990, 123, 583–587; c) M. S. Baird, M. E. Gerrard,
R. J. G. Searle, Tetrahedron Lett. 1985, 26, 6353–6356; d) M.
Fedorynski, Tetrahedron 1999, 55, 6329–6334; e) E. Kaspar, R.
Wiechert, Chem. Ber. 1958, 91, 2664–2670.

Received: January 11, 2011
Published Online: February 23, 2011


