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ABSTRACT

Good enantioselectivity (up to 84% ee) has been achieved in the formation of r,γ-substituted-γ-butyrolactone by the SmI2-mediated reductive
coupling of ketones with methyl methacrylate using various chiral proton sources.

Asymmetric protonation of prochiral metal enolates has been
demonstrated to be a useful and promising method for the
preparation of chiral carbonyl compounds and carboxylic acid
derivatives bearing stereogenic centers at theirR-position.1

A number of successful approaches for asymmetric proton-
ation of lithium enolates have been developed by many
researchers.2,3 However, there are very few examples of
asymmetric protonation of samarium enolates besides the
pioneering work of Takeuchi and co-workers.4 In a previous
paper,5 we described the asymmetric synthesis of optically
activeR,γ-substituted-γ-butyrolactones by using the SmI2-
induced reductive coupling of ketones with a chiral meth-
acrylate in the presence of (-)-sultam as a proton source.
We wish to report herein the investigation of chiral sulfon-
amide induced enantioselective protonation in the reaction
of ketone with achiral methyl methacrylate in a reagent-
controlled manner for the synthesis of optically activeR,γ-
substituted-γ-butyrolactone.

It has been found that in the reaction ofR,â-unsaturated
esters with ketones mediated by SmI2 as an electron-transfer

agent, the presence of a proton source is essential for the
formation of theγ-butyrolactones. The effect of a proton
source in the reaction was examined by Fukuzawa and co-
workers in 1988,6b andtert-butyl alcohol was found to give
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the best results. Deuterium exchange experiments confirmed
the proton was introduced into theR-carbon of the lactone.
Although a free radical mechanism has been assumed,6 we
are interested in the possibility that the reaction may further
proceed by an enolate intermediate and the methoxide anion
is released via a kinetic equilibration (Scheme 1a). Therefore,

it is desirable to construct theR-carbon chiral center of the
γ-butyrolactones by enantioselective protonation of the
samarium enolate (Scheme 1b).

In our first attempt, we examined the reaction of methyl
methacrylate with benzophenone usingN-isopropylephe-

drine7 (2) as the chiral proton source. An enantiomeric excess
of 9% was obtained under optimized conditions at temper-
atures from-78 to-10 °C. Although the low ee value was
given at this stage, it showed that asymmetric protonation
in the reaction might be possible. Furthermore, it revealed
that the samarium enolate was the key intermediate in this
reaction.

To increase the enantioselectivity, various chiral com-
pounds including chiral alcohols, chiral amides, and chiral
amino alcohols were examined as proton sources. The
selected examples are shown below (Figure 1); the yield and

enantiomeric excess of the product1 obtained by the
protonation are summarized in Table 1. Low or moderate
enantioselectivity was observed for all chiral proton sources
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Scheme 1

Figure 1.

Table 1. Enantioselective Protonation for Preparing
R-Methyl-γ,γ-diphenyl-γ-butyrolactone

entry
chiral

proton source
yielda

(%)
eeb

(%)
[R]D

sign

1 2 53 9 (+)
2 3 63 16 (+)
3 (-)-4 89 39 (-)
4 (+)-4 83 47 (+)
5 (-)-5 60 36 (-)
6 (+)-5 62 41 (+)
7 6 47 23 (+)
8 7 78c 22 (+)
9 8 41 48 (+)

10 9 92c 24 (+)
11d 8 78c 56 (+)
12d (+)-4e 60c 67 (+)
13d (+)-5e 68c 58 (+)
14d 9e 79c 46 (+)

a Isolated yield unless otherwise noted.b The ee values were determined
by HPLC analysis on a Chiralcel AD column [detected at 254 nm; eluent:
n-hexane/isopropyl alcohol) 80/20 (v/v)]. c Isolated yield based on starting
material recovery.d 2.0 equiv of HMPA was added in the reaction.e >95%
of the chiral proton source was recovered by chromatography.
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(entries 1-10), with sulfonamide analogues being the most
efficient inductors. (1R)-(+)-2,10-Camphorsultam4 and (S)-
(+)-2-amino-3-methyl-1-butanol derivative8 gave the best
results, 47% and 48% ee, respectively (entries 4 and 9). As
shown in entries 3, 4, 5, and 6, the configuration of the
product was largely determined by the stereochemistry of
the proton source employed; this could be explained by
enantiofacial discrimination in the protonation step.

To our delight, we found that the enantioselectivity was
improved in the presence of 2.0 equiv of HMPA (hexamethyl-
phosphoramide).4h,8,9Comparing entries 4, 6, 9, and 10 with
11, 12, 13, and 14, the ee values were elevated by 8-20%.
These results suggest that the chelation of samarium atom
and the oxygen atom in the HMPA may play an important
role in the asymmetric protonation process. The exact
transition-state model and mechanistic explanation of this
study remain unclear at this time.10 During the experimenta-
tion, it was also found that the chiral proton sources used in
the reaction can be recovered quantitatively (>95% recovery
in the case of entries 12, 13, and 14) and be reused without
diminishing the enantioselectivity.

To obtain higher enantiomeric excess, we focused on
finding more effective chiral proton sources. Some chiral
sulfonamides (Figure 2) were easily prepared from the cor-
responding chiral amino alcohols and applied to the reaction.

As shown in Table 2, the chiralR-methyl-γ,γ-diphenyl-
γ-butyrolactone was obtained with moderate to good enan-
tiomeric excess in all cases. When11 was used as the chiral
proton source, the enantioselectivity was further improved
to give the product in 84% ee as shown in entry 2. It was
found that the influence of the substituents on the nitrogen
atom of the amine group was important (entries 1-3 and
5-8). Moreover, increasing the size of the hydroxy protect-
ing group led to diminished enantioselectivity (entries 2 and
3).

The success in synthesis of highly optically active1
prompted us to extend this new reaction system to the
preparation ofγ-butyrolactones with two chiral centers,R-C
and γ-C. The unsymmetric ketones were examined in the
reaction, when11was employed as the chiral proton source.
The reaction afforded the isomeric productstrans and cis
lactones, which could be separated by column chromatog-
raphy. Table 3 summrizes the results of the asymmetric
protonation. The enantioselectivities were not as good as
those of benzophenone in the reaction in the case of the two

(7) It has been reported that extremely high enantioselectivity (99%) was
obtained in the enantioselective protonation of a lithium enolate of a thiol
ester by usingN-isopropylephedrine as a chiral proton source, see: refs 2t
and 3h.

(8) Otsubo, K.; Inanaga, J.; Yamaguchi, M.Tetrahedron Lett.1986,27,
5763-5764.

(9) The enantioselectivity was lowered when 4.0 equiv of HMPA was
used in the reaction. For example, with this amount of HMPA as an additive,
only 13% ee was obtained in the case of protonation using8 as the chiral
proton source.

(10) Due to the high oxophilicity and high coordination number of
samarium, the chiral proton source, HMPA, and solvent THF are probably
coordinated to the samarium ion in the transition state.

Figure 2.

Table 2. Synthesis ofR-Methyl-γ,γ-diphenyl-γ-butyrolactone
by Asymmetric Protonation11

entry
chiral

proton source
yielda

(%)
eeb

(%)
[R]D

sign

1 10 74 70 (+)
2 11 65 84 (+)
3 12 65 74 (+)
4 13 62 57 (+)
5 14 61 55 (+)
6 15 75 70 (+)
7 16 74 55 (+)
8 17 52 67 (+)

a Isolated yield based on starting material recovery.b The ee values were
determined by HPLC analysis on a Chiralcel AD column [detected at 254
nm; eluent: n-hexane/isopropyl alcohol) 80/20 (v/v)].

Table 3. Synthesis ofR,γ-Substituted-γ-butyrolactone by
Asymmetric Protonation

ketone yield (%)b trans:cisc trans, ee %d cis, ee %d

18a 82 45/55 63 2
18 95 61/39 20 28
19a 82 42/58 4 2
19 91 56/44 17 15
20a 66 40/60 4 4
20 89 49/51 15 14

a 2.0 equiv of HMPA was added in the reaction.b Total isolated yields
of trans and cis products.c The ratios oftrans/cis were determined by
HPLC. d The ee value were determined by HPLC analysis on a Chiralcel
OJ, AD column (detected at 254 nm; eluent:n-hexane/isopropanol) 80/
20 (v/v)).
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ketones, except 2′-methoxyacetophenone18. In the case of
18, the ee value oftrans product was achieved to 63% in
the presence of 2.0 equiv of HMPA. It suggests that the
structure of the ketones also plays an important role in this
reaction.

In the previous study on the absolute configuration ofR,γ-
substituted-γ-butyrolactones,5 R-methyl-γ,γ-diphenyl-γ-bu-
tyrolactone, made by the reaction of benzophenone with a
chiral methacrylate with an “S” configuration, gave a “(+)”
optical rotation. Therefore, the absolute configurations of the
products in Table 2, which also have “(+)” optical rotation,
were according assigned as “S”.

In conclusion, we have developed a new simple methodol-
ogy for the preparation of optically activeR,γ-substituted-
γ-butyrolactones via enantioselective protonation of samar-
ium enolates. This provides not only a new strategy for
construction ofR-carbon chiral centers forγ-butyrolactones12

but also a new example for studying the asymmetric
protonation of samarium enolate. Various chiral proton
sources were employed and studied in this reaction, and when
benzokentone was employed, a good ee value of 84% was
achieved. Further investigations into this process to find more
effective chrial proton sources and to prepare chiralR,γ-
substituted-γ-butyrolactones are currently underway in our
laboratory. On the basis of this new system, future work will
be aimed at the catalytic enantioselective protonation for the
synthesis of optically activeR-substituted-γ-butyrolactones.
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(11)General procedure of the enantioselective protonation in the
presence of HMPA:To samarium metal powder (230 mg, 1.5 mmol) in a
Schlenk flask was added a solution of diiodomethane (freshly distilled, 0.081
mL, 1.0 mmol) in THF (5 mL) at room temperature under nitrogen. After
approximately 1 h, the color of the mixture solution turned to deep blue,
indicating the formation of samarium diiodide. The solution was then cooled
to -78 °C, and then a mixture of methyl methacrylate (0.5 mmol),
benzophenone (0.5 mmol), and HMPA (1.0 mmol) in THF (3 mL) was
added. After 5 min, to the reaction mixture was added a solution of chiral
proton source (0.5 mmol) in THF (3 mL). The resulting mixture was stirred
for 2 h at thesame temperature and then allowed to warm slowly, the
reaction was subsequently quenched at-10 °C with 5% aqueous HCl,
extracted with diethyl ether, washed with aqueous NaHCO3 and brine, dried
over anhydrous Na2SO4, and then concentrated under reduced pressure. The
resulting residue was chromatographied on silica gel to afford the optically
activeγ-butyrolactones. Mp: 118-120 °C. [R]20

D +10.5°(c 0.53, CHCl3)
for 41% ee{[R] 20

D +26.0° (c 0.495, CHCl3) for 97% ee, ref 5}. FT-IR
(KBr): ν 1774, 1451, 1304, 1230, 1191, 1167, 1039, 987, 935, 749, 707
cm-1. 1H NMR(300 MHz, CDCl3): δ 1.27 (d,J ) 7.0 Hz, CH3, 3H), 2.47
(t, J ) 12.1 Hz, 1H), 2.61-2.72 (m, 1H), 3.23 (dd,J1 ) 7.6 Hz,J2 ) 12.3
Hz, 1H), 7.26-7.46 (m, PhH, 10H) ppm. EIMS (m/z, %): 252 (M+, 47.47),
224 (1.65), 183 (65.03), 175 (33.28), 115 (15.06), 105 (100.00), 77 (34.11),
42 (12.81). Anal. Calcd for C17H16O2: C 80.93, H 6.39. Found: C 80.73,
H 6.50.

(12) One important strategy for preparingR-substituted-γ-butyrolactone
is stereoselective alkylation of lithium enolate ofγ-butyrolactone, for
examples, see: (a) Hanessian, S.; Murray, P.J. Org. Chem.1987, 52, 1170-
1172. (b) Chamberlin, A. R.; Dezube, M.; Reich, S. H.; Sall, D. J.J. Am.
Chem. Soc.1989, 111, 6247-6256. (c) Yamazaki, T.; Mizutani, K.;
Kiyazume, T.J. Org. Chem.1993, 58, 4346-4359. (d) Clive, D. L. J.;
Manning, H. W.; Boivin, T. L. B.; Postema, M. H. D.J. Org. Chem.1993,
58, 6857-6873. (e) Moritani, Y.; Fukushima, C.; Ukita, T.; Miyagishima,
T.; Ohmizu, H.; Iwasaki, T.J. Org. Chem.1996, 61, 6922-6930. (f)
Pellissier, H.; Michellys, P. Y.; Santelli, M.J. Org. Chem.1997, 62, 5588-
5591.
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