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Catalytic Asymmetric Synthesis of trans-Configured b-Lactones: Cooperation
of Lewis Acid and Ion Pair Catalysis
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Introduction

Although b-lactones are fairly reactive four-membered het-
erocyclic ring systems, they were already described in
1883.[1,2] b-Lactones offer rich potential as synthetic inter-
mediates[3] and, most importantly, they can be viewed as
masked and activated aldol products because they readily
undergo nucleophilic ring-opening reactions as a result of
their intrinsic ring strain, which is similar to that of epoxides
(b-lactones: ca. 23 kcal mol1; epoxides: ca. 27 kcal mol).[4]

Various hard nucleophiles, such as metal alkoxides, amines,
or C-nucleophiles can regioselectively cleave the acyl�
oxygen bond providing the corresponding aldol adducts in a
divergent manner.[3,5] Accordingly, the development of cata-
lytic, asymmetric [2+2] cycloadditions of ketenes[6] and al-
dehydes[7–9] offers the possibility of replacing catalytic asym-
metric aldol reactions, which often require the preformation
and isolation of enolate equivalents such as silyl ketene ace-
tals.[10]

Various bioactive natural and synthetic products possess-
ing a b-lactone structural motif can act as specific enzyme
inhibitors.[11,12] Among the derivatives of natural products,
tetrahydrolipstatin (orlistat, Xenical) has been identified as
an anti-obesity agent and is available as over-the-counter
weight-loss medication in a number of countries. Of late,
trans-configured b-lactones such as tetrahydrolipstatin have
generated renewed interest due to the recent findings that
they can serve as specific inhibitors of fatty acid synthase
(FAS-TE), which is an approved drug target for cancer
treatment.[13] Owing to the significant activity of trans-con-
figured b-lactones, a number of approaches have been re-
ported for their synthesis.[12b, 14] Unfortunately, the [2+ 2] cy-
cloaddition approach using ketenes and aldehydes provides,
in general, cis isomers as the major products. To the best of
our knowledge, there is only one [2+ 2] cycloaddition avail-
able for the catalytic enantioselective formation of trans-
configured b-lactones,[9b] which appears to be limited to the
use of aromatic aldehydes, whereas many bioactive systems,
such as tetrahydrolipstatin, carry an aliphatic chain at the 4-
position of the 3,4-disubstituted 2-oxetanone.[15–18]

The aim of the present work was to develop a trans-selec-
tive catalytic asymmetric [2+2] cyclocondensation of acyl
halides 1 and aliphatic or aromatic aldehydes 2.[19] A solu-
tion to this problem would provide a protocol for the chal-
lenging catalytic enantioselective anti-aldol addition reac-
tions.[20] The development of such a methodology was based
upon the idea that if an enolate such as 5, and not a ketene
such as 4, represented the reactive intermediate, the trans-
configured product would be expected to be formed in pref-
erence by activation of the aldehyde with a mono-coordinat-
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ing Lewis acid (Scheme 1). The choice of a Lewis acid with
only one available coordination site was expected to be es-
sential to avoid a cyclic transition state leading to the cis-

configured product through a Zimmerman–Traxler-type
transition state. The catalyst could thus combine the cooper-
ative action of a Lewis acid and a nucleophilic moiety to
generate and direct the enolate to the aldehyde through the
open transition state 6. In this state, a staggered conforma-
tion around the generated C�C bond[9b, 15] could be adopted
in which the nucleophilic function should be oriented
gauche to the aldehyde H for steric reasons. The initial aldol
adduct could then cyclize to form the heterocyclic product.

Results and Discussion

N,N’-Bis(salicylidene)ethylenediamine (salen) ligands were
chosen because of their modular nature and their ready
availability.[21] Kozlowski and co-workers first described cat-
alyst systems with the general structure 7 that incorporate
basic amino moieties into the structurally well-defined salen
complex.[22]

To evaluate the role of the amino functionalities, ligands
lacking the nucleophilic or basic groups were studied as con-
trol systems. With the standard salen complex 8 a (R= tBu),
the desired product was not formed in the simple model re-
action of acetyl bromide (1 A) and dihydrocinnamaldehyde
(2 a) in CH2Cl2 at �20 8C (Table 1, entry 1). With R=H or

iBu, good conversion into the nearly racemic cycloaddition
product was found (Table 1, entries 2 and 3). In contrast,
with complex 8 d, which carries dimethylaminomethylene
donors, a promising enantiomeric excess of 50 % was at-
tained.

Slightly lower enantioselectivities were observed with pi-
peridine (44% ee ; Table 1, entry 5), morpholine (44 % ee ;
Table 1, entry 6), or N-phenyl piperazine donors (40 % ee ;
Table 1, entry 7). Catalysts containing a-branched amino
functions were less selective (Table 1, entries 8–10). These
results show that the efficiency of the basic group decreases
with increasing steric hindrance. Catalyst 8 k (Table 1,
entry 11), carrying a nucleophilic thioether moiety, was
found to be more reactive but less enantioselective than 8 d.

For the reactivity of catalysts 8 d–j, the ratio and addition
order of acetyl bromide and the auxiliary base iPr2NEt is
crucial. For the investigations summarized in Table 1, an

Scheme 1. Concept for the asymmetric formation of trans-configured b-
lactones 3 (L.A. =Lewis acid with only one available coordination site).

Table 1. Investigation of the influence of nonbasic and Lewis/Brçnsted
basic substituents R on salen–Al complexes 8 for the formation of b-lac-
tone 3 Aa.

Entry 8 R T
[8C]

t
[h]

Yield
[%][a]

ee [%][b]ACHTUNGTRENNUNG(isomer)

1 8 a tBu �20 29 0 –
2 8 b H �20 45 73[c] 2 (R)
3 8 c iBu �50!�20 48 95[c] 6 (R)
4 8 d CH2NMe2 �50!�20 48 65 50 (R)

5 8 e �50!�20 48 49 44 (R)

6 8 f �50!�20 48 54 44 (R)

7 8 g �50!�20 48 51 40 (R)

8 8 h �50!�20 48 47 32 (R)

9 8 i �50!�20 48 69 10 (R)

10 8 j �50!�20 48 62 10 (R)

11 8 k CH2SMe �50 3 79 46 (R)

[a] Yield determined by 1H NMR spectroscopy using acetophenone as in-
ternal standard. [b] Enantiomeric excess (ee) determined by HPLC.
[c] Conversion of aldehyde determined by 1H NMR spectroscopic analy-
sis.
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excess of acetyl bromide was used relative to iPr2NEt
(3 equiv of acetyl bromide, 2.5 equiv iPr2NEt), the latter
being added as the last component to the reaction mixture.
With an increased amount of base, less product formation
was observed. An equal amount of base and acetyl bromide
significantly impeded the reaction, whereas with an inverse
order of addition, that is, first the base, then acetyl bromide,
no reaction at all took place. Furthermore, when an excess
of iPr2NEt was used, the catalyst was completely inhibited.
Under these conditions the catalyst is apparently deactivat-
ed by coordination of the base. In contrast, under the condi-
tions detailed in Table 1, the amino groups of 8 d–j might be
partly protonated, which could disturb the formation of a re-
active enolate. On the other hand, the amino functions
might be acylated as in the case of 8 l, but there would not
be enough base remaining for efficient enolate formation.

Nevertheless, with propionyl bromide (1 B) as methylke-
tene source, trans-configured b-lactone 3 Ba was preferen-
tially formed at �20 8C (trans/cis=71:29) with a promising
ee value of 66 %, albeit in a low yield of 28 % (Scheme 2).

Different catalyst species possessing either acylated or
protonated amino functionalities were expected to be pres-
ent that might exhibit different selectivity profiles. The influ-
ence of structurally well-defined, positively charged aprotic
ammonium moieties was subsequently investigated because
the development of a trans-selective catalytic asymmetric

[2+ 2] cyclocondensation might also be achieved if acyl
halide enolates 9 represent the reactive intermediates
(Scheme 3). A possible approach involved the use of a cata-
lyst that included a Lewis acid moiety working in concert

with a positively charged aprotic organic functionality (Q+)
within the ligand system that could direct the enolate
through formation of an ion pair. The enolate could then
undergo an enantioselective aldol addition to the aldehyde,
which is activated by the mono-coordinating Lewis acid; a
key aspect being that the acyl halide enolate would have to
react faster than the ketene intermediate. Because this pref-
erence is usually not observed,[23] the unstable enolate[24,25]

would have to be generated within the catalyst sphere by
attack of the halide counterion on the ketene intermediate,
and be stabilized by ion pair formation with the organic cat-
ionic functionality Q+ .[26] Compared with conventional bi-
functional Lewis acid/Lewis base catalysts,[27] this coopera-
tive catalysis concept would have the principal advantage
that the cationic aprotic organic functionality does not deac-
tivate the Lewis acid by a self-quenching process.

To establish proof of principle, a range of enantiopure
Al–salen complexes 8, which differed in the substituents R
at the 6-position of the phenol rings, were applied to the
transformation of propionyl bromide (1 B) with dihydrocin-
namaldehyde (2 a) as a model reaction (Table 2). To com-
pare the effect of the substituents R, the reactions presented
in Table 2 were all performed at �20 8C and stopped after
2 h, unless indicated otherwise. The most simple catalyst
system 8 b (X= H) produced b-lactone 3 Ba with moderate
cis-selectivity in almost racemic form (Table 2, entry 1). For
the more bulky salen 8 c, carrying isobutyl substituents, both
reduced reactivity and cis-selectivity were noted, whereas
tert-butyl substituents in 8 a again completely prevented all
product formation, presumably for steric reasons.

In contrast, catalysts 8 m–q possessing positively charged
substituents at the phenol 6-position led to enhanced reac-
tivity. Moreover, the enantioselectivity was significantly im-
proved. Most strikingly, the cationic ammonium or heterocy-

Scheme 2. Formation of a,b-disubstituted b-lactone 3 Ba catalyzed by 8 d.

Scheme 3. Modified concept for the asymmetric formation of trans-con-
figured b-lactones 3 (L.A. =Lewis acid with only one available coordina-
tion side, Q+ =cationic aprotic organic functionality).
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clic functionalities provided high trans-selectivities (Table 2,
entries 4–8). As a general trend, the enantioselectivity was
slightly reduced with increased steric bulk of the cationic
moieties. The planar pyridinium system 8 p was the most se-
lective catalyst, which might be explained by a more effi-
cient contact ion pair formation as a result of the planar sp2-
nitrogen atom compared with the tetrahedral ammonium
functionalities. Imidazolium derivative 8 q, in which the posi-
tive charge is delocalized over two nitrogen atoms, led to
lower enantio- and diastereoselectivity.

To attain a higher level of enantioselectivity, the reaction
temperature had to be further decreased and the catalyst
was isolated prior to use; in previous experiments it was
prepared in situ. Whereas the reaction catalyzed by the tri-
methylammonium system 8 m was extremely slow at �50 8C
as a result of poor catalyst solubility, the pyridinium catalyst
8 p was significantly more reactive (Table 2, entry 9) and
rendered high enantio- and trans-selectivity as well as pro-
viding a good yield at �70 8C (Table 2, entry 10). Compound

8 p was readily prepared in four steps from 2-hydroxy-5-tert-
butylbenzaldehyde (11) with an overall yield of 87 %
(Scheme 4).

The b-lactone formation triggered by 8 p generally provid-
ed high trans-selectivities with all the aliphatic aldehydes
tested (Table 3). The enantioselectivities did not significantly
depend on the aldehyde, and almost identical results were
obtained with substrates possessing long aliphatic side
chains (Table 3, entries 4–6), with or without a C=C double
bond, b-branched isovaleraldehyde (Table 3, entry 10) or
sterically undemanding aldehydes such as propanal, butanal,
or pentanal (Table 3, entries 7–9). In particular, these last re-
sults are remarkable because high enantioselectivities have
previously never been reported for these sterically unde-
manding aliphatic aldehydes in alternative catalytic asym-
metric cycloadditions with acyl halides. Both yields and
enantioselectivities were higher in the case of valeroyl bro-
mide (1 C ; Table 3, entries 13–18) compared with propionyl
bromide (1 B). Again, the enantioselectivity was found to be
almost independent of the aldehyde used.

In contrast to the aldehydes described above, the a-
branched cyclohexylcarboxaldehyde gave very little conver-
sion at �70 8C. Therefore, the temperature had to be in-
creased to �40 8C to provide the product with useful selec-
tivity (80 % ee, trans/cis =87:13) and yield (78%; Table 3,
entry 11). With acetyl bromide (1 A) the reaction with cyclo-
hexylcarboxaldehyde could again be performed at �70 8C,
providing an enantiomeric excess of 88 % (Table 3,
entry 12), whereas with acetyl bromide/dihydrocinnamalde-
hyde the ee dropped to 70 % (Table 3, entry 3). The method
is apparently less general for the formation of 4-monosubsti-
tuted b-lactones. Although 10 mol % of catalyst 8 p was com-
monly used for the experiments in Table 3, a similar result
was also achieved with just 2.5 mol% (entry 2).

trans-Configured b-aryl-substituted b-lactones are consid-
erably less stable than their b-alkyl-substituted counterparts
due to a marked sensitivity towards elimination, which is ac-

Table 2. Optimization of a cooperative organic ion pair/Lewis acid cata-
lyst.[a]

Entry 8 R T
[8C]

Yield
[%][b]

ee
[%][c]

trans/cis[d]

1 8b H �20 42 12[e] 21:79
2 8c iBu �20 28 0[f] 25:75
3 8a tBu �20 0 – –

4 8m �20 59 59 91:09

5 8n �20 68 40 85:15

6 8o �20 69 50 92:08

7 8p �20 65 66 90:10

8 8q �20 51 60 86:14

9 8p �50 72[g] 80 92:08

10[h] 8p �70 82[i] 88 97:03

[a] The catalyst was prepared in situ if not mentioned otherwise.
[b] Yield determined by 1H NMR analysis using acetophenone as internal
standard. [c] Enantiomeric excess of the trans-isomer determined by
chiral column HPLC. [d] Ratio determined by 1H NMR spectroscopic
analysis. [e] 21 % ee for the cis isomer. [f] 23% ee for the cis isomer.
[g] Reaction time 5 h. [h] Use of preformed catalyst. [i] Reaction time
24 h.

Scheme 4. Synthesis of catalyst 8p in four steps from aldehyde 11.
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celerated by electron donors on the aromatic ring.[28] As a
consequence, alternative workup conditions were necessary
in the present study for product isolation. The transforma-
tion of propionyl bromide (1 B) with benzaldehyde (2 j) was
investigated as a model reaction. All attempts at aqueous
workup (acidic, basic, or neutral) led to either complete or
partial decomposition of the product. However, by catalyst
quenching with an excess of iPr2NEt at low temperature and
filtration through a plug of deactivated silica gel (followed
by column chromatography) it was possible to isolate the
targeted b-lactone 3 Bj (Table 4, entries 1 and 2).

For reactions of propionyl bromide with different aromat-
ic aldehydes, 2.5 mol % of 8 p was usually sufficient
(Table 4). With benzaldehyde, an ee value of 93 % was at-
tained (Table 4, entry 1). In the case of electron-poor aryl
groups, the products were formed with good yield but the
enantioselectivity was decreased to 70–78 % ee although
high trans selectivity was maintained (Table 4, entries 3–7).
On the other hand, no product could be isolated with 4-

methylbenzaldehyde or 4-methoxybenzaldehyde; in the first
case due to decomposition of the product during workup
and, in the second case, maybe because of low substrate re-
activity.

Reactions between a range of aromatic aldehydes and n-
valeroyl bromide required a catalyst loading of 10 mol % to
achieve useful yields (Table 4, entries 8–13). In this case,
again, higher enantioselectivities (80–94% ee) were general-
ly attained than with propionyl bromide.

The proposed mode of operation is depicted in Scheme 5.
The aldehyde is assumed to bind with its sterically more ac-
cessible lone pair to the only free Al coordination site, to
form an octahedral complex. Because the unstable, highly
reactive acyl bromide enolate[23–25] is expected to be present
in only minute concentrations and could therefore not be
spectroscopically detected in our studies despite intensive
attempts (NMR and IR spectroscopy, mass spectrometry), it
is likely that the short-living reactive intermediate is gener-
ated directly in the catalyst sphere by reaction of the cata-
lyst�s bromide counterion with the ketene.[29] This attack is
expected to occur selectively trans to the residue R1 to mini-
mize repulsive interactions, thus selectively forming the E-
configured enolate. This reactive species should nucleophili-
cally attack the aldehyde through an open transition state
that adopts a staggered conformation with the enolate C1
atom gauche to the aldehyde H atom. Our model is in
agreement with the products� configuration.[30]

The synthetic utility of the trans-configured products was
finally showcased by conducting nucleophilic ring-opening
reactions with a primary amine and with Weinreb amine
(Scheme 6), giving access to the anti-aldol products in good
yield and with high enantiomeric excess.

Table 4. Application of 8p to the reaction of aromatic aldehydes.

Entry 3 R1 R2 X 8pACHTUNGTRENNUNG[mol %]
Yield
[%][a]

ee
[%][b]

trans/cis[c]

1 3 Bj Me H 2.5 70 93 96:04
2 3 Bj Me H 10 80 91 94:06
3 3 Bk Me CF3 2.5 84 75 97:03
4 3 Bl Me Cl 2.5 75 77 96:04
5 3 Bm Me CN 2.5 87 70 98:02
6 3 Bn Me NO2 2.5 90 78 97:03
7 3 Bo Me Br 2.5 81 71 96:04
8 3 Cj nPr H 10 46 94 97:03
9 3 Ck nPr CF3 10 93 80 96:04
10 3 Cl nPr Cl 10 62 83 95:05
11 3 Cm nPr CN 10 90 81 98:02
12 3 Cn nPr NO2 10 88 80 97:03
13 3 Co nPr Br 10 70 88 98:02

[a] Yield determined by 1H NMR spectroscopic analysis using acetophe-
none as internal standard. [b] Enantiomeric excess of the trans-isomer de-
termined by chiral column HPLC. [c] Ratio determined by 1H NMR
spectroscopic analysis.

Table 3. Application of the dual activation catalyst 8p to the reaction of
aliphatic aldehydes.

Entry 3 R1 R2 8 pACHTUNGTRENNUNG[mol %]
Yield
[%][a]

ee
[%][b]

trans/cis[c]

1 3Ba Me ACHTUNGTRENNUNG(CH2)2Ph 10 82[d] 88 97:03
2 3Ba Me ACHTUNGTRENNUNG(CH2)2Ph 2.5 73 85 97:03
3 3Aa H ACHTUNGTRENNUNG(CH2)2Ph 10 76 70 –
4 3Bb Me nHept 10 77 87 96:04
5 3Bc Me ACHTUNGTRENNUNG(CH2)3CH=CH2 10 74[d] 88 96:04
6 3Bd Me ACHTUNGTRENNUNG(CH2)8CH=CH2 10 62 87 94:06
7 3Be Me Et 10 76[d] 87 95:05
8 3Bf Me nPr 10 67 93 97:03
9 3Bg Me nBu 10 64 89 97:03
10 3Bh Me iBu 10 76[d] 87 94:06
11 3Bi Me cHex 10 78[e] 80 87:13
12 3Ai H cHex 10 82 88 –
13 3Ca nPr ACHTUNGTRENNUNG(CH2)2Ph 10 91 94 98:02
14 3Cc nPr ACHTUNGTRENNUNG(CH2)3CH=CH2 10 96 95 98:02
15 3Ce nPr Et 10 63 94 97:03
16 3Cf nPr nPr 10 93 95 98:02
17 3Cg nPr nBu 10 92 93 96:04
18 3Ch nPr iBu 10 76 94 96:04

[a] Yield of isolated product. [b] Enantiomeric excess of the trans isomer
determined by chiral column HPLC or GC (see the Supporting Informa-
tion). [c] Ratio determined by 1H NMR analysis. [d] Determined by
1H NMR spectroscopic analysis. [e] Reaction performed at �40 8C.
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Conclusion

This work has explored a new strategy within the context of
asymmetric cooperative catalysis.[31] It combines the con-
cepts of Lewis acid and aprotic organic ion pair catalysis in
a single catalyst system (Figure 1).[32]

This mode of activation has allowed us to develop the
first trans-selective catalytic asymmetric [2+2] cycloconden-
sation of acyl halides with aliphatic aldehydes, furnishing
3,4-disubstituted b-lactones. Despite the high sensitivity of
the 4-aryl-substituted b-lactones towards elimination, the
methodology could also be applied to aromatic aldehydes
by making use of a different workup procedure. In general,

this new methodology offers broad applicability and repre-
sents an alternative to asymmetric anti-aldol additions.

Experimental Section

General procedure for the formation of catalysts 8a–k and 8m–q in situ :
A solution of Me3Al in toluene (2 m, 0.10 mL, 0.21 mmol, 1 equiv) was
added to a solution of the corresponding salen ligand (0.21 mmol,
1 equiv) in CH2Cl2 (3.5 mL). The mixture was stirred for 3 h at ambient
temperature.

General procedure for the formation of trans-configured b-lactones 3
with aliphatic substituents at the b-position : Aldehyde 2 (0.75 mmol,
1 equiv), acyl bromide 1 (4.5 mmol, 6 equiv), and diisopropylethylamine
(1.875 mmol, 2.5 equiv) were successively added at �70 8C to a mixture
of complex 8 p (0.075 mmol, 0.1 equiv) in CH2Cl2 (3 mL). The resulting
heterogeneous mixture was stirred at �70 8C for 24 h then poured into
aqueous 1 m HCl (30 mL) and extracted with CH2Cl2 (2 � 20 mL). The
combined organic phase was dried over MgSO4 and filtered through a
short plug of silica gel. CH2Cl2 was subsequently removed in vacuo and
the crude product mixture was purified by flash chromatography if not
indicated otherwise.

General procedure for the formation of trans-configured b-lactones 3
with an aryl substituent in the b-position : Aldehyde 2 (0.75 mmol,
1 equiv), acyl bromide 1 (4.5 mmol, 6 equiv), and diisopropylethylamine
(1.875 mmol, 2.5 equiv) were successively added at �70 8C to a mixture
of complex 8p (0.0188 mmol, 0.025 equiv) in CH2Cl2 (3 mL). The result-
ing heterogeneous mixture was stirred at �70 8C for 24 h, then the reac-
tion mixture was quenched with diisopropylethylamine (4 mL) and fil-
tered through a short plug of Et3N-deactivated silica gel. CH2Cl2 was sub-
sequently removed in vacuo and the crude product mixture of the trans-
configured b-aryl-substituted b-lactones 3 was purified by rapid flash
chromatography using Et3N-deactivated silica gel.
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lactones 3 derived from aliphatic aldehydes. The absolute configura-
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by HPLC analysis based on our previous work (see ref. [8i]). The ab-
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of 3Bj, 3Bm and 3 Bn with data reported by Calter et al. (see
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