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ABSTRACT

The four stereoisomers of small bacteriocin, an autoinducer of the symbiotic nitrogen-fixing bacterium Rhizobium leguminosarum, were
synthesized via a versatile methodology for 3′-hydroxyacyl homoserine lactones based on the Nagao asymmetric aldol reaction. The synthetic
isomers were much less effective at inhibiting the growth of R. leguminosarum RBL5523 than the natural isomer, showing the importance of
stereochemistry for activity.

N-acyl homoserine lactone (AHL) molecules play an im-
portant role in intercellular communication of Gram-negative
bacteria as inducers of genes implicated in cellular functions
required at higher cell densities (Figure 1).1 They are often
called autoinducers because, in addition to the genes
mentioned, they also induce genes encoding enzymes
involved in their own synthesis. AHL molecules move out
and in the cells and only activate genes when a certain
threshold concentration is obtained, which occurs when a

higher bacteria cell density (a quorum) is reached in, for
example, a colony. Hence this process is called “quorum
sensing”.1 Rhizobium leguminosarum is a gram negative
bacterium living in symbiosis with leguminous plants in
which it induces nitrogen-fixing root nodules.2 The main
autoinducer of this bacterium, encoded by the cinI gene,
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induces the so-called rhi (rhizosphere) genes and conjugation
of the Sym(biosis) plasmid which harbors the genes involved
in symbiotic functions.3,4 A peculiar property of this AHL
molecule is growth inhibition of Rhizobium bacteria which
harbor the conjugative Sym plasmid pRL1JI.5 Owing to this
property and its small size, this AHL molecule was called
small bacteriocin by Hirsch.5 Due to its small size, it diffuses
rapidly in an agar plate containing the sensitive bacteria and
causes large inhibition zones. This is in contrast to another,
bigger, slower diffusing, growth inhibiting molecule (medium
bacteriocin), which causes smaller, medium size inhibition
zones.

The complete chemical structure of this compound was
identified by Schripsema and co-workers6 by NMR, and its
absolute configuration was proposed after comparison of the
effects of Pirkle’s chiral solvating agent, 2,2,2-trifluoro-1-
(9-anthryl)ethanol7 (TFAE, 2) on the 1H NMR spectra of
the natural product and the analogs (2S,3′R)- and (2S,3′S)-
N-(3′-hydroxybutyryl)-L-homoserine lactone (HBHL, 3).
Various acyl homoserine lactones (acyl HSLs) have been
recognized as autoinducers from many Gram-negative bac-
teria (3-9, Figure 1).8 Although 3′-hydroxyacyl HSLs (1
and 3) have two stereogenic centers, no information was

available regarding the stereochemistry-activity relationship
of 1. Because stereochemistry is important in insect phero-
mone chemistry,9 we became interested in clarifying the
stereochemistry-activity relationship of this quorum-sensing
pheromone (quormone).

Optically active 1 was synthesized from optically active
starting material with known absolute configuration (Scheme
1).10 Commercially available epoxide (S)-13 was coupled

with the cuprate prepared from 11 by treatment with t-BuLi
and CuI to give hydroxy ester (R)-14 in low yield (24%).11

On the other hand, the coupling of (S)-13 with Grignard
reagent prepared from known bromide 1212 in the presence
of CuBr · SMe2 as catalyst gave (R)-14 in moderate yield
(61%). Z-selective semihydrogenation with borohydride
exchange resin-nickel boride (BER-Ni2B)13 as catalyst gave
15 (Z:E ) >20:1). Hydroxy ester 15 was saponified to give
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Figure 1. Structures of small bacteriocin (1) and acyl homoserine
lactones from Gram-negative bacteria.

Scheme 1. Synthesis of (2S,3′R)- and (2R,3′R)-1
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hydroxy acid 16 (quant), and the resulting 16 was condensed
with (S)-homoserine lactone hydrobromide (17) using EDC
with HOBt14 and Et3N to give the desired (2S,3′R)-1. The
1H and 13C NMR spectra of (2S,3′R)-(-)-1 were, as expected,
identical with those of the natural product, for which the
absolute configuration of both stereogenic centers had been
determined.6 Unfortunately, the optical rotation of the natural
product was not available, thus prohibiting the direct
comparison of the absolute configuration of the natural
product with the synthetic product. Because agreement of
spectroscopic data does not necessarily prove identical
stereochemistry,15 diastereomer (2R,3′R)-1 was synthesized
from 16 and (R)-homoserine lactone hydrochloride (18). The
1H and 13C NMR spectra of the product were clearly different
from those of synthetic (2S,3′R)-(-)-1 and the natural
product, showing that the diastereomers of 1 can be distin-
guished by their 1H and 13C NMR spectra.

Although the (3′S)-isomers of 1 could be prepared using
(R)-13 as the starting material, we investigated a more
versatile methodology for the synthesis of 3′-hydroxy HSLs
(Scheme 2). Diethyl malonate was alkylated with the iodide
11, and the product was heated with LiCl in wet DMSO16

to give an ester. LAH reduction of the ester gave alcohol 19
(91%), which was oxidized under Ley conditions17 (50%)
to give aldehyde 20. Keck asymmetric aldol reaction18 of
20 with 21 gave (S)-22 (65%). The enantiomeric purity of
(S)-22 was determined by GC analysis of the corresponding
methyl ester to be 72% ee, and its enantiomeric purity could
not be improved by simple recrystallization. Thus, to prepare
stereochemically pure samples, the Nagao aldol reaction19

was employed. The Z-selective semihydrogenation of 19 with
Lindlar catalyst20 (Z:E ) >20:1) and Dess-Martin oxida-
tion21 gave 25 (87%). In this step, BER-Ni2B12 was not an
effective catalyst because a saturated alcohol, caused by
undesired overhydrogenation, was produced in 10-15% and
could not be separated from the product. According to the
modified conditions reported by Smith,22 Nagao aldol
reaction of 25 with (S)-26 gave a diastereomeric mixture (ca.
5:1 by 1H NMR analysis) which could be easily separated
by silica gel column chromatography. The relative stereo-
chemistry of isomers 27a and 27b were determined after their
conversion to 1. Major isomer 27a was treated with (S)-17
and (R)-18 in the presence of Et3N to give (2S,3′S)-(+)-1
and (2R,3′S)-(+)-1, respectively, in good yields, and no
signals from the diastereomer were observed. Minor isomer
27b could also be converted to the two isomers of 1 in the
same manner. Since both enantiomers of the Nagao ligand
are readily available, all the stereoisomers of 1 can be
synthesized using the above methodology.

With the four stereoisomers of 1 in hand, NMR studies
of the synthetic samples with TFAE (2) were conducted for
verification of the configuration of the asymmetric carbons.
1H NMR spectra of the four stereoisomers of 1 in the
presence of both enantiomers of TFAE (2) were recorded.
The correlation of the signal displacements of 1 induced by
(S)- or (R)-TFAE (2) with those of the corresponding protons
in the two reference compounds [(2S,3′R)- and (2S,3′S)-
HBHL (3)]10a induced by (S)-TFAE, yielded four graphs for
each stereoisomer of 1 (Figure 2). In each set of graphs, the
correct absolute configurations were indicated by the best
correlation between the data. In this way for all four
stereoisomers, the expected configurations were confirmed
in the same way as the absolute configuration of the natural
product was confirmed to be 2S,3′R.6

Next, the biological activity of the four stereoisomers of
1 was compared by estimating the minimum amount required
to give an inhibition zone on plates with the sensitive
bacterium R. leguminosarum RBL552323 (Figure 3). Quanti-
ties of 1 varying from 10 µg to 5 ng were applied on filter
paper discs and tested on plates. Three experiments were
done with only slightly varying results due to not completely
equal culture conditions. Figure 3, representing one of the
experiments, gives an impression of the inhibition zones
obtained applying concentration series of the four stereo-
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Scheme 2. Synthesis of 1 via Nagao Aldol Reaction
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isomers. The biological activity expressed as minimum
amount of 1 required for an inhibition zone was as follows:
2S,3′R: 5-10 ng; 2R,3′R: 50 ng; 2S,3′S: 1000 ng; 2R,3′S:
5000 ng. These results clearly indicate that the stereochem-
istry of 1 is very important for growth inhibition and the
configuration of the side-chain stereogenic center is more

important than that of the homoserine-lactone part. The amount
of 1 produced in a R. leguminosarum LPR504524 stationary
phase culture (500 mL) was estimated to be ca. 0.2 mg/L by
comparing the growth inhibition zones of a CHCl3 extract of
this culture with those of synthetic (2S,3′R)-1.

In summary, we achieved the stereoselective synthesis of
the four stereoisomers of 1, an autoinducer of R. legumi-
nosarum, using a methodology that will be useful for the
synthesis of various 3′-hydroxy AHLs. The natural isomer
exhibited the greatest inhibitory activity against the growth
of R. leguminosarum RBL5523, whereas the other three
isomers exhibited 5-500 times weaker activity. The chirality
of autoinducers, which are quorum-sensing pheromones, is
important for chemical communication among bacteria.
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Figure 2. Correlation of the ∆δ values of signals of the synthetic
small bacteriocin stereoisomers with those of the corresponding
signals of reference compounds [(2S,3′R)-3 ([) and (2S,3′S)-3 (∆)].

Figure 3. Inhibitory activity of the stereoisomers of 1. A concentra-
tion series of 1 was applied to RBL5523/YMB agar plates, and
after 2 days inhibition zones around the application point, visible
as clear circular spots in the bacterial mass, were measured (y-
axis).
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