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Replication of biosynthetic reactions enables efficient synthesis of A-factor,
a γ-butyrolactone autoinducer from Streptomyces griseus†
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We report a concise synthesis of A-factor, the prototypical
γ-butyrolactone signalling compound of Streptomyces
bacteria. In analogy to enzymatic reactions in A-factor bio-
synthesis, our synthesis features a tandem esterification–
Knoevenagel condensation yielding a 2-acyl butenolide and
a surprising, chemoselective conjugate reduction of this
α,β-unsaturated carbonyl compound using sodium
cyanoborohydride.

Streptomyces bacteria are best known as producers of half of the
10 000 known antibiotics and two-thirds of those used in clinical
and veterinary medicine.1 The biosyntheses of these molecules
is often tightly regulated via the action of low-molecular weight
pheromones. As inducers of antibiotic production, these
molecules have potential applications in the production of drugs
by fermentations,2 in drug discovery,3 and in studies of soil
ecology.4 The prototypical Streptomyces signalling compounds
are the auto-inducing factor (A-factor), virginiae butanolide A
(VB-A) and methylenomycin furan 1 (MMF1) that regulate
streptomycin, virginiamycin, and methylenomycin production,
respectively (Fig. 1). Because signalling molecules are usually
produced in extremely small quantities, the only practical way to
obtain quantities sufficient for use in basic and applied science is
via chemical synthesis.

It is estimated that up to 60% of streptomycetes use 3-hydroxy-
methyl-γ-butyrolactones, like A-factor and VB-A for intra- and
interspecies communication.4 Fourteen 3-hydroxymethyl-γ-
butyrolactones that differ with respect to stereochemistry and the
substituent at C2 have been isolated from streptomycetes.1

Differences in the structures of these molecules often account for
their species-specific activities. A-factor, a metabolite of Strepto-
myces griseus, was the first γ-butyrolactone autoinducer ident-
ified.5 Since its structure elucidation in the late 1960s, nine
syntheses of A-factor have been published.6 Seven of the nine
routes arrive at A-factor through acylation of a 3-hydroxy-
methyl-γ-butyrolactone equivalent.6a–g While this approach
is direct, the preparation of the 3-hydroxymethyl-substituted
γ-butyrolactone is not trivial, especially in an enantiospecific
fashion. We aimed to design an alternative route that would
provide facile access to the core structure of any of the
known streptomycete γ-butyrolactones using inexpensive and
easily handled starting materials and reagents. We envisioned
that an efficient synthesis could be realized by replicating the
A-factor biosynthesis, which consists of three transformations7

(Scheme 1).

The mechanism of A-factor biosynthesis has recently been
elucidated.7 In the first step, an enzyme called AfsA catalyzes
the condensation of dihydroxyacetone phosphate (DHAP), 1,
and a coenzyme A β-ketothioester, 2, yielding an ester intermedi-
ate, 3.7 (Scheme 1) This intermediate is proposed to undergo a
spontaneous intramolecular Knoevenagel condensation to give a
butenolide, 4. The butenolide is transformed to γ-butyrolactone 5
by BprA via stereospecific conjugate reduction using NADPH as
a hydride donor. Finally, the phosphate ester of 5 is hydrolyzed

Fig. 1 Prototypical Streptomyces signalling molecules.

Scheme 1 A-factor biosynthetic pathway.
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by an unknown phosphatase to give A-factor as the final
product. All of the streptomycete γ-butyrolactone signalling
compounds are thought to be biosynthesized via this pathway.

We predicted that the key transformations in the biosynthesis
could be replicated in the laboratory (Scheme 2). The first trans-
formation in A-factor biosynthesis is the formation of a buteno-
lide via the condensation of DHAP with a coenzyme A
β-ketothioester. Given the incompatibility of DHAP and the
coenzyme A β-ketothioester with organic solvents, we antici-
pated that readily soluble and less reactive analogs of these mol-
ecules would be needed, 8 and 9 (Scheme 2). As a surrogate
for DHAP, we selected monosilylated dihydroxyacetone, 10. As
a mimic of the reactive coenzyme A β-ketothioester, we chose
acyl Meldrum’s acid, 11. Analogous β-ketothioesters were not
selected because previous studies in our group demonstrated that
these compounds undergo furan formation in reactions with
dihydroxyacetone.8 In contrast, acyl Meldrum’s acids are known
to undergo alcoholysis yielding β-ketoesters9,10 in a manner that
is reminiscent of the reaction of the coenzyme A β-ketothioester
with DHAP. As is the case in the A-factor biosynthesis, we pro-
posed that the silyl-protected dihydroxyacetone and the acyl
Meldrum’s acid could be induced to undergo a tandem esterifica-
tion–intramolecular Knoevenagel condensation yielding a 2-acyl
butenolide. In further analogy to the biosynthesis, we envisioned
that the butenolide could be converted to the γ-butyrolactone via
a conjugate reduction using reagents commonly used in prepara-
tive organic chemistry. The preparation of A-factor via the syn-
thesis and conjugate reduction of a butenolide is distinct from all
published routes.6

Initially, we sought conditions for the condensation of the acyl
Meldrum’s acid and the monosilylated dihydroxyacetone in a
biomimetic esterification–Knoevenagel reaction sequence. Using
conditions for alcoholysis of acyl Meldrum’s acids based on
those reported in the literature,9 10 and 11 were heated to 90 °C

at a 2 : 1 molar ratio in toluene (Table 1, entry a). Upon con-
sumption of the acyl Meldrum’s acid, we observed a mixture of
the butenolide 13 and uncyclized β-ketoester 12 as products. In
contrast to the biosynthesis, the β-ketoester 12 did not spon-
taneously cyclise; it was the major product as determined by
TLC analysis of the crude reaction. Interestingly, purification of
the reaction products by silica gel chromatography yielded bute-
nolide 13 as the major product. It was apparent that cyclization
of the ester was promoted by the weakly acidic silica gel.
Accordingly, we found that the yield of the butenolide was sig-
nificantly enhanced when excess silica gel (>200 : 1 by weight
SiO2 : crude product) was used in the chromatographic purifi-
cation of the reaction. These reaction and purification conditions
provided the butenolide 13 in 21% yield.

The poor yield of butenolide formation warranted further
optimization.11 Our finding that the silyl-protected dihydroxyace-
tone 10 was never completely consumed in the reaction led us
to increase the reaction temperature to 110 °C and to use a
0.5 molar excess of the acyl Meldrum’s acid (Table 1, entry b).
Promisingly, these reaction conditions provided 13 in 51% yield.
While the yield was improved, TLC analysis of the reaction still
revealed the presence of unconsumed 10. We reasoned that the
thermal instability of acyl Meldrum’s acid was at least partially
responsible for this yield.12 On this basis, we added 11 to the
reaction in two portions. The addition of the acyl Meldrum’s
acid in two 0.75 equivalents provided the butenolide in 55%
yield (Table 1, entry c). In the optimized reaction that provided
the desired product in 70% yield (Table 1, entry d), we initiated
the reaction with 1.2 equivalents of acyl Meldrum’s acid and
added 0.5 equivalents more after three hours. While preparation
of a butenolide via an intramolecular Knoevenagel condensation
has been reported,13 our preparative method is of particular inter-
est because it uses a tandem reaction sequence rather than effect-
ing the reactions in separate steps.

The reaction following butenolide formation in the A-factor
biosynthesis is the enzyme catalyzed conjugate reduction.7

Again, our objective was to effect this transformation in the lab-
oratory. While there are several precedents for conjugate
reduction of enones and simple enoates, selective reductions of
α,β-unsaturated-1,3-dicarbonyl compounds (e.g., a 2-acylbuteno-
lide) are a challenging proposition.14,15 In such a molecule, one
can easily envision competing 1,4- and 1,2-reductions. To mimic
the enzyme-catalyzed reaction, we sought reagents that could

Scheme 2 Biologically inspired retrosynthesis of A-factor.

Table 1 Optimization of butenolide formationa

Reaction Equiv of monosilyl DHA Equiv of acyl MA Solvent T/°C Time /h % Yield

a 2 1 toluene 90 2.5 21
b 1 1.5 toluene 110 2.5 51
c 1 0.75 × 2 toluene 110 2.5 55
d 1 1.2 + 0.5 toluene 110 3, then 5 70

a For the purposes of optimization, we used 11 R = –(CH2)5CH3 which is easier to prepare than the A-factor side chain where R = –(CH2)4CH(CH3)2
DHA = dihydroxyacetone, MA = Meldrum’s acid
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effect 1,4-conjugate addition enantioselectively. Due to their
utility in stereospecific reductions of enoates, we first screened
CuH reagents including Stryker’s reagent, and [DBTM-
segphos(CuH)], and (BDP)CuH.14 Unfortunately, none of the
desired product 14 was recovered from reactions with these cata-
lysts (Table 2). Experiments indicate that the low yield was due
to catalyst poisoning by the reduction substrate16 (Table 2). Next,
we tried [Rh(NBD)2]BF4/JOSIPHOS as the reaction catalyst
because it has also been reported to effect conjugate reductions
with high % ee.15 Unfortunately, we observed no activity of this
catalyst towards our substrates.

Given the failure of the CuH and Ru based-catalysts, we
turned our attention to other reductants. While sodium borohy-
dride is known to effect both 1,2 and 1,4 reductions of α,β-unsa-
turated compounds,17 sodium cyanoborohydride was reported by
Hutchins and co-workers to effect only the conjugate reduction
of an α,β-unsaturated-1,3-dicarbonyl compound (i.e. 6-nitro-3-
benzoyl-3,4-dihydrocoumarin).18 This group hypothesized that
the chemoselectivity of the reduction was based on the slow rate
of ketone and aldehyde reductions by sodium cyanoborohydride
at pHs above 4. On this basis, we examined the capacity of
sodium cyanoborohydride to effect the desired reduction. We
were gratified to find that sodium cyanoborohydride reduced the
butenolide in ethanol within 30 min, providing the racemic
γ-butyrolactone 14 in an isolated yield of 66% (Table 2). Inter-
estingly, we did not observe any pH dependence of this reaction
as the yield and reaction times were the same when the reaction
was carried out in the presence of HCl (data not shown).
Although the reaction is not enantioselective like the enzyme-
catalyzed reduction, it is noteworthy because it highlights the
utility of sodium cyanoborohydride for conjugate reductions in
the presence of functional groups that are sensitive to reduction.

The last step in A-factor biosynthesis is hydrolysis of the
phosphate ester.7 Analogously, the last step in our A-factor syn-
thesis was cleavage of the silyl ether of 14. This was easily
effected in 72% yield by stirring the substrates in 6 : 3 : 1 THF :
HCOOH : H2O for 24 h.19 Using this biomimetic strategy, we
were able to prepare racemic A-factor in three steps and 22%
overall yield (Scheme 3).

In conclusion, we report the shortest synthesis of A-factor
published to date. The brevity of this synthesis is based on our
replication of the enzyme-catalyzed reactions. Our observations
have implications for both synthetic organic chemistry and

biological chemistry. With respect to the synthesis of 2-acyl
butenolides, we are the first to report preparation of these mol-
ecules via a tandem reaction sequence of an esterification–intra-
molecular Knoevenagel condensation. This route is of interest
because 2-acyl butenolides can be transformed into complex
natural products, including the syringolides,20 methylenomy-
cin,21 the acyl α-L-rhamnopyranosides,22 and cyclophostin.23

Interestingly, our butenolide-forming reaction requires high
temperature and acid-catalysis while the corresponding biologi-
cal reaction is reported to be spontaneous.7 Based on these
differences, it is tempting to speculate that the phosphate moiety
of the DHAP ester may have an unappreciated role as a catalytic
base in the intramolecular Knoevenagel condensation.24 With
respect to the butenolide reduction, this is one of only a few
instances in which sodium cyanoborohydride has been reported
to chemoselectively effect a conjugate reduction. This obser-
vation is noteworthy because the reductant is generally thought
to be useful in synthetic chemistry only for reductive aminations
and for reductions of aldehyde and ketones at low pH.18 Taken
together, the details of this concise synthesis shed new light
on pervasive reactions in synthetic organic chemistry and
biochemistry.

Scheme 3 Synthesis of A-factor.

Table 2 Reduction of the 2-acyl butenolide

Catalyst Mol (%) Hydrogen source Solvent Time/h % Yield

Stryker’s Reagent 1 PMHS toluene 24 0
DBTM-segphos(CuH) 1 PMHS toluene 24 0
(BDP)CuH 1 PMHS toluene 24 0
[Rh(NBD)2BF4]/JOSIPHOS 1 H2 MeOH 24 0
none N/A NaBH3CN EtOH 30 66

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 1517–1520 | 1519

Pu
bl

is
he

d 
on

 1
6 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
D

A
D

 D
E

 G
IR

O
N

A
 o

n 
28

/1
0/

20
14

 1
1:

21
:4

3.
 

View Article Online

http://dx.doi.org/10.1039/c2ob06653j


Acknowledgements

Brown University and a “Frontiers in Chemistry” grant from the
Department of Chemistry at Brown are gratefully acknowledged
for financial support. K. L. A was supported by an Undergradu-
ate Teaching and Research Assistantship from Brown. Dr Russell
Hopson and Dr Tun-Li Shen from the Department of Chemistry
at Brown University are gratefully acknowledged for technical
support in NMR and MS analysis. We thank Mr. Corey
Compton for assistance in characterization of synthetic
intermediates.

Notes and references

1 J. M. Willey and A. A. Gaskell, Chem. Rev., 2010, 111, 174–187.
2 J. Martín and P. Liras, Curr. Opin. Microbiol., 2010, 13, 1–11.
3 (a) E. J. Cundliffe, J. Ind. Microbiol. Biotechnol., 2006, 33, 500–506;

(b) K. Scherlach and C. Hertweck, Org. Biomol. Chem., 2009, 7, 1753–
1760.

4 K. Ueda, S. Kawai, H. Ogawa, A. Kiyama, T. Kubota, H. Kawanobe and
T. J. Beppu, J. Antibiot., 2000, 53, 979–982.

5 A. Khokhlov, I. Tovarova and L. Borisova, Akademii nauk SSSR, 1967,
177, 232–235.

6 (a) S. P. Chavan, K. Pasupathy and K. Shivasankar, Synth. Commun.,
2004, 34, 397–404; (b) J. Crawforth, J. Fawcett and B. J. Rawlings, J.
Chem. Soc., Perkin Trans. 1, 1998, 1721–1726; (c) T. Kinoshita and
M. Hirano, J. Heterocycl. Chem., 1992, 29, 1025–1026; (d) E. Kleiner,
S. A. Pliner, V. S. Soifer, V. V. Onoprienko, T. A. Balashova,
B. V. Rozynov and A. S. Khokhlov, Bioorg Khim., 1976, 2, 1142–1147;
(e) K Mori, Tetrahedron Lett., 1981, 22, 3431–3432; (f ) P. Parsons,
P. Lacrouts and A. J. Buss, J. Chem. Soc., Chem. Commun., 1995, 437–
438; (g) G. Posner, M. Weitzberg and S. Jew, Synth. Commun., 1987, 17,
611–620; (h) J. Yadav, M. Valluri and A. Rama Rao, Tetrahedron Lett.,
1994, 35, 3609–3612; (i) Q. Zhang and X. J. Lu, J. Am. Chem. Soc.,
2000, 122, 7604–7605.

7 J. Kato, N. Funa, H. Watanabe, Y. Ohnishi and S. Horinouchi, Proc. Natl.
Acad. Sci. U. S. A., 2007, 104, 2378–2383.

8 J. B. Davis, J. D. Bailey and J. K. Sello, Org. Lett., 2009, 11, 2984–2987.

9 Y. Oikawa, K. Sugano and O. Yonemitsu, J. Org. Chem., 1978, 43,
2087–2088.

10 Y. Oikawa, T. Yoshioka, K. Sugano and O. Yonemitsu, Org. Synth., 1990,
7, 359–360.

11 Treatment of uncyclized ester 12 with acidic resins such as Amberlite 1R-
120H 4 or Dowex 50WX8-200 mesh or with organic acids like pTsOH
led to a mixture of products and a decrease in yield. We also attempted
adding silica to the reaction during heating, or once it was complete at
lower temperatures. In each case, this only led to a more complex mixture
of products and a decrease in yield.

12 H. McNab, Chem. Soc. Rev., 1978, 7, 345–358.
13 S. A. Bennett and R. W. Rickards, Tetrahedron Lett., 2003, 44, 6927–

6930.
14 (a) B. Lipshutz, J. Servesko and B. J. Taft, J. Am. Chem. Soc., 2004, 126,

8352–8353; (b) B. Lipshutz and B. A. Frieman, Angew. Chem., Int. Ed.,
2005, 44, 6345–6348; (c) B. Baker, Z. Boskovic and B. H. Lipshutz,
Org. Lett., 2008, 10, 289–292.

15 A. Togni, C. Breutel, A. Schnyder, F. Spindler, H. Landert and A. Tijani,
J. Am. Chem. Soc., 1994, 116, 4062–4066.

16 To verify catalyst poisoning, the catalysts were mixed with 13 and the
resulting solution was used to reduce diethylfumarate, which is easily
reduced under the same conditions in the absence of 13. We observed no
reduction of diethylfumarate, suggesting inactivation of the catalyst upon
exposure to 13.

17 M. R. Johnson and B. Rickborn, J. Org. Chem., 1970, 35, 1041–
1045.

18 R. O. Hutchins, D. Rotstein, N. Natale and J. Fanelli, J. Org. Chem.,
1976, 41, 3328–3329.

19 Fluoride deprotecting agents (TBAF and HF·pyridine) and HCl in THF
led to decomposition of the product.

20 (a) M. N. Villalobos, J. L. Wood, S. Jeong, C. Lindberg Benson,
S. M. Zeman, C. McCarty, M. M. Weiss, A. Salcedo and J. Jenkins,
Tetrahedron, 2009, 65, 8091–8098; (b) A. A. Varvogli, I. N. Karagiannis
and A. E. Koumbis, Tetrahedron, 2009, 65, 1048–1058.

21 C. Corre, C. and G. L. Challis, ChemBioChem, 2005, 6, 2166–2170.
22 S. Grond, H.-J. Langer, P. Henne, I. Sattler, R. Thiericke, S. Grabley,

H Zahner and A. Zeeck, Eur. J. Org. Chem., 2000, 31, 929–937.
23 R. K. Malla, S. Bandyopadhyay, C. D. Spilling, S. Ditta and

C. M. Dupureur, Org. Lett., 2011, 13, 3094–3097.
24 S. L. Bender, T. Wildanski and J. R. Knowles, Biochemistry, 1989, 28,

7560–7572.

1520 | Org. Biomol. Chem., 2012, 10, 1517–1520 This journal is © The Royal Society of Chemistry 2012

Pu
bl

is
he

d 
on

 1
6 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
D

A
D

 D
E

 G
IR

O
N

A
 o

n 
28

/1
0/

20
14

 1
1:

21
:4

3.
 

View Article Online

http://dx.doi.org/10.1039/c2ob06653j

