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Long-chain fatty acid enol ester 1 is the major metabolite of a new family of small molecules isolated from the heterologous expression of
environmentally derived DNA. A versatile synthesis of 1, in which an aromatic acetaldehyde is O-acylated with a long-chain acyl chloride
allowed for the rapid construction of both the isolated product (1) and a number of structural analogues (including 8, 17, and 18).

For the past 50 years natural products from cultured soil acid enol esters that have not been previously characterized
microbes have played a central role in drug discovery. from the extensive screening of cultured bactériA.
Nucleic acid based studies now suggest that these culturedsynthesis of the major metabolite in this family was
bacteria represent only a small fraction of the bacterial undertaken to confirm the proposed structli@nd provide
diversity present in most environmental samplethe access to natural-product-like derivatives not found in the
uncultured majority is a potentially rich source of structurally culture broth of this heterologous expression system.
unique natural products. Heterologous expression of DNA  Thefeegene cluster contains 13 opening reading frames
extracted directly from environmental samples (environmen- (feeA—feeM) and was cloned directly from soil collected
tal DNA, eDNA) in easily cultured hosts should provide on the Cornell University campus. Thd-acyl amino acid
access to natural products produced by many previouslysynthase (NAS, FeeM) of tHeegene cluster together with
uncultured bacteriaThe first new natural product biosyn- an acyl carrier protein (ACP) are thought to produce long-
thetic gene cluster characterized using this methodfabe

(fatty acidenol esters) gene cluster, produces long-chain fatty  (2) Brady, S. F.; Clardy, I. Am. Chem. So200Q 122, 12903-12904.
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1981—-1984. Gillespie, D. E.; Brady, S. F.; Betterman, A. D.; Cianciotto,
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We sought a flexible synthesis dfthat could be used
to create a library of natural-product-like compounds for
future biological screening. It seemed likely that the most
versatile route tol would exploit the O-acylation of an
aldehyde (3) with an acid chloridd) (Scheme 1). Because
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Figure 1. (a) Long-chain enol esters and 2 are derived from
tyrosine in successive steps catalyzed byNaacyl amino acid
synthase (NAS},a decarboxylase, and an N—O transferase. (b)
When thefee gene cluster is expressed kh coli the fatty acids
found in these natural products are likely specified by Eheoli
fatty acid loading machinery and not the fatty acid loading system
specific to thefeegene cluster.
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chain N-acyltyrosine$ that are oxidatively decarboxylated

(FeeG) and converted from the eneamide to the enol ester

(FeeH) to givel and?2 (Figure 1). Transposon mutagenesis
studies suggest that the ACP could either befélgespecific
ACP (Feel) or the endogenois coli ACP. In each case it
appears that the natie. coli fatty acid loading machinery
and not the pathway-specific fatty acid loading system is
likely used to charge the ACP (Figure 3Yhe biological
properties of many natural products that contain long-chain
fatty acids (i.e. homoserine lactones, Nod factors, insect
pheromones, and lipid A) are highly dependent on the
specific long-chain fatty acids found within these molecules.
Because thée. coli fatty acid loading machinery is being
used in the biosynthesis of these molecules, the specific fatty
acid(s) encoded by the fatty acid loading system offtee
gene cluster may not be incorporated ifitand2. Thus the
isolated metabolited and 2 may not be the compounds
produced by théeegene cluster in the organism from which
the eDNA was derived. The synthesis of compounds related
to 1 was undertaken to gain access to a pool of molecules
resembling metabolites that might be produced byfte
gene cluster in the wild.

numerous long-chain acid chlorides and aromatic aldehydes
are commercially available the head, tail and configura-
tion of the double bond could be easily varied with this
approach.

Phenylacetaldehyde (5) was used to construct a family of
long-chain fatty acid enol ester6,-8, as a model for the
formation of long-chain enol esters from an aromatic
acetaldehyde and a long-chain acyl chloride (Scheme 1,
Figure 2). These compounds are of particular interest because
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Figure 2. Long-chain enol esters prepared from phenylacetalde-
hyde as examples of synthetic phenylalanine derivatives of the
natural tyrosine based enol estérand 2.

(4) The proposed biosynthesis of long-chdihacyl amino acids is
inferred from published studies on the biosynthesis of long-chain homoserine
lactones. More, M. |.; Finger, L. D.; Stryker, J. L.; Fuqua, C.; Eberhard,
A.; Winans, S. CSciencel996 272, 1655-1658. Watson, W. T.; Minogue,

T. D.; Val, D. L.; Bec von Bodman, S.; Churchill, M. E. Aol. Cell
2002,9, 685—694.
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they represent the products ofiee-like biosynthetic path-
waythat uses phenylalanine in place of tyrosine as the amino
acid precursor.
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The potassium enolate of phenylacetaldehy8e was
prepared using KH in ethylene glycol diethyl ether (EGDE)
at —5 °C.5 Upon the addition of a long-chain acid chloride

19 were obtained in 65—85% vyield. Each of the TBDMS-
protected enol esters were then deprotected using 1.1 equiv
of TBAF in THF (56—85% yield)! With the appropriate

(2 equiv) to the potassium enolate, long-chain enol estersmobile phase (hexanes/dichloromethane) the cis and trans

6—8 were obtained in 6484% vyield. In general we have

isomers of the deprotected products could be separated by

observed that our yields decrease as the length of the fattynormal phase flash chromatography.

acid increases. After purification by normal phase flash

The large coupling constani & 13 Hz) observed in the

chromatography (hexanes/dichloromethane) the cis and transatural sample ol suggested that the enolate contained a
isomers of each long-chain enol ester were obtained astrans double bond. The cis and trans isomersl afere

approximately 1:1 mixtures. The initial six members of the

separated cleanly by silica gel flash chromatography (90:

phenylalanine-based library are cis and trans isomers of long-10, hexanes/dichloromethane) and the synthetic trans isomer

chain fatty acid enol esters containing palmitoyd)§
myristoyl (7), and lauryl (8) groups (Figure 2).

la(latrans,J = 13 Hz,1b cis,J = 7.5 Hz) was found to
be spectroscopically identical to the isolated compound. In

The acetaldehyde needed for the synthesis of long-chainaddition tol, cis and trans isomers of three analogues that
enol esters based on tyrosine was obtained from the oxidationdiffer in the fatty acid attached to the tyrosine derived

of tert-butyldimethylsilyl (TBS)-protected 4-hydroxyphen-
ethyl alcohol 9). 4-Hydroxyphenethyl alcohol9f was
protected as the bis TBS silyl etfe¢10) followed by
selective deprotection of the secondary silyl ether witim |
methandl to afford11in 87% yield over two steps. A Swern
oxidation of the TBS protected 4-hydroxyphenethyl alcohol
(11) provided aldehydé2 in 67% yield?

The synthesis of long-chain enol esters frbusing KH
gave only poor yields in our hands. Even when acetyl

chloride was used as a model reactant in place of the less

soluble longer-chain acid chlorides, a large amount of the
starting aldehyde (12) was recovered from the reaction.
Under these conditions it is appears that KH is not able to
efficiently form the K enolate of the para-substituted acetal-
dehydel2. We found that replacing KH with potassium bis-
(trimethylsilane)amide (KHMDS) under essentially the same
reaction conditions greatly increased the yield of long-chain
enol esterd? Using KHMDS to trap the potassium enolate
of 12, the TBS-protected long-chain enol esters ahd17—

(5) The procedure for the formation of the enol ester from a potassium
enolate was modified slightly from: Ladjama, D.; Riehl, J.Synthesis
1979,7, 504—507. KH (1.1 equiv) was cleaned of mineral oil using three
pentane washes and then resuspended in EGDE at 1 mmell500.5
mmol of the aldehyde5) in 200xL of EGDE was added to 1.1 equiv of
KH stirring in EGDE at—5 °C. Two equivalents of acid chloride (chilled
in 400 uL of EGDE) was added to the K enolate after 10 min and then
stirred at room temperature for 15 min. After the addition of 1 mL of water

the reaction was extracted five times with pentane. The dried organic extracts
were then chromatographed using normal phase flash chromatography with

hexanes/diethyl ether and hexanes/dichloromethane.

(6) NMR data for representative long-chain enol esters with phenyl-
alanine-derived headgroup8ap (cis:trans): 'H NMR (500 MHz,
CD.Clp) 6 7.89 (d,J = 13, 1H), 7.62 (m, 2H), 7.30—7.38 (m, 7H), 7.22—
7.28 (m, 2H), 6.41 (dJ) = 13, 1H), 5.72 (dJ = 7, 1H), 2.54 (tJ = 7.5,
2H), 2.45 (t,J = 7.5, 2H), 1.66—1.75 (m, 4H), 1.24—1.42 (m, 48H), 0.91
(t, J = 7.5, 6H); 13C NMR (100 MHz, CDCly) ¢ 171.3, 170.8, 137.0,

headgroup were constructed. These derivatives include
analogues containing linoleiclT), arachidonic i8), and
capric (19) fatty acids (Figure 3).
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Figure 3. The isolated long-chain enol estéa and analogues
constructed as initial members of a library of compounds based on
1 and2.

The general strategy presented here (Scheme 2) is ap-
plicable to the rapid synthesis of a modest library of

(11) NMR data for representative long-chain enol esters with tyrosine-
derived headgroupka (trans): 'H NMR (500 MHz, CRQCl,) 6 7.74 (d, J

134.9,134.8, 134.6, 129.7, 129.3, 129.0, 127.9, 127.8, 126.7, 115.4, 112.0,= 13, 1H), 7.22, (dJ =9, 2H), 6.78 (dJ =9, 2H), 6.33 (dJ = 13, 1H),

34.7, 34.5, 32.6, 30.3, 30.3, 30.2, 30.1, 30.0, 29.9, 29.7, 25.3, 25.3, 23.3,

14.5.
(7) Corey, E. J.; Venkateswarlu, A. Am. Chem. S0d972,94, 6190—
6191.

(8) Lipshutz, B. H.; Keith, JTetrahedron Lett1998,39, 2495—2498.

(9) Mancuso, A. J.; Huang, S.-L.; Swern, D. Org. Chem1978,43,
2480—2482.

(10) KHMDS (1.1 equiv, as a 0.5 M solution in THF) was added to 0.5
mmol of 12in 100uL of EGDE. After 1 min at—5 °C a chilled solution
of acid chloride (2 equiv) dissolved in EGDE (160) was added to the K
enolate and allowed to stir at room temperature for 15 min. After the addition
of 1 mL of water the reactions were extracted five times with pentane. The

2.42 (t,J = 7.5, 2H), 1.66 (m, 2H), 1.2—1.4 (m, 24H), 0.88 Jt= 6.5,
3H); 3C NMR (100 MHz, CDQClp) 6 171.5, 155.8, 135.6, 128.1, 127.4,
116.1, 115.0, 34.5, 32.5, 30.3, 30.2, 30.2, 30.0, 29.9, 29.8, 29.6, 25.3, 23.3,
14.5.1b (cis): 'H NMR (500 MHz, CDCl,) 6 7.49 (d,J = 9, 2H), 7.20
(d,J= 7.5, 1H), 6.81 (dJ = 9, 2H), 5.63 (dJ = 7.5, 1H), 2.52 (1] =

7, 2H), .71 (m, 2H), 1.21.4 (m, 24H), 0.88 (tJ = 6.5, 3H); BCNMR
(100 MHz, CDCly) 6 170.9, 155.4, 133.1, 131.1, 127.6, 115.8, 111.5, 34.7,
32.5, 30.3, 30.2, 30.2, 30.0, 29.9, 29.8, 29.6, 25.3, 23.3, 194b (cis
and trans):2H NMR (500 MHz, CD,Cly) 6 7.73 (d,J = 13), 7.49 (dJ =
8.5), 7.20—7.23 (m), 6.81 (d, = 8.5), 6.78 (d,J = 8.5), 6.33 (dJ = 13),
5.63 (d,J = 7), 2.52 (t,J = 8), 1.6—1.8 (m), 1.2—1.4 (m), 0.88 @, =
6.5); 3CNMR (100 MHz, CDCly) 6 171.5, 171.0, 155.8, 155.5, 135.5,

dried organic extracts were then chromatographed using normal phase flash133.1, 131.1, 128.1, 127.6, 127.4, 116.1, 115.8, 115.1, 111.6, 34.7, 34.5,

chromatography with hexanes/ethyl acetate.
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32.4, 30.0, 29.8, 29.6, 25.3, 25.3, 23.2, 14.4.
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compounds similar tol. Using this approach we both

confirmed the structure of the isolated produd) @nd

124

produced 12 analogues to examine the overall applicability
of this strategy. A larger library is currently being made and
will be screened in a number of bioassays in an attempt to
define the role of this new family of long-chain enol esters.
Using organic synthesis to understand the roles that biosyn-
thetic small molecules play among uncultured soil bacteria
is a unique contribution of chemistry to illuminating the
unknown world of uncultured microorganisms.
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