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Abstract—The preparation of a collection of 131 small molecules, reminiscent of families of long chain N-acyl tyrosines, enamides
and enol esters that have been isolated from heterologous expression of environmental DNA (eDNA) in Escherichia coli, is reported.
The synthetic libraries of N-acyl tyrosines and their 3-keto counterparts were prepared via solid-phase routes, whereas the enamides

and enol esters were synthesized in solution-phase.
© 2007 Elsevier Ltd. All rights reserved.

Microbes, especially soil-dwelling bacteria, have made
enormous contributions to our stock of biologically ac-
tive small molecules.! Discovering these molecules usu-
ally requires isolating the producing organism,
culturing it in the laboratory and assaying the culture
extracts for biological activity. The realization that only
a tiny and unrepresentative minority of soil and other
microorganisms can be cultured by currently described
techniques? led many laboratories to develop alternative
strategies for accessing the small molecules produced by
the uncultured majority.** Such processes typically in-
volve obtaining DNA—mnot the producing organism—
directly from the environment (thus termed environmen-
tal DNA or eDNA) and incorporating it into alternative
hosts to discover gene-host combinations with the
capacity to produce biologically active compounds. In
our laboratory we have employed this approach to ex-
press eDNA-encoded pathways in Escherichia coli, and
used an antibiotic assay to identify colonies producing
small molecule antibiotics. The most frequently identi-
fied metabolites have been long chain N-acyl amino
acids, 3> especially N-acyl tyrosines (NATs), and the
widespread occurrence of these compounds, which had
not been previously reported as microbial natural prod-
ucts, raised questions about their biosynthesis and bio-
logical function(s).
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One pathway uncovered using this approach produced
NATS that were first converted to N-acyl (E)-enamides
through an oxidative decarboxylation, and finally to
N-acyl (E)-enol esters through an unusual N,O-exchan-
ge? (Fig. 1a). Formation of the amide is catalyzed by an
N-acyl synthase that couples free tyrosine to a long
chain acid, delivered by an acyl carrier protein (ACP).°
The structure, mechanism and sequence alignment of
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Figure 1. (a) Proposed biosynthetic pathway for the production of
long chain N-acyl tyrosines and their conversion to (E)-enamides and
(E)-enol esters. (b) Formation of acyl homoserine lactones from
biosynthetic precursor S-adenosyl methionine (SAM).
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this N-acyl synthase®® suggest a relationship to the syn-

thases that produce the acyl homoserine lactones
(AHLs, Fig. 1b), quorum sensing mediators in many
Gram-negative bacteria.” In both the AHLs and NATs,
a common head group—either homoserine lactone or
tyrosine—is attached to a variety of long chain acids,
and biological activity requires the correct acid frag-
ment. In the E. coli heterologous expression system we
use, ACP-bound long chain acids from E. coli pathways
can replace those of the original producer, and conse-
quently the identities of the biologically relevant prod-
ucts of NAT pathways are not known with certainty.>®
In order to explore the relationship between acid struc-
ture and biological activity in the amide, enamide and
enol ester pathway, we developed an efficient chemical
synthesis of plausible library members, which is de-
scribed herein.

Long chain NATSs were prepared via a solid-phase route
(Scheme 1). Polystyrene macrobeads of 500-600 pum
diameter, functionalized with a trialkylaryl silicon linker
(1), were chosen as the solid support.® First, the resin
was activated with excess trifluoromethanesulfonic acid
in CH,Cl,, followed by quenching with 2,6-lutidine.
The activated beads were then treated for 24 h with a
saturated solution of a bis-protected tyrosine substrate,
the Fmoc carbamate/allyl ester of either L- or D-tyrosine
(2L and 2D, respectively),’ to afford the corresponding
resin-bound species (3L and 3D).!° Complete removal
of the Fmoc group with 20% (v/v) piperidine in DMF
led to the resin-bound allyl esters 4L and 4D. After
screening various amide coupling conditions, we elected
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to carry out this reaction in THF using diethyl phos-
phocyanidate (DEPC) as the activating agent in the
presence of TEA, for 24 h at room temperature. Excess
of acid, DEPC and TEA was required. Under these con-
ditions, 30 simple acids with various degrees of unsatu-
ration (5-34) were combined with the resin-bound
nucleophiles in parallel to furnish 60 coupling products
(5al.-34al. and 5aD-34aD). All couplings were quanti-
tative and free of impurities, as indicated by LC-MS.
Parallel removal of the allyl protecting group from these
intermediates was achieved with 5 mol % Pd(PPhj3), in
THF and excess morpholine in 6-8 h. The mild depro-
tection conditions were compatible with the presence
of unsaturated long chains. This sensitive reaction
required absence of light and initial degassing of the
reaction container, to avoid catalyst degradation.
Cleavage of the NATs from the beads was carried out
using a 70/30 (v/v) HF/pyridine mixture in THF, buf-
fered with additional pyridine. The reaction was typi-
cally quenched with TMSOMe, to provide >95% pure
products (5cL-34cL and 5cD-34cD) after the superna-
tant was separated from the beads and the volatile
byproducts were evaporated.

To augment the library with long chains reminiscent of
AHLs, solid-phase synthesis of NATs bearing a 3-keto
functionality was carried out using a modification of
the above procedure (Scheme 2). Long chain 5-acyl-
2,2-dimethyl-1,3-dioxane-4,6-diones (5-acyl Meldrum’s
acids),!! a masked form of the labile 3-oxo carboxylic
acids, were used as building blocks in the amide cou-
pling step. An alternative to conventional heating in
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Scheme 1. Solid-phase synthesis of long chain N-acyl tyrosines. Reagents and conditions: (a) CH,Cl,/TfOH/rt/40 min; (b) CH,Cl,/2,6-lutidine/rt/5—
10 min; (c) CH,ClL,/2L or 2D/rt/24 h; (d) DMF/piperidine/rt/4 h; (¢) RCO,H (5-34)/THF/DEPC/TEA/rt/24 h; (f) THE/Pd(PPh;3)s/morpholine/rt/8—

12 h; (g) THF/HF/pyridine/rt/2.5 h; (h) TMSOMe/rt/15 min.
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Scheme 2. Solid-phase synthesis of long chain 3-oxo-N-acyl tyrosines. Reagents and conditions: (a) NMP/5-acyl Meldrum’s acid (35-53)/microwave/
200 °C/10 min; (b) THF/Pd(PPhs),/morpholine/rt/8-12 h; (c) THF/HF/pyridine/rt/2.5 h; (d) TMSOMe/rt/15 min.

the presence of an external base, which is the usual pro-
tocol of choice for a solution-phase reaction involving
nucleophilic attack on a 5-acyl Meldrum’s acid, was nec-
essary in order to avoid bead degradation. Thus a
microwave-assisted method was developed. Optimal
reaction conditions required the use of N-methyl pyrrol-
idone (NMP) as the solvent, which has both excellent
absorbance characteristics and ideal interaction with
this solid-phase, excess of the 5-acyl Meldrum’s acid
building block and no external base, at 200 °C with con-
trolled microwave irradiation in a commercial reactor
for 10 min. Parallel coupling of 19 different saturated
and unsaturated building blocks (35-53) to resin-bound
substrates 4L and 4D led to full consumption of the sub-
strate in all cases, and formation of 70-80% of the de-
sired products (35al.-53al. and 35aD-53aD). The 38
intermediates were successfully carried through the allyl
deprotection and cleavage steps as described above, to
yield 38 final 3-oxo-N-acyl tyrosines (35¢L-53cL and
35¢D-53cD).

Since our devised synthetic routes leading to the
enamide and enol ester families involved steps that were
either heterogeneous or incompatible with the solid-
phase, both were realized in solution-phase. The (E)-
enamides were prepared as shown in Scheme 3, starting
with protection of 4-hydroxycinnamic acid (54) as a silyl
ether (55, 85% yield) with TBDMSCI in DMF, in the
presence of imidazole. Intermediate 55 was stereoselec-
tively converted to the corresponding (E)-vinyl bromide
(56, 83% yield) via a decarboxylative bromination with
N-bromosuccinimide.!? This LiOAc-catalyzed Huns-
diecker transformation was carried out in CH;CN/
H,O with mild heating. A modification of Buchwald’s
conditions for copper-catalyzed amidation'® was em-
ployed for coupling of the vinyl bromide to a series of
saturated long chain carboxamides (57-63),'¢ generating
the long chain (E)-enamides 57aE-63aE at 65-70% yield
with retention of the trans geometry. The amidation was
carried out in toluene, using Cul as the copper source,
N,N'-dimethylethylenediamine as the bidentate ligand
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Scheme 3. Solution-phase synthesis of long chain N-acyl enamides.
Reagents and conditions: (a) TBDMSCl/imidazole/DMF/rt/12 h/85%;
(b) NBS/LiOAc/CH;CN/H,0/60 °C/1 h/83%; (c) RCONH, (57-63)/
(CH;3;NHCH,),/Cul/Rb,COs/toluene/80 °C/24 h/65-70%; (d) HF/pyri-
dine/THF/rt/6 h/85-90%.

and Rb,COj; as the base,'* and required strictly anhy-
drous conditions and heating at 70 °C for 24 h. Depro-
tection of the intermediates was achieved with 70/30
(v/v) HF/pyridine in THF/pyridine and afforded 85—
90% of the final (E)-enamides (57bE—63bE).

The last class of eDNA-associated compounds, the enol
esters, were derived from methyl 4-hydroxyphenyl ace-
tate (64, Scheme 4), which was quantitatively protected
under conditions similar to the protection of 54 above
to afford TBDMS-silyl ether 65. Intermediate 65 was
converted to an aldehyde in two steps: reduction to an
alcohol (66) with LiAlH, in THF at —78 °C (94% yield),
followed by alcohol oxidation to the aldehyde (67) with
2-iodoxybenzoic acid (IBX)'> in DMSO (93% yield). By
means of KHMDS in THF/toluene, 67 was converted to
a mixture of trans and cis potassium enolates, in accord
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Scheme 4. Solution-phase synthesis of long chain N-acyl enol esters.
Reagents and conditions: (a) TBDMSCl/imidazole/DMF/rt/12 h/
100%; (b) LiAIH4/THF/—78 °C/1 h/94%; (c) IBX/DMSO/rt/4 h/93%;
(d) KHMDS/toluene/THF/0 °C/5 min; (¢) THF/RCO,Suc (68-80)/rt/
30 min/30-40%; (f) HF/pyridine/rt/6 h/85-90%.

with a previous report from our laboratory for a similar
system.'® Under the specific reaction conditions em-
ployed here, moderate selectivity for the trans enolate
(precursor to the only isomeric product present in the
natural extract from the eDNA clone) was observed.
The enolates were trapped with saturated long chain
N-hydroxysuccinimide esters (68-80).!7 LC-MS analysis
of an aliquot from each reaction revealed in all cases a
mixture of products with the same mass, that included
(E)- and (Z)-enol esters as well as what appeared to be
carbon acylation products. Partial purification of the
crude products afforded inseparable mixtures of (E)-
and (Z)-enol esters (68aE-80aE and 68aZ-80aZ), for
which '"H NMR indicated a ratio of approximately
2:1. The ratio was independent of acid chain length
and reflects the thermodynamic preference for the trans
enolate. The (E)/(Z) mixtures were resolved after HF re-
moval of the TBDMS protecting group in pyridine,
which proceeded at 85-90% yield. Thirteen deprotected
(E)-enol esters (68bE-80bE) and 13 (Z)-enol esters
(68bZ-80bZ) were obtained in pure form.

In summary, solid- and solution-phase methods are de-
scribed for the preparation of synthetic libraries of tyro-
sine-derived bacterial metabolites (131 compounds have
been delivered), resembling small molecules isolated
from heterologous expression of eDNA in E. coli. Preli-
minary biological studies on library members have
shown antibiotic activity against Bacillus subtilis and
moderate inhibitory potential of Pseudomonas aerugin-
osa biofilm formation. Additional assays are planned
and will be reported elsewhere in due course.
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