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Thiazolyl peptide antibiotic nocathiacin 1 was converted
to nocathiacin acid4) in high yield by treatment with
trifluoroacetic anhydride and pyridine in THF at room

temperature. Two equipotent water-soluble amide analogues

of nocathiacin | were readily prepared from this important
and versatile carboxylic acid intermediate under mild peptide
coupling conditions. The present method is useful for
chemical derivatization of complex natural products that
contain C-terminal dehydroalanine.

Nocathiacins are a group of thiazolyl peptide antibiotics
recently discovered and isolated from the fermentation broth
of Norcadiasp~2 and fungusAmicolaptosissp3 Nocathiacin
I (1), the most abundant member of the family, displays potent
in vitro antibacterial activityagainst a variety of Gram-positive
bacteria, including methicillin-resistataphylococcus aureus
(MRSA), methicillin-resistanEnterococcus faeciufMREF),
vancomycin-resistarinterococc{VRE), and penicillin-resistant
Streptococcus pneumonigdBRSP). Similar to other thiazolyl
peptide antibiotics, nocathiacins function through inhibition of
bacterial protein synthesis by binding to the 23S rRNA of the
50S ribosomal subunit at the L11 binding domain. Though
nocathiacin | exhibits desirable bactericidal activity agalBst
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aureusand shows in vivo efficacy in a systemf. aureus
infection mouse modéljts poor aqueous solubility precludes
its development as a hospital. drug for serious infections.
However, with its novel structure and high intrinsic activity,
nocathiacin | provides a promising lead for the development of
new antibacterial agents with broad spectrum efficacy against
resistant pathogens with minimal risk of cross-resistance to
currently marketed agents.
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FIGURE 1. Structures of nocathiacins | and IV.

Several approaches have been applietlaod its analogues

to obtain compounds with increased aqueous solul§itity As

part of our effort to generate water-soluble analogues while
maintaining antibacterial activity, we intended to substitute the
dehydroalanine side chain with polar, water-solubilizing amides.
Although a similar approach has been described in the literéture,
which involved condensation of nocathiacin 1\2) (with
glycoaldehyde and reductive amination of the Amadori rear-
ranged intermediate, products from this sequence of transforma-
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SCHEME 1. Conversion of 1 to 4 and Synthesis of Water-Soluble Amides 5 and 6
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tions are limited to only aminoethyl amides. Other literature or acetonitrile at room temperature, followed by quenching with
precedents on chemical modifications of the dehydroalanine unitwater (Scheme 1). LC-MS analyses of the reaction mixture
of 1 also suffer from lengthy sequence or limited scope of revealed that under these conditiofids first converted tc3,
structural features that can be instafé8We envisioned amore  which is then gradually transformed #o The reaction can be
straightforward strategy that involves the formation of carboxylic stopped at the nitrile stage by using less TFAA or running the
acid 4, which can serve as a versatile intermediate to be reaction at 0°C. When isolatedB was subjected to the same
transformed to a variety of amide analogues under mild and reaction conditions (TFAA and pyridine in THF), it was
selective peptide coupling conditions. smoothly transformed td. Under optimal conditions (5 equiv
The complex structure and chemical instability of nocathiacins of TFAA, 10 equiv of pyridine, 0.0£0.1 M concentration)4
present a formidable challenge for their synthetic modifications. was formed almost quantitatively by LC-MS and isolated in
Similar to the disappointing results reported in the literature, 50—80% vyield by preparative HPLC.
our initial attempts to cleave the dehydroalanine moiety directly |t should be noted that acid formed in the reaction was
from 1 or hydrolyze the primary amide bond2failed. Instead ~ mono-trifluoroacetylated based on LC-MS analysis. However,
of the desired carboxylic acid, complete decomposition of  the trifluoroacetyl group can be easily removed with aqueous
nocathiacin | or IV was observed under a variety of mild amide sodium bicarbonate or under other mild hydrolytic conditions.
bond cleavage conditions, including acidic, basic, and oxidative The precise point of acylation was not established, but prelimi-
conditionst*~17 It became clear that a novel and mild method nary studies exclude the indole N-OH, pyridyl OH, or sugar
would need to be developed to achieve the desired transforma-OH as the acylation site because both dimethyl nocathiatin |,
tion from 1 to 4. which lacks indole N-OH and pyridyl OH, and thiazomyéf,
We first observed the formation of nocathiacin atid trace which lacks the sugar OH, form mono-trifluoroacetylated acid
amount during the synthesis of nitrieby treatment oflL with upon treatment with TFAA/pyridine.
trifluoroacetic anhydride (TFAA) in pyridine. After carefully Mechanistic studies of the newly discovered transformation
monitoring the reaction process and surveying different reaction using1 were complicated by its complex structure and limited
conditions, we discovered thdtcan be formed as the major supply, therefore a model compound) (bearing the dehy-
product by reactind with excess TFAA and pyridine in THF  qroajanine unit was synthesized. Compodndas prepared in
three steps from knowiN-(tert-butoxycarbonyl)--(Se)-phe-
nylselenocysteirl@ by the method developed by van der Donk
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SCHEME 2. Proposed Mechanism for Dehydroalanine
Cleavage
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treated with excess TFAA/pyridine in THF, immediate forma-
tion of nitrile 8 was observed, and the corresponding ddd
was formed quantitatively withi 2 h upon quenching with
water. In the absence of pyridine, nitrBavas still formed after
the addition of TFAA, but no acid formation was detected even
after 24 h. Substituting pyridine witl,N-diisopropylethylamine
also resulted in complete conversion dfo 8, but again no
acid formation was observed. Thus it seems that pyridine is
mechanistically involved in the transformation. We postulate
that the reaction proceeds throulykacylation of8 to form the
reactive intermediat®, followed by nucleophilic attack by
pyridine to generate the acyl pyridinium speciEs(Scheme

2), which yields acid12 upon quenching with water. If the
reaction mixture is quenched with methanol instead, the

JOCNote

antibacterial activity ob and6 is comparable to that df, with
the minimum inhibitory concentrations (MICs) agaistaureus
of 0.0075 and 0.06g/mL, respectively. In comparisoh shows
solubility of 0.34 mg/mL at pH 4.0 and MIC againSt aureus
of 0.007ug/mL 8

In summary, we have developed a mild and efficient method
to convert thiazolyl peptide antibiotit to nocathiacin acid4)
through a facile cleavage of dehydroalanine using trifluoroacetic
anhydride and pyridine in THF. We also demonstrated the
synthetic utility of this highly desirable intermediate by the
convenient synthesis of two novel water-soluble amide ana-
logues b and6) of nocathiacin | in good yields. More synthetic
applications of4 in the preparation of water-soluble amides,
esters, thioesters, and their biological activities will be the
subject of a separate publication. The C-terminal dehydroalanine
motif is found in a number of natural products, such as
nosiheptide, glycothiohexide, siomycins, sulfomycins, promo-
thiocin 21724 and thiazomycid® The method described herein
was already successfully applied to thiazomycin, a new member
of the nocathiacin family, and generated many useful analogues
(data not shown). It can potentially be applied to other antibiotics
mentioned above and facilitate their derivitization under mild
conditions compatible with their structural complexity and
chemical sensitivity.

Experimental Section

Nocathiacin Acid (4). To a solution of nocathiacin I11( 100
mg, 0.07 mmol) in tetrahydrofuran (4 mL) at @€ was added
pyridine (0.11 mL, 1.4 mmol) and trifluoroacetic anhydride (0.1
mL, 0.7 mmol) slowly. After addition, the reaction mixture was
allowed to warm to room temperature and stirring was continued
for 6 h. A second portion of pyridine (0.05 mL) and TFAA (0.05
mL) were added, and afte4 h the reaction was quenched by
addition of a small amount of water while being kept in an ice
bath and stirred for 30 min at room temperature. It was then
concentrated until solid started to precipitate out. More water was

corresponding methyl ester is formed, presumably through the added and the solid was collected by filtration. After being washed

same reactive intermediat). To further support the above
mechanistic hypothesis, acrylonitrilel was isolated from the
reaction mixture and its structure was confirmed by spectro-
scopic analyses. A brief survey of the same reaction on

structurally related substrates suggests that this reaction is
specific for the degradative cleavage of dehydroalanine amides

with water, the solid was dissolved in methanol/chloroform and
evaporated repeatedly until dry. The crude acid product was
obtained as an orange crystalline solid (100 mg). LC-MS analysis
indicated that this material consisted of approximately 80% of 1:1
mixture of4 and trifluoroacetylated, and can be used satisfactorily

in the subsequent coupling reactions without further purification.
For characterization, this material was treated with saturated sodium

or esters. The corresponding saturated compound containingyicarhonate solution and purified by reversed-phase HPLC with a

alanine did not yield any 2-phenyl-1,3-thiazo-4-carboxylic acid
(12) under the same conditions.

To demonstrate the synthetic utility of this important inter-
mediate, carboxylic acidt was converted under mild and
selective conditions to a variety of amide and ester derivatives
containing various water-solubilizing groups, as exemplified by

5and6 (Scheme 1). Standard peptide coupling reactions (PyBop —

or EDC/HOBt in DMF) betwee and N-(3-aminopropyl)-
morpholine or 1-methylpiperazine afforded amidesnd 6,
respectively, in good isolated yiet.Both 5 and 6 retained
potent antibacterial activity and showed much improved solubil-
ity relative to nocathiacin | at acidic pH. The solubility of these
two compounds as their TFA salts is greater than 10 mg/mL in
water containing 5% dextrose with a pH of 4.0. The in vitro

(20) The coupling reactions with EDC/HOBt or PyBop converted
nocathiacin acidl to amide analogues quantitatively as analyzed by LC-
MS, but isolated yields after reversed-phase HPLC purification typically
fell between 50% and 80%.

10-50% B gradient’H NMR (500 MHz, DMSOég) 6 11.94 (s.
1H), 10.77 (s, 1H), 9.10 (s, 1H), 8.70 (s, 1H), 8.66 (s, 1H), 8.57
(m, 2H), 8.54 (s, 1H), 8.22 (s, 1H), 8.03 (s, 1H) (d, 1H= 9.5
Hz), 7.90 (s, 1H), 7.86 (d, 1Hl = 11.5 Hz), 7.75 (d, 1H) = 8.5
Hz), 7.38 (m, 2H), 7.20 (d, 1H] = 7 Hz), 6.38 (d, 1HJ = 12.0
Hz), 5.76 (dd, 1HJ = 11.0 and 4.5 Hz), 5.72 (d, 1H,= 9.5 Hz),
5.24 (dd, 1HJ = 11.0 and 4.5 Hz), 5.06 (m, 2H), 5.00 (d, 18,
8.0 Hz), 4.80 (d, 1HJ = 10.5 Hz), 4.54 (d, 1HJ) = 11.0 Hz),
4.30 (d, 1HJ = 9.5 Hz), 4.26 (m, 1H), 4.16 (d, 1H,= 10.5 Hz),
4.05 (d, 1H,J = 8.0 Hz), 3.92 (s, 3H), 3.13 (s, br, 1H), 2.89 (s,
3H), 2.87 (s, 3H), 2.13 (m, 1H), 2.01 (s, 3H), 1.95 (d, 1H=
14.5 Hz), 1.61 (s, 3H), 1.57 (s, br, 3H), 0.81 (d, 3H= 6.5 Hz).

(21) Pascard, C.; Ducruix, A.; Lunel, J.; PrangeJ. Am. Chem. Soc
1977, 99, 6418-6423.
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2005 105, 685-714.

(23) Northcote, P. T.; Siegel, M.; Borders, D. B.; Lee, M.DAntibiot
1994 47, 901-908.
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13C NMR (125 MHz, DMSO¢dg) 0 172.1, 168.8, 168.4, 167.6,
164.3, 163.9, 162.3, 161.9, 161.7, 161.2, 160.9, 159.6, 1590 (q,
= 96.5 Hz, TFA), 154.9, 152.2, 150.2, 149.4, 147.4, 146.2, 143.9,

(1.55 mL, 16.2 mmol). After 20 min aqueous NPH (3.4 mL, 48
mmol) was added to solution, and the mixture was allowed to warm
up to room temperature. The residue was partitioned between water

135.6,134.9, 131.1, 130.9, 128.6, 127.6, 127.1, 126.9, 126.4, 126.3and ethyl acetate. The organic layer was washed with water and
124.6, 123.8, 120.6, 120.0, 113.4, 111.8, 110.2, 95.3, 79.8, 71.7,brine, dried over Ng50O,, and evaporated. Recrystallization from
69.7,68.3, 67.1, 65.8, 65.2, 63.9, 63.5, 56.8, 56.1, 50.6, 50.5, 47.1,ethyl acetate/hexanes affordse(tert-butoxycarbonyl)--(Se)-phe-

43.0, 38.9, 30.8, 23.2, 18.6, 18.0, 13.7. HRMS-T@#Z)[M +
H]* calcd for GgHsgN120:15Ss 1369.252, found 1369.258.

N-(3-Morpholin-4-yl-propyl)amide 5. Compound4 (30 mg,
0.016 mmol) was mixed wittN-(3-aminopropyl)morpholine (3.5
mg, 0.024 mmol), 1-hydroxybenzotriazole (3.1 mg, 0.020 mmol),
and EDC (5.8 mg, 0.03 mmol) in anhydrous DMF (0.4 mL). After
1 h, the reaction mixture was directly purified by reversed-phase
HPLC with a gradient of 545% B. Compound was obtained as
a light yellow solid after lyophilization (TFA salt, 12.5 mg, 49%
yield). IH NMR (500 MHz, CQyOD-d,) 6 8.62 (d, 1H,J = 9.5
Hz), 8.56 (s, 1H), 8.43 (s, 1H), 8.41 (s, 1H), 8.19 (s, 1H), 8.14 (d,
1H,J = 11.0 Hz), 7.88 (s, 1H), 7.86 (d, 1d,= 7.0 Hz), 7.84 (m,
2H), 7.43 (t, 1H,J = 8.0 Hz), 7.22 (d, 1HJ = 7.0 Hz), 6.13 (d,
1H, J = 13.0 Hz), 5.91 (dd, 1HJ = 9.5 and 2.0 Hz), 5.78 (dd,
1H,J = 11.0 and 5.0 Hz), 5.39 (dd, 1H,= 11.3 and 5.3 Hz),
5.21 (m, 1H), 5.06 (d, 1HJ = 12.5 Hz), 4.96 (d, 1HJ = 10.5
Hz), 4.59 (d, 1H,J = 11.5 Hz), 4.42 (d, 1HJ = 10.0 Hz), 4.37
(m, 1H), 4.29 (d, 1HJ = 10.5 Hz), 4.05-4.18 (m, 4H), 3.96 (s,
3H), 3.80 (m, 2H), 3.533.60 (m, 4H), 3.29 (t, 2HJ) = 7.8 Hz),
3.12-3.22 (m, 3H), 3.03 (s, 6H), 2.80 (m, 1H), 2.18 (s, 3H), 2.07
(s, 3H), 1.75 (s, 3H), 1.42 (d, 3H,= 6.0 Hz), 1.00 (d, 3HJ =
7.0 Hz). HRMS-TOF (/2 (M + 2H]/2)" calcd for GsH7zoN14018Ss
748.187, found 748.189.

4-Methylpiperazin-1-ylamide 6. Compound4 (30 mg, 0.016
mmol) was mixed with 1-methylpiperazine (2.4 mg, 0.024 mmol),
1-hydroxybenzotriazole (3.1 mg, 0.020 mmol), and EDC (5.8 mg,
0.03 mmol) in anhydrous DMF (0.4 mL) and the mixture was stirred

nylselenocysteine amide as a white solid (4.11 g, 74% yiéH).
NMR (500 MHz, CDC}) 6) 7.60 (dd,J = 3.6, 7.1 Hz, 2 H), 7.32
(m, 3 H), 6.26 (s, 1 H), 5.48 (s, 1 H), 5.28 (s, 1 H), 4.40 (s, 1 H),
3.35 (s, 1 H), 3.26 (ddJ = 5.8, 12.2 Hz, 1 H), 1.47 (s, 12 H).
LC-MS (ESI)m/z 344.9 (M+ 1).

The TFA salt ofL-(Se)-phenylselenocysteine amide (3 g, 12.3
mmol) obtained after deprotection with 1:1 TFA/@H, was
coupled to 2-phenyl-1,3-thiazo-4-carboxylic acid (2.4 g, 11.7 mmol)
in DMF (50 mL) under peptide coupling conditions with EDC (4.49
g, 23.4 mmol) and HOBt (158 mg, 1.17 mmol). After being stirred
at room temperature for 3 h, the mixture was diluted with water
and extracted with ethyl acetate. The organic layer was washed
with water and brine, dried over M&O, and concentrated in vacuo.
Purification by silica gel chromatography (#B0% EtOAc/
hexanes) yielded theN-(2-phenyl-1,3-thiazo-2-lyl)carbonyl-Se-
phenylselenocysteine amide (4.64 g, 92% yielt).NMR (500
MHz, DMSO-dg) 6 8.43 (d,J = 8.3 Hz, 1 H), 8.32 (s, 1 H), 8.63
8.01 (m, 2 H), 7.66 (s, 1 H), 7.577.54 (m, 3 H), 7.50 (1) = 4.2
Hz, 2 H), 7.33 (s, 1 H), 7.237.15 (m, 3 H), 4.744.70 (m, 1 H),
3.47 (ddJ= 4.9, 12.4 Hz, 1 H), 3.38 (dd, = 8.0, 12.5 Hz, 1 H).
LC-MS (ESI)m/z431.8 (M+ 1).

Finally, oxidative elimination was carried out by adding an
agueous solution of sodium periodate (9.05 g, 42.3 mmol) to a THF
(100 mL) solution ofN-(2-phenyl-1,3-thiazo-2-lyl)carbonyl-Se-
phenylselenocysteine amide (4.55 g, 10.6 mmol) at room temper-
ature. After the mixture was stirred for 3 h, precipitate was collected
by filtration and washed with 1:1 THF/water and dried in vacuo to

at room temperature for 1 h. Purification by reversed-phase HPLC give N-(2-phenyl-1,3-thiazo-2-lyl)carbonylaminoacrylamid@ &s

with a gradient of 16-:30% B afforded compouné as a light
yellow solid after lyophilization (TFA salt, 12 mg, 50% yieldH
NMR (500 MHz, CyOD-d,) 6 8.64 (d,J = 9.3 Hz, 1 H), 8.59 (s,
1H), 8.44 (s, 1 H), 8.29 (s, 1 H), 8.20 (s, 1 H), 8.16 Jds 11.0
Hz, 1 H), 7.9%7.83 (m, 4 H), 7.45 (tJ = 7.7 Hz, 1 H), 7.25 (d,
J=7.0Hz, 1 H), 6.16 (dJ = 12.5 Hz, 1 H), 5.92 (dJ = 9.4 Hz,
1H),5.79 (ddJ= 4.8, 10.9 Hz, 1 H), 5.40 (dd,= 5.1, 11.4 Hz,
1 H), 5.23 (s, 1 H), 5.08 (d] = 12.6 Hz, 1 H), 4.98 (dJ = 10.5
Hz, 1 H), 4.61 (dJ = 11.3 Hz, 1 H), 4.43 (dJ = 9.7 Hz, 1 H),
4.38 (dd,J = 4.4, 6.7 Hz, 1 H), 4.32 (d) = 10.6 Hz, 1 H), 4.16
(q,J=7.0Hz, 1 H), 4.08 (dJ = 9.6 Hz, 1 H), 3.97 (s, 3 H), 3.35
(m, 2 H), 3.22 (s, 1 H), 3.04 (s, 6 H), 2.96 (s, 3 H), 2.82 (m, 1 H),
2.18 (s, 2 H), 2.07 (s, 3 H), 1.77 (s, 3 H), 1.43 §d= 6.1 Hz, 3
H), 1.01 (d,J = 7.1 Hz, 3 H). HRMS-TOF /2 (M + 2H]/2)*
calcd for GaHesN14017Ss 726.174, found 726.177.
N-(2-Phenyl-1,3-thiazo-2-lyl)carbonyl aminoacrylamide (7).
To a solution ofN-(tert-butoxycarbonyl)--(Se)-phenylselenocys-
teiné?® (5.6 g, 16.2 mmol) in THF (125 mL) at15 °C was added
N-methylmorpholine (1.8 mL, 16 mmol) and ethylchloroformate

7450 J. Org. Chem.Vol. 72, No. 19, 2007

a white solid (3.0 g, 73% yieldfH NMR (500 MHz, DMSO¢)
010.10 (s, 1 H), 8.48 (s, 1 H), 8.15 (s, 1 H), 8.00 (des 7.2 Hz,

2 H), 7.66 (s, 1 H), 7.57 (m, 3 H), 6.50 (s, 1 H), 5.77 (s, 1 B
NMR (125 MHz, DMSO#g) 6 168.4, 165.6, 159.3, 134.5, 132.7,
131.7,127.0, 126.2, 103.0. HRMS-TOR/) [M + H]* calcd for
C13H11N3025 274065, found 274.067.
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