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ABSTRACT
The Synthesis of Oxazole-containing Natural Products
Thomas H. Graham, PhD

University of Pittsburgh, 2006

The first section describes the synthesis of the C, to C,; side chain of
leucascandrolide A. The key step of the synthesis is a modified Robinson-Gabriel
synthesis of the oxazole. The C,. to C,;. side chain was constructed in 9 steps and 7%
overall yield.

The second section describes the synthesis of 2-alkynyl oxazoles and
subsequent transformations into a variety of useful motifs. The conjugate addition of
nucleophiles to 2-alkynyl oxazoles under basic conditions affords vinyl ethers, vinyl
thioethers and enamines. The addition of ethanedithiol affords dithiolanes that can be
transformed into ethyl thioesters and ketones. Nucleophilic additions of thiols to 2-
alkynyl oxazolines affords oxazoline thioethers. Additions of halides under acidic
conditions stereoselectively affords vinyl halides that can be further transformed by
Sonogashira cross-coupling reactions.

The third section describes the synthesis of (-)-disorazole C, and analogs. The
macrocycle was constructed with minimal protecting group manipulations, using mild
esterification and Sonogashira cross-coupling reactions. The convergent synthesis of
disorazole C, allowed for the synthesis of additional analogs. These analogs include
the C,,-t-butyl and C,,_,s-cyclopropane derivatives. Results from preliminary biological

evaluations of synthetic intermediates, analogs and derivatives are also discussed.
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1. Synthesis of the C,.-C,,. Segment of Leucascandrolide A

1.1. Introduction

1.1.1. The Biology of the Leucascandrolides
Leucascandrolide A and B were isolated by Pietra and coworkers in 1996

from a calcareous sponge Leucascandra caveolata collected along the east coast of

2 The structure of these macrolides were

New Caledonia, Coral Sea (Figure 1)."
determined by HRMS, MS-MS and 2D NMR, and their absolute configuration was
derived from degradation and Mosher ester studies. Significant quantities of
leucascandrolide A were isolated (70 mg from 240 g, 0.03% yield) during the original
expedition; however, subsequent expeditions failed to isolate additional material.
Importantly, the original sponges were necrotic, suggesting that the specimens were
extensively colonized by other organisms. The necrotic nature of the sponges, the
unique architecture of the leucascandrolides that is uncommon to the calcareous

sponges and the inability to isolate additional compound suggest that the

leucascandrolides may be microbial in origin.



Figure 1. The leucascandrolides.

OMe
leucascandrolide B

leucascandrolide A

Several distinctions between the two leucascandrolides can be noted.
Leucascandrolide B is a 16-membered macrolide incorporating one pyran and lacking
the oxazole-containing side-chain. Leucascandrolide B demonstrated no significant
cytotoxic and antifungal activity. Leucascandrolide A is an 18-membered macrolide
which incorporates two pyrans and the oxazole-containing side-chain. In addition,
leucascandrolide A demonstrates strong cytotoxic activity in vitro in KB and P388 cells
(ICs0p’s of 50 and 250 ng/mL), as well as very strong inhibition of Candida albicans
(inhibition diameter of 26/40, 23/20, and 20/10 mm/mg per disk). The Pietra group
removed the side chain from the macrolide, and determined that the macrolide portion
1 was essential for cytotoxic activity (Scheme 1). The oxazole-containing side-chain 2

was responsible for the anti-fungal activity.’



Scheme 1. Separation of leucascandrolide A into two major segments.
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The cytotoxic and antifungal activities of leucascandrolide A warrant further
investigation of its pharmacological and clinical potential, but the supply is limited by
the inability to isolate additional quantities from the natural source.? The only method
presently available for obtaining a steady supply of leucascandrolide A is synthesis. To
date, several total syntheses have been completed by the groups of Leighton,®
Kozmin,* Carreira,® Paterson® and Panek.” Several synthesis of the macrolide segment
were also reported.®® As part of a project focused on the synthesis of

leucascandrolide A, the C,. to C,, side chain segment was synthesized.

1.1.2. Approaches to the Synthesis of the C,.-C,,, Segment
Five syntheses of the leucascandrolide A side chain have been reported and
each can be distinguished by the method used to install the oxazole ring."" Leighton

used the cyclization-oxidation of a hydroxyamide.* Kozmin’s synthesis used a rhodium



carbenoid mediated cyclization. Both Panek'® and Paterson® used a modified
Sonogashira cross-coupling between a 2-trifluoromethylsulfonyl oxazole and a terminal
alkyne. The synthesis by Wipf (Section 1.2.2) used an oxidation-cyclization (Robinson-

Gabriel) route.™

1.1.2.1. Leighton’s Synthesis

The Leighton synthesis commenced with the carboxylation of alkyne 3 followed
by semi-reduction with hydrogen and Lindlar catalyst to afford the (2)-alkene in 73%
yield (Scheme 2). Coupling with serine methyl ester afforded hydroxyamide 4 in 75%
yield. The hydroxyamide was then cyclized using DAST and oxidized with BrCCl,/DBU
to afford the oxazole 5 in 64% yield.” The methyl ester was reduced to the alcohol in
86% yield using diisobutylaluminum hydride and the alcohol was converted to the
bromide 6 in 83% yield. Stille cross-coupling afforded 7 which was chemoselectively
converted to the alcohol using 9-BBN and hydrogen peroxide. Swern oxidation
afforded the aldehyde 8 in 71% vyield for the two steps. The aldehyde was then
coupled with a phosphonoacetate derivative of the leucascandrolide A macrolide in

55% yield. The side chain segment was prepared in 10 steps and 8% overall yield.



Scheme 2. Leighton's synthesis of the leucascandrolide A side chain.

1) n-BuLi then CO,, THF;

H 2) Hy, Lindlar, quinoline, MeO,CHN
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3 4
N COsMe NfBr
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1.1.2.2. Kozmin’s Synthesis

Kozmin and coworkers utilized an application of the rhodium carbenoid-
mediated cyclization of nitriles and a-diazoketones (Scheme 3).* The required nitrile 9
was formed in 72% yield using an optimized, one-pot procedure consisting of TIPS-
protection of the amide and cyanation using solid tosyl cyanide.”” The key cyclization
of 9 and diazodimethylmalonate (10) using Helquist’s methodology™ afforded oxazole
11 in 60% vyield after TIPS removal. Semi-reduction installed the (£)-alkene and

reduction of the methoxyoxazole and the methyl ester afforded the alcohol which was



converted to bromide 6 in 51% yield for the three steps. A two-carbon homologation
(86% vyield) followed by conversion of the aldehyde to the second (2)-olefin using the
Still-Gennari conditions' afforded 2 in 75% yield. Leucascandrolide A was completed
by saponification of 2 in 89% vyield followed by condensation with the C.-epimer of
macrolide 1 using Mitsunobu conditions.” The side chain segment 2 was completed in

9 steps and 14% vyield.

Scheme 3. Kozmin's synthesis of the leucascandrolide A side chain.
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\f( 2) n-BuLi, TsCN,
o 72% (2 steps) jo(
3 9
COZMe
1) 10, Rhy(OAC)s; y‘\g\
2) HF, CH4CN, MeO.CHN. & O OMe
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1.1.2.3. Panek’s Synthesis and the Paterson Variant

Panek’s synthesis began with the nearly quantitative protection of 4-penten-1-ol
(14) as the TBDPS ether, followed by dihydroxylation of the olefin in 95% yield and
selective oxidation of the seconday alcohol to afford the hydroxy ketone 15 in 95%
yield. A highly efficient cyclization step using phosgene and ammonium hydroxide
afforded 16 in 85% vyield. The 2-trifluoromethylsulfonyl oxazole 17 was then formed in
80% vyield. Palladium catalyzed cross-coupling of 17 and alkyne 3 occurred in 84%

yield. Semi-reduction and removal of the TBDPS group afforded the 3,5-disubstituted

oxazole 18 in 80% for the two steps. Finally, Dess-Martin oxidation'’ gave the
aldehyde in 99% vyield, and subsequent Still-Gennari olefination' afforded 2 in 72%
yield. The side chain segment was completed in 10 steps and 29% yield.
Leucascandrolide A was completed by saponification of 2 and condensation with the
macrolide 1 using Mitsunobu conditions.’

Paterson’s route followed a path similar to Panek’s. Condensation of the lithium
anion of 19 with propargyl bromide 20 afforded 21 in 65% vyield. The hydroxy ketone
21 was converted to 22 in 49% vyield by trichloroacetylisocyanate treatment followed
by heating at reflux with 4 A molecular sieves. The formation of triflate 23 and
palladium-catalyzed cross-coupling with 3 is analagous to the Panek synthesis.
Removal of the PMB group with DDQ afforded 24 and oxidation of the alcohol to the
acid afforded 25 in 36% vyield over the 5 steps (from 22). The side chain was attached

to the macrolide portion via a Mitsunobu esterification'® and the two alkynes were then



reduced to afford leucascandrolide A. Paterson completed the masked side chain acid

25 in 9 steps and 11% overall yield.

Scheme 4. Panek's synthesis of the leucascandrolide A side chain.
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Scheme 5. Paterson's synthesis of the leucascandrolide A side chain.
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1.2. Synthesis of the C,.-C,,, Segment of Leucascandrolide A

1.2.1. Retrosynthesis

The oxazole moiety of the leucascandrolide A side chain (2) was envisioned to
be a key point of disconnection and was derived from hydroxyamide 26 (Figure 2).'
The hydroxyamide arose from aminoalcohol 27 and alkynoic acid 28. Fragment 27
was derived from glutamic acid and fragment 28 could be obtained from propargyl

amine. The (Z2)-alkenes would be installed by Lindlar semi-hydrogenation and Still-

Gennari olefination.®

Figure 2. Retrosynthetic approach to the leucascandrolide A side chain.
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1.2.2. Completion of the C,~C,,. Segment

Our approach to the synthesis of the leucascandrolide side chain required the
cyclization of a suitably functionalized hydroxyamide.” The formation of 2,4-
disubstituted oxazoles from hydroxyamides can occur by two general pathways (Figure
3). One route involves a dehydrative cyclization of 29 to the corresponding oxazoline
30 followed by an oxidation to oxazole 31 (Figure 3, path A)."*'®'® Many methods for
the oxazoline oxidation require a C,-substituent (i.e. R,) that is electron withdrawing.®
Most notable is the BrCCl,/DBU system, which takes advantage of an enolizable C,-
proton and is believed to proceed through a C,-bromooxazole intermediate.” The
cyclization-oxidation route was used by Leighton and coworkers for the synthesis of
the leucascandrolide A side chain (Scheme 2). Several groups reported the synthesis
of 2,4-disubstituted oxazoles by the oxidation of oxazolines that lack the C,-electron
withdrawing group and reagents used for this transformation include DDQ,?**?' and
chloranil.?? Notably, McGarvey and coworkers reported the formation of a variety of
2,4-disubstituted oxazoles in excellent yields (85-95%) by heating a mixture of the
oxazoline and DDQ at reflux in benzene for 30-60 min.*°

An alternate pathway involves modifications of the Robinson-Gabriel synthesis
(Figure 3, path B).?? Oxidation to the formylamide 32 followed by cyclization affords

1 24,25

oxazole 3 Importantly, these methods do not rely on the C,-substituent to be

electron withdrawing.

11



Figure 3. Synthesis of 2,4-disubstituted oxazoles from hydroxyamides.
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The hydroxyamide 26 for our synthesis of leucascandrolide A is derived from
glutamic acid and therefore lacks the electron withdrawing substituent that is utilized
for the facile oxidations of the oxazolines to the oxazoles (BrCCl,/DBU and
CuBr,/DBU). Based on the available literature, DDQ could reasonably be expected to
mediate the oxidation of the oxazoline to the oxazole (Figure 3, path A) while a
modified Robinson-Gabriel synthesis was explored for the oxidation-cyclization

sequence (Figure 3, path B).

1.2.2.1. Cyclization-Oxidation Approach to the Synthesis of the Oxazole

Hydroxyamide 26 was readily synthesized from fragments 27 and 28 (Scheme
6). N-Acylation of propargylamine with methylchloroformate followed by deprotonation

with lithium hexamethyldisilazide and carboxylation of the anion with carbon dioxide

12



provided alkynoate 28 in 55% overall yield. The aminoalcohol 27 was obtained by
selective protection of the known aminodiol 33.” Condensation of acid 28 with amino

alcohol 27 using PyBrOP27 afforded hydroxyamide 26 in 82% yield.

Scheme 6. Synthesis of the hydroxyamide.

27, OH
1) CICO,Me, EtgN co.y  PYBrOP, 0
P CH,Cl,, 67%; = " i-ProNEt, OTBS
HN_ _F = N
2) LIHMDS, CO;  NHGO,Me CH,Cl,
THF, 85% 82% NH M
28 COMe — og
Hoj\/V NaH, THF ~ HO
OH j\/\/ B
H,N TBDMS-Cl OTBS
68%
33 27

Attempts to cyclize 26 using Deoxofluor resulted in low yields of the oxazoline.?®
Cyclization of 26 using Burgess reagent®® afforded the oxazoline in 53% vyield.
Attempts to oxidize the oxazoline to the oxazole with DDQ resulted in extensive

decomposition and only traces of the oxazole 34.

Scheme 7. Attempted synthesis of the oxazole by cyclization-oxidation.

OH
O 1) Burgess rgnt, THF '/\‘T\/\OTBS
OTBS  reflux, 5 h, 53%;
= N # = 0
H
2) DDQ,
NHCO,Me 2,?|—,6-C(7)gldlne, Ph-H, NHCO,Me
26 reftiux, min 34
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1.2.2.2. Oxidation-Cyclization Approach to the Synthesis of the Oxazole

A second pathway involving the oxidation-cyclization pathway that ultimately
proved more rewarding was explored concurrently with the previously discussed
studies (Scheme 8). Oxidation of hydroxyamide 26 with Dess-Martin periodinane'’
afforded the formylamide that was subjected to the modified Robinson-Gabriel
conditions.?* Cyclodehydration with triphenylphosphine in the presence of 2,6-di-t-
butyl-4-methylpyridine provided the intermediate bromooxazoline 35, which readily

eliminated hydrogen bromide upon treatment with DBU to give the oxazole 34 in 32%

overall yield. The alkyne was then reduced to the (£)-alkene using Lindlar conditions”
and the primary alcohol was deprotected with TBAF in THF to afford 18 in 60% vyield.
The primary alcohol of 18 was oxidized with Dess-Martin periodinane'” in 86% vyield
and the resulting aldehyde was condensed with the Still-Gennari reagent® to afford the
methyl ester 2 in 90% vyield. All spectroscopic data, in particular the 'H and *C NMR
resonances of 2, were in close agreement with the corresponding shifts reported for
the natural product.” The leucascandrolide A side chain 2 was completed in 9 steps

and 7% overall yield.
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Scheme 8. Completion of the leucascandrolide A side chain.
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1.3. Summary and Conclusions

The C1,—Cﬁ, side chain of leucascandrolide A was completed in 9 steps and 7%

overall yield for the longest linear sequence. The key transformation was the
preparation of the oxazole moiety by a mild process involving oxidation-
cyclodehydration-dehydrohalogenation of the hydroxyamide 26. The semi-
hydrogenation of the alkyne moiety installed the cis-alkenyl oxazole derivative and a

Still-Gennari olefination was used for the remaining cis-alkene.
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1.4. Experimental Part

1.4.1. General

All moisture sensitive reactions were performed using syringe-septum
techniques under an N, atmosphere and all glassware was dried in an oven at 140 °C
for more than 4 h prior to use. Reactions at -78 °C employed a solid CO,-acetone
bath. THF and ethyl ether were distilled from sodium/benzophenone ketyl. Methylene
choride and toluene were filtered through activated alumina prior to use. Reactions
were monitored by TLC analysis (pre-coated silica gel 60 F254 plates, 250 um layer
thickness) and visualized using a UV light (254 nm) or by staining with KMnO, or
phosphomolybdic acid. Flash chromatography on SiO, was used to purify compounds
unless otherwise stated. Concentration refers to removal of the solvent on a rotary
evaporator at water aspirator pressure. Melting points are uncorrected. Infrared
spectra were acquired using KBr pellets or thin films on NaCl plates (i.e. neat).
Chemical shifts were reported in parts per million and the residual solvent peak was
used as an internal reference. 'H NMR spectra were acquired in CDCI, at a frequency
of 300 MHz unless stated otherwise and are tabulated as follows: chemical shift
(multiplicity, number of protons, coupling constants). *C NMR were acquired in CDCl,
at a frequency of 75 MHz using a proton decoupled pulse sequence unless otherwise

stated.
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1.4.2. Experimental Procedures

MeCO,Cl, EtsN,

HN.__Z MeO,CHN _Z

CH,Cl,

Prop-2-ynylcarbamic acid methyl ester. A solution of propargyl amine (1.0 g,
18 mmol) and triethylamine (3.5 mL, 25 mmol) in CH,CI, (30 mL) was cooled to 0 °C
and treated dropwise with methyl chloroformate (1.50 mL, 19.5 mmol). The reaction
mixture was allowed to warm to room temperature, stirred overnight, and quenched
with 6 N HCI (3 mL) and water (20 mL). The aqueous layer was extracted with ethyl
acetate and the combined organic layers were washed with brine, dried (Na,SO,),
filtered and concentrated onto SiO,. Purification by chromatography on SiO, (30% to
60% ethyl acetate/hexanes) afforded prop-2-ynyl-carbamic acid methyl ester (1.36 g,
67%) as a colorless oil: R; 0.5 (40% ethyl acetate/hexanes); IR (neat) 3296, 2955, 2123,
1712, 1530, 1256 cm™; 'H NMR § 5.3-5.1 (b, 1 H), 3.92 (bs, 2 H), 3.64 (s, 3 H), 2.21 (s,
1 H); *C NMR 8 156.8, 80.0, 71.5, 52.5, 30.9; MS (El) m/z (rel intensity) 113 (M*, 49), 98

(100), 82 (18); HRMS m/z calcd for C;H,N,O, 113.0477, found 113.0479.

LIHMDS then CO,, COM

=
MeOCHN. 2 THE MeO,CHN._Z

28

4-Methoxycarbonylaminobut-2-ynoic acid (28). A solution of lithium
hexamethyldisilazide (1.06 M, 11.5 mL, 12.2 mmol) in THF (120 mL) was cooled to -78
°C and treated dropwise with a solution of prop-2-ynyl-carbamic acid methyl ester (649

mg, 5.74 mmol) in THF (10 mL). The reaction mixture was stirred for 1 h at -78 °C.
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Subsequently, carbon dioxide (from dry ice) was bubbled through the solution for 2 h.
The reaction mixture was quenched at -78 °C by aqueous, saturated NaHCO, (5 mL).
After warming to room temperature, the solution was acidified with 6 N HCI and
extracted with ethyl acetate. The combined organic layers were concentrated and the
residue was dissolved in aqueous NaHCO, and washed with CH,Cl,. The aqueous
layer was acidified by slow addition of concentrated HCI and extracted with ethyl
acetate. The combined organic extracts were dried (Na,SO,), filtered and concentrated
to yield of 28 (770 mg, 85%) as a slightly yellow oil that crystallized to a white solid
upon standing: R 0.4 (40% ethyl acetate, 1% TFA/hexanes); Mp 95-96 °C; IR (neat):
3337, 2959, 2244, 1708, 1532, 1255 cm™; '"H NMR (CD,0D) 6 4.04 (s, 2 H), 3.68 (s, 3
H); *C NMR (CD,OD) § 159.3, 156.1, 85.2, 75.8, 53.0, 31.2; MS (El) m/z (rel intensity)
157 (M*, 54), 139 (38), 113 (7), 98 (100), 82 (15), 81(15), 59 (20); HRMS m/z calcd for

CeH;N,0, 157.0375, found 157.0380.

NaH,
HO

HO]W TBDMS-CI, j\/\/
H B
HoN A TR TAY OTBS

33 27

2-Amino-5-(tert-butyldimethylsilyloxy)-pentan-1-ol (27). To a suspension of
freshly washed (hexanes) sodium hydride (60% dispersion in mineral oil, 41 mg, 1.03
mmol) in THF (40 mL) was added a solution of 2-amino-1,5-pentanediol (122 mg, 1.03
mmol) in hot THF (10 mL). The reaction mixture was stirred for 8 h at room
temperature and then treated dropwise with tert-butyldimethylsilyl chloride (1 M in
THF, 1 mL, 1 mmol). After 20 min, the reaction mixture was evaporated onto SiO, and

chromatography on SiO, (5% to 10% MeOH/CH,Cl, to 10% MeOH, 1%
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NH,OH/CH,CI,) afforded 27 (160 mg, 68%) as a pale yellow oil: R; 0.3-0.4 (10%
MeOH/CH,CI,, 3-fold developed); IR (neat) 3345, 2929, 2858, 1635, 1521, 1471, 1388,
1361, 1255, 1098, 836, 776 cm™; 'H NMR & 4.05-3.95 (b, 4 H), 3.69 (t, 1 H, J = 9.4 Hz),
3.63 (t, 3H,J=5.7 Hz), 3.45 (t, 1 H, J = 9.4 Hz), 3.07 (bs, 1 H), 1.65-1.49 (m, 4 H), 0.88
(s, 9 H), 0.05 (s, 6 H); ®*C NMR § 65.0, 63.1, 53.4, 29.3, 26.2, 18.6, -5.1; MS (El) m/z (rel
intensity) 202 ((M-CH,OHJ*, 27), 176 (4), 159 (34), 141 (10), 129 (7), 101(12), 84 (47), 75

(84), 70 (100), 56 (20); HRMS m/z calcd for C,H,,NOSi (M-CH,OH) 202.1627, found

202.1629.
HO
H
j\/\/OTBS PyBrOP, o (°
HaN PrNER, OTBS
27 = N
. CHCl,
CO,H NHCO,Me
MeO,CHN__Z = 2
28

{3-[4-(tert-Butyldimethylsilyloxy)-1-hydroxymethylbutylcarbamoyl]-prop-2-
ynyl}-carbamic acid methyl ester (26). To a solution of 27 (149 mg, 0.639 mmol) and
28 (84 mg, 0.54 mmol) in CH,CI, (2 mL) was added diisopropylamine (186 pL, 1.07
mmol). The reaction mixture was cooled to -10 °C, treated with PyBrOP (350 mg,
0.751 mmol) and allowed to warm to room temperature. After 6 h, the reaction was
quenched with aqueous NaHCO,. The organic layer was diluted with CH,CI, (8 mL),
sequentially washed with 0.1 N HCI, water and brine, and dried (Na,SO,). The solvent
was removed under vacuum to yield an orange viscous oil. Purification by

chromatography on SiO, (ethyl acetate) afforded 26 (163 mg, 82%) as a slightly yellow
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oil: R; 0.5 (ethyl acetate). This compound proved to be unstable and was therefore
used immediately after preparation.
OH
O J/\/V Burgess w‘j\/\OTBS
R t
N OTBS eagen _

= (0]
H THF

NHCO-,Me
NHCOMe o4 2

=

Methyl 3-(4-(3-(tert-butyldimethylsilyloxy)propyl)-4,5-dihydrooxazol-2-
yl)prop-2-ynylcarbamate. A solution of 26 (56.0 mg, 0.150 mmol, 1.0 equiv) in THF (5
mL) was treated with Burgess reagent (44.0 mg, 0.190 mmol, 1.3 equiv), refluxed for 5
h, cooled to rt and concentrated. Purification of the residue by chromatography on SiO,
(5% to 10% MeOH/CH,CI,) afforded methyl 3-(4-(3-(tert-butyldimethylsilyloxy)propyl)-
4,5-dihydrooxazol-2-yl)prop-2-ynylcarbamate (28.0 mg, 53%) as a clear, yellow oil that
was used without further purification. 'H NMR & 4.95 (bs, 1 H), 4.37 (dd, 1 H, J = 9.6,
8.8 Hz), 4.21-4.13 (m, 3 H), 3.90 (app t, 1 H, J = 8.1 Hz), 3.69-3.59 (m, 2 H), 1.69-1.53
(m, 4 H), 0.88 (s, 9 H), 0.03 (s, 6 H).

OH

O J/\/\/ 1) Dess-Martin, N‘g\/\OTBS
CH2C|2, /
N OTBS /o
H 2) PPhg, (CBICly),,
NHCO,Me 26 2,6-di-t-butyl- NHCO,Me 34
4-methyl pyridine,
DBU, CH,Cl,

(3-{4-[3-(tert-Butyldimethylsilyloxy)-propyl]-oxazol-2-yl}-prop-2-ynyl)-
carbamic acid methyl ester (34). To a solution of 26 (75 mg, 0.20 mmol) in CH,CI, (5
mL) was added Dess-Martin periodinane (171 mg, 0.404 mmol). The reaction mixture
was stirred for 1 h and purified by chromatography on SiO, (60% ethyl

acetate/hexanes). The resulting clear oil was immediately dissolved in CH,CI, (10 mL)
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and treated with triphenylphosphine (165 mg, 0.629 mmol), 2,6-di-tert-butyl-4-
methylpyridine (332 mg, 1.617 mmol) and 1,2-dibromo-1,1,2,2-tetrachloroethane (204
mg, 0.626 mmol). The reaction mixture was stirred for 10 h, treated with DBU (266 pL,
1.78 mmol) and stirred for an additional 6 h. Purification by chromatography on SiO,
(80% ethyl acetate/hexanes) afforded 34 (23 mg, 32%) as a slightly yellow oil: R; 0.5
(40% ethyl acetate/hexanes); IR (neat) 2954, 2929, 2857, 2250, 1729, 1587, 1534,
1472, 1255, 1102, 837, 777 cm™; 'HNMR 8 7.33 (s, 1 H), 5.11 (bs, 1 H), 4.22 (d,2 H, J
= 5.5 Hz), 3.70 (bs, 3 H), 3.62 (t,2 H, J = 6.1 Hz), 2.57 (t, 2 H, J = 7.6 Hz), 1.82 (tt, 2 H,
J=7.2,6.6 Hz), 0.87 (s, 9 H), 0.02 (s, 6 H); *C NMR & 156.7, 145.8, 142.1, 135.4, 87.9,
71.7, 62.2, 52.8, 31.5, 31.3, 26.1, 22.7, 18.5, -5.1; MS (El) m/z (rel intensity) 337 ([M-
CH,]*, 68), 295 (100), 263 (45), 238 (31), 98 (14), 89 (11), 75 (19), 73 (15), 59 (12); HRMS

m/z calcd for C,;H,,N,O,Si (M-C(CH,),) 295.1114, found 295.1116.

OTBS
1) Hy, Lindlar, OH
N quinoline, EtOAc;  MeO,CHN
1\ 2 N
= 0 2) TBAF, THF, k/( )
60% (2 steps) ©
NHCO,Me 34 18

{3-[4-(3-Hydroxypropyl)oxazol-2-yl]-allyl}-carbamic acid methyl ester (18).
To a solution of 34 (90 mg, 0.26 mmol) in ethyl acetate (30 mL) was added quinoline
(50 pL, 0.42 mmol) and Lindlar catalyst (90 mg). The reaction mixture was stirred for 3
h at room temperature under hydrogen (1 atm) and filtered through Celite and the
resulting yellow-orange residue was dissolved in THF (20 mL). Tetra-n-butyl-
ammonium fluoride (150 mg, 0.57 mmol) was added and the reaction mixture was

stirred at room temperature for 14 h. The solvent was removed under vacuum and
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purification of the the resulting red, oily residue by chromatography on SiO, (ethyl
acetate) afforded 18 (36.4 mg, 60%) as a slightly yellow oil: R; 0.2 (ethyl acetate); 'H
NMR 6 7.37 (s, 1 H),6.29 (d, 1 H, J =11.8 Hz), 6.08 (dt, 1 H, J = 11.7, 6.4 Hz), 5.50 (bs,
1 H), 4.35-4.25 (m, 2 H), 3.72 (t, 2 H, J = 6.1 Hz), 3.68 (s, 3 H), 2.66 (t, 2 H, J = 7.1 Hz),
2.25 (bs, 1 H), 1.90 (tt, 2 H, J = 6.8, 6.4 Hz); ®*C NMR & 160.2, 157.4, 141.7, 136.7,
134.0, 116.7, 62.3, 52.4, 39.7, 31.4, 23.0; IR (neat) 3327, 2925, 2851, 1704, 1523, 1264,
1055 cm™; MS (El) m/z (rel intensity) 240 (M*, 100), 222 (7), 208 (40), 195 (29), 181 (23),
163 (25), 151 (29), 136 (31), 47 (125), 81 (57), 66 (45), 54 (33); HRMS m/z calcd for

C,,H,,N,0, 240.1110, found 240.1119.

OH Dess-Martin, o)

MeO,CHN pyr, NaHCO3,  MeO,CHN
N N H
A\ CH,Cl, s A\

O
18 ©

{3-[4-(3-Oxopropyl)-oxazol-2-yl]-allyl}-carbamic acid methyl ester. To a
mixture of 18 (46.3 mg mg, 0.193 mmol, 1.0 equiv), NaHCO; (50.0 mg, 0.595 mmol, 3.1
equiv) and pyridine (3 drops) in CH,Cl, (2.5 mL) at rt was added Dess-Martin
periodinane (246.0 mg, 0.580 mmol, 3.0 equiv). The reaction mixture was stirred for
1.5 h at rt, treated with 10% aqueous Na,S,0, (5 mL) and saturated aqueous NaHCO,
(5 mL), diluted with CH,CI, (5 mL), stirred until both phases were clear (ca. 30 min) and
then extracted with CH,Cl,. The combined organic layers were washed with 1.0 M
aqueous citric acid and brine and the combined aqueous washings were backwashed
with CH,Cl,. The combined organic layers were dried (Na,SO,), filtered and
concentrated to a yellow oil. Purification by chromatography on SiO, (80% ethyl

acetate/hexanes) afforded {3-[4-(3-oxo-propyl)-oxazol-2-yl]-allyl}-carbamic acid methyl
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ester (39.4 mg, 86%) as a clear, colorless oil that was used in the next step without
further purification: R; 0.43, (80% ethyl acetate/hexanes); '"H NMR § 9.84 (s, 1 H), 7.34
(s,1H),6.27 (d, 1 H,J=11.8 Hz), 6.09 (dt, 1 H, J = 12.0, 6.4 Hz), 5.51 (bs, 1 H), 4.30 (t,

2 H, J = 6.0 Hz), 3.68 (s, 3 H), 2.90-2.79 (m, 4 H).

0O O
CF3CH,0-p
’ \)]\OMe

CF3CH,0
o 0] KHMDS, MeO,C |
MeO,CHN 18-C-6,
2 N \ H MeO,CHN \
A THF k/( \
o o)

2

5-[2-(3-Methoxycarbonylaminopropenyl)-oxazol-4-yl]-pent-2-enoic acid
methyl ester (2). A solution of 18-crown-6 (171.0 mg, 0.647 mmol, 5.7 equiv) and bis-
(2,2,2-trifluoroethyl)-(methoxycarbonylmethyl) phosphonate (45.0 pyL, 0.213 mmol, 1.9
equiv) in THF (1.5 mL) was cooled to -78 °C and treated with a solution of potassium
hexamethyldisilazide (28.5 mg, 0.149 mmol, 1.3 equiv) in THF (0.57 mL) over 5 min.
The reaction mixture was stirred for an additional 10 min and then a solution of {3-[4-
(3-oxopropyl)-oxazol-2-yl]-allyl}-carbamic acid methyl ester (27.0 mg, 0.113 mmol, 1.0
equiv) in THF (2 mL + 2 mL rinse) was added dropwise with stirring. After 5 h at -78
°C, the mixture was quenched with saturated aqueous NH,CI (3.0 mL). Upon warming
to room temperature, the mixture was diluted with water and extracted with CH,Cl,,
and the combined organic layers were dried (Na,SO,), filtered and concentrated to a
clear, colorless syrup. Purification by chromatography on SiO, (20% ethyl
acetate/CH,CI,) afforded 2 (30.0 mg, 90%) as a clear, colorless wax: R; 0.4 (20% ethyl

acetate/CH,CL,); IR (neat) 3348, 3136, 2993, 2951, 2923, 2852, 1721, 1521, 1252, 1198,
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1003 cm™; '"H NMR & 7.37 (s, 1 H); 6.23-6.31 (m, 2 H), 6.10 (dt, 1 H, J = 11.6, 6.4 Hz),
5.82 (dt, 1 H, J = 11.5, 1.6 Hz), 5.57 (bs, 1 H), 4.35-4.25 (m, 2 H), 3.71 (s, 3 H), 3.68 (s,
3 H), 3.01 (ddt, 2 H, J = 1.5, 7.3, 7.3 Hz), 2.70 (t, 2 H, J = 7.2 Hz); "H NMR (C,D.N) &
8.44 (bs, 1 H), 7.61 (s, 1 H); 6.38 (d, 1 H, J = 11.9 Hz), 6.32-6.22 (m, 2 H), 5.92 (d, 1 H, J
= 11.5 Hz), 4.80 (bt, 2 H, J = 5.4 Hz), 3.74 (s, 3 H), 3.63 (s, 3 H), 3.14 (dt, 2 H, J = 7.3,
7.3 Hz), 2.69 (t, 2 H, J = 7.4 Hz); ®°C NMR & 166.9, 160.2, 157.4, 149.1, 141.4, 136.4,
134.1, 120.4, 116.9, 52.4, 51.3, 39.5, 27.7, 25.8; *C NMR (C.DsN) & 166.6, 160.5,
158.1, 141.7, 138.6, 134.5, 120.4, 115.5, 51.9, 51.0, 40.8, 28.0, 25.9; MS (El) m/z (rel
intensity) 294 (M*, 100), 263 (28), 233 (63), 206 (40), 195 (48), 160 (31), 114 (41), 91 (41);

HRMS m/z calcd for C,,H,sN,O5 294.1216, found 294.1220.
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2. Conjugate Additions to 2-Alkynyl Oxazoles and Oxazolines

2.1. Conjugate Additions Under Basic Conditions

2.1.1. Introduction

Oxazoles and oxazolines that are substituted at the 2- and the 4- positions are a
common structural component found in numerous biologically active natural
products.'* A subset of the 2,4-oxazole class are those containing a substituent at
the 2-position where the p-carbon is at the alcohol or ketone oxidation state (i.e. 36,
Figure 4). Examples include the phorboxazoles,® disorazoles® and the streptogramin-
group A antibiotics (Virginiamycin,** Madumycin II*® and Griseoviridin®’).

The most developed route to access the motif 36 is the condensation of an
aldehyde with a 2-methyl oxazole anion (Figure 5, path A). Numerous metals including
lithium diethylamide,® zinc,* chromium,*® samarium diiodide*' and sodium* have been
employed for this transformation. A less explored disconnection is at the C,/C, bond,
which requires the coupling of the C,-p-aldehyde with a suitable nucleophile (Figure 5,
path B). The required aldehyde was envisioned to arise from a 2-ethynyl oxazole
(Figure 5, path C). Alternatively, an internal alkyne could be converted to a C,-p-ketone

(Figure 5, path D).
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Figure 4. Natural products that contain 2,4-disubstituted oxazoles.
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Figure 5. Routes to accessing C,-p-oxygen substituted oxazoles.
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Oxazoles containing a 2-alkynyl substituent are a relatively new structural class
that has recently become commonly reported in the chemical literature. Many of the
methods for the synthesis of 2-alkynyl oxazoles were developed for the
leucascandrolide A side chain (Section 1.1.2). As a result, several synthetic routes to
access 2-alkynyl oxazoles are described in the literature (Figure 6). For example, an
appropriately functionalized aminoalcohol can be coupled to the alkynoic acid and
subsequently cyclized and oxidized to afford the oxazole (Figure 6, path A)."
Hydroxyamide 26 was oxidized and cyclized using Wipf’s modification of the
Robinson-Gabriel cyclization (Section 1.2.2.2, Scheme 8)."° Leighton’s route to the
leucascandrolide A side chain also utilized a cyclization-oxidation route (Section 1.1.2,
Scheme 2)."® A second method involves the condensation of an a-diazoketone with a
nitrile to give the oxazole (Figure 6, path B)." Kozmin and coworkers demonstrated the

rhodium carbenoid-mediated formation of 2-alkynyl oxazole from alkynyl nitrile and 2-
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diazodimethylmalonate in their synthesis of the leucascandrolide A side chain (Section
1.1.2, Scheme 3).* In a third method, a 2-trifluoromethylsulfonyl ester substituted
oxazole is cross-coupled with a terminal alkyne (Figure 6, path C)."”? Panek and
coworkers demonstrated a cross-coupling under Sonogashira conditions to afford 2-

alkynyl oxazoles. (Section 1.1.2, Scheme 4).'

Figure 6. Common disconnections for the synthesis of 2-alkynyl oxazoles.
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The first method (Figure 6, path A) was chosen to extend the scope of the
diethylaminosulfur trifluoride (DAST) mediated cyclization and BrCCl,/DBU oxidation
methodology.” The advantages of the cyclization-oxidation approach are that the
required amino alcohols are commercially available, alkynes can be readily
carboxylated to give the alkynoic acids and expensive and potentially toxic transition

metal catalysts are not required.
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As part of a program directed towards the synthesis of natural products
containing oxazoles, the conversion of 2-alkynyl oxazoles into C,-f-heteroatom-
substituted oxazoles was investigated.” The conjugate addition of nucleophiles into 2-
alkynyl oxazoles serves as a novel strategy for constructing C,-p-heteroatom
substituted oxazoles. Similar conjugate additions can be conducted on oxazolines and

some evidence for a metal binding motif is presented.

2.1.2. Synthesis and Conjugate Addition Reactions of a 2-Ethynyl Oxazole.
2-Ethynyloxazole-4-carboxylic acid methyl ester (37) was selected for the model

studies (Figure 5, path C). The 2-ethynyl oxazole 37 would arise via cyclization and

oxidation of hydroxyamide 38, which in turn would arise from the coupling of propiolic

acid and serine methyl ester hydrochloride (Figure 7).

Figure 7. Retrosynthesis of 2-ethynyloxazole-4-carboxylic acid methyl ester.
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Attempts to couple propiolic acid to serine methyl ester resulted in
decomposition.* The terminal alkyne was suspected to be the problematic

functionality, so several alkyne protecting groups were explored (Table 1).*
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Condensation of the commercially available 3-trimethysilyl propiolic acid (39a) with
serine methyl ester hydrochloride using EDCI and HOBT afforded a low vyield of the
hydroxyamide 40a (entry 1).* Further experimentation with more sterically hindered
protecting groups identified PyBOP* to be a superior coupling reagent. The TES-
protected alkyne 39b afforded the hydroxyamide 40b in 70% vyield (entry 2).** The
TBS-protected propiolic acid 39c afforded the hydroxyamide 40c¢ in 83% yield (entry
3). Finally, the TIPS-protected propiolic acid 39d was coupled to serine methyl ester
hydrochloride using PyBOP in the presence of diisopropylethylamine and gave the
corresponding hydroxyamide 40d in quantitative yield (entry 4). For large scale
preparations, a more cost-effective strategy involved converting 39d to the
triisopropylsilylpropynoyl chloride using oxalyl chloride and catalytic
dimethylformamide.*”® The crude acid chloride was then coupled to serine methyl ester
hydrochloride in the presence of diisopropylethylamine and afforded the hydroxyamide

40d in 82% yield on a 22 mmol (5 g) scale (entry 5).
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Table 1. Coupling propiolic acid derivatives to serine methyl ester.

O P nditons D
HOJ\R 0°Ctort MeO,C ﬁ)\
DMF R
39a-d 40a-d
Entry Acid R Conditions Yield of 40 (%)

1 39a TMS EDCI, HOBT, DIEA 22
2 39%b TES PyBOP, DIEA 70
3 39¢c TBS PyBOP, DIEA 83
4 39d TIPS PyBOP, DIEA 100
5 39d TIPS oxalyl chloride, DMF? 82

@ The acid choride was preformed and the crude material was used in the coupling with
CH,CI, as a cosolvent.

The hydroxyamides 40a-d were then subjected to the cyclization using
diethylaminosulfur trifluoride (DAST). Both the TMS- and the TES-protected
hydroxyamides 40a and 40b afforded low yields (< 60%) of the oxazolines that were
mixtures of the trialkylsilyl-protected alkyne and the terminal alkyne. The TBS and
TIPS-protected alkynes 40c and 40d proved to be more robust, and rapidly cyclized to
give the crude oxazolines which were oxidized with BrCCl, and DBU to furnish the
oxazoles 41c and 41d in 76% and 74% yield, respectively, for the two steps (Scheme
9). Removal of the triisopropylsilyl group from 41d with TBAF at ambient temperature
gave 37 in low yield. Conducting the reaction at —78 °C afforded 37 in 99% yield.*
Similarly, the TBS-protected alkyne 41c afforded 37 in 96% yield. The 2-ethynyl

oxazole 37 is a crystalline solid that can be stored for months at ambient temperature

31



with no special precautions.®” In general, the TBS-protected alkyne gave similar results
to the TIPS protecting group while the only additional advantage of the TBS is that

hydroxyamide 40c and oxazole 41c¢ proved to be crystalline solids rather than oils.

Scheme 9. Synthesis of the 2-ethynyl oxazole.
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37
40c, R =TBS 41c, R =TBS, 74% (2 steps) R = TBS, 99%
40d, R =TIPS 41d, R = TIPS, 76% (2 steps) R = TIPS, 96%

The ease of the TBAF deprotection of 41¢/d and the 'H NMR data of 37 which
indicated the alkyne proton resonates at 3.29 ppm, suggest that the alkyne is
significantly polarized. The alkyne 37 should therefore readily participate in conjugate
addition reactions. Indeed, a variety of nucleophiles could be added to the alkyne in a
conjugate fashion (Table 2). Both ethanethiol and thiophenol added in moderate to
good yield to afford 42a and 42b, respectively, and with good (2)-selectivity (Table 2,
entries 1-3). 2-Mercaptoethanol afforded only the thioenolether 42¢ and did not give
the thioxolane even after extended reaction time (Table 2, entry 4). Benzyl alcohol
furnished adduct 42d with good (2)-selectivity, demonstrating access to enol ethers
(Table 1, entry 5).%® Interestingly, secondary amines produced adducts 42e and 42f
with the (E)-configuration in excellent yields (Table 2, entry 6-7).>* The predominant (E)-

configuration of the enamine adducts is probably due to the reaction conditions
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allowing for equilibration to the thermodynamically more stable product as well as an
avoidance of the excessive strain that would exist in the (2)-configuration.

To gain access to the required C,-pB-aldehyde, the deprotection of the
derivatives in Table 2 under a variety of standard conditions for the hydrolysis of enol
ethers, thioenol ethers and enamines was attempted, but resulted only in
decomposition. Removing the conjugation with the oxazole ring was examined
(Scheme 10). The addition of ethanedithiol to 37 resulted in bis-addition, giving the
1,3-dithiolane (43).”* Attempts to form the corresponding 1,3-dithiane by using 1,3-
propanedithiol under similar conditions resulted in an inseparable mixture of mono-
and bis-addition adducts in low yield.

Table 2. Conjugate addition of nucleophiles to a 2-ethynyl oxazole.

MeOZC

Z/>’;l R-H MeOZCZ»l:l R
O)\ conditions O)\/XH
37 : 42a-f H
Entry R-H Additive Time (h)* Product (Z/E)-ratio  Yield (%)

1 EtSH n-Bu,P 36 42a 10.5/1.0 70
2 EtSH K,CO,/18-C-6 1.5 42a 16.4/1.0 89
3 PhSH NMM 48 42b 1/0 97°
4 HOCH,CH,SH n-Bu,P 25° 42c 6.4/1.0 68’
5 PhCH,OH n-Bu,P 0.5 42d 6.4/1.0 76
6 Et,NH - 20° 42¢ 0/ 1 100
7 (i-Pr),NH - 72 42f 0/ 1 100

2 All reactions were conducted at ambient temperture unless noted otherwise. ° Reaction mixture
heated to 66 °C. ° Reaction mixture heated to 60 °C. ° Yields were determined after purification on SiO,
and refer to the major isomer, unless stated otherwise. °© Purification by recrystallization. Yield is for the
(Z/E)-mixture.
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Scheme 10. Conjugate addition of ethanedithiol.
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Attempts to deprotect dithiolane 43 using Select-Fluor,”® PIFA®* or N -
bromosuccinimide®” resulted in decomposition (Table 3). The use of HgCl,/HgO,*®

Mel/CaCQO,*® or TBHP ®° resulted in recovered dithiolane.

Table 3. Attempted conversion of the dithiolane to the aldehyde.

MeO,C N S/> conditions MeO,C \ o
43 44
Entry Conditions Result
1 Select-Fluor (2.4 equiv), CH,CN, rt decomp.
2 PhI(OCOCF,), (1.5 equiv), 10% aq. MeOH, rt decomp.
3 N-bromosuccinimide, 10% aqg. acetone, 0 °C, 10 min decomp.
4 HgCl, (2.2 equiv), HgO (2.2 equiv), 10% aq. MeOH, reflux, 6 h s.m.
5 Mel (2.0 equiv), CaCO, (5.0 equiv), s.m.
10% aq. CH,CN, 50 °C, 18 h
6 70% aq. TBHP (6.0 equiv.), MeOH, reflux, 6 h s.m.
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We speculated that aldehyde 44 was unstable to standard manipulations.®’ To
gain insight into the properties of 44, the corresponding alcohol 48 was synthesized
(Scheme 11). The known acid 45% was coupled with serine methyl ester hydrochloride
to afford the hydroxyamide 46 in 99% vyield. Hydroxyamide 46 was cyclized and
oxidized to afford the oxazole 47 in 82% yield for the 2 steps. The TBDPS group was

removed with TBAF in THF to afford alcohol 48 in 68% yield.

Scheme 11. Synthesis of the C,-p-hydroxy substituted oxazole.

Ser-OMe*HCl, OH
0 PyBOP, NMM, 0 L
TBDPSO/\)]\OH DMF TBDPSO/\AN CO,Me
99% H
45 46

1) DAST, KoCOs, 1o

CH.Cly; TN TBAF, AcOH, MeO,C \
\ /an
2) BI’CC|3, DBU, )\/\ TBDPS THF 27
CHACly, o © 68% O)\/\OH
82% (2 steps) 47 48

Attempts to oxidize the primary alcohol 48 using Swern (oxalyl chloride, DMSO,
Et;N)®*® Dess-Martin periodinane' (with and without the NaHCO, buffer) or
TPAP/NMO® conditions resulted in decomposition (Table 4). Oxidation with the
NaOCI/TEMPO/KBr system® did not afford the desired aldehyde, but led to an
unidentified product.

The ability of the C,-methyl ester group to remove electron density from the

oxazole ring of 48 was considered as a possible reason for the instability of the
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aldehyde product. The reduced electron density in the oxaz