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Abstract: A transition metal-free method for the cycloisomerization of propargylic amides to oxazoles was
developed. The reaction utilizes in situ generated hydrogen chloride in hexafluoroisopropanol (HFIP). With the
aid of Design of Experiments optimization a wide range of substrates was transformed into the desired
oxazoles. The method allows product formation without side reactions eliminating the need for extensive
work-up and purification.
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Introduction R
Insecticide (o)
Oxazoles are five-membered heterocycles with O- and N
N-atoms at position 1 and 3. The structural motif is y non-steroidal
present in numerous natural products,’” including o > O antrinflammatory drig

drug candidates such as Darglitazone or Romazarit and Etoxazol
oxazole

0
the approved drug Oxaprozin.'” In the insecticide | N/>_\_/<O
Etoxazole the closely related partially saturated oxazo- O oH
line motif is present (Figure 1).

. . . Oxaprozin
quzol{c;i 14]can be_: synthesized using (hfferent Drug candidate

strategies. Classical approaches comprise the HO

Robinson-Gabriel  synthesis using 2-acylamino- o l O) <:> o

ketones!"”! or the Fischer oxazole synthesis employing © 7

cyanohydrins and aldehydes as starting materials.!"®!

Another approach uses readily available propargylic
amides which can be cycloisomerized by a variety of Figure 1. Examples for uses of oxazoles and oxazolines.
reagents such as transition metal catalysts,'" %

iodine,” " bases,”®*" or Brensted acids.’'”" With

transition metal catalysts the desired oxazoles are

formed in high yield and selectivity, and a wide range cycloisomerization using Brensted acids usually af-
of functional groups is tolerated. In contrast, the fords lower yields albeit working fine with electron-

Romazarit
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donating groups (one example)® and internal
alkynes.’ However, there is no efficient general
protocol for the cycloisomerization of a greater range
of propargylic amides under acidic conditions.

An interesting alternative approach might be the
utilization of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP)
as solvent. Aubé and coworkers recently reported
catalytic Schmidt reactions in HFIP.P**! Usually the
Schmidt reaction requires superstoichiometric amounts
of Lewis acids due to inhibition by carbonyl groups
present in the product. HFIP is a strong H-bond donor
and a weak nucleophile™” and allows catalytic Schmidt
reactions with TiCl, or acetyl chloride (AcCl). The
authors showed that HFIP forms a complex with the
product, thus releasing the catalyst. Moreover, hydro-
gen chloride is formed in situ under these conditions,
so that HCI itself and/or other Bronsted-acidic species
may be active catalysts.’*") These findings prompted
us to investigate the use of HFIP as solvent and/or
catalyst precursor in the cycloisomerization of prop-
argylic amides to oxazoles.

Results and Discussion

As mentioned above, the cycloisomerization of prop-
argylic amides to oxazoles can be catalyzed by differ-
ent transition metals, in particular gold catalysts
whereas only a limited number of reports use Brensted
acids. In order to investigate the viability of HFIP as
solvent and/or catalyst precursor in this reaction, we
started with the conditions reported by Aubé et al.
using HFIP and AcCLP* In initial experiments we
found that heating to 80°C is required to achieve
reasonable conversions (e. g., 49% yield of 5-methyl-2-
phenyloxazole 2a by reaction of N-(prop-2-yn-1-
yl)benzamide 1a with 1 eq. AcCl after 3.5 h at 80°C).
The constraints allowed for an easy optimization using
DoE (Design of Experiments) with two parameters
(reagent equivalents & time) in a Central-Composite-
Design utilizing the software Design-Expert 12 by
Statcon (for details see Supporting Information) yield-
ing a response surface (Figure 2).

The response surface was generated using a
quadratic model (p-value: <0.0001; R* 0.9993). A
numerical optimization was done to identify optimal
reaction conditions which were found as 1.95eq.
AcCl, 80°C, 23.14 h. For ease of use the following
reactions were carried out using 2 eq. AcCl at 80°C
with a reaction time of 24 h.

Employing the optimal conditions found by DoE
for the cyclization of propargylic amide 1a to oxazole
2a, we tested different reagents and solvents (Table 1).
Using AcCl in HFIP the reaction proceeded to full
conversion with an NMR-yield of > 99% after aqueous
work-up (entry 1). Employing pTsOH-H,O instead of
AcCl in HFIP gave only a slightly lower yield of 93%
(entry 2). In CH,Cl, and tBuOH the cyclization did not
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Figure 2. Predicted vs. actual plot and modelled response
surface of the optimization using a Central Composite Design
(CCD) calculated with Design-Expert 12 by Stat-Con.

proceed to full conversion with yields of 71% and 1%,
respectively (entry 3 and 4). Entry 5 shows the cycliza-
tion in HFIP using concentrated aq. HCI yielding 86%
of oxazole 2a. In entries 2-5 the formation of an
unidentified side product was observed. Changing the
solvent while keeping AcCl as reagent revealed that
HFIP is best suited for the cyclization. Using
isopropanol (iPrOH) decreased the conversion to 63%
and the yield to 42% while also generating the
unknown side product mentioned before (entry 6).
With trifluoroethanol (TFE) the cyclization of 1a
proceeded similar to HFIP but gave a slightly lower
yield of 90% (entry 7). Ethanol could not be used since
a violent reaction forming ethyl acetate and HCI
occurred upon addition of AcCl (entry 8). A control
experiment in HFIP in the absence of AcCl revealed

© 2022 The Authors. Advanced Synthesis & Catalysis
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Table 1. Control reactions.®™

) AcCl (2.00 eq.)

\[‘N}ph

2a

HFIP (5 mL/mmol)
80°C,24h

Entry™ Reagent Solvent Conversion/%™  Yield/%™

(2eq)

1 AcCl HFIP 100 >99
2 pTsOH-H,0 HFIP 100 93
3 pTsOH-H,0 CH,Cl, 92 71
4 pTsOH-H,0 BuOH 14 1@

5 aq. HC135% HFIP 100 86!
6 AcCl iPrOH 63 42
7 AcCl TFE 100 90

8 AcCl EtOH <]

9 - HFIP 0 0

[l All reactions were carried out on a 0.2 mmol scale under air.

) Conversion of starting material and product yields were
determined by 'H-NMR spectroscopy using 1,1,2,2-tetra-
chloroethane as internal standard.

[ Violent reaction forming ethyl acetate and HCI upon addition
of AcCl.

@ Formation of an unidentified side product (5-14%) was
observed.

that the latter is indeed required for oxazole formation
(entry 9).

The controls showed that AcCl in HFIP gave the
best results with a full conversion of la and
quantitative yield of oxazole 2a. Additionally the
work-up is quite simple and requires only removing
the solvent under reduced pressure. The resulting
hydrochloride can be transformed to the corresponding
free oxazole by basic aqueous work-up.

With the optimized conditions a substrate screening
was performed (Scheme 1). With aliphatic and aro-
matic amides yields from 83% up to 99% were
achieved both for free oxazoles and their hydro-
chlorides (2a/3a-2i/3i). Whereas fluoro-, bromo-, or
methoxy substituents do not affect the reactivity (2d-
f), starting materials with strongly electron-withdraw-
ing nitro groups (2g/3g and 2h/3h) required longer
reaction times (48-96 h) but also afforded high yields
(86-98%).

Aliphatic propargyl amides bearing reactive
functionalities can also be cyclized to the correspond-
ing oxazoles. The propargylic amide 1j bearing a
brominated alkyl chain was transformed into oxazole
2j by employing AcBr/HFIP with 85% yield after
flash chromatography. Here, usage of AcCl resulted in
a halogen exchange and a mixture of chloro- and
bromo-substituted oxazoles was formed. The corre-
sponding hydrobromide 3j turned out to be unstable.
The analogous chlorinated amide 1k required harsher
conditions (4 eq. of AcCl, 48 h reaction time) to afford
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[a] Scale: 0.2 mmol 1, isolated yields; [b] Longer reaction times: 48 h for 2g/3g,
96 h for 2h/3h; [c] AcBr was used instead of AcCl; [d] Rapid decomposition;

[e] 10 eq. of AcCl and 5 d reaction time; [f] Complex product mixture; [g] TMSCI
was used instead of AcCl; [h] No reaction.

Scheme 1. Substrate scope.™

oxazole 2k with 89% yield. Here, the corresponding
hydrochloride 3k was isolated with 68% yield, but
decomposed rapidly. The ester-substituted propargylic
amide 11 is even less reactive and required 10 eq.
AcCl and 5 d reaction time to provide oxazole 21 with
93% yield after flash chromatography. Again, the
corresponding hydrochloride could not be obtained in
pure form.

A double bond in the starting material (1 m) was
not tolerated as an electrophilic addition of HCI
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occurred to produce a complex product mixture. In
case of amide 1m bearing a free hydroxy group,
esterification of the latter competed with the cycliza-
tion to afford a product mixture. Likewise, use of
TMSCI instead of AcCl did not induce formation of
the desired oxazole 2n. Thus, propargylic amides with
protected hydroxy groups (—THP, —TBS, —TBDPS,
—Bz) were tested employing HFIP/TMSCI but only the
acid-stable benzoyl group was tolerated and yielded
93% of oxazole 20. Cyclization product 2 p bearing a
phthalimido-protected amino group was obtained with
85% yield in the presence of AcCI/HFIP. Changing the
substituent R' from hydrogen to a methyl group gave
the desired product 2q in quantitative yield. In
contrast, the change to a phenyl group resulted only in
45% yield of 2r after column chromatography. Control
experiments using substrates that prevent aromatization
or cannot form a free oxazole resulted in a complex
product mixture (1) or no reaction at all (1t).

To demonstrate the reliability of the oxazole
formation with AcCI/HFIP, we conducted a gram scale
synthesis (Scheme 2). The bromo-substituted amide 1e
was selected as starting material which was converted
to the corresponding oxazole 2e with high efficiency
(>99% yield in 24 h at 80°C).

The rather low reactivity of propargylic amides
bearing electron-withdrawing substituents (1g,hk,l)
may be explained by a reduced nucleophilicity of the
amide oxygen atom. A possible mechanism is shown

0
AcCl (2.00 eq.) \[
N
/\H)‘\@ HFIP / ()
Br

80°C,24h
1e >99%

(1.21 g, 5.06 mmol) (1.20 g, 5.05 mmol)

Scheme 2. Gram scale synthesis of oxazole 2e.

R’ R’
I 2
H+
X9 R" O
H+
< ‘//\N))J\Rz P
zz 2
H P N R
I = H
1

Scheme 3. Proposed mechanism for the Bronsted acid-catalyzed
cycloisomerization of propargylic amides of 1 to oxazoles 2.
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in Scheme 3. The mechanistic proposal is based on the
assumption that HCl and/or other Brensted-acidic
species act as catalyst.”**" Similar to the correspond-
ing gold-catalyzed cycloisomerization,"'”! protonation
of the triple bond of propargylic amide 1 affords a
cationic intermediate (e.g., I) which undergoes a 5-
exo-dig attack by the amide oxygen atom. The
resulting dihydrooxazole (II) cannot be isolated but
rather aromatizes rapidly to the oxazole 2. It seems
reasonable to assume that the latter step is also
promoted by the Brensted acid.

The synthetic utility of the oxazoles formed by
cycloisomerization of propargylic amides in HFIP was
demonstrated in several derivatization reactions. Start-
ing from chloro-substituted substrate 1k, the oxazole
2k was converted into azide 2u with 86% yield by
nucleophilic substitution (Scheme 4). A subsequent
copper-catalyzed azide alkyne cycloaddition
(CuAAC)™ with phenylacetylene afforded the desired
triazole 4 with 91% yield.

The bromo-substituted oxazole 2 e was the starting
material for palladium-catalyzed cross couplings
(Scheme 5). A Sonogashira coupling with phenyl-
acetylene gave the phenylethynyl-substituted oxazole 5
with 69% yield. The Suzuki coupling of 2e with

\[O Cl NaN3 \[O N3
l N/: MeCN/DMF | N/:
reflux, 24 h

2k 86% 2u

Phenyacetylene
Sodium Ascorbate

N<_-Ph
N J/ CuS04+5H,0
O —y
\[ />_/ H,0/tBUOH
t, 24 h

4 91%

=~

Scheme 4. Derivatization of oxazole 2k by CuAAC.

. 0, .
Sonogashira \[ />—©7Br Suzuki
N

Phenylacetylene

DMSO K.PO Phenylboronic acid [ PhMe/MeOH
80°C,24 h P<3;|(O:&c) K,CO5 | 60°C, 18 h
69% 2 Pd(PPh;3),Cl, | 98%

PPh,

O O
L~ )—=—= )=
N N
5 6

Scheme 5. Derivatization of oxazole 2 e by palladium-catalyzed
cross coupling reactions.
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0 Ph
L TMS-CI (2.00 eq.) Ph 0~
/” Ph HFIP (5 mL/mmol) \:Q'N
Ph 80°C,1.5h
7 >99% 8

Scheme 6. Bronsted acid-catalyzed cycloisomerization of prop-
argylic amide 7.

phenylboronic acid resulted in the formation of
biphenyl-substituted oxazole 6 with 98% yield.

Finally, we started to the apply the transition metal-
free cycloisomerization using in situ generated HCI in
HFIP to propargylic amides bearing internal triple
bonds. Initial experiments gave better results with
TMSCI rather than AcCl. Thus, treatment of amide 7
with 2eq. of TMSCI] in HFIP at 80°C for 1.5h
afforded the heterocycle 8 with >99% yield
(Scheme 6). It appears that conjugation of the exocy-
clic double bond with the phenyl ring favors this
product rather than the corresponding oxazole."’! We
are currently examining the scope and limitations of
this transformation.

Conclusion

In this paper, we report a transition metal-free method
for the cycloisomerization of propargylic amides to
oxazoles. The transformation proceeds in hexafluoro-
isopropanol (HFIP) in the presence of AcCl, AcBr, or
TMSCI. Under these conditions, HCl, HBr, and/or
other Bronsted-acidic species are formed in situ and
presumably act as catalyst which activate the triple
bond of the propargylic amides for nucleophilic attack
of the amide oxygen atom. The method allows for a
clean conversion of a wide range of aliphatic and
aromatic amides bearing halide, ester, and nitro groups,
as well as, protected hydroxy and amino funtionalities.
The method described here helps to eliminate the need
for precious metals and to improve the efficiency of
oxazole synthesis.

Experimental Section

General procedure for the Cyclization of Propar-
gylic Amides to Oxazole Hydrochlorides

The propargylic amide (1.00 eq.) is dissolved in hexafluoroiso-
propanol (5 mL/mmol) in a screw-cap vial. AcCl (2.00 eq.) or
TMSCI (2.00 eq.) is added and the vial is tightly closed. The
mixture is heated to 80°C and stirred for 24 h. Afterwards the
solution is rapidly cooled in an ice bath, diluted with CH,Cl,
and transferred to a round bottom flask. The solvent is removed
under reduced pressure, yielding the oxazole hydrochloride
without further purification (if not mentioned otherwise).
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General Procedure for the Cyclization of Propar-
gylic Amides to Free Oxazoles

The propargylic amide (1.00 eq.) is dissolved in hexafluoroiso-
propanol (5 mL/mmol) in a screw-cap vial. AcCl (2.00 eq.) or
TMSCI (2.00 eq.) is added and the vial tightly closed. The
mixture is heated to 80°C and stirred for 24 h. Afterwards the
solution is rapidly cooled in an ice bath, diluted with CH,Cl,
and transferred to a round bottom flask and the solvent is
removed under reduced pressure. The oxazole hydrochloride is
dissolved in CH,Cl, and washed with satd. aq. NaHCO;
solution (10 mL/mmol). The combined aqueous layers are
washed with CH,Cl, (5% 10 mL/mmol). The combined organic
phases are dried with MgSO,, and the solvent is removed under
reduced pressure, yielding the free oxazole without further
purification (if not mentioned otherwise).
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