The Chemistry of Oxazoles

IGNATIUS J. TURCHI* and MICHAEL J. S. DEWAR

Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712

Manuscript Received May 20, 1974 (Revised Manuscript Received August 22, 1974)

Contents
I. Introduction 389
il. Synthesis 390
A. Synthesis of the Parent Oxazole 390
B. From isocyanides 390
C. From Amino-, imino-, and Amidonitriles and
Nitrillum Salts 391
D. The 1,3-Dipolar Addition of Carbonyicarbenes
to Nitriles. 392
E. From Nitrogen Ylides 303
F. From Azidocarbonyi Compounds and
Carbonyinitrenes 394
G. From Alkynes 395
H. From Enamides, Enamines, and imides 396
I.  From Oxazolin-5-ones 397
J. From 2-Oxo Nitrones 398
K. From Aroyi Isocyanates 398
L. Acylaziridine—Oxazole Rearrangements 399
M. Photoinduced Isoxazole—Azirine—Oxazole (IAO)
Rearrangement and Related Photochemical
Reactions 400
N. Robinson-Gabriel Oxazole Synthesis. Mechanism
and New Cyclodehydrating Reagents 402
0. 2-Aminooxazoles 402
P. Mercapto- and Alkyimercaptooxazoles 403
Q. Miscelianeous 404
lii. Physical Properties, Spectra, and Molecular Orbital
Calculations 406
A. Geometry 406
B. Molecuiar Orbital Calculations of Charge Distribution,
lonization Potential, and Heat of Formation 406
C. Nuclear Magnetic Resonance Spectra 407
D. Uitraviolet Spectra 407
E. Dipole Moments and Nuclear Quadrupole
Coupling Constants 407
F. Infrared Spectra 407
G. Mass Spectra 408
IV. Reactions 409
A. Syntheses and Reactions of Halooxazoles 409
B. With Nucleophiles 411
C. With Electrophiies 413
D. Acid-induced Ring Cleavage 414
E. Reductive Ring Cleavage 414
F. Electrochemical Reduction 415
G. Diels—Aider Reaction 416
H. With Singlet Oxygen 419
I.  The Cornforth Rearrangement 420
J. Miscellaneous Functional Group Transformations 421
K. Polymerization Studies 422
V. Oxazolium Salts 423
A. Basicity of Oxazoles 423
B. Acidity of Oxazoles and Oxazolium Salits 423
C. Syntheses and Reactions 424
D. Mesoionic Oxazoles 425
VI. Synthesis and Reactions of Oxazole N-Oxides 428

389

Vil. Naturally Occurring Oxazoles and Oxazole
Analogs of Natural Products 430
Viil. Applications 431
A. Scintiliator Properties 431
B. Pharmaceuticais 431
C. Fiuorescent Whitening Agents 432
D. Photography 432
E. Miscellaneous 432
IX. Addendum 432
X. References and Notes 432

1. Introduction

The azoles are a class of five-membered ring, heteroaro-
matic compounds, isoconjugate with the cyclopentadienyl
anion and derived from this species by replacing two of the
carbons with a nitrogen atom and another heteroatom. Oxa-
zole (1) has an oxygen atom and a pyridine-type nitrogen
atom at the 1 and 3 positions of the ring, and, like pyridines,
oxazoles are weakly basic substances.
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1

The literature concerning azole chemistry has been the
subject of numerous, recent reviews.! Two comprehensive
reviews on oxazole chemistry have appeared; the later of
these covers the literature up to 1955.23 The work of Corn-
forth and others carried out during World War Il in connection
with penicillin syntheses and related areas has greatly ad-
vanced our knowledge of the chemistry of oxazoles and oxa-
zolones.*

This article covers the new methods and modifications of
older methods for preparing oxazoles. These methods have
been responsible for the ready availability of many substituted
oxazoles and consequently have been instrumental in the ad-
vancement of oxazole chemistry. The coverage also includes
reactions of oxazoles which have been developed in the past
20 years, some of which have been applied to the synthesis
of biologically important compounds. The application of new
theoretical methods and spectroscopic techniques such as
nmr to oxazole chemistry is discussed.

Although the main purpose of this review is to present a
survey of the literature of oxazole chemistry. some of the

. commercial applications of oxazole derivatives are men-

tioned.

The present coverage of the literature from 1955 up to and
including 1973 and part of 1974 does not incorporate work on
benzoxazoles.? Oxazoles fused to other aromatic rings are
considered only in instances where these are pertinent to the
discussion at hand.
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Il. Synthesis
A. Synthesis of the Parent Oxazole

The parent oxazole (1) was first prepared by Cornforth and
Cornforth utilizing a rather lengthy and complex reaction se-
quence.’ More recently, however, a somewhat simpler ap-
proach to the synthesis was taken by Bredereck and Ban-
gert.6” Their method is an adaptation of an older synthesis of
substituted oxazoles, i.e., the reaction of amides with a-hy-
droxy ketones.2® Upon heating formamide with ethyl a-hy-
droxyketosuccinate (2), diethyl oxazole-4,5-dicarboxylate (3)
is obtained. The diester was hydrolyzed with ether—ethanolic
NaOH or aqueous Ba(OH), and decarboxylation of the acid
salt 4 is effected by heating 4 in quinoline in the presence of
quinoline sulfate and copper or copper oxide to give oxazole
(1) in 30-50% overall yield.

CO,Et
=0 R
+ HCONH, 1%-120°
CHOH
CO,Et
2
CO,Et
N Ba(OH),/H,0 or
( \ NaOH/EtOH /Et,0
0" “Cco,Et
3
CO,”
N N7
( \ Cu or CuQ ! M
0" “co,
4

The oxazole diester 3 was hydrolyzed in aqueous HCI to
give intermediate 5 which dimerized to a dihydropyrazine
which was subsequently air-oxidized to afford ethyl pyrazine-
tetracarboxylate (6).

EtO,.C NHCHO
2 e
HCI ”
— —
H,0 c
Et02C/ \OH
5
oL
Et0,c~ N “CO,Et
6

B. From Isocyanides

The synthesis of 2-unsubstituted oxazoles from formamide
and a-halo or a-hydroxy ketones proceeds under vigorous
conditions, affording low yields of oxazoles.>? The synthesis
also suffers from a lack of generality. Whereas 4- and 5-
alkyl- or -aryloxazoles can be prepared using this reaction,
oxazoles bearing other functional groups at these positions
generally cannot be synthesized in this manner. Often the rel-
ative inaccessibility of the starting «-functionalized ketone
may be a major drawback to the use of this method.
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These disadvantagés have, for the most part, been over-
come by the use of the reaction of a-metalated isocyanides
with carboxylic acid derivatives to give 2-unsubstituted oxa-
zoles in moderate to high yields.®'2 The synthesis, mecha-
nism, and some representative yields are given in eq 3.

i - R,COX
R—CH,N=C =2t RCHN=C ——»
K* O-t-Bu~ M*
7 8
NC CN OH R,
| R
R{CHCOR, === R,C=CR, ——> [ \ 3)
. o R2
9 10 11
R: = CO,Et R, = Me X = Ci 66%
R, = Ph R, =H X = OMe 76%
R1 = H Rg = Et ) X = N(Me)g 48%
R, = SPh-p-Me: R, = H X = OMe 52%

When the a-metalated isocyanide is treated with an epox-
ide and the resulting intermediate is hydrolyzed with methanol
or aqueous acid, 1,3-oxazines or 1,3-amino alcohols, respec-
tively, are produced.’®

A number of variations of this method have been devel-
oped. Yoshida et al. have prepared 5-alkoxy-4-alkyloxazoles
by the pyrolysis of alkyl esters of a-isocyano carboxylic acids
at 150-180° in yields of 5-28%.'4.15

The synthesis of sulfonylmethyl isocyanides (12)'¢ and their
conversion to 2-unsubstituted oxazoles'” has been investi-
gated by van Leusen et al. The tosylmethyl isocyanide 12 can
be prepared either by dehydration of the corresponding form-
amide 13 or by sulfonylation of «-lithio isocyanide (8) as
shown (eq 4). When 12 is treated with K;CO3 and an alde-
hyde, acid chloride, or acid anhydride in methanol and the
mixture heated, 5-substituted oxazoles are produced in good
yields. ?

H R,
R,SCRRNCHO MPBAY, g $0,CNHCHO
. HyO57Ac,0
Rs
13
Rz

R,SO,F + 8 — R,SO,CNC (4)
RS
12

Under similar conditions but at lower temperatures elimina-
tion of toluenesulfinic acid does not occur, and the corre-
sponding 4-tosyl-A%-oxazolines are formed. These results
suggest the mechanistic pathway shown in eq 5.

Intermediates such as 10 (R; = H, R; = p-anisyl) can be
prepared by dehydration of the corresponding formamide,
and these yield the oxazoles 11 when heated.'®

Deyrup and Killion describe the formation of the 5-ami-
nooxazoles 15 from the BFj-catalyzed reaction of tert-butyl
isocyanide with N-acylimines 14.'® No yields were reported;
however, this reaction deserves further study because of its
potential utility as a general synthesis of 5-aminooxazoles.
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K,CO;
CH3 502CH NC W
Ts

RCHO
TSCHNC ———> TsCHNC — Z H

O R
CHO" H

H*

R

,7 ) > ,7 \ 5
—_—
40 R -TsH (;\ )
H

(ﬁ
t-BuNC N
X-@_CH NCR—= > 7\ 6)
Fs /\o _

14 4
X =NO,. H; R=Ph, Me

C. From Amino-, iImino-, and Amidonitriles and
Nitrilium Salts

In their studies concerning prebiotic synthesis, Ferris and
Orgel describe the synthesis of 4-cyano-5-aminooxazoles
(17) from aminomalonitrile (16) and carboxylic acid anhyd-
rides.2%2' For example, 17 (R = H) was prepared in 43%
yield from the reaction of the toluenesulfonic acid salt of 16
with acetic anhydride and formic acid.

H

CN
~ AlHg) (RCO),0
—

———

HON==
c H,NC(CN),

CN

CN
1\
R/AO

R =H, Me, Et, Ph
A modification of the Fischer oxazole synthesis?? has been

utilized in the preparation of 2-hydroxy-4-pyridinyl-5-aminoox-
azole.?® The ir spectra of these products are reported.

Q.= Q=G

CHOH
CN
(NH4)2003 (NH4)2003
(NH4)2003

P

H2
60-70%

CH==NH

1.CH;0H/HCI
2. A020

/(

A modification similar to that described above was used in
the synthesis of other 5-aminooxazoles (20) by the reaction
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NH

@ ArCHQ @ KCN AI’C”;CN Ar'CHO
N7 N7 19
xﬁ .

N==CHAr'

NH,

Ar
N
yaun
ar” O NH,
20

of the imino nitrile 19 with aromatic aldehydes (eq 9).2* When
aliphatic aldehydes are treated similarly, 2,4-disubstituted-3-
oxazoline-5-ones can be obtained.

Fleury and coworkers have extensively studied the acid-
induced cyclization of a-amidonitriles (22) to yield 5-aminoox-
azoles (20) and the subsequent reaction of 20 with aromatic
aldehydes to form 5-arylideneaminooxazoles (21).25:26 A
number of substituted derivatives of 21 have been prepared
in this manner, and their uv spectra and reactions are re-
ported.

NH=CHAr

Ph\
CI)HCN
___RoHO
NH ZnCI MeOH /Qi
‘ or HCI MeCl
_C=0
R/

xi

Ph
N

A
R” O °NH N==CHR

Fleury et al. also report the observation of two tautomeric
forms of the 5-aminooxazoles 20a and 20b in their nmr spec-
tra.??

The cyclization of 2-acylamino-2-cyanoacetamide (23) with
HCIO4-acetic anhydride yields 5-acetamidooxazole-4-carbox-
amide (24).28 The analogous formamidooxazoles are pre-
pared by the reaction of 23 with HCO,H-Ac,;0-HCI. In certain
cases heating 24 with KHCO; affords oxazoio[5.4-d]pyrimi-

din-7-0ls (25).
NC 0
~_ NH2
/CHCNH2 HCIO, KHco3
R—CNH Ac20 /(
NHCOCH3
23
OH

==N
R @)
25

a-Amidonitriles (22) can be converted to 5-aminooxazoles
(20) by treatment with ethanethiol and HCI in CH,Cl; and sub-
sequently treating the intermediate 5-imino-4,5-dihydrooxaz-
ole hydrochloride 26 with H,S in pyridine.2°
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N
R2CNHC|:HCN —E /4
I CH,Cly, 0° N
) NH ci
22

1
N
/(\ (12)
R;” 07 NH,

R, =R, ="Ph (42%)
Ry=Ph; R, =

N-Acyl-1-cyano-2,2-dichlorovinylamines (27) react with
secondary amines under acid catalysis to afford 4-cyano-5-
(N,N-disubstituted)aminooxazoles (17) in 65-85% yields.3°
The ring opening of oxazole 17 with aqueous HCI gave 28.

CN
J; R'R’ NH

(C),C=CNHCOR ——> /A‘X H2
27 NR RN

R R”NCOCH(CN)NHCOR (13)
28

Nitrilium salts (31), generated by the reaction of the nitrile—
SnCl; complex 29, with substituted desyl chlorides (30) cy-
clize to give 2,4-disubstituted-5-phenyloxazoles (32).3' No
3,4-dihydroisoquinolone products arising from the Friedel-
Crafts alkylation of the phenyl ring of 31 were detected. The
reaction is general for R = Ph, R' = alkyl, alkoxyalkyl, benzyl,
and aryl with yields of 52-92%.

C—CHR + RC==N—>SnCl, —
|| (l)I 29

31

The copolymer of benzonitrile with 1-phenyl-3-chloro-2,3-
epoxybutane is transformed into 2-phenylbenzylmethyloxa-
zoles in the presence of Friedel-Crafts catalysts.3?

D. The 1,3-Dipolar Addmon of Carbonylcarbenes
to Nltnles

The 1,3-dipolar cycloaddition of carbonylcarbenes to un-
saturated compounds has been discussed in early reviews.33
In these reviews the thermolysis of ethyl diazoacetate in the
presence of benzonitrile is reported. At 145°, 2-phenyl-5-
ethoxyoxazole is produced in 42% yield. The thermolysis of
diazoacetophenone with benzonitrile at 150° gave a 0.40%
yield of 2,5-diphenyloxazole. The reaction temperature could
be lowered to 100° or less, and the yield of oxazoles in-
creased to 17 % upon catalysis of the reaction with copper or
various copper salts. Decomposition of ethyl diazoacetate in
the presence of benzonitrile and a copper catalyst at 80-85°
gave 2-phenyl-5-ethoxyoxazole in 29 % yield, and in the pres-
ence of acetonitrile 2-methyl-5-ethoxyoxazole was produced

Ignatlus J. Turchl and Michael J. S. Dewar

in 31% yield. Photolysis of the diazo ester in benzonitrile did
not afford the expected oxazole.34

The effect of solvents on the decomposition of ethyl dia-
zoacetate was investigated.®4 The rate of the decomposition
in the polar solvent, nitrobenzene, is more than double the
rate in the nonpolar hydrocarbon solvent, decalin, suggesting
that the transition state for the formation of the carbene is
somewhat more polar than the ground state.

The reaction of the carbenes derived from diazo ketones
with nitriles was also investigated.3%2 Electron-withdrawing
groups on the phenyl moiety of the diazoacetophenones sub-
stantially increased the yield of 2-phenyl-5-aryloxazoles in
their uncatalyzed reaction with benzonitrile. The yield of oxa-
zole increased from 0.4 % for diazoacetophenone to 45% for
p-nitrodiazoacetophenone. These substituents had little effect
on the copper-catalyzed reactions. Photolysis of diazo ke-
tones in benzonitrile gave negligible yields of oxazoles.

The effect of varying the nature of the copper catalysts on
the decomposition of diazocarbonyl compounds and subse-
quent addition of the resulting species to nitriles was also
noted. Copper(l) chloride gave the lowest yield of oxazoles
(3.5%); copper acetylacetonate gave the highest yields
(16%)_34.35a

Tungsten hexachloride catalyzes the decomposition of dia-
zocarbonyl compounds. When this decomposition occurs in
the presence of a nitrile at room temperature, the corre-
sponding oxazole is obtained in yields (20-65 %) that are sub-
stantially greater than the Cu(ll}-catalyzed reaction.3%°

When the diazo ketone 33 was allowed to react with ben-
zonitrile in the presence of a copper catalyst at 120°, the ox-
azole 34 was obtained in 34 % yield.358

Me Me

c .
N2 =200 (19)
PhCN
Me Me
33 34

The copper-catalyzed reaction of ethyl «-diazopropionate
with liquid HCN gave 4-methyl-5-ethoxyoxazole 35¢

In most of the cases studied, copper catalysis of the de-
composition of diazocarbonyl compounds suppresses the
Wolff rearrangement (i.e., the rearrangement of carbonylcar-
benes to ketenes). This is one possible rationale for the in-
crease in yields of oxazoles when these reactlons are so cat-
alyzed.

The most likely mechanism for this reaction is the 1,3-dipo-
lar addition of a carbonylcarbene to a nitrile to yield an oxa-
zole directly. Another mechanism which has been postulated
involves the 1,2 addition of the carbene to the nitrile to afford
the 3-carbonyl substituted azirine 35 and subsequent rear-
rangement of 35 to the oxazole (eq 16). Considerable doubt
has been cast on the latter route for the thermal reaction be-
cause of the work of Padwa et al.>¢ These investigators have
shown that 3-phenylisoxazole arises from the thermolysis of
3-formyl-2-phenyl-1-azirine. Photolysis of this azirine gives 2-
phenyloxazole (see section Il.M).

A thorough study of the photodecomposition of diazo es-
ters in acetonitrile was conducted by Buu and Edward.3? Only
singlet ethoxycarbonylcarbene reacts with nitriles to afford
oxazoles. Upon benzophenone sensitization of the reaction,
2-methyl-4-carbethoxy-5,5-diphenyl-A2-oxazoline  (36) is
formed. This product presumably arose from the addition of
the triplet carbene 37 to benzophenone to give the diradical
38 which then adds to acetonitrile affording 36.

The reaction of nitriles with trifluoroacetylcarbethoxycar-
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|
Rr/C\Q/R + R'CN —>
/ 11, j
/ 3< ~g T /4 (16)
RN
35 \

R RN

R
R=R =H
R’ =Ph
o)
| it
Ph—C—Ph + HC—CO,Et —>
37 H
Ph\C/Ph MeCN ’}‘ CO,Et a7
CH1 Me Ph
CO,Et 36
38

bene is a convenient and general method for the introduction
of a trifluoromethyl group onto an oxazole ring. The reaction
of acetonitrile with trifluoroacetyl diazoacetic ester (decom-
posed photochemically) gives ethyl 2-methyl-5-trifluorometh-
yloxazole-4-carboxylate (39) in 50% yield. Photolysis of the
oxazole 39 afforded a 10% yield of a dimeric species 40
which is thought to arise from a formal [2 + 2] cycloaddition
of two oxazole rings.38-3°

CO.Et
hv N hy
CF,C—CCOEt s /‘& LEN
T S

EtO,C CO,Et

me—< j#:t:B—Me (18)

40 (cis)

Weygand et al. have developed a general procedure for
preparing 3-perfluoroalkylalanines (41) from perfluoroalkylox-

hv

(RFCO)20 + N2CHC02Et B RFCOﬁC02Et m
N,
CO.Et
N H,/PtO, HCl
M \ ~or> ReCH,;CHCOEt —
Me (@) Re
NHAc
RECH,CH(NH,)CO,H  (19)
41

RF = CF3, C2F5. C3F7
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azoles synthesized by the 1,3-dipolar addition of perfluoroalk-
yl diazoacetic esters to acetonitrile.*® Overall yields of 41 are
35-50%.

E. From Nitrogen Ylides

In the last section the 1,3-dipolar addition of carbonylcar-
benes to nitriles was discussed as a synthesis of oxazoles.

The 1,3-dipolar addition of other dipolar species has been
invaluable in the synthesis of five-membered ring heterocy-
cles and has been the subject of extensive reviews.334!

Nitrile ylides undergo 1,3-dipolar additions to aldehydes to
give oxazolines which can be oxidized to the corresponding
oxazoles.*?43 The nitrile ylide 43 is generated from the imi-
doyl halide 42 by the 1,3-elimination of HCI with triethylamine
as a base.

PhC|)=NCH2—©>—N02 &

ol
42
PhC==N—CHPh-p-NO, =9,
43 (20)
Ph Ph
N= o] Ni
H H /\
%;2 —’ Ph/ﬁo .
Ph Ph _ h
p'N02
p'N02

45 (67% overall yield)
44 (cis and trans)

The mechanism of the reaction of 42 and triethylamine
with acid chlorides is somewhat obscure. Three mechanisms
for this reaction have been postulated.*? The first of these in-
volves the nonregiospecific 1,3-dipolar addition of 43 to ben-
zoyl chloride and subsequent loss of HCI from the chlorooxa-
zoline intermediate to yield 45 and the isomeric 2,5-diphenyl-
4-(p-nitrophenyl)oxazole (46). The oxazoline intermediate
could not be isolated. The second mechanism does not in-

Et;N

a3 — > 2==N:==CHPh-p- No2 Pncoal,

o]

47
Ph Ph
C=NCHPh-p-NO, + C—N==CHPh-p-NO,

o] | o]

COPh COPh

48 49

l “HCI l -HCl

PhC==N—C—Ph-p-NO,  PhC==N==C—Ph-p-NO,

’ ” |

C C=0
_O/ \Ph Ph /
l /p‘N02 l
Ph 45
N (21)
Pal
Ph o) Ph
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volve the nitrile ylide 43, but an azaallyl anion 47 is postulated
to attack benzoyl chloride to give intermediates 48 and 49
which lose HCI and cyclize to afford the isomeric oxazoles 45
and 46 (eq 21). A two-step addition of 43 to benzoyl chloride
is also postulated.

Diethyl mesoxalate also undergoes a 1,3-dipolar addition to
43 to ultimately yield ethyl 2-(p-nitrophenyl)-4-phenyloxazole-
5-carboxylate.*?

Nitrile ylides have been implicated as intermediates in the
thermolysis of 2- and 4-acyloxazolones 50 and 53.44 These
intermediates can undergo intramolecular cyclization to form
oxazoles. The mechanism of this and analogous rearrange-
ments will be discussed further in section IV.I.

/AJLC_RS

= Me, R, =Ph. Ry =Me (95%)
Me R1 = Ph R3 COzEt (71 /o
200°
l -CO,
R, O

R C—-N—CI)—CR3 — /(1 (22)

T 200-230°
-co,

R,
K Ni
Xo O
Ry—C

O
53
The thermolysis of 1-benzoyl-4,5-diphenyl-1,2,3-triazoles
(54) at 260° leads to the formation of the dipolar intermediate
55. Cyclization of 55 affords 2,4,5-triphenyloxazole in 30%
yield.45

Ry=Me, R, =
R,=Me, R, =

Ry = Ph (8%)
CF3. Ry = Ph (94%)

Ph
NCOPh
\ 260°
N -N
ph” SN ’
54
PhC=C— N——Cl)Ph <> PhC— cI: rQ=cl:ph —
Ph O- Ph o
55
Ph
m 2
Ph Ph

Dichlorocarbene, generated from the thermolysis of phen-
yl(bromodichloromethyl)mercury (56), reacts with the. imine
53 to give ethyl 2-chloro-5-ethoxyoxazole-4-carboxylate (60)
in 20-35% yield.*® The oxazoline 59 arises from the formal
1,4-addition of dichlorocarbene to the N—=C—C=—0 system
in 87. The C—=C—C=0 system does not undergo similar
1,4-addition with dichlorocarbene. This observation suggests
that the terminal nitrogen atom of the heterodiene system of
57 facilitates addition by allowing the formation of the ylide
58. ‘

Ignatlus J. Turchl and Michael J. S. Dewar

RO,C _ COEt
PhHgCCl,Br + N=C\ _%.
: CO,Et
56 57
ROC_. CO,Et R02C\ CO,Et
N=C -C|
e N —
cl C—OEt cl
s \CI I : 0
o}
58 59
o o
RO—C_ CO,Et CO,Et
—L — /( S + CICO,R (24)
cl

F. From Azidocarbonyl Compounds and
Carbonyinitrenes

The reaction of a-azido ketones and azido esters (61) with
aromatic or aliphatic acyl halides (62) in the presence of tri-
phenylphosphine affords substituted oxazoles (63) in 22—
68% yield (eq 25).47-48 The proposed mechanism is given in
eq 26.

R
PhsP N 1

RiCHCOR, + RyCOX ——> /4 \ 25)
| AN,
3 2

N3
61 62 63
+ -N
81 + PhgP —> PhyP—N==N=N—CHCOR, —>
Ry
64
62 I ” -PhsPO
NE
R, c|:=o
Rs

65

The reaction of carbonylazides (68) with ketene dialkylace-
tals affords oxazolines (70) or 4-alkoxyoxazoles (71) via the
intermediate triazoline 69 formed from a 1,3-dipolar addition
of 68 to the ketene acetal %50

Carbonylnitrenes result when acyl azides are photolyzed or
thermolyzed. The reaction of these nitrene species with alk-
ynes produce 2-alkoxyoxazoles (74).

Huisgen and Blaschke studied the thermolysis of ethyl azid-
oformate (72) with alkynes to give 2-ethoxyoxazoles in
3-30% yield.>'-5% Meinwald and Aue investigated the forma-
tion of 2-ethoxy-4,5-diphenyloxazole from the reaction of
ethoxycarbonylnitrene (73) with 2-butyne, the nitrene 73
being generated photochemically from the azide 72.%4
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JOR N
o RO N\
N,COX —— N —
68 RO ’T/
C==0
X/
69
OR

N N OR
/ ; ‘OR 2, / \§ 27
70 7

X = OEt, Ph (47%). p-NO,Ph (62%)

_N2
NzCO,Et
72
OEt
.. I | Re==crR
N—C—OEt <> N=C—O0 —_—
73a 73b
N R
A5,
g0’ © R
74

R = CO,Et, R’ = Ph (30%)
R=Ph, R’ = H (16%)
R =R’ = CO,Me (3%)

2-Alkoxyoxadiazoles are formed when carbonylnitrenes
(73) are allowed to react with nitriles.55

Several mechanisms have been proposed for the forma-
tion of the oxazole products, the most attractive being the di-
rect 1,3-dipolar addition of the carbonylnitrene (formally 73b)
to the alkyne. The 1,3-dipolar addition of the azide 72 to the
alkyne followed by loss of nitrogen and subsequent cycliza-
tion of the zwitterionic intermediate 76 to yield the oxazole 74
has also been proposed.®? The intermediate 76 may also
arise from the direct attack of 73 on the alkyne.

?-
COLEt
- R N=COEt
N -N
/ = =< — 74 (9)
NN A\, R’
R
76
R
75

A third and somewhat less likely mechanism which has
been proposed is the 1,2-addition of 73 to the alkyne yielding
the 2-azirine 77. Rearrangement of 77 would give the ob-
served product 74,5254

CO,Et

N

RC==CR + 73 —> f E

R R’
77

—> 74 (30)

In an attempt to shed some light on the mechanism, Huis-
gen and Blaschke studied the kinetics of the reaction.52 The
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1,3-dipolar addition of the azide 73 to the alkyne could be dis-
counted since the triazole 75 was stable at the temperature
of the azide thermolysis (130°). From the results of the kinet-
ic measurements obtained by these workers it is not possible
to distinguish between the direct 1,3-dipolar addition mecha-
nism and the 1,2-addition of nitrene 73 to the alkyne to form
the 2-azirine intermediate 77. One may argue against the in-
termediacy of the 2-azirine on the basis of its potential anti-
aromatic electronic nature; however, the results of molecular
orbital calculations utilizing the MINDO/3%7 and NDDO®® meth-
ods lend support to the possible intermediacy of structures
such as 77.56

Among the products formed when phenylpropiolyl azide
(78) is thermolyzed in ethanol-water solution is the oxazole
79.59

o
PRC==CCN; —> PhCH,CN +

78
PhCH,CONHCO,Et + (PhC==CNH),CO +

N P
xa/—NHcozEt (31)
0
79

PhC=C

When trans-(3-azidovinyl phenyl ketone (80) is thermolyzed,
the main product is benzoylacetonitrile along with a low yield
of 5-phenyloxazole. A trace amount of 5-phenylisoxazole was
also isolated.6® A mechanism for the formation of the oxazole
involving 3-benzoyl-1-azirine (82) produced from the vinyl ni-
trene 81 was proposed.

O
o
H

/H
TN,

A
—

81 82
N
D, =
@) Ph

G. From Alkynes

Propargyl alcohols and esters derived from these alcohols
react with amides or nitriles in the presence of certain cata-
lysts and cyclodehydrating agents to afford alkyl- or aryloxa-
zoles.

The reaction of propargyl formate with formic acid and dry
Dowex-50 resin (Hg type) gave formylacetone which was
treated with formamide and concentrated H,SO4 to yield 4-
methyloxazole.$’

A 50% vyield of 2-phenyl-4-methyloxazole was obtained
when propargyl alcohol was caused to react with benzonitrile
and H2$04.62

Substituted propargyl aicohols combine with amides and
acetic acid, the reaction being catalyzed by HgSOy. to give
alkyl- and aryloxazoles in high yields.®® For example, acet-
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amide, 1-butyn-3-ol, glacial acetic acid, and HgSO, afforded
an 85% yield 2,4,5-trimethyloxazole. Similarly propargyl ace-
tates react with acetamide, trichloroacetic acid, polyphospho-
ric acid, and a HgSO, catalyst to give various 2,5-disubsti-
tuted-4-methyloxazoles in 20-73% yield.5* The effect of
other catalysts on the reaction was studied (e.g., NiCly,
CdS04, ZnCly, etc.). The mercury salts gave the highest
yields of oxazoles in every case studied.

Alkyl- and aryloxazoles can also be prepared by the cycli-
zation of propargyl amides. In the presence of concentrated

H»S0,, 3-benzamido-1-propyne cyclized to 2-phenyl-5-meth- -

yloxazole 6566
In a similar reaction, propargyl benzimidate hydrochloride
(883) is converted to 2-phenyl-4-methyloxazole.8®

R, "NH,CI” CH,R,
H,S0 N
R,C==CCHOCR = —» /(& (33)
83 R N07 R,

R=PhR,=R,=H

An unusual rearrangement occurs when the acetylenic ox-
oquinazoline 84 is subjected to basic reagents.57-68 The first
step in the proposed mechanism is base-induced tautomeri-
zation of the acetylene to the allene 85. The quinazoline ring
is subsequently opened with base affording intermediate 86
which cyclizes as shown (eq 34) to yield 2-(o-formamido-
phenyl)-5-methyloxazole (87). The reaction was followed by a
periodic tlc analysis. By this analysis it was observed that al-
lene 85 was formed initially but was consumed in the course
of the reaction and disappeared entirely after 2 hr.

N
~ "OR ROH
NCH,C==CH
0
84
N
= “OR
NCH==C==CH,
0
85
NHCHO N
/_x\ (34)
— (@) Me

CNHCH=C==CH,
NHCHO
O 87
86

H. From Enamides, Enamines, and Imides

The title compounds having the structure 88 have been
converted to oxazole derivatives by modifications of the exist-
ing cyclization reactions of 1-acylamino carbonyl com-
pounds.2 The nature of the substituents R, R', X, and Y will
become apparent in the ensuing discussion.

RXC==C(R')NHY
88

The reactions of 1-acetamido-2-hydroxypropyl ketone 89
with various reagents were studied.’® Upon treatment of 89
with alkali, water was eliminated to form the enamide 90
which could be converted to the oxazole 91 with acetic anhy-
dride in 40-50% yield. Other reagents which will effect the
conversion of 90 to 91 are HCl-dioxane or SOCl,.7°
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-OH
R—C—CHCHR)OH —> RC—C=—CHR' —2°,
O NHAc O NHAC
89

R!
N
FaRs
Me~ © R

= CH,0CO,Et. CH,0AC. CO,H; R = p-NO,Ph

When the oxime tosylate 92 is allowed to react with potas-
sium ethoxide in ethanol, the diethyl acetal of a-amino-p-ni-
troacetophenone (93) is isolated. Acetal 93 cyclizes to the
oxazole 94 in the presence of phenyl-1-acetoxyacetyl chlo-
ride.”’

NOTs

p-NOPhCMe ~ELs 5 -NO,PhC(OE),CH,NH,
92 93
1PhCH(COCI)(OAc)

PhCI)H Ph-p-NO,
OH
94
Cyclization reactions of a-hydroxy enamides have been
utilized in the synthesis of oxazolopyranones and the novobio-
cin analogs, the oxazolocoumarins (eq 37).72-74
o~

S

NHCOR
AC2O l
O

Me 0

R = alkyl, aryl, perfluoroalkyl,
a~furyl, etc. (72-92%)

0 O
1. A020
2 OH™
NHAc

excess OH~
—_—

AN @37)

The reaction of 7-chloro-2-amino-5-phenyl-3H-1,4-benzo-
diazepine 4-oxide (95) with acetic anhydride presumably pro-
ceeds through the intermediate 96 which rearranges as
shown (eq 38) to yield 10-acetyl-7-chloro-2-methyl-5-phenyl-
10H-oxazolo[4,5-b] [1.4]benzodiazepine (97).75

Aromatic aldehydes (98) react with benzamidine and NaCN
in methanol to produce 4-arylidineamino-2-phenyl-5-aryloxaz-
oles (99).76

The reduction of 1-(p-nitrophenyi)-2-acetamido-3-hydroxy-
1-propanone with triisopropoxyaluminum affords the expect-
ed alcohol along with 2,4-dimethyl-5-p-nitrophenyloxazole as
a byproduct.”?
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0
NH, NHCMe
Nee N
Ac,0 =
\< - \§—OAC =
—=NT =N
Cl
Cl \O'
Ph Ph
95 96
H N—COMe
N
Ac,0
OAC —_
al ~N
Ph
\ N—C-—Me
—
=N "OAc
Me
N N\\,/
V-0 (38)
cl =N
Ph
97
NH
PhcZ
“SNH
ACCHO 155%  ArGHON —————>
98
OH
ArCH—C—NH, AFCH—C—N==CHAr
28_> —
OH N\C/NH OH N\C/NH
Ph Ph
ArC=C—N==CHAr =Char
3
(IDH IL NH /ko ©9)
SNt PH

Ph

a-Acylamino acrylic acids can be decarboxylated in pyri-
dine, and the intermediate derived from the decarboxylation
will subsequently react with p-nitrobenzaldehyde to yield 4-
methyl-5- p-nitrophenyloxazole.”®

The synthesis of 4-cyano-5-(N-substituted amino)oxazoles
(101) has been accomplished by the acetylation of §,53-di-
chloroaminoacrylonitrile (100) with primary and secondary
amines and hydrazines.”®

3-Halo-a-acylamino-a,8-unsaturated acids and esters
(102) can be converted to oxazole-4-carboxylic acids and es-
ters with NaOAc-HOAcC when heated in a bomb or with a AgF
catalyst.80

The intermediate in the reaction of a-acyloxy ketones with
NH; OAc-HOAc to form oxazoles is the acyloxy enamine
10481 rather than the isomeric a-acylamino ketone 105,82

Chemical Reviews, 1975, Vol. 75, No. 4 3987

NH,
ClL,CHON KN, cc=c?” = LA
B ~ 2. R{RNH
CN
100
CN
/( \ (40)
mMe~ O TNRyR,
101
2R’
R’"—C==CCO,R’ NaOAc_
HOAc /A (41)
X NHCOR (AgFR)

102

The enamine 104 reacts further to form the oxazole 106, or
rearrangement of 104 can occur under these reaction condi-
tions to afford the imidazoles 107 (via 105).

RC—CHR'  NH,0Ac D R RCHcor
| | AOAC H
OCOR"” NG,  OCOR” NHCOR”
104 105
R R
N N
/ﬁﬁ X&
R” O Rr RN T Rt
106
H @2
]
R=R"=Ph R’ = CO,Et COH.Me 107

R’ =R” =Ph;R =Me
R =Ph;R’ = Me:; R = 6-quinolyl

a-Amino-3,v-unsaturated esters and ketones react with
benzoyl peroxide to yield benzoyloxy enamines (104: R =
CHgz; R' = CO,Et, COCHjg; R = Ph). These compounds are
easily transformed to the 2-phenyl-4-methyl-5-carboethoxy-
or 5-acetyloxazoles with HOAc in 82 and 84 % yields, respec-
tively.83

N-Substituted phthalimides (108) are of use in the synthesis
of substituted isoxazoles, pyrazoles, oxazolones, and oxa-
zoles among other heterocyclic systems (eq 43).8485

Ph
N
54
0"  TCH,CO.Et
NH4
dioxane CONH,
(43)
0 0 Ph
NaOEt N
PhCHG—CHCO,Et I\
0" “CHCO,Et
O Ac
108 COH Ac

I. From Oxazolin-5-ones

Oxazolone chemistry has been the subject of several re-
views.34.86.87 2.0xazolin-5-ones are usually prepared by cy-
clodehydration of «-amino acids with acetic anhy-
dride 348587 When the resulting oxazolones 109 are treated
with acyl halides under kinetically controlled conditions, O-
acylation occurs to give 5-acyloxyoxazoles (110).88-°" The
factors which favor O- over C-acylation are the use of acyl
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bromides rather than acyl chlorides; increased solvent polari-
ty (e.g., HMPA vs. THF); lower reaction temperatures; the use
of more hindered tertiary amines (e.g., ethyldiisopropylamine
vs. triethylamine); electron-releasing functionality on the acyl
halides and on the 4 position of the oxazolone ring (R).88

R,
: H 3gx
/4 tenlary
R2 O O amine
109 .
R, ! /o
N N c
/4& A SRy 44
rR,” 9 “oc—R; R, 9 o
| 111
0
110

The 3-oxazolin-5-ones will also react under the same con-
ditions to afford 5-acyloxyoxazoles (eq 45).28.90-92

Me
RCOCI
ol
cry 9 o
Me
e +C&1
0,CR RC S
87-89%

The acyloxyoxazoles 110 can be converted to the more
thermodynamically stable 2- or 4-acyl-2-oxazolin-5-ones
(111) by the thermolysis of 110 in pyridine or picolines, pre-
sumably via the ion-pair intermediate 112,92

N/, \ Ry -
— N,~
110 =— R | | — m
/Lo N \N
Ry o g (46)
COR4

112

J. From 2-Oxo Nitrones

Substituted oxazoles can be prepared in high yields by cy-
clization of 2-oxo nitrones with acidic methanol or acetic an-
hydride.23-9% The synthesis is outlined in eq 47.

o)

R,CCHR;NHOH + R;CHO —>
o -

| H MeOH

RpCCHN==CHR; =5 63  (47)

R1
113

= H, Me; R, = Ph, p-Tol, R; = alkyl, aryl

K. From Aroyl Isocyanates

Aroyl isocyanates react with carbonyl stabilized sulfonium
ylides (115) to give the 1:1 adducts 116 in good yields (75—
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90%).9% Pyrolysis of the adduct 116 in refluxing decalin af-
forded oxazoles 117 and 118 in an approximate ratio of 6:1
with an overall yield of 60 %.

o)

o]
| .
X‘—@'CN=C=O + (Me)zs—-CH—ll)—R —

115,R = Ph, OEt
114, X = H, CI.NO,
0
[
C—R
(Me),S —C 1
TI)NH?Ph-p-X p-X Ph/<
o)
116 117
OC—Ph—p-X
N
JC T
p-x-ph”” 07 N
[
o)
118

The proposed mechanism for the formation of 117 involves
the cyclization of 1186 through its enol form 116a.

COR
(Me),S*—C
C—OH
O'\ | — 117 (49)
C=N
\
116a ' v

A novel synthesis of 2-aryl-4-hydroxy-5-benzoyloxazoles
(119) from the reaction of the phospholene 120 with aroyl

o o Ph
Ph IcI: ll*, M -
—C—C—H + (MeO),P —>
8 oN /o
/|\
OMe
120
o)
120 + 114 /E‘{\
. —
p-XPh 0 C—Ph
[
o)
X =H
o)
~ O-—o__
N H N M
/4 \ \\ - /« O
p-xph” 07 “Sc=0  pxpp” O
| h
Ph x=0Me (50
X=F
119
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isocyanates (114) has been reported.®’ The phospholene 120
is formed by the reaction of phenyl glyoxal with trimethyl
phosphite. The tautomer of 119 which predominates is de-
pendent upon the substituent, X, on the 2-phenyl moiety. The
4-hydroxyoxazoles or their tautomeric oxazolones (119) could
be methylated to give 4-methoxyoxazoles with ethereal dia-
zomethane. Yields of 119 ranged from 65 to 71%.

L. Acylaziridine—Oxazole Rearrangements

Thermolysis of 1-substituted-2-aroyl-3-phenylaziridines
(121) at 220° affords 2-phenyl-5-aryloxazoles.®® The postula-
ted intermediate is the azomethine ylide 122 formed via the
heterolytic cleavage of the C-C of the aziridine 121. The ylide
122 cyclizes to give the oxazoline 123 which is oxidized to
the oxazole by a radical elimination mechanism. For example,
when Ar = Ph and R = tert-butyl, a 96 % yield of 2,5-diphen-
yloxazole (123b) was isolated.

I A,
/C>A(Ph R //\) —_
Ar N/\H
’ o 0.
121 R

122
R\N R’ R’
RH N
/ﬁ& — //\i o
Ph ! o Ar pnw O Ar

132a, Ar=Ph; R'=ClI
123 b, Ar=Ph; R"=H
The photolysis of cis- or trans-N-tert-butyl-2-benzoyl-3-
phenylaziridine gives 2,5-diphenyloxazole (132b) in 51 and
38% yields, respectively.®®:79% The trans aziridine also gives
(B-tert-butylamino)-trans-benzalacetophenone (41%), where-
as in the photochemical reaction of the cis aziridine this prod-
uct is not observed. The reaction mechanism, which is
thought to be analogous to the thermal rearrangement dis-
cussed above, was studied in detail.'%°
A similar mechanistic pathway is probably operative in the
thermal rearrangement of 1-imido-2-aryl-3-carbonyl substitut-
ed aziridines (124) to 2-aryl-4,5-disubstituted oxazoles
(125).1%! The aziridines 124 are prepared by the oxidation of
N-amino imides with Pb(OAc), in the presence of the corre-
sponding olefin (ArCH=—CYCOX).

NH2 /J\\ //L\
‘ O/ N \O
0 N
ﬁ/ \( ArCH=CYCOX Ar N COX 2
L Pb(OAC),
Y
H
124
Y
N
AL e
Ar @) X
125

The N-phthalimidoaziridine 124 (i.e., Ar = Ph, X = NH,, Y
= CN) is converted to 2-phenyl-4-cyano-5-aminooxazole
when heated in boiling ethanol. In the cases reported it was
possible to trap the azomethine ylide intermediate analogous
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to 122 with dimethyl acetylenedicarboxylate to give a A3-pyr-
roline. 0"

In contrast to the C-acylaziridine rearrangements, N-acyla-
ziridines undergo a heterolytic C—N bond cleavage upon ther-
molysis. The dipolar intermediate 127 thus formed can cyclize
to an oxazoline 12892 which if possible eliminates suitable
fragments to produce oxazoles.

Zaugg and DeNet studied the thermal rearrangement of 1-
benzoyl-2,2-dichloro-3-phenylaziridine (126) to the 4-chlo-
rooxazole 132a in refluxing xylene.%3

COPh o
| BN
N N
Ph f} R, 2, Ph ( s
+ R2
R, Ra R, Rj J
126 127
Rz
Rz
N R; -HCI N
P /‘K (53)
ph” O\ P O “pn
1

128 132a

R,=H: Ry=Ry=Cl

A variation of the N-acylaziridine-oxazole rearrangement
is the reaction of 1-azirines with acylating agents to afford N-
acylaziridines which undergo a rearrangement to yield oxa-
zoles.

Fowler and Hassner studied the reaction of 2-phenyl-3-
methyl-1-azirine and 2,3-diphenyl-1-azirine with benzoyl chlo-
ride in benzene and in acetone solutions.'%* In benzene, the
N-aroyl-2-chloroaziridines 131 were formed (131a:131b =
6:4). In acetone at 5° the oxazole 132 and the amide 133
were produced. When 131a and 131b were treated with ace-
tone at 5°, the same molar ratio of 132:133 as in the direct
reaction of benzoyl chloride with the azirine 130 in acetone
was obtained. This observation implies that 131 is an interme-

R R 0
N |
/( \ + PhCCI,CHNHCPh

Ph @) Ph 133

132
Q

|

MeCMe 5°

/ \_-R + phcoci venre (54)
Ph 129

H PhH

A
130 \ COPh

R =Ph. Me' |
N N

L/ \_R + P/ \_R

Ph H cl H
131a 131b

COPh

MeCMe
130 + PhCOCI — {t3ta + 131b] —

127] — 128 % 432 131 L 433 (s5)

R, =Cl. Ry =Me, Ph; Ry;=H
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diate in the rearrangement. The amide 133 is probably
formed by the attack of HCI on the aziridine 131.

Sato and coworkers also studied the reaction of 2-phenyl-
1-azirines with acylating agents.® 2-R-5-phenyloxazoles can
be obtained from the reaction of RCOCI (R = CHs, Ph, p-
NO,Ph, B-(5-nitro-2-furyl)acryloyl) with 2-phenyl-1-azirine and
triethylamine in 28-43 % yield.

1-Azido-1-phenylpropene (134) is converted to three iso-
meric oxazoles 135,136, and 137 in 17, 7, and 1% yield, re-
spectively, when treated with acetyl chloride and AICl;. The
mechanism proposed for the formation of the major product
135 involves the rearrangement of an N-acyl chloroaziridine
to the oxazole 135,'%

Ph N3 N
MeCOCI / Me | AccCl
—_—— —
‘ AICI,
Me H Ph H
134 Ac Me
N N {
Ph Me . /4
Me @) Ph
Cl H 135
Ph .
N AN
134 — —

Me—CH—COMe

Ph
N Me
N N
+ CHMe —> /4 \
/ Ph O Me

0=C
\Me 136
Ph Ph
7 M N
134 — J Ve — /Q‘S\ (56)
€ +

Me 0 Me

H 137

The action of refluxing methanol or methanolic Na,CO3; at
room temperature on 2-phenyl-3-benzoyl-1-azirine (138) af-
forded 2,5-diphenyloxazole (132b).'%7 Attack of methoxide at
the imino carbon followed by opening of the aziridine ring to
give the intermediate 140 and recyclization of 140 to give the
oxazole is a likely mechanistic pathway for this conversion.

o —
N N
/ C/ MeOH F;h cl; —
pp Naxc0s en
Ph R OMe R
138 139
R
v
N C
)k — 132b (657
P OMe O Ph

140

M. Photoinduced Isoxazole—Azirine—Oxazole
(IAO) Rearrangement and Related
Photochemical Reactions

The photochemically induced rearrangement of five-mem-
bered ring heteroaromatic compounds where two of the ring
atoms are transposed has been an area of intensive investi-
gation in organic photochemistry. Examples of these types of
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reactions are the photorearrangements of pyrazoles to imida-
zoles %8 and of 2-substituted thiophenes to 3-substituted thio-
phenes.'%®

An extremely intriguing example of this type is the photoly-
sis of 3,5-diphenylisoxazole (14 1) to yield 2,5-diphenyloxazole
(132b) at wavelengths of less than 3130 A.107.110.111

Ullman and Singh'%7-11! and Singh et al.'2® have carried
out a thorough study of the mechanism of the IAO rearrange-
ment.

When 2-phenyl-3-benzoyl-1-azirine (138) is irradiated at
less than 3130 A, 2,5-diphenyloxazole (132b) was produced
in 85%. yield. Light of wavelength 3340 A resulted in a nearly
quantitative yield of 3,5-diphenylisoxazole (141). These re-
sults suggest the mechanistic scheme in eq 58.

R Ph \
J Y he J\ COPh _h
on o/N 3340 A <3130 4
Ph R
141, R=H 138
R
N
L e
Ph” 0" ph
132b

An alternative to this proposed mechanism is that 138
rearranges to 141 at any wavelength of light and that 141
yields oxazole 132b at less than 3130 A. The azirine 138
would then be only a transitory side product rather than a true
intermediate. This alternative was ruled out since it requires
that 141 yields 132b much more efficiently than would 138.
This was not the case since azirine 138 affords oxazole 132b
nearly eight times faster than the isoxazole 141 under identi-
cal conditions. %7

hv hv
138 == 141 ——— 132b (59)
31304

The absorption and emission spectra of 132b, 138, and
141 were reported.

Sensitization experiments using the triplet sensitizers, ace-
tone, Michler’s ketone, and biacetyl were carried out.'?”
Using the high-energy sensitizer, acetone (2530 A), a photoe-
quilibrium was established (95% isoxazole). With Michler’s
ketone (3130 A) photolysis of the azirine 138 also led to the
isoxazole 141 although the reverse reaction could not be es-
tablished. Biacetyl as a triplet sensitizer (4350 A) left the
reactants unchanged. No oxazole 132b was detected in any
of these experiments. These observations suggest that triplet
states of azirine 138 and isoxazole 141 are intermediates in
their photosensitized interconversion and that the oxazole
132b is derived from the singlet excited states of 138 and
141.

The data obtained support the contention that the azirine
138 is excited to a high-lying vibrational level of S; or to S; at
less than 3130 A, and subsequently the C—C bond is cleaved
to give the nitrile ylide 142 in its ground state. Ylide 142 cycli-
zes efficiently to 2,5-diphenyloxazole (132b). Intersystem
crossing of the excited singlet azirine 138 to the triplet T,
state followed by C-N bond cleavage produces the friplet ni-
trene intermediate 143 which cyclizes to afford 3,5-diphenyli-
soxazole (141).713

The wavelength dependence of the reaction was attributed
to selective n — w* excitation of the carbonyl chromophore
of 138 at the longer wavelengths. The electron deficiency
thus produced at the carbonyl oxygen induces C-N single
bond rupture to yield the isoxazole precursor, the nitrene 143.
Selective n — 7* excitation of the ketimine chromophore of
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=Cl)Ph —> 132

I
<31304 R
142
138 X (60a)
>3340 Ph
\ \
C—N
VA
R—C. == 141
N
/C—O
Ph
143

138 at the shorter wavelengths leads to electron deficiency at
the nitrogen atom which induces the cleavage of the C-C
bond in 138 giving the nitrile ylide 142.'! These hypotheses
were supported by the results''?® of extended Huckel MO
calculations. ™4

4,5,6,7-Tetrahydrobenzisoxazole affords 4,5,6,7-tetrahy-
drobenzoxazole upon photolysis along with a small amount of
2-cyanocyclohexanone. ''2® The oxazole arises via 2-isocya-
nocyclohexanone (section II.B). An azirine was not detected
in this experiment; however, this does not rule out its inter-
mediacy. The 2-unsubstituted azirine that may be formed in
this conversion would be extremely unstable under the reac-
tion conditions.?'2¢ An azirine of this type was found to rear-
range to both nitrile and isonitrile.’'2d Equation 60b gives a
possible mechanistic pathway for the reaction.

N==CH
(:\( O( (60b)
o) .

+

CEMIZE

Irradiation of ethyl diazomalonanilate (144) in acetonitrile
gave resdults that were similar to Singh and Ullman’s. The oxa-
zole 145 is formed initially, and in the presence of benzophe-
none 145 rearranges to the isoxazole 147 (eq 61).%7 The azir-
ine 146 has been implicated as the intermediate in the reac-
tion although 146 could not be detected.

When molecular oxygen, a triplet quencher, is introduced

CONHPh
MeCN sens
PANHC —CCO.Et ——
17 /Q‘i “asaTh
O N,
144
Me CONHPh
/ CONHPh
senL / \ (61)
Me CO.Et 2537 A 0 OF
146 147
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into the reaction vessel the conversion of 145 to the isoxaz-
ole 147 is completely inhibited. ‘

Good and Jones have utilized the IAO rearrangement in a
synthesis of oxazole-2-carboxylic esters.''® Photolysis of eth-
ereal solutions of isoxazole-3-carboxylates gives oxazole-2-
carboxylates in low (5-8 %) yields.

Irradiation of 3-phenyl-5-aminoisoxazole (148) at 2537 A
afforded benzoylaminoacetonitrile (151).7'6

N
J\_-CONH;

Ph

D,
0" SNH

2 Ph H
148 149
N
/(_ﬁ\ —<= PhCONHCH,CN  (62)
Ph" 07 SNH, 151
150

The observed product 151 is produced from the 5-ami-
nooxazole 150 since, in certain cases, 5§-aminooxazoles un-
dergo a ring-chain tautomerization which highly favors the
open-chain tautomer.? If the azirine 149 is irradiated at 2537
A, 151 can be isolated, lending support to the intermediacy of
149 in this photochemical transformation. Similarly irradiation
of 2-phenyl-3-carboethoxy-t-azirine yielded 2-phenyl-5-
ethoxyoxazole (48 %).'"7

Wambhoff studied the photoinduced rearrangement of 4,5-
dihydrofurans to cyclopropanes and ethyl 3-phenyl-5-amino-
isoxazole-4-carboxylate to ethyl 2-phenyl-5-aminooxazole-4-
carboxylate.''® In contrast to the other photorearrangements
discussed in this section, this rearrangement proceeded in the
presence of triphenylene as a sensitizer. No explanation of
this anomalous result was offered, but the production of the
oxazole in the sensitized system could be due to the low rate
of intersystem crossing of triphenylene. If the rate of singlet
energy transfer from sensitizer to acceptor (azirine) ground
state is on the order of the rate of sensitizer intersystem:
crossing, then (despite the high efficiency of the latter pro-
cess) azirine singlet excited states will be produced which
would lead to the observed oxazole product.

The photochemical rearrangement of oxazoles to isoxaz-
oles was first observed by Kojima and Maeda in the photoly-
sis of 2,5-diphenyloxazole (132b) in ethanol solution.''® The
products of the reaction are 3,5-diphenylisoxazole (141,
20%), 4,5-diphenyloxazole (152, 20 %), phenanthr[9, 10]oxa-
zole (153, 1.5%), and a trace of benzoic acid. In benzene,
however, the photolysis of 132b gave 141 (7 %), benzoic acid
(2%), dibenzamide (0.4%), and 2,4-diphenyloxazole (154,

N\
1320 i 141 + k‘i }:>
153 (€3)

02
hv

Ph
N—S
132b 2> 141 + A \ + PhCOH + (PhCO),NH
ph” O

154
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4.5%). Although the azirine 138 is a likely intermediate in the
rearrangement of 132b to 141, it could not be isolated. 4,5-
Diphenyloxazole (152) could have arisen from a valence tau-
tomerism of the bicyclic intermediate 155; 2,4-diphenyloxa-
zole (154) is postulated to have arisen from the N-benzoyl-2-
azirine 156.

hv
132b s
=N
/T7‘\ —> O/ r —> 162
Ph Ph >
o)
155 Ph Ph
CI)OPh (64)
132b > N — 154
Ph_|»
156

A similar series of products was obtained from photolysis
of 2-phenyloxazole.'?? In this instance, however, it was possi-
ble to isolate the intermediate 2-phenyl-1-azirine-3-carboxal-
dehyde.

The irradiation of 2-methyl-4,5-diphenyloxazole in the pres-
ence of iodine and air at 3000 A did not yield the 1-azirine nor
any of photoproducts derived from it, but instead a 55 % yield
of 2-methylphenanthr[9, 10]oxazole (157) was formed.'’

When 1-azirines which are not substituted in the 3 position
by a carbonyl functionality are subjected to the conditions of
these photolyses reactions, C-C bond cleavage occurs to
give a nitrile ylide intermediate.'2? These nitrile ylides can un-
dergo 1,3-dipolar additions to a variety of dipolarophiles.*'
Schmid et al. have studied the addition of the nitrile ylide 158
derived from the photolysis of 2,3-diphenyl-1-azirine (130) to
cumulated double bonds and. in particular, to isocyanates.'?®
The product of this reaction is 2,4-diphenyl-5-N-phenylami-
nooxazole (159b). The initial addition product, the 5-iminooxa-
zoline 159a, tautomerizes to 159b.

N
N A Ph
/i 2 Ph _hv Ph C// t\C< PhNCO

H
Ph H
130 158
Ph Ph
Ne= N
Jean s
Ph” O" TNPh ph” O TNHPh
159a 159b, 45%

N. Robinson—Gabriel Oxazole Synthesis.
Mechanism and New Cyclodehydrating
Reagents

One of the oldest and most useful syntheses of oxazoles is
the reaction of a-acylamino carbonyl compounds with a cy-
clodehydrating agent (e.g., PCls, H,SO,, POCl;, SOCI,, etc.)
or the Robinson—Gabriel synthesis.'24.12% Despite the utility of
the synthesis, mechanistic details remained scarce until the
recent work of Wasserman and Vinick.?® These workers uti-
lized '80-labeling techniques coupled with high resolution
mass spectroscopy to differentiate between two possible
mechanistic pathways for the reaction (eq 66).

When the ketone carbonyl oxygen is labeled with 80 and
this labeled ketone treated with concentrated H,SO,. essen-
tially none of the 80 is found in the oxazole ring. Conversely,
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H H
R N C/R 2
—C— —
NN\
C C_R3
| |
0 *
H\ Ro Ry
3= AL e
R O% R R O R
1HO 3 1 o 3
H H
R, \N—C—R2 -2,
N\ AN
C C_R3
[ |
* = 180

R2
N#
/4 HR — 52 + H,0" (66)
3
R- O OH

when the amide carbonyl oxygen is labeled, all of the label is
found in the ring in accord with path b above.

The Robinson-Gabriel synthesis affords low yields of oxa-
zoles in many cases when the cyclodehydrating agents are
PCls, H2S04, POCl,, or SOCIl,. However, when polyphosphor-
ic acid is used, the yields of oxazoles can be increased to
50-60%.127-129

Daub et al. found that N-aryl-a-amido ketones could be cy-
clized efficiently to oxazoles in yields of up to 96% using an-
hydrous HF as the cyclization agent.’3°

In another study it was necessary to prepare oxazole-2-
carboxylates.'3! The reaction of a number of cyclodehydrat-
ing agents with methyl N-methoxalylalanate 160 to give meth-
yl 4-methyl-5-methoxyoxazole-2-carboxylate (161) under a
variety of conditions was investigated. The reagent of choice
for this cyclization was phosgene in triethylamine, affording
161 in 80% yield at room temperature for 10 min. The only
comparable result was obtained when the dehydrating agent
was ethyl chloroformate, giving the oxazole 161 in 25% yield
at 50° after 1 hr.

Me
MeCHCO,Me \
—~ e
NHCOCOzMe Me02C O OMe
160 161

In their studies on fluorinated amino acids, Weygand et al.
found that 3,3,3-trifluoro-N-benzoylalanine (162) can be con-
verted to the 5-amino-4-oxazolecarboxamide 163 in 86%
yield using dicyclohexylcarbodiimide and 2 equiv of cyclohex-
ylamine (eq 68a).1322 «

Acetic and trifluoroacetic anhydrides have been utilized as
cyclodehydrating agents for the conversion of secondary am-
ides to oxazoles (eq 68b).'32°

The ir and nmr spectra and reactions of the §-aminooxa-
zoles prepared in this manner were studied.

0. 2-Aminooxazoles

2-Aminooxazoles (165) can be readily prepared by the
reaction of a-halo ketones with urea in DMF at 105°. 133 N-
Monosubstituted and N,N-disubstituted ureas give N-substitut-
ed aminooxazoles.
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DCC
PhCONHCHCO,H T“F—» F QC"H”N”2
| Ph
CF,
162
CONHCgH,
i} N
CeHy{NHCF ==CCNHCgH,, > AN
Ph NHCeH
NH 163
F>hC/ (68a)
o)
Me
RNHCO  COR 1000 ‘ﬁ
—
CH—NH /k
Me Me
N
Fati
R O NCOCF,

R

RCHXCR' + NH,CNH, 2» /Zﬁ (69)
I I H,NT "0 R
0 0

165 (16-91%)
164

The reaction of substituted ureas with bromoacetaldehyde
to afford 2-(N-substituted amino)oxazoles has been investi-
gated. The ir and nmr spectra of several of these compounds
prepared in this manner were reported.’34

In a similar manner, 4,5-polymethylene-2-aminooxazoles
(167) were prepared by the reaction of urea with a-bromocy-
cloalkanones 166.'35

o
Br o
| N |
+ RRNCNH, —> A \S (CHa)" (70)
(CH,), RRN™ g
166 167, n=4, 5.

The oxazolotetrahydroazepine system 169 has been syn-
thesized from the a-bromoazepinone 168 and urea.’®® These
compounds are useful as sedatives, antitussives, and hypo-

glycemic agents.
© N
NH CNH
=,
o)

168 169 (14-26%)
R = (Me),CHCH,, allyl. PhCH,, p-MePhCH,

A somewhat more general method for the preparation N-
substituted 2-aminooxazoles is the reaction of substituted cy-
anamides or their salts (170) with a-hydroxy'37-140 or @-halo
ketones (164).747:142 The 4- and 5-substituents on the oxa-

Chemical Reviews, 1975, Vol. 75, No. 4 403

zole ring can be alkyl, aryl, or hydrogen the N-substituents
are CN, NH,—C=NH, RNH—C==NH, R—C=NH, and p-
aminobenzenesulfonyl groups.

ﬁ R
XNHCN + RCHCR —» /4’71 (72)
| XNH™ 0”7 R

170
Y

164
Y = halogen. OH

Ir. nmr, and uv data are reported for these oxazoles.'37-143
These data, as well as the spectral and pK, data of other
workers, 34135 show the existence of two tautomeric forms
of 2-aminooxazoles 165a and 165b although 165a predomi-
nates and in many cases no 165b can be detected spectros-

copically.'43
R
HN
/\‘ﬁ (73)
RN O TR

R
N
yal
HNT O R
165b

165a

2-Aminooxazoles (165) can also be synthesized by the
reaction of 2-chlorooxazoles with amines. This reaction will
be discussed further in section IV.A.
P. Mercapto- and Alkylmercaptooxazoles

Only a few syntheses of oxazoles containing sulfur substit-

_uents are known. This fact is surprising in view of their poten-

tial utility in biological systems.

2-Mercapto-5-aryloxazoles can be prepared by the reac-
tion of a-aminoacetophenones with carbon disulfide.'## This
method has not been extended to include 5-alkyl derivatives.

The reaction of the salt 171 with «a-hydroxyalkyl aryl ke-
tones gives 2-mercapto-4-aryloxazoles (172) in high yields. 45
The oxazoles 172 thus formed can be methylated with di-
methyl sulfate in 10% aqueous NaOH to give 2-methylthioox-
azoles (173).

l“JH
C
KSCN + Hol B, K*'S/ \CI
171
R
| i
171 + R’ﬁ—CHOH — /Z‘X (CH50),80,
O Hs” 0" TR
R=H. aryl 172
R’ =Ph
R/
N
Pl
Mes” O "R
173

When thiocyanates are allowed to react with desyl chloride
and SnCly, 2-alkylmercapto-4,5-diphenyloxazoles (173) are
isolated (cf. section I1.C).74¢ Benzyl and p-nitrophenyl thiocy-
anates do not yield the expected oxazoles.

The intermediate nitrilium salts produced in this reaction will
also react with 1-aryl-2-chloroethanes and «-chloro ketones
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Ph N
Ph
CI)HCI +|(1l snl, P (75)
_ —_ /
C=0 S|R Rs/ko Ph
PH 173 (45-80%)

R = Me, Et. Pr. Ph

to give 1,4-dihydroquinazolines and 4H-1,3-oxazines, respec-
tively. 146

In order to study the equilibrium between 2-mercaptooxa-
zoles (172a) and their thione tautomers 172b, Kjellin and
Sandstrom prepared a series of these compounds and their
N- and S-methyl derivatives.'¥” The synthesis of 5-phenyl-

R’ R’
i =gl
Hs” O TR s 0 "R

172a 172b

A*-oxazoline-2-thione (172b, R = Ph; R' = H) by the reaction
of a-aminoacetophenone with thiophosgene or carbon disul-
fide in the presence of triethylamine was effected. S-Methyl-
ation was accomplished by treating the anion of the free acid
with methyl iodide or dimethyl sulfate. The N-methyl com-
pound 175 was prepared by the reaction of the 2-methyl-
thiooxazole 173 with methyl iodide to give the oxazolium salt
174 followed by heating 174 with triethylamine.

s~y _CSCl Mel/NaOH or Mel
RCOCHNH;* Cl or_cs; 172b CHz01,80, NaOH 173
EtgN
R’
R=Ph, R'=F
Me\ R’ Me\ R’
N= Et,N N
= o
Mes” O TR s ° "R
174 175

The N-methyloxazoline-2-thiones (175) and the S-methyl-
thiooxazoles (173) were differentiated on the basis of the
chemical shifts of the methyl groups in the nmr spectra of
these compounds, the S-methyl of 173 being shielded 0.8-
0.9 ppm relative to the N-methyl group of 175,48

The position of the equilibrium, thione = thiol, has been
determined for a series of oxazoline-, thiazoline-, and imidaz-
oline-2-thiones by measuring the acidity constants of the tau-
tomers and their N- and S-methyl derivatives.'® The ratio of
thione:thiol is 105-107 for the oxazoline- and thiazolinethiones
and somewhat higher for the imidazolinethiones. This high
thione:thiol ratio has been rationalized in terms of the differ-
ence in w-electronic energy of the two forms as calculated by
the Huckel MO method and also by the differences in solva-
tion energy of the two tautomers.

In their studies of heterocyclic ring closure reactions, Ket-
cham et al. observed the formation of 2-aryl-5-benzylidineam-
ino-4-aryl- or -alkylmercaptooxazoles (177) from the reaction
of aromatic aldehydes and S,S’-diaryl- or dialkyl dithiooxaldi-
imidates (176).759:151 Upon acidic hydrolysis the oxazole ring
is cleaved yielding the a-mercaptonitrile 178 which hydroly-
zes further to give the amide 179. When p-nitrobenzaldehyde
was allowed to react with 176 (R = CHj, —CH,Ph), the prod-
uct formed was not the benzylideneaminooxazole but the 5-
aminooxazole 180. Compounds 177~179 were screened for
antitumor activity.'3? A novel reaction of 4-benzamido-1,2-di-
thiol-3-thione (181) with KOH and methyl iodide affords methyl
2-phenyl-5-methylthiooxazole-4-carbodithioate (182).752
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RS NH
(CN), + 2RSH —» ALHO,
RS NH
176
SR :
H;0- ArCONHCHCN H,0-
A o o
Ar 0 N=—CHAr SR
177 178
ArCONHCHCONH,  (78)
SR
179
SR
84
0" “SNH,
O.N
180
R = Me., PhCH,

A synthesis of 2-alkoxy- and 2-alkylmercaptooxazole ace-
tic esters from the reaction of 2-chlorooxazoles with hydroxy-
and thiolacetic esters has recently been reported (eq 80).153
These compounds are analgesics, antipyretics, and inflam-
mation inhibitors.

2y
I—Me I=—Me SMe
(/S S \
g S C==s
“ o \é; C/ OH —
2 TN
I
COPh O0=cC
181 \
Ph
S S
| I
CSMe CSMe
N OH "-H,0 N
/ SMe /( \ (79)
H 182
R
/Z \ + HXCHCO,Et —>
o] 0 R’ |
R
X=0, 8
R
N
//\ \ (80)
EtOzcl)CH—X 0" R’
RN

Q. Miscellaneous

An intriguing and synthetically useful reaction for the syn-
thesis of certain substituted oxazoles is the 1,3-dipolar addi-
tion of the carbonyl ylide with the structure 184 generated by
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the photolysis of the oxirane 183 to a nitrile followed by a
retro Diels—Alder reaction of the adduct 185 to give oxazoles
in good yield. 154.155

Ph R Ph Q R
MCPBA hv or :
Me Me — " Me Me e
Me Me Me Me
R =Ph, CO,Me 183
Phe. O_ R oM y
Z Ny .
Me e icﬂ) N e _-\_p
/. Me
Me
Me Me R’ R
184 Me
185
R!
Me Me
N
/( \ + /\{ @1)
Ph O R Me Me

When the oxirane 183 possesses a carbomethoxy substit-
uent (R = CO;Me), the reaction is regioselective, only the
methyl oxazole-5-carboxylate being formed. This observation
is not surprising considering the known regioselectivity of
1,3-dipolar cycloadditions in general 33.41

Oxazoles that are substituted at only the 2 position can be
prepared in poor to moderate yields by the reaction of pri-
mary amides with vinylene carbonate 186 in polyphosphoric
acid at 165°.75% The mechanism shown in eq 82 was pro-
posed for the reaction. Although this reaction does not seem
to be a general method for the synthesis of 2-substituted oxa-
zoles, it does offer the advantage of simplicity as compared
with the more general synthesis reported by Cornforth and
Cornforth which involves a five-step reaction sequence.?*

o
O H\c/o B [l
/[O o | | RCNH,
— —_—
CH, Cc=0
2 \O/
186
HN—cH,
/ \ PPA
—

C C—H
R/ \O //
O

R = Ph, 34%
=m-NO,Ph, 10%
= 0-CIPh, 6%
= 2-pyridyl, 2%
= PhOCH,, PhCH,, p-Tol, 0%

A new method for the preparation of 5-aryloxazoles from
the reaction of aminomethyl aryl ketones with triethyl ortho-
formate has been developed (eq 83).157

N
HCI"NH,CH,COAr + HC(OEt); —> (—&\A 83)
0O r

In their study of the Wolff-Semmler aromatization reaction
of a-tetralone oximes 187 with Beckmann’s mixture (HCI/
HOAc/Ac20), Conley and Balling observed the formation of
3',4'-dihydronaphth[1',2':4,5]oxazole 188 among other prod-
ucts.’®® The yields of 188 depend on the substituents present

Chemical Reviews, 1975, Vol. 75, No. 4 405

on the tetralone oxime. The proposed mechanism for the for-
mation of the oxazole 188 involves the cyclization of the imi-
noacetate 190 which is derived from the N-acetoxy enamine
189,

NOAc
Me Me
187
NHOCMe NH
” OAc
oy
—
Me Me Me Me
189 190
I R
_ Me
*NHOAC N==(
QT Y
Me Me Me Me
191 188

Recently a number of unusual oxazoles have been pre-
pared by the reaction of amides with a-hydroxy and a-halo
ketones. DeGroot and Wynberg have prepared various steri-
cally crowded heteroaromatic compounds. Among these was
4,5-di-tert-butyloxazole (192) which was formed by the se-
quence in eq 85.75°

CH,C(Me),CO,H
Na.S 2 L0,
2CICH,C(Me),CO,H il S/ xy,;leane
CH,C(Me),CO,H
Me Me Me Me
g HCO,NH, N\ Raney Ni
H,S80, | >
OH
Me Me Me Me
t-Bu
N
(1 (85)
t-Bu

The 4-carboranylmethyloxazole 194 was synthesized by
the reaction of 1-carboranyl-3-bromo-2-propanone (193) with
acetamide. 160

- 0
BgH, o ﬂ CHZCONH,
CH,CCH.,Br ———
193 _
BgH10
CH,~ { \
N 86)
A
Me O
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TABLE |, Charge Distributions in Oxazole (1)

Ab initio EHMO MINDO/3

qo qr qnet qdo qmr Qnet Qnet
o0 -—0.63 0.32 -0.31 -0.91 0.23 —0.68 —0.348
C: 0.14 —0.06 0.08 0.57 0.33 0.9 0.352
N -—0.17 —0.08 -—0.25 —0,49 —0.50 —0.99 —0.19%4
C, —0.09 —0.086 —0.176 0.14 —0.03 0,11 —0.0%3
Cs 0.04 —0.088 —0.048 0.33 —0.04 0.29 0.1%0

The synthesis of the novel oxazolotropylium salt 196 has
been accomplished by treating 2- benzoylamnnotropone (195)
with dimethyl sulfate at 120°.%"

NHCOPh CH40S0,”

©= Me0)80, t}\ &
Ph

Ill. Physical Properties, Spectra, and Molecular
Orbital Calculations

A. Geometry

The crystal structures of some 2-chloromethyl-5-(p-nitro-
phenylloxazoles have been obtained. 162-165

The bond lengths and bond angles of 2,2'-p-phenylenebis(5-
phenyloxazole) (197) were determined by an X-ray diffraction
study.’%® These values for the oxazole portion of the mole-
cule are given below along with the values (in parentheses)
calculated by the MINDO/3°% molecular orbital method. 67 As
is evident from the data, the geometries calculated by
MINDO/3 deviate by less than 0.03 A and 2° from the experi-
mental geometry. Reasonable agreement also exists be-
tween the experimental geometries and those calculated by
ab initio '8 and other MO methods. '%°

1.384 (1.41)
N

1045
(103.5)

1100
(108.4) 1.347

(1.36)

1.294
(1.30)
1137
(114.4)

1069
(107.5)

1.360
(1.35)

197

X-Ray techniques were also used to determine the struc-
ture of 10-bromo-2,3,5,6,7,11b-hexahydro-2-methyl-11b-
phenylbenzo[6,7][1,4]diazepino[5,4-b]oxazol-6-one. 70

B. Molecular Orbital Calculations of Charge
Distribution, lonization Potential, and Heat of
Formation

The semiempirical SCF molecular orbital method has been
utilized by several groups for the calculations of the m-elec-
tronic properties of oxazole and other five-membered ring
heteroaromatic compounds and their benzo analogs. Orloff
and Fitts first performed SCF-MO calculations on oxazole,
and the results of these calculations agree qualitatively with
experimentally observed properties.”’ The calculated nega-
tive m-electronic charge densities are in the order gs > g4 >
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g2 for the carbon atoms of oxazole. The same order was
found in the SCF-MO calculations performed by other work-
ers.'72173 The results of the ab initio calculations of Berthier
st al.'™ and of the improved LCAO method of Roche et al, 175
are in the order g4 > gs > g, for the net negative charge
densities. Table | lists the g, g,, and gne: for the positions in
oxazole as calculated by the more sophisticated all-valence
electron ab initio, extended Hiickel,’’® and MINDO/3 MO
methods.

The extended Hickel method. like the simple HMO treat-
ment, tends to exaggerate the charge densities of nonalter-
nate systems and systems containing heteroatoms. This is
apparent in the higher magnitudes of the gne calculated by
the EHMO as opposed to those calculated by the other meth-
ods_177

In all of these calculations, C, is predicted to possess the
highest positive charge density of the carbons in oxazole.
This result is consistent with the fact that the 2 position of ox-
azoles is usually the most susceptible to attack by nucleo-
philes. This is true for both the neutral and protonated mole-
cules (see section IV.B).

The rather limited data concerning the reaction of oxazoles
with electrophiles suggest that the relative order of reactivity
is Cs = C4 > C, (section IV.D). It is difficult to predict the
order of reactivity of Cs vs. C4 toward electrophilic reagents
on the basis of charge density considerations; nevertheless,
most of the MO methods predict g, to be slightly more nega-
tive at the § than at the 4 position, and consequently the 5

. position should be slightly more reactive than the 4 position

for the neutral oxazole molecule.

The calculated free valence indexes predict that the 5 posi-
tion is more reactive toward radicals (and other neutral non-
polar reagents) than either the 2 or the 4 positions; however,
there are no experimental data available concerning reac-
tions of this type.'?!

A notable result of the all-valence electron calcula-
tions 167.168.176 jg that the g-bond framework of oxazole and
the other azoles is polarized to a great extent. The formal
o-charges on the atoms of these heterocycles follow the
electronegativity order O > N > C. On the other hand, the =
charges do not reflect this electronegativity order (g, on oxy-
gen is less 'than g, on nitrogen). The w-polarization may in
fact be opposed to the a-polarization in these systems. It is
evident from the results given in Table | that the total charge
distributions are dominated by the contribution of the ¢ charg-
es. 168,176

The order of increasing net negative charge density as cal-
culated by the all-valence electron calculations is g4 > gs >
@2- This order is reflected in the chemical shifts of the protons
at these positions, the proton at C4 being at higher fields (-
2.91) than the proton at Cs (7 2.31) which is at higher fields
than the proton at C, (7 2.05).77 This observation lends cre-
dence to the accuracy of the relative order of the calculated
net charge densities.

MINDO/3 calculations give a value of 8.03 eV for the first
ionization potential of oxazole, whereas the # SCF-MO meth-
od gives a much higher estimate.'”? The experimental ioniza-
tion potentials are not available at this time.

Heats of formation of many systems have been estimated
quite reliably by the MINDO/3 MO method.'”® The heat of for-
mation of oxazole as calculated by MINDO/3 is —7.63 kcal/
mol."67 Although no thermochemical data concerning oxazole
and its derivatives are available at the present time, this cal-
culated value seems to be a reasonable estimate in light of
the experimental AH; of furan (— 14.9 kcal/mol).7®

The EHMO method was used in calculating the energies of
the conformations of certain oxazole dimers.'8 A perpendic-
ular disposition of the two oxazole moieties is predicted to be
the most stable conformation.
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C. Nuclear Magnetic Resonance Spectra

Brown and Ghosh have published proton chemical shift
data and proton—proton coupling constants for a variety of
substituted oxazoles and for the parent oxazole (1).77 For
oxazole (1) the proton chemical shift values (7) are v, = 2.05,
ve = 2.91, v = 2.31 (CCly solution). Methyl substituents
shield the remaining ring protons by 0.2-0.8 ppm relative to
1. The chemical shifts of the methyl protons are (7): 2-methyl,
7.7-7.8; 4-methyl, 7.8-8.1; 5-methyl, 7.75-7.85. A proton at
C, is slightly deshielded by phenyl substitution at C4 or Cs,
whereas a C4 phenyl deshields a Cg proton and a Cs phenyl
deshields a C4 proton. Electron-withdrawing groups such as
CO2R, CN, COCH3, CONH,, CO3H, etc., deshield the ring pro-
tons and to a lesser degree the protons on methyl substitu-
ents. Deuteration of the oxazole nitrogen atom with DCI/D,0
produced large downfield shifts of the ring protons. This effect
will be discussed further in section V.A.

The H-H coupling constants, J, for the oxazoles were: Js s
= 0.8-0.9 Hz, Jos = 0.8-1.0 Hz, J5,Me-4 = J4,Me—5 =1.0-14
Hz. The value of J; 5 increased from 0.8 to 1.2 Hz upon deut-
eration of 2-methyloxazole; however, J,s remained un-
changed upon deuteration of 4-methyloxazole.

The chemical shifts of the oxazole ring protons and the
ability of its w system to transmit long-range coupling have
been taken as evidence which suggests that oxazole is aro-
matic.'®"

Changing the solvent from CCl, to D,O produced a down-
field shift of H; and Hy (0.3 ppm) and Hs (0.2 ppm).'77

The effect of changing the solvent from CCl, to benzene
on the proton nmr of various alkyl- and aryloxazoles has been
investigated.'® The A values [6(CCls) — 8(Ce¢He)] for methyl
groups at the 2 and the 5 positions of the ring range from
+0.22 to 0.37 ppm with the 5-methyl substituent exhibiting
the larger upfield shift. A methyl group at the 4 position is
nearly unaffected by the change in solvents. The formation of
a 1:1 solute-solvent complex having the structure 198 was
- postulated. The A values for oxazoles bearing a bulky substit-

198

uent at the 2 or 5 position suggest that the benzene ring in
the complex 198 is moved further across Ry when Rj is bulky
and across Ry when R is bulky. The A values for the methyl
group of 2-n-alkyl-4,5-diphenyloxazoles decreases from 0.44
for 2-methyl to 0.16 for 2-n-pentyloxazole, illustrating the ef-
fect of distance on the benzene-induced shift.

One of the first compilations of '*N chemical shifts includ-
ed that of 2,5-diphenyloxazole (132b) at 125 ppm relative to
nitromethane.'® This compilation included the N shifts of a
wide variety of compounds. Unfortunately, the data did not in-
clude most of the azoles and benzazoles which could be
compared to the oxazole. About 10 years later, Witanowski
et al. obtained the '*N chemical shifts of a number of pyr-
roles, azoles, di-, tri-, and tetrazoles and their benzo ana-
logs. "84 The value found for oxazole (1) was 125 ppm relative
to nitromethane, indicating that phenyl substituents at the 2 or
5 position have little effect on the '“N chemical shift. Isoxaz-
ole is deshielded relative to oxazole by 119 ppm owing to the
proximity of the electronegative oxygen atom to the nitrogen
in the former. Benzoxazole is shielded by 15 ppm relative to
oxazole. This upfield shift is presumably due to the shielding
of the nitrogen atom by the ring-current of the fused benzene
ring. A fairly linear correiation of *N chemical shifts with =
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charge densities as calculated by an SCF-MO procedure was
noted.

D. Ultraviolet Spectra

Uv spectra of a series of oxazole derivatives are given in
Table Il. The spectra of the oxazoles are quite similar to the
corresponding thiazoles. This resemblance is not surprising in
view of the similarity of the = systems of these compounds.

In general, the uv spectra of monophenyloxazoles exhibit
one major band of strong intensity at 245-270 nm. Alkyl sub-
stitution on the oxazole ring has little effect on the position or
intensity of this band.'® The spectra of 2,5-diaryloxazoles
consists of two or three bands depending upon the nature of
the aryl substituents; the low-energy wavelength maximum is
at 315-350 nm (emax > 10%), and that of the higher energy
bands is at 260-299 nm (emax < 10°%) and 220-240 nm (€yax
> 103).186 Alkyl substitution on the phenyl moieties of 2.5-di-
phenyloxazoles causes only small changes in the spec-
tra.186'192

The uv spectrum of 2,5-diphenyloxazole (132b) shows a
high intensity absorption at >300 nm, whereas the spectrum
of 2,4-diphenyloxazole (154) exhibits no such absorption
above 276 nm. The low-energy peak in the spectrum of the
2.5-diphenyl isomer (132b) is attributed to extended conjuga-
tion via the resonance structure 199. The spectrum of 2,4-
diphenyloxazole is nearly a superimposition of the spectra of
the 2- and 4-phenyloxazoles. This suggests that the reso-
nance structure 200 contributes little to the total structure of
the oxazole and that oxazoles show a great deal of diene
character.'?”

199 200

Several m SCF-MO treatments were utilized in the calcula-
tion of spectral transitions for oxazole and its excited
states, 71:172.175.193 gng of which included configuration inter-
action. 73 The experimental value for the first observed = —
m* transition for oxazole in methanolic solution is 6.0 eV, 85
The calculated transition energies are in excellent agreement
with this experimental value.

E. Dipole Moments and Nuclear Quadrupole
Coupling Constants194

Mackrodt et al. have determined the dipole moment and
NQR coupling constants due to N for oxazole and isoxazole
from their microwave spectra.'® These quantities have also
been calculated by SCF-PPP,19% CNDO/2,'®7 VESCF198.199
(dipole moments only), and ab initio'88:299-20" molecular orbit-
al methods. The all-valence electron calculations (CNDO/2
and ab initio) give better results in most cases than the r-
electron (SCF-PPP and VESCF) calculations. The experimen-
tally determined and theoretical values of the dipole moment
(1) and NQR coupling constants for oxazole are listed in Table
.

The dipole moments of substituted oxazoles have also
been measured.2°? For example, tgs = 3.6 D and ues = 8.0
D for 2,5-di(4-biphenylyl)oxazole.

F. Infrared Spectra

The ir spectrum of the parent oxazole (1) was first record-
ed by Bredereck and Bangert.” Since then, several groups
have recorded the ir and Raman spectra of oxazole and alk-
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TABLE Il. Uv Spectra of Oxazoles

Compound Solvent Amax (I0€ €) Ref
Parent MeOH 205 (3.59) 185
4.Me-5-Ph MeOH 265_(4.23) 185
2,4-(Me),-5-Ph MeOH 264 (4.29) 185
4-Ph MeOH 245 (4.25) 185
5-Me-4-Ph MeOH 247 (4.18) 185
5-Et-4-Ph MeOH 247 (4.14) 185
2,5:(Me)-4-Ph MeOH 247 (4.06) 185
2-Me-5-Et-4-Ph MeOH 248 (4.08) 185
4-Me-5-benzyl MeOH 250-270(2.6) 185
2,4-(Me).-5-benzyl MeOH 250~270(2.1-2.5) 185
2,5-(Ph), CeH12 224 (2.05),302(2.81) 186
2-(1-Np=)-5-Ph CeHy2 235(3.01), 281 (1.20), 186
330(2.31)
2-Ph-5-(1-Np) CeHi2 229(4.12),279(1.44), 186
323(2.33)
2-Ph-5-(4-An?) CsH1z 237 (4.36), 286 (1.44), 186
337 (2.83)
2-Ph-5-(3-Phenc) CeHre 252 (4.08), 280 (2.53), 186
339 (4.05) '
2-Ph-5-(4-Biph9) CeH12 220(3.21),259(1.36), 186
322 (4.15)
2-Ph-5-(2.Fl¢) CeHy2 221(2.86),273(0.94), 186
341(5.32)
2,5-(1-Np). CeH12 234 (5.31), 339(2.30) 186
2-(1-Np)-5-(4-An) CeH12 240(5.64),350(2.88) 186
2-(1-Np)-5-(4-Biph) CeH12 239 (3.60),293(1.90), 186
339 (3.42)
2-(1-Np)-5-(2-Fl) CeHi2 237(3.46),299(1.87), 186
346 (3.96)
5-Ph-2-(4-Biph) CeHi12 220(2.00), 260(1.05), 186
320 (3.84)
2-(4-Biph)-5-(1-Np) CeHi2 254 (1.53),290(2.44), 186
337 (3.44)
2-(4-Biph)-5-(4-An) CeHre 240(3.20), 296 (1.89), 186
342(3.22)
2-(4-Biph)-5-(3-Phen) CeHre 252 (2.86),293(2.37), 186
338(3.68)
2,5-(4-Biph): CeHire 236 (1.60), 273 (1.34), 186
334 (4.20)
2-(4-Biph)-5-(2-F1) CeHy2 230(1.30), 282 (1.35), 186
350(4.33)
2-(N,N-(Ph):NH:-4,5-(Ph), MeOH 225 (4.35),270(4.16), 187
318(4.18)
2-(N-PhNH)-4,5-(Ph)- MeOH 225(4.23), 268 (4.35), 187
320(4.24)
2-Methylthio. 4,5-(Me), H.0 251(3.83) 149
2-Methylthio.5-Ph H.0 248 (3.85),289(4.33) 149
2-Benzyl-5-Me-4-COOH MeOH 216 (4.33) 188
2-Ph-5-Me-4.COOH MeOH 270(4.34) 188
2,5-(Ph):-4-COOH MeOH 303(4.66) 188
2-Styryl-5-Me-4-COOH MeOH 226(4.21),309(4.65) 188
2,5-(Ph)>-N-Me H.0 241(4.11),298 (4.30) 189
2-(1.Np)-5-Ph-N-Me H,0 270(4.07),321(4.11) 189
2-(2-Np)-5-Ph-N-Me H.0 252(3.87),312(4.27) 189
2-(2-Furyl)-5-Ph-N-Me H.0 253(4.30),326(4.07) 189

2-(2-Thienyl)-5-Ph-N-Me ~ H.0 250(4.27), 331(3.95) 189
2-Ph.4,5-(Me): N-oxide Dioxane- 260 (4.06), 303(4.47), 190

EtOH 316 (4.36)
2-Ph-4-Ac-5-Me N-oxide- HCI 230(4.37),300(4.32) 191
2-Styryl-4-Ac-5-Me 275 (4.41) 191

N-oxide- HCI

2 Np = naphthyl. ® An = acenaphthyl. ¢ Phen = phenanthryl.

4 Biph = biphenylyl. ¢ Fi = fiuorenyl.

yloxazoles both in the liquid and vapor phases, and detailed
assignments of the observed absorption frequencies have
been put forth.204-208 The strong band at 1555-1585 cm™"
was assigned to the -N—C-—O- ring stretching frequen-
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TABLE I1I. Dipole Moments (1) and NQR Coupling
Constants for Oxazole (1)

NQR coupling constants
u, D aa bb cc Ref

Exptl 1,50 —3.99 1.58 2.41 195
SCF-PPP 1.80 —-3.79 0.88 2.91 196
CNDOQ/2 1.38 —4.29 1.9 2.34 197
VESCF 2.01 198,199
Ab initio 1.47 1.82 168
Ab initio —4.98 1,57 3.41 200, 201

cy.296:208 |n the parent oxazole this band occurs at 1558
cm™ ', and substituents usually cause it to shift to higher
frequencies.2% Ir spectra of various aryloxazoles have been
tabulated and discussed.?°®

The thermodynamic functions—free energy, entropy, and
heat content—were calculated for oxazole and other five-
membered heterocyclic compounds from their fundamental
vibrational frequencies.?19-211

G. Mass Spectra?12

The first published account of the mass spectrometry of
oxazoles was concerned with the structure proof of the oxa-
zole alkaloid halfordinol (201) and its derivatives.?'® Previous
chemical investigations®'42'5 afforded evidence that the oxa-
zole ring possesses a pyridyl and a hydroxyphenyl substituent.
A comparison of the mass spectrum of 201 with the model
2,5-, 2,4-, and 4,5-diphenyloxazoles strongly suggested that
halfordinol (201) is 2-(3-pyridyl)-5-(p-hydroxyphenyl)oxazole.

N
/ 7\
I o
™
N OH
201

Mechanisms for the formation of the major fragments (m/e
166 and 165) from aryloxazoles have been postulated. The
origin of the m/e 165 ion noted in the mass spectra of diar-
yloxazoles, diarylimidazoles, and diarylthiazoles has been
studied by deuterium-labeling techniques.?'® The m/e 165 ion
is thought to be the fluorenyl cation (202) or the phenalenium
cation (203).

A detailed and thorough investigation of the mass spectra
of oxazole and a variety of alkyl-, aryl-, and aralkyloxazoles
was made with the aid of deuterium labeling techniques and
high resolution mass spectrometry.?'” Several useful and in-
teresting characteristics of the fragmentation patterns of
these oxazole derivatives were pointed out. The spectra of
2,4- and 4,5-dimethyloxazoles exhibited several differences in
their fragmentation patterns. The M — 1 peak in the spectrum
of 2,4-dimethyloxazole was far less abundant than that of the
4,5-dimethyl isomer. This behavior was attributed to the insta-

NP o "
(}ph T Ciafto”™ — @.@

m/e 166
202

m/e 165
C

203
ml/e 165



Chemistry of Oxazoles

N Me " Me /
e N
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Me~ O CH, ©

204

bility of the ion 204 which would be formed from the malecu-
lar ion of 2,4-dimethyloxazole by loss of a hydrogen atom. A
similar situation exists in the spectra of the isomeric methyl-
n-hexyloxazoles. The rate of 3-scission of the n-hexyl group
is lower when this group is in the 2 position on the oxazole
ring; however, the rate of v-scission is enhanced relative to
the 4- and 5-n-hexyloxazoles. The slower rate of (3-scission
for the 2-n-hexyl derivative is attributed to the production of
unstable ions corresponding to 204, whereas the enhanced
rate of «y-scission can be rationalized by invoking allylic cleav-
age of the tautomeric form 205 of the molecular ion to give
206 or by the formation of a stabilized cyclic ion 207. This be-
havior is similar to that shown in the mass spectra of 2- and
3-ethylpyridines.

+
R/ .
N —
o] -
R o
+
R/ .
H
X
R o CH—CH2+C4H9

AN 205
I\ l (90)
R O
R!
207 INH
R o’K
206

The isomeric 2- and 4-phenyloxazoles exhibit many similar-
ities in their fragmentation reactions. Both molecular ions se-
quentially eliminate CO and HCN to give the peak at m/e 90;
the species thus formed loses a hydrogen atom. The hydro-
gens on the ring are not scrambled to a great extent in the M
— CO ion from 4-phenyloxazole since the M — CO fragment
from 4-phenyloxazole-2-d decomposes mostly by loss of
DCN (94 %) rather than HCN (4%).

Ph

A mechanism for the formation of the more abundant frag-
ments in the mass spectrum of 2-methyl-4-phenyl-5-bro-
mooxazole has been postulated (eq 92).2'7 The loss of CO
from other 2,5-disubstituted oxazoles was also explained on
the basis of the ring opening to give an ion analogous to 208
followed by or concomitant with migration of the original Cs
substituent to C, affording the M — 28 ion.

A p-fluorophenyl labeling study of partial scrambling before
fragmentation in 2-(p-fluorophenyl)-4,5-diphenyloxazole and
-imidazole, 2,5-bis(p-fluorophenyl)}-4-phenylthiazole, and 3,5-
diphenyl-4-(p-fluorophenyl)isoxazole was undertaken by Bur-
sey and Nunnally.2'8

A noteworthy correlation between the photochemical be-
havior of 3,5-diphenylisoxazole (141), 2-phenyl-3-benzoyl- 1-

20, ph—CH—N=cD &, [C,He]"
m/e 118 m/e 90
(91)
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Ph d
BrIOS\Me -

Ph Ph
N N -Co
[ N\—Me <> k N—Me ™
Br 0. Br 0
208
Ph
>*vN=C'3Me MeCN, ph—C—Br  (92)
B! m/e 168/170

m/e 209/211

azirine (138), and 2,5-diphenyloxazole (132b) (cf. section Il.M)
and the behavior of these substances upon electron impact
has been observed by Nakata et al.2’® The mass spectra of
these compounds show striking similarities; however, the
peaks at m/e 166 and 165 for the azirine 138 and the oxa-
zole 132 are absent from the spectra of the isoxazole 141.
The tentative conclusion that the fragmentation of 141 takes
place only via 138 which upon electron impact is converted in
part to 132b was made on the basis of the near correspon-
dence of the spectra of these compounds. The absence of
the m/e 165 and 166 ions in the spectrum of 141 suggests
that the ion 138a is formed from 141 and that both ions 138a
and 138b are formed from the azirine 138. lons 138a and
138b are not interconvertible and react in different ways to
form the fragment ions (eq 93).

141 132

! !
Ph-/z}\Ph

+ 138
N\
07 N g
N
Ph /A/C\Ph = ph/*A/C\P“
138a 138b (93)
} J I
m/e 105, m/e 116, m/e 166,
77. etc. etc. 165, etc.

These workers proposed that the selective ionization of the
carbonyl and imine functionalities of the azirine 138 leads to
formation of the molecular ions of the isoxazole 141 and_the
oxazole 132, respectively (analogous to the process which is
presumed to occur in the photochemical reactions of
1381 111 12)_

IV. Reactions
A. Syntheses and Reactions of Halooxazoles

The first detailed study of the bromination of 2-substituted
oxazoles was made by Gompper and Ruhle.?2%-22" Bromina-
tion of 2,4-disubstituted-5-unsubstituted oxazoles readily pro-
duced 5-bromooxazoles in good yields when either N-bro-
mosuccinimide (NBS) or NBS/Br, was used as the brominat-
ing agent. 2-Methyl-5-phenyloxazole gave 2-methyl-5-phenyl-
4-bromooxazole in up to 63% yield under these conditions.
Methyl substituents on the 4 or § position of 2-aryloxazoles
are monobrominated with a 4-methyl reacting in preference
to a 5-methyi group.
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The mechanism of the bromination of 2-phenyl-4-meth-
yloxazole (209) is thought to proceed via direct ring bromina-
tion and by bromination of the oxazole hydrobromide 211.
The reaction of 211 with bromine presumably gives the per-
bromide species 212 and 213. In the presence of acetone,
only the product of ring bromination 210 is obtained. Elevated
temperatures allow isolation of 2-phenyl-4-bromomethyl-5-
bromooxazole (214). This study also included the effect of
solvents on the reaction of oxazoles with brominating agents.

Phx—j Brz Ph —LBr Ph/<T Br-

210 211

Br-
Me
4)
2ol 1 1 ¢
/4 Br
212 213
0
” 2B|’
210 1.MeCMe | 212 A
2.0H" 213 /4
214

In the presence of molecular chlorine, 2-methyl-4,5-di-
phenyloxazole yields 2-trichloromethyl-4,5-dichloro-4,5-diphe-
nyl-A2-oxazoline (215) after 14 days at room temperature.22°

Ph
1 7 Cl (95)
Me/4 Ph °H°'3 ClsC /40 c
Ph

The data of Gompper and Ruhle suggest that the relative
ease of the attack of bromine on the oxazole ring is Cs = C,4
> C,.22" Although Cs and C4 are known with some certainty
to be a great deal more reactive toward electrophiles than is
C,, a more thorough investigation of the relative reactivities
of the 4 and 5 positions of the oxazole ring is warranted. A
consideration of the charge densities at these positions (sec-
tion lll.B) indicates that the relative reactivity is very similar
and highly dependent upon reaction conditions and substitu-
ents.

Bromination of 2-phenyloxazoles occurs exclusively at the
5 position of the oxazole ring, whereas the reaction of these
substrates with nitrating agents usually gives (p-nitrophen-
yl)oxazoles.3-222

The rates of the bromination of 2-(p-X-phenyl)-4-chloro-
methyl- or -hydroxymethyloxazoles were determined.??® A
plot of log k/ko vs. ¢ was linear for variation of the substitu-~
ent X, with # = —0.69 for the 4-chloromethyloxazole and
—0.75 for the hydroxymethyloxazole. These negative values
of p suggest that the attack of bromine on the oxazole nucle-
us is electrophilic in nature.

The synthesis of 4- or 5-bromo- or -iodooxazoles was ef-
fected via the reaction of bromine or iodine with 4- or 5-oxa-
zolylmercuric acetates (eq 96).224-226 The observed order of
reactivity was the same as in the direct electrophilic bromina-
tion, i.e.. Cs > C4. The mercuration of phenyl substituents
was not observed.

A halogen-lithium exchange reaction has been utilized in
the position-specific deuteration of oxazole derivatives for
mass spectral. studies.2'%27 When 4- or 5-bromooxazoles
are treated with n-butyllithium at —65° and the resulting oxa-
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R’ Hg(OAS),
/( HOAC

R = Me. Ph
=Me, Ph

N— R’

[ 3
gOAc
R /<o

Na
Stannite
HCI
dioxane

(96)

zolyllithium is quenched with D,0, the 4- or 5-deuteriooxazole
is obtained. Deuteration of nonhalogenated oxazoles such as
4-phenyloxazole occurs only at the 2 position. Furthermore,
2-methyl-4-phenyl-5-bromooxazole gives the 5-deuteriooxa-
zole under these conditions, whereas 2-methyl-4-phenyloxa-
zole afforded only the 2-(methyl-d,)-4-phenyl derivative.

The ease of nucleophilic displacement of halogens on the
oxazole ring is Hal-2 >> Hal-4 > Hal-5. The reaction of 2-
methyl-4-bromo-5-phenyloxazole (216) with ethanolic NaOH
afforded a low yield of 2-hydroxyphenylacetic acid via the in-
termediate 4-oxazolone 217,221

xiph ]

217

NaOH
EtOH

PhCHCOzH ©97)

OH

When  2-phenyl-4-bromomethyl-5-bromooxazole  (214)
reacts with nucleophilic reagents, bromine is displaced only
from the side chain, 22"

NH
Cst\C’/’: 2

\ \\NHz
Ph 0O Br

S
n /
NH,CNH,

PhNH,, N
214 —— /( \ (98)
Ph ) Br

Br-

CH,NHPh

Br

The cyclization of benzoylalanine with PCls at 120° results
in the formation of 2-phenyl-5-chloro-4-chloromethyloxazole
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(218).227 At elevated temperatures (140-150°) the 4-dichlo-
‘romethyl derivative (219) is isolated.

0 Me

/Z;iCI

PClg 120°
PhCNHCHCO,H —2» =

CH,CI CHCI,
140-150° 150° N NaOMe
/ \ MeOH
Ph O (@]
218 219
CH(OMe), CHO
N H,0* N
PSRN s G
Ph O Cl Ph @) Cl
220 221

Hydrogenolysis of 218 or 219 affords 2-phenyl-4-methylox-
azole. Nucleophiles such as methoxide or -piperidine displace
only the side-chain chlorine of 218. When 219 is treated with
2 equiv of NaOMe, the acetal 220 is formed which is hydro-
lyzed on work-up to afford 2-phenyl-5-chlorooxazole-4-car-
boxaldehyde (221).

The action of piperidine on 218 in refluxing THF gives only
2-phenyl-4-piperidinomethyl-5-chlorooxazole. With 219, how-
ever, an excess of the amine yields 2-phenyl-4-dipiperidi-
nomethyl-5-piperidinooxazole (222).

\ CH(NC5Hg)»
excess piperidine
219 ——————» / K (100)
THF, A Ph /(O N Q
222

The direct chlorination of oxazoles is not an effective
method for the preparation of 2-chlorooxazoles because of
the low reactivity of the 2 position toward electrophiles.
These compounds can be synthesized by treating A*-oxazo-
lin-2-ones (223) with phosphoryl chlorlde in the presence of a

tertiary amine. 87
X,
Cl

PoCl;

iR,

224a,R=R'=P
b,R= R’—nPr
c,R=Ph R =Et

Nucleophilic displacement of the 2-chloro group is an ex-
tremely facile process which has found utility in the prepara-
tion of 2-amino-'87, 2-alkoxy-'87, and 2-hydrazinooxa-
zoles.?28.22° phenylacetonitrile reacts with 2-chloro-4,5-di-
phenyloxazole (224a) in the presence of NaNH, to give [4,5-
diphenyloxazolyl-(2)]benzyl cyanide (225). The reaction of
224 with o-phenylenediamine gives the imidazoloindole deriv-
ative 226,187

The attempted N-alkylation of 224a with dimethyl sulfate or
benzyl bromide was unsuccessful; however, this substrate
can be N-alkylated with triethyloxonium tetrafluoroborate in
methylene chloride. The resulting N-ethyloxazolium salt 227
reacts with primary amines to yield the 2-amino-N-ethyloxa-
zolium salt 228 which when treated with triethylamine gives
2-imino-4,5-diphenyl-A4-oxazoline (229).787

The thermal rearrangement of 5-alkoxy-4-oxazolecarboxy-
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R = alkyl, aryl

lic acid chlorides results in the formation of alkyl 5-chloro-4-
oxazole-carboxylates in high yields. This reaction will be dis-
cussed in detail in section IV.I.

B. With Nucleophiles
1. Nucleophilic Substitution

Nucleophilic substitution reactions on the oxazole ring are
rare and will only occur if certain functional groups are pres-
ent. The substitution of halogens with various nucleophiles
has been discussed in the previous section (IV.A).

When the 4 position of the oxazole ring is substituted by an
ester functionality, the normally unreactive 5 position be-
comes activated toward nucleophilic attack. The action of
NaOEt on 2-n-amyl-5-chlorooxazole-4-carboxylic acid in re-
fluxing ethanol affords 2-n-amyl-5-ethoxyoxazole-4-carboxy-
lic acid.* Under somewhat less vigorous conditions the 5-me-
thoxy substituent of methyl 2-phenyl-5-methoxyoxazole-4-
carboxylate (230) is replaced by an ethoxy group in the pres-
ence of ethanolic/KOH at room temperature to give 2-phenyl-
5-ethoxyoxazole-4-carboxylic acid (231).767 ,

OzMe COQH

N
/Q-i 12 :?H E10H /4;& (104)

Ph OEt
231

2. Ring Cleavage by Nucleophiles

The cleavage of the oxazole ring by nucieophiles is a much
more common reaction than nucleophilic substitution reac-
tions. The initially formed acyclic intermediates derived from
this type of ring cleavage reaction may be stable toward fur-
ther reactions and isolable as such. Processes such as this
are extensively discussed in the Cornforth? and Wiley® re-
views. In several instances, however, the acyclic intermedi-
ates undergo a subsequent cyclization reaction whereby a
new ring system is formed. The structure of this new system
is largely dependent upon the structure of the attacking nu-
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cleophile and on the functional groups on the oxazole sub-
strate. Reactions of this type are also known for the analo-
gous furans. Examples of these are the conversion of furan
derivatives to pyrroles by the action of ammonia or amines230
and to thiophenes with H,S.23!

The reaction of ammonia or amines with alkyl- or aryloxa-
zoles at temperatures in excess of 220° gives imidazoles.?
2-Methyl-4-phenyloxazole reacts with alcoholic ammonia at
220-230° to afford 2-methyl-4-phenylimidazole. Oxazole-4-
carboxylic acids give imidazoles and CO, with ammonia at
somewhat lower temperatures.

Heating oxazoles with formamide at 180° also produces
imidazoles.? It is believed that the oxazole ring is cleaved by
water or ammonia which is present in the reaction mixture.
The resulting intermediate reacts further with NH; and subse-
quently cyclizes to the imidazole. The origin of the NHj3 is due
to the equilibrium between formamide and ammonium for-
mate in the presence of water.

5 MNu,
R,
“;2 NHs N H -H,0
A Aot
H2N OH
e
Ry Nu NH;
Nu = H,0.NH,

“Theilig et al.?®2233 and Bredereck et al.?*4-236 have con-
ducted extensive investigations into the scope and mecha-
nism of this reaction. The presence of bulky aliphatic substitu-
ents at the 2 or 5 position on the oxazole ring tend to inhibit
imidazole formation; a phenyl substituent at the 4 position
promotes the reaction.?®® The reaction of a-halo ketones
with formamide at 130° vyields 4,5-disubstituted oxazoles.
When the reaction is carried out at 180° with an excess of
formamide, 4,5-disubstituted imidazoles are obtained directly
without the isolation of the intermediate oxazole 232-236

The oxazole-imidazole rearrangement has been utilized in
the synthesis of 7-amino-9-substituted hypoxanthines
(234).2%7 The reaction of 5-ethoxymethyleneamino-4-cy-
anooxazoles (232) with primary amines affords the oxazolo[4,5-
d]pyrimidines 233. The transformation of 232 to 234 occurs
directly when an excess of the amine is used.

NHR,
N \B\
CN
Ni /4\ N R,
7\ RNH, Ry o)
/40 — 233

R N R
’ Nl (106)
\ excess NHR4
R3NH,
oet = -
232 N
/B R,
Ry I
Ra
234

The reaction of 4-methyl-5-acetyloxazoles (235) with aque-
ous NHj does not yield the expected 4-methyl-5-acetylimidaz-
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ole; the presence of the 5-acetyl group causes the reaction
to follow a new pathway.?3® The first step in the proposed
mechanism is nucleophilic attack of ammonia on 235 to give
the acyclic intermediate 236. The intermediate 236 recyclizes
as shown to afford 4,6-dimethyl-5-hydroxypyrimidines (237) in
high yields.

Me
Me 180°
R/ko c— /< OH

(|£ NH2 —0
235 Me
236
Me

H

N7 °

)'\ (107)
Z

R N Me

237 (R=H,Me.Ph)

When the anion of malononitrile is allowed to react with 4-
or 5-acetyloxazoles, substituted pyridines (242) or cyclopen-
tadienes (239), respectively, are formed.?3® The formation of
these products can be rationalized on the basis of the nucleo-
philic ring-opening-ring-closure mechanism described above.
The initial intermediates formed in both cases are the dicy-
anovinyl condensation products 238 and 241. These interme-
diates can be isolated when equimolar amounts of malononi-
trile and oxazole react in the presence of KOAc. Further
reaction of 238 and 241 with malononitrile ard NaOH leads to
the observed products (eq 108 and 109).

Another rather intriguing example of the nucleophilic ring-
opening-ring-closure reactions of oxazoles is the thermal
rearrangement of 1-(4,5-diphenyloxazol-2-yl}-4-phenylthio-
semicarbazone (243) to 3-desylamino-4-phenyl-1,2,4-tfiazole-
-5-thione (245).228 The intramolecular attack of the 4-thio-
semicarbazone nitrogen on the 2 position of the oxazole ring
followed by the tautomerization of the intermediate 244 is a
likely rationale for the formation of the observed product.

N Me H,CCN),
/i ‘X Me  KOAc /( Me
© NC CN
235 238
excess
CH,(CN)
NaOH ﬁ:g;ﬁ”b
NHCOR
Me
NC
M Me
®\\_-NHCOR ©
Me N Me
oA, oy 109
NC CN NG
NH NH,
239
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N excess CH,(CN),
/ﬁy NaOH
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Me
C/
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NHCOR NH,
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OH"
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Ol On
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s# \TH
Ph
243
HN—NH
OH
S N N\C—C/ —
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Ph Ph Ph
244
HN—N
\ i
SANXNHCH—C\ (110)
| | Ph
Ph Ph
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The mechanism for the conversion of alkyloxazoles to alk-
ylthiazoles by the passage of the oxazole over hot alumina
(350°) in a stream of H,S is not known with certainty; how-
ever, an attractive possibility is the nucleophilic attack of H,S
at C; of the oxazoles followed by ring closure of the resulting
intermediate 246 with subsequent dehydration to afford the
thiazoles 247 in 13-15% yield.2*? It was concluded that the

N Re R
s “H.O 2
52 2, >< 0 N
35?)I2S;5° R k HO Ra /4 )
1 SH Ry S Rs
246

Ry =Ry=Me:R, =H an

R2=R3—MeR1 H
R1_R2 MeRS H
Ry =Ry = Ry = Me

replacement of the oxazole oxygen atom by other heteroat-
oms proceeds to a greater extent the lower the acidity of the
nucleophilic reagent employed. For example, imidazoles are
formed in high yields from oxazoles and ammonia or amines,
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whereas thiazoles are formed in much lower yields from the
reaction of the more acidic reagent, HoS, with oxazole sub-
strates.

The replacement of the oxazole oxygen atom with a new
oxygen atom can occur in the reaction of suitably substituted
oxazoles with hydroxide ion (section IV.1).

C. With Electrophiles
1. Electrophilic Substitution at Aryl Side Chains

Furan and its derivatives are quite reactive toward electro-
philic reagents. However, owing to their instability in acidic
media, furans will only undergo normal electrophilic substitu-
tion reactions under weakly acidic conditions. Often the prod-
ucts of these apparent direct electrophilic substitutions arise
from 2,5-dihydrofuran intermediates.! Oxazoles, on the other
hand, do not readily undergo electrophilic substitution reac-
tions although many oxazoles are stable to acidic conditions.
The presence of the pyridine-type nitrogen of the oxazole ring
deactivates this system to a great extent. Early attempts to
nitrate phenyloxazoles produced only p-nitrophenyloxazoles.?
More recently it was observed that the nitration or chlorosul-
fonation of 2-methyl-4,5-diphenyloxazole afforded the di-p-
nitrophenyl or di-p-chlorosulfonylphenyl derivatives. Sulfona-
tion of this substrate led to substitution only at the para posi-
tion of the 5-phenyl substituent.2*' The p-nitrophenyl groups
could be reduced chemically to the anilines which were sub-
sequently diazotized. The diazonium salts readily underwent
the normal reactions of these salts. This and other work? sug-
gested that the relative reactivities toward electrophilic substi-
tution reactions of phenyl groups on the oxazole ring is in the
order 5-Ph > 4-Ph > 2-Ph and that substitution almost exclu-
sively occurs at the para position.

The nitration of 4-phenyloxazole with fuming nitric—sulfuric
acid mixture gives 4-p-nitrophenyloxazole.242

2. At Carbons 4 and 5

Electrophilic attack at the 4 or 5§ position of the oxazole
ring occurs easily if the ring is activated by electron-donating
substituents such as amino or hydroxyl groups.

Thus far the only successful attempt to nitrate the oxazole
nucleus afforded 2-dimethylamino-4-(p-nitrophenyl)-5-nitroox-
azole in 97% yield with KNO3/H2S04.73% Undoubtedly the
presence of the 2-dimethylamino substituent is responsible
for the facile nitration of this oxazole.

The reductive formylation of 2-phenyl-4-(3-aminoethyl)oxa-
zole (248) by the Eschweiler—Clarke procedure?*? resulted in
the cyclization of 248 to afford 2-phenyl-5-methyl-4,5,6,7-tet-
rahydrooxazolo[5,4-c]pyridine (251).244 The mechanism for
this cyclization may be viewed as an electrophilic attack of
the aminomethylene group of the intermediate 249 on the 5

N:;
[\ —
NH HCO H
Ph/<o 2 5 /4 CH
2
249
N eco
/ﬁ\N N—Me (112)
HCOH
251

position of the oxazole ring. From the data presented it is im-
possible to determine whether the cyclization proceeds prior
or subsequent to the N-methylation.

The reaction of 2,4-diphenyl-5-hydroxyoxazole (252) with
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2-phenyl-1-azirine probably proceeds via the electrophilic at-
tack of the azirine on the 4 position of the oxazole to yield
2,4-diphenyl-4-(2'-phenylaziridinyl)-A2-oxazolin-5-one
(253).245 The electron-donating ability of the 5-hydroxy sub-
stituent on the oxazole along with the relief of ring strain in
the azirine are factors which contribute a great deal to the
success of this reaction.

H Ph N
N Ph N //il
= AN
Ph ) ) Ph o OH
252
H
N
Ph
N
/( Ph (113)
Ph O O
253

3. At Nitrogen

Intramolecular cyclization reactions of 2-(N-substituted am-
ino)oxazoles where the N-substituent bears a carbonyl car-
bon atom as the third or fourth atom from the oxazole ring
appear to result from the electrophilic attack of this carbonyl
carbon on the oxazole nitrogen. When 2-hydrazino-4,5-di-
phenyloxazole (254) is treated with phenyl isocyanate and the
resulting semicarbazone 255 is allowed to react with HyO5/
NaOH, 3-anilino-5,6-diphenyloxazolo[ 2,3-¢]-1,2,4-triazole
(256) is formed (eq 114).28
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I)\ PhNCO
PR o7 NHNH,
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N 20, N” SN
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L OH
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| l 0
[
o e S
Ph O)\\NH——C ph= N07 N
AN
O_J (115)
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A similar cyclization occurs in the reaction of 2-amino-5-
phenyloxazole with carbon suboxide (eq 115).246

D. Acid-Induced Ring Cleavage

In contrast to furans, alkyl- and aryloxazoles show remark-
able stability toward ring cleavage by acids. The 5-alkoxyoxa-
zoles are, however, readily cleaved by dilute mineral acids as
are 5-aminooxazoles. 2-Aminooxazoles show much greater
stability to acidic conditions than their 5-amino isomers. Most
of the available data concerning the reactions of oxazoles
with acids have been discussed in the earlier reviews.2-4

A recent example of the acidic cleavage of oxazole deriva-
tives in a preparative role is in the synthesis of «-C-amino es-
ters and «-amino ketones from oxazole-4-carboxyl-
ates.?47.248 The oxazoles were prepared by an adaptation of
the method of Schollkopf and Schroder.®° The utility of this

. synthesis is demonstrated by the high yields of amino esters

and amino ketones obtained and by the variety of 5-alkyl and
-aryl substituents (R) which may be present on the ring.

v N CO,R’
EtgN I\
HCI)HCozR’ + RCOClor —— R
O

N=C 6 N HCI
90-95°
(ﬁ shr
3 NHCI MeOH , BN HCI .
o-so—an~ RCCHCOR' 222> RCOCHNH,'HCI  (116)
4 hr
NH,*HCI

The formation of the 2,4-dinitrophenylhydrazone of ethyl
a-acetamidomalonaldehyde from the reaction of ethyl 2-
methyloxazole-4-carboxylate with 2,4-dinitrophenylhydrazine
in HCl was first noted by Cornforth.24 Gompper et al. per-
formed a thorough study of this reaction and proposed a
mechanism which involved the acid-induced ring opening of
the oxazole to give an a-amido ketone which reacts with
2,4-DNP to afford the hydrazone.24°

H R,
Q. R, NX _—

/T 2400
NF\OH N O
io éo
| :
R, Rj
NH  NNHCHNO,),  (117)
s
:

1

E. Reductive Ring Cleavage

Oxazoles are, for the most part, remarkably stable toward
a variety of reducing agents. Sodium in refluxing ethanol will
reduce oxazoles to oxazolidines which may be reduced fur-
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ther to acyclic products.?® Gaylord and Kay observed the re-
duction of 2,5-diphenyloxazole (132b) to 2-benzylamino-1-
phenylethanol with lithium aluminum hydride in THF solu-
tion.?%0 In ether solution no reduction occurred. The same
product is obtained when 132b is reduced with Na in ethanol.?

The anion radicals produced by the one-electron reduction
of oxazole and other oxygen-containing heteroaromatic com-
pounds were observed by ESR spectroscopy in an argon ma-
trix at 4°K.25" The ESR of the oxazole-derived anion radical
exhibited a simple doublet with a hyperfine coupling constant

of 35 G. On the basis of its ESR spectrum, the open-chain

structure 257 was assigned to this anion radical.

H TN
1 &, ;\\ H (118)
H O, \(}
257

Similar acyclic structures were assigned to the anion radi-
cals derived from the reduction of furan, isoxazole, and ben-
zoxazole. Further substantiation for these assignments was
obtained by consideration of the results of INDO?%? and ex-
tended Hiickel''* molecular orbital calculations. The angle 6
in 257 is predicted to be approximately 50° which agrees
with the observed ESR coupling constant. Overlap popula-
tions for the heterocycles under study were calculated by the
EHMO method. For the neutral oxazole molecule the calcula-
tions predict that the Cs—O bond is weaker than the C,-O
bond. The transfer of an electron to the neutral oxazole
weakens the C-0 bonds since this electron is now in an orbit-
al which possesses strong antibonding character across
these bonds. For this case the C,-0 bond is calculated to be
the weaker of the C-0O bonds and consequently it is this bond
which is cleaved in the reduction.

The catalytic reduction of benzyl 5-phenyl-2-oxazolecarba-
mate (258) and 2-amino-5-phenyloxazole (259) was studied
by Tanaka.25% When 258 was subjected to catalytic reduction
in the presence of Pd/C in ethanol, phenethylurea (260) was
isolated. 2-Amino-5-phenyloxazole (269) was implicated as
the intermediate in this transformation. Hydrogenation of 258
using a PtO, catalyst gives 1-carbobenzyloxy-3-phenethylu-
rea (261). Reduction of 258 in the presence of Pd-BaSO,
catalyst affords 259 selectively. 2-Amino-5-phenyloxazole
(259) is reduced with Pd/C or PtO, to phenethylurea (260),
lending some support to the proposal that it is an intermediate
in the transformation of 258 to 260. Ethyl 5-phenyloxazole-2-
carboxylate and 5-phenyloxazole are stable to these reaction
conditions.

N
/[ \ —> Ph(CH,),NHCONH,
Ph O)\NHz

H, 259 260

Ph/[;»\

258 261

H, EtOH
Pd BaSO,
H, Pd Cor

20
259 P10, E1OH 260

H
—Z> Ph(CH,),NHCNHCO,CH,Ph
NHCO,CH,Ph P10, I

(119)

Reductive ring cleavage reactions of oxazoles are marked-
ly inhibited by bases: howear, in the presence of HCI the
reaction is enhanced. The above transformations are not ob-
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served with a Raney Ni catalyst. Para substituents on the 5-
phenyl ring of 258 are found to have little effect on the reduc-
tions.

Tanaka and Asai investigated the hydrogenolysis and re-
ductive ring cleavage reactions of benzyl 4- and -5-oxazole-
carbamates, 262 and 263, respectively.?®4 The catalytic re-
duction of 262 with Pd/C in ethanol yielded an unidentifiable
resin. Under the same conditions 263 was hydrogenolyzed to
the 5-aminooxazole 264 which was isolated as the chain tau-
tomer, the acylaminonitrile 265.

R»
/2& Hy, Pd C
——
Ry NO” SNHCOCH,Ph oM
263
N Ro T2
/4& —= R,CONHCHCN  (120)
R D07 NH,
264 265

If the catalytic reduction of 262 or 263 is allowed to pro-
ceed in the presence of acetic anhydride, 4- or 5-acetami-
dooxazoles 266 and 267, respectively, are formed. Reduction
of 266 and 267 proceeds smoothly with a PtO, catalyst in
HOAc to afford the corresponding enamides (eq 121).

NHCO ,CH,Ph
N \ H, Pd C
/4 Ac,0
R, O 'R,
262
' NHAc
N H, PO, R,CONHCNHAc
/4 \ —— i (121a)
o ¢ CHR,
R, R,
266
H,. Pd C
263 Ao
R, Ra
N H,. PtO, I
/( \ o R;CNHC=CHNHAc (i21b)
R O NHAc g
267

F. Electrochemical Reduction

The polarographic reduction of oxazole derivatives in the
protic solvent methanol was studied extensively by the Rus-
sian chemist Bezuglyi and his coworkers.255-257.263

These investigators found that most of the 2,5-diaryloxa-
zoles exhibit two polarographic waves and that substituents
at the 2 position of the oxazole had a much greater effect on
the ease of the first reduction than a substituent at the 5 posi-
tion.255 Oxazoles with an alkyl group at the 2 position are not
reduced at a dropping mercury electrode. The results indicate
that the C=N of the oxazole ring is the most easily reduced
bond. Subsequent to the reduction of the C==N bond. an aro-
matic moiety at the 2 position has no conjugative influence on
the C=C of the ring and consequently has little influence on
the half-wave potential of the second wave which corre-
sponds to the reduction of the C==C. A correlation between
the Amax Of the uv absorption spectra of these compounds,
their half-wave potentials. and their scintillation effectiveness
was noted.
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The mechanism of the reduction of 2,5-diaryloxazoles and
oxadiazoles was studied at various pH's.2°¢ For each com-
pound studied, lowering the pH caused a shift toward more
positive potentials. For the 2,5-diaryloxazoles, six electrons
are required for the reduction with the exception of 2-(1- and
2-naphthyl)-5-phenyloxazole which required only two elec-
trons for this process. The reduction of the former sub-
stances is suggested to proceed as in eq 122. For the naph-

N /Ar’
/43\ + B + BH" —> ArCH,CHNHCH{_
Ar @) Ar’ OH
268
(122)

thyl derivatives only the C=N of the ring is reduced. The ir
spectra of the starting materials and the reduced products
support these conclusions.

A polarographic study of the reduction of 2-(p-vinylphenyl)-
5-aryloxazoles and -oxadiazoles showed that the first wave at
~1.77 to ~1.84 V was due to the reduction of the vinyl sub-
stituent.257 This first product is further reduced at more nega-
tive potentials with the consumption of six electrons to give
an open-chain compound analogous to 268.

The effect of nitroaryl substituents on the polarographic re-
duction of oxazoles was investigated.?%8 The temperature de-
pendence of the polarographic behavior of these substrates
was also determined.?%® .

Greig and Rogers have obtained electrochemical data con-
cerning the reduction of 2,5-diphenyl- and -2-(1-naphthyl)-5-
phenyloxazoles in the aprotic solvent DMF.2%% These oxa-
zoles are reduced in two polarographic steps: the first pro-
duces a stable anion radical from a reversible one-electron
transfer followed by a second one-electron transfer to give
the dianion which is rapidly protonated. Potentials which are
more anodic than that corresponding to the formation of the
anion radical will oxidize the protonated dianion back to the
starting material.

Data derived from cyclic voltammetry implies that 2-(1-
naphthyl)-5-phenyloxazole (as well as some oxadiazoles) is
reduced to a dihydro species at the first polarographic wave
by a two-electron transfer in the presence of hydroqui-
none.?®' The steps shown in eq 123 have been proposed as
the mechanism of this process.

R+e == R~

R + HQ —%> RH: + Q-
RH: + e == RH"
R~ +RH === R + RH"
k
RH + HQ —> RH, + Q" (123)

Bis(2,5-diphenyl-4-oxazolyl)mercury is reduced electro-
chemically in DMF solution to 2,5-diphenyloxazole (132b) and
elemental mercury.?62 The second and third waves of the vol-
tammogram of the oxazolylmercury derivative are exactly
analogous to 132b, implying that the latter is the species
which undergoes further reduction. Similar results were ob-
tained by Bezuglyi et al. for the polarographic reduction of
bisoxazolylmercury compounds in protic solvents.28% These

authors also report the reduction of the C-halogen bond of -

halooxazoles by a two-electron process.

G. Diels—Alder Reaction

1. With Olefinic Dienophiles

The Diels—Alder reaction of oxazoles as dienes with olefin-
ic dienophiles to yield pyridine derivatives has by far been the
most thoroughly explored reaction in oxazole chemistry.

Ignatlus J. Turchl and Michael J. S. Dewar

Since its discovery in the late 1950s,264 over 70 papers and
patents have been published which deal with the scope,
mechanism, and synthetic utility of this process and especial-
ly in the synthesis of vitamin Bg and various pyridoxine ana-
logs. Karpeiskii and Florent’ev discuss the mechanistic and
synthetic aspects in their excellent review which covers the
literature up to mid-1968.26% The various processes which
can occur are outlined in eq 124,

0]
Y R2 RS
/ Y
52 + —
N X
X R,
269
A
v H,0
Rs X c
B Ry=
O ~RgH -HY X
R, N R,
270
R,

Y
273
HO. X  HO X
Ol JOU
R” N Ry Ry N7 R,
271 272

The transition state leading to the adduct 269 is thought to
be highly polar in nature and the observed regioselectivity of
the addition should be governed by the m-electron densities of
the atoms which participate in bonding in the transition state.
This hypothesis is not completely satisfactory, and consider-
ation of the calculated w-charge densities does not always
lead to the correct prediction of the regiochemistry of the ad-
duct 269 (X = Y).265.267.268 Thg grientation of oxazole—di-
enophile systems is correctly predicted through the use of lo-
calization energy calculations.26¢ A general rule for predicting
the orientation of the addition is that the more electronegative
substituent on the dienophile (Y) occupies the 4 position of
the adduct.?6¢

As is the case with other Diels—Alder reactions, electron-
releasing substituents on the diene and electron-withdrawing
substituents on the dienophile facilitate the reaction (e.g., 5-
alkoxyoxazoles are similar in reactivity to all-carbon dienes).

The adducts 269 are normally unstable and are not isolat-
ed; however, the isomerized adduct 274 from the reaction of
5-ethoxyoxazole-4-acetic acid and its esters with diethyl fu-
marate is more stable than 269 and can be isolated. This is
thought to be due to the conjugation of the exocyclic double
bond with the carbonyl group of the ester.265.270

CH,CO,R COEt
N
4 \S + —_
O oEt Et0,C
CO,Et
EtO CO,Et
(125)
cHZ N
COR
274
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TABLE IV. Products of the Diels-Alder Reaction of 5-Alkoxyoxazoles with Olefinic Dienophiles

Oxazole Olefin 2711
R; R, R; X Y Ry R: X Y Ref
H CH.CO.Et OEt CO,Et CO.Et H CH:CO:Et CO.Et CO.Et 274,
275
H CH.CO,Et OEt CN CN H CH.CO:Et CN CN 276
H CH.CO:Et OEt X, Y = RCH(OCH2~). H CH.CO.Et RCH(OCH:-). 277
H CH:CO,Et OEt CN CN H CH; CN CN 278
H CH.CO.Et OEt CH:OH CH-OH H CH; CH.0OH CH:0H 278
H CH.CO.H OEt CH:0H CN H CH; CN CH:OH 284
H CH; OCO:Et CN CN H CH; CN CN 279
H CH; OCO:Et CO.Et CO:Et H CH; CO.Et CO,Et 279
H CH; OEt CO.Et CO.Et H CH; CO,Et CO:Et 280, 281,
285
H CH, OEt CH:0R CH:0R H CH; CH:0R CH:0R 282-286
H CH; OoPr» H COCH; H CH; H COCH; 287
H CH; OoPr» CH; COCH; H CH; CH; COCH; 287
H CH; O(CH>):0R X, Y = RCH(OCH:2-): H CH, RCH(OCH:-): 288
289
CO:R CH; OEt X, Y = RCH(OCH;-)- CO.R CH; RCH(OCH:-). 290,
291
CO,R CH; OEt X, Y = -CH:0CH.— CO.R CH; -CH,0CH,- 290,
291
Activation parameters and solvent effects on the rate of CO,Et
the reaction of alkyl 5-ethoxyoxazoles with diethyl azodicar-
boxylate have been determined.26¢ EtOCO CO,Et
Studies on the relative rates of various diastereomeric di- 0 Hal
enophiles with 5-ethoxyoxazoles show that the trans dieno- N H;0
philes add to the oxazole faster than their cis isomers.2”" This Me N
is similar to the behavior of other dienes. The only exception 269a
to this trend is that maleonitrile (cis) adds somewhat faster
than fumaronitrile (trans). Steric effects which are relatively EtO,Q CO,Et
important in the transition states for the addition of dieno- HCI
philes bearing large substituents (e.g.,, CO,R, COPh) appar- OCOEt ho
ently have little effect on the rate of the addition of maleo- HoN O )
and fumaronitrile to oxazoles and other dienes. The interac- - Ac
tion of the m-electron systems of the dienophile and the diene 276
in the latter addition is the dominant factor which accelerates CO.Et
the rate of addition of the cis over the trans nitrile. This ration-
alization would only be applicable if the adduct possessed the Ac CH Et0:G COEt
endo stereochemistry. Although the stereochemistry was not \C/ \CHCO Et
determined in this case, it is known that cis dienophiles nor- ” l 2 — / \ (126)
mally give endo adducts. ) CHOH N Ac
The aromatization of the adduct 269 depends on the na- ~ |
ture of the groups at the 4 and 5 positions (Rs and Y). In gen- HoN H
277

eral, if Rg is not a good anionic leaving group (e.g., alkyl)
pathway A will be followed, whereas if Rs is a good leaving
group (e.g.. OR) pathway B will occur. If R3 = Hand Y is a
good leaving group, then pathway C leading to 272 arises. Fi-
nally if R3 = Hand Y is not a good leaving group, oxidation of
the adduct can take place (pathway D). This is not a favor-
able process; however, if a hydride acceptor such as nitro-
benzene or H,0; is present in the reaction mixture the yields
of the corresponding pyridines are increased to 50-60%. The
reaction conditions are also largely responsible for the mode
of decomposition of 269. A complete discussion of these
mechanisms and reaction conditions is available in the review
of Karpeiskii and Florent'ev.26%

The adduct 269a (R' = H, R?2 = CHj-, R® = OCO.Et, Y =
X = COEt) obtained from 4-methyl-5-ethoxycarbonyloxyoxa-
zole and diethyl fumarate gave, upon treatment with HCI, di-
ethyl 2-methyl-3-hydroxypyridine-4,5-dicarboxylate and diethyl
2-acetylpyrrole-3,4-dicarboxylate (275).265.272.273

The ratio of the yield of 275 to that of the pyridine is depen-
dent on the conditions used for the aromatization of the ad-
duct. The mechanism for the formation of 275 is believed to
proceed by the cleavage of the C=N bond of 269 to give a

275

tetrahydrofuran derivative 276 which undergoes ring opening
followed by recyclization and loss of water to afford 275.

The synthetic utility of the Diels—Alder condensation of oxa-
zoles with dienophiles to form pyridines and especially of 5-
alkoxyoxazoles which react by pathway B to yield pyridoxine
and pyridoxine precursors is well documented.?6® The new
and convenient methods for the preparation of the 5-alkoxy-
oxazoles have increased the potential of this synthetic ap-
proach to Be¢ and its analogs many-fold (e.g., section I1.B).

Table IV lists various combinations of 5-alkoxyoxazoles
and dienophiles which undergo the Diels—Alder reaction along
with the corresponding 3-hydroxypyridines 271 derived from
these combinations which have been reported since 1968.

4-Methyl-5-ethoxyoxazole is known to give pyridoxol (271;
R' = H, R? = Me, X = Y = CH,0H) upon Diels—Alder con-
densation with c¢is-1.4-diacetoxy-2-butene in moist HOAc and
other solvents,265.283-287 At high concentrations of the ad-
duct 269b (R = H, R2 = Me, R® = OEt, X = Y = CH,0Ac).
however, the yield of pyridoxol decreases and a new product
was isolated which was identified as N-5-desoxypyridoxo-
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NQ N CH,OH
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lyl)pyridoxol (279).2°2 The proposed mechanism for the for-
mation of 279 is given in eq 127. Although the stereochemis-
try of the acetoxymethyl groups of the adduct is not certain,
an endo disposition of these substituents would lead to back-
side displacement of the oxido bridge by the carbonyl oxygen
of the acetoxy group to give the oxonium ion (278). This
seems to be the most likely stereochemistry in view of the
tendency of cis dienophiles to form endo adducts. The addi-
tion of an external nucleophile, 3-hydroxypyridine, gives a
high vield of products corresponding to 279 by the attack of
3-hydroxypyridine on 278.

The potential of pathways A, C, or D as synthetic routes to
substituted pyridines has not been thoroughly investigated be-
cause of the low reactivity of oxazoles not bearing a 5-alkoxy
substituent. Nevertheless, several examples of these reaction
pathways have been reported to give moderate yields of pyri-
dines.26%

The parent oxazole (1) reacts with acrylonitrile or acrylic
esters in the presence of a trace of triethylamine to afford
isonicotinonitrile and esters of isonicotinic acid by pathway
A.2%3 Similarly the reaction of 4,5-dimethyl- and 2,4,5-trimeth-
yloxazoles with fumaronitrile results in the formation 2,3-di-
methyl-4,5-dicyanopyridine (58%) and 2,3,6-trimethyl-4,5-di-
cyanopyridine (50 % ), respectively.?%

3,4 - Dimethyl-5,8-dihydroxy-1-isopropyl-2,6,7-triazanaph-
thalene (281) was synthesized by the reaction of 2-isopropyl-
4 ,5-dimethyloxazole with N-phenylmaleimide. Hydrolysis of
the adduct 280 followed by treatment of the residue from this
reaction with hydrazine afforded 281 in 47 % overall yield.2%°
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2. With Acetylenic Dienophiles

In contrast to the vast quantity of data which has been re-
ported on the Diels—Alder reaction of oxazoles with olefinic di-
enophiles, only a few reports concerning this reaction with
acetylenic dienophiles have appeared in the literature. Grigg
et al.296.297 and Huisgen et al.2%® reported the first examples
of the thermal elimination of HCN or nitriles from the adduct
283 formed in the reaction of 5-ethoxyoxazoles with acetyle-
nic dienophiles (282) to give the 2-ethoxyfurans 284 (eq 129).
The adducts 283 could not be isolated although attempts
were made to achieve this end.

R
N A
4 \ + R,C=CR, —
0" “oEt 282

R =H. Me, Ph
@)
N R1 ReN R1 Rz
/ AN M (129)
rR” OBt ‘g O “oEt
283 284
a,R, =R, = CO,Me
b, R1 = Ph; 2= Cone
¢. R, =CO,Me: R, =Ph

As in the case of unsymmetrical olefinic dienophiles un-
symmetrical acetylenic dienophiles will add to oxazoles reg-
ioselectively to give adducts 283 with the carbon bearing the
more electronegative group of the dienophile adding prefer-
entially to the 5 position of the oxazole.2%7-299

For example, when the 5-ethoxyoxazoles are allowed to
react with 282b the isomeric 2-ethoxyfurans 284b and 284c¢
are obtained in a ratio of 3:2. The rate of this reaction was
enhanced by the addition of a BF3 catalyst; however, the iso-
mer distribution is unchanged.

The stabilization energies of the assumed transition states
leading to the adducts 283 were calculated by the HMO meth-
0d.%% The predicted orientation of the addition generally
agreed with the experimental results when these quantities
were used as an index of reactivity.

The reaction of diphenylcyclopropenone (285) with the 5-
ethoxyoxazoles affords ~y-pyrones (287).296-297 The adduct
286 could not be isolated and consequently its stereochemis-
try could not be ascertained.

Stable adducts were obtained when 5-ethoxyoxazoles
were allowed to react with diethyl azodicarboxylate or tri-
phenylcyclopropene.2%¢ Although the yields of these products
were given, no physical properties were reported nor was the
stereochemistry of the latter adduct determined.
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The reaction of 4,5-tetramethyleneoxazole with dimethyl
acetylenedicarboxylate (282a) in refluxing ether gives methyl
2-(4-cyanobutyl)furan-3,4-dicarboxylate.®®!  The  bicyclic
structure of the oxazole prevented the complete separation
of a nitrile molecule in the retro Diels—Alder reaction. The ad-
dition of hydroquinone to the reaction mixture was generally
found to increase the yield of furans.

COMe
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0" “eH 2)4CN

(131)

The use of dienophiles that are less reactive than 282a
such as AcCC=CH, AcC=CAc, and butynediol diethyl acetal
prohibit the Diels—Alder reaction with any but the most reac-
tive oxazole dienes, the 5-alkoxyoxazoles. With each of these
three dienophiles the corresponding 2-alkoxyfurans were ob-
tained.302

H. With Singlet Oxygen

The reaction of oxazole derivatives with singlet oxygen
was extensively studied by Wasserman and coworkers.

Wasserman and Floyd found that when the natural product
pimprinine (288) was irradiated in methanol as the solvent, air
as the oxidizing agent, and Methylene Blue as the sensitizer,
a nearly quantitative conversion to indole-3-carboxylic acid
(289) was effected.303

H H

N Oz,hv N

/)  MeoH Y, (132)

sens

g == CO.H

\]yN 289
Me

288

Similarly, 2-methyl-5-phenyloxazole was converted to ben-
zoic acid (83%) and a-acetamido-a-methoxyacetophenone
(290; 10%). The 1,4-addition of singlet oxygen to the oxazole
to give the bicyclic ozonide 291 followed by attack of metha-
nol leads to the methoxy hydroperoxide 292. Intermediate
292 eliminates the hydroperoxide anion to afford the oxazol-
inium ion 293 which is attacked by water to form the oxazoli-
dine 294. The conversion of 294 to the product 290 is ef-
fected by the cleavage of the oxazolidine ring with elimination
of methanol.3%4 This pathway is analogous to that proposed
for the photoxidation of furan derivatives.3°® The rupture of
the C-O bond of the peroxide linkage of 291 with methanol is
a known reaction of ozonides.3%¢ The amido ketone 290 was
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independently synthes‘ized by the reaction of 2-methyl-5-
phenyloxazole with Bro,/MeOH followed by treatment of the
resulting A3-oxazoline with methanolic HCI.

—N
b e SO e
MeOH MeOH
0" “Me Me0” © “OMe
(134)

The participation of singlet oxygen in these photoxidation
reactions was not confirmed until subsequent studies by Was-
serman and coworkers were performed in which they investi-
gated the thermal decomposition of 9,10-diphenylanthracene
peroxide in the presence of known singiet oxygen accep-
tors.397.308 This work established the fact that the thermal de- -
composition of the anthracene peroxide yielded singlet oxy-
gen, and when oxazole derivatives were the acceptors the
same products arose as those which resulted in the oxazole
photoxidation.

Triamides are formed upon reaction of singlet oxygen with
trisubstituted oxazoles in methanol.303.308.309 \When 2 4 5-tri-
phenyloxazole is allowed to react with singlet oxygen, triben-
zamide is obtained in 55% yield with small amounts of benz-
amide and benzoic acid being produced. Kurtz and Schecht-
er110 found that irradiation of 2,4,5-triphenyloxazole in ether
or benzene in the presence of O, at >3000 A yields tribenza-
mide, benzonitrile, and benzoic anhydride. The reaction of
2,5-diphenyl-4-methyloxazole with 9,10-diphenylanthracene
peroxide gave N-acetyldibenzamide in 82% yield.308

Ph

Ph
Me
N A
3000 =
ph” 0" “ph
Ph
I
MeC—N—C—Ph + (PhCO),NH (135)
10%
B
Ph
82%

Two modes of addition of singlet oxygen to the oxazole nu-
cleus are possible, i.e., 1,2- and 1,4-addition. To distinguish
between these two pathways, labeled singlet oxygen (gener-
ated chemically from '80O-labeled 9,10-diphenylanthracene
peroxide) was added to an unsymmetrical trisubstituted oxa-
zole (eq 136; * = '80).379 A detailed mass spectral analysis
of the reaction product demonstrated that 295 was formed
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and consequently pathway A, the 1,4-mode of addition, is op-
erative. Complementary results were-obtained when the oxa-
zole was labeled with '80 (eq 137).

Oxazolocycloalkanes (297, R = H) combine with singlet
oxygen in an inert solvent such as methylene chloride to af-
ford cyano acids (300) in 80-90% yields.3'! The mixed anhy-
dride 299 can be isolated when R = Me or Ph.

1 (CHy),
o RS

R O 0—0
297 298
n=4,52610
R =H.Me.Ph
N==C O,H
-CO
(CHa)y =i (CH)y (138)
RC—O—C) N
| | 300
O O
299

The reaction of 297 with singlet okygen proceeds by a dif-
ferent course in a reactive solvent such as methanol, the N-
acylimino anhydrides 303 and 304 being formed.®*!! The

Ignatlus J. Turchl and Michael J. S. Dewar

mechanism of this transformation is analogous to those dis-
cussed above.?% The hydroxy hydroperoxide 302 can de-
compose in two ways to give the observed products 303 and
304 (eq 139). '

OMe
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207 —2» 298 MM, g HN RO,
MeQOH
n=4
MeO OOH
301
OH NCOR
HN -H,0
—
R 0
HO OOH e}
302 303
N9
N
S}——R (139)
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l. The Cornforth Rearrangement

The thermal rearrangement of 4-carbonyl substituted oxa-
zoles was first observed by Cornforth.2# When 305 is ther-
malized, the isomeric product 306 is obtained.

o) o)
| |
C—'—Rs C_R2
A N
e
R, 07 TR, R,” 07 TR,
305 306

A special case of this rearrangement is the pyrolytic or
base-induced isomerization of 4-hydroxymethylene-5-oxazo-
lones or their potassium salts (305a) to oxazole-4-carboxylic
acids (306a).%'8® Stuckwisch and Powers have investigated
the mechanism of this base-induced rearrangement by isoto-
pic labeling experiments.®'2 When the carbonyl carbon of the
oxazolone ring was labeled with '“C and the compound
subjected to treatment with base, the rearranged oxazole-4-
carboxylic acid was labeled only at the carboxyl carbon atom.
The authors propose the initial attack of hydroxide ion at the
2 position of the oxazolone ring with subsequent ring opening
to 307 and ring closure to yield the 'C-labeled acid 306a.

i

C CHOH
N \H . N OH-
LAY = AN T
Ph O * “OH Ph o+

305a
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Ph
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OH \CHOH Ph

307 306a
(= 40)

(141)
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TABLE V. Derivatives of 305 Which Undergo the
Cornforth Rearrangement

305 R: R: R3 Ref
a Ph OH H 4

b n-C:)Hu O_ H 4

C C&HTCH=CH 0o~ H 4

d n-C;,Hu OEt C| 4

e Ph OEt cl 4

f PhCH, OEt Cl 4

g n-C:Hu Cl H 4

h Ph Ci H 4

i Ph ORe NH- 4,313, 315
i PhCH. ORe NH:

k X-Phd ORe NR'R'’ 313,315

| Ph ORe l-imidazolyl 167

@ R = Me, Et. ® X =p-OMe, p-Me, p-t-Bu, p-F, p-Br, p-CFs. ¢ R/,
R’/ = Y-Ph, H; Me, Me; Me, H; -Bu, H; Ph, Me.

Table V summarizes the 4-carbonyl oxazoles (305) which
will undergo thermal rearrangement to 306.

The extent of the rearrangement 305 to 306 is dependent
on the thermodynamic stability of 305 vs. 306. All of the ex-
amples given in Table V are irreversible, affording 306 in
yields of greater than 90% at temperatures of 90-120°.

The thermal isomerization of 305 (R, = Ph, R, = OEt, Rj
= OMe) to 306 (R, = Ph, R3 = OMe, R, = OEt) produced an
equilibrium mixture of 305:306 in a ratio of 65:35 at 95°. The
rearrangement did occur for 305 (R, = Ph, R, = OMe, R =
SPh), 167

The mechanism proposed for the thermal isomerization of
305 to 306 involves ring opening of the oxazole to the nitrile
ylide intermediate (308) with subsequent ring closure to give
the rearranged product 306.43' In aprotic solvents the rate
of isomerization increased slightly with an increase in solvent
polarity,®'® whereas a substantial increase in rate was ob-
served in going from an aprotic (PhNO;) to a protic solvent
(PhCH,OH).3' The small rate increase upon increasing the
solvent polarity in aprotic solvents suggests that little positive
charge is built up in the transition state; however, the rate in-
crease in the protic solvent suggests that a developing nega-
tive charge in the transition state is stabilized considerably by
hydrogen bonding to the solvent.

O
|!
C—R
, o 2
305 — RiC==NCT_ - — 306 (142)
\cl; \
o)
308
The effect of varying the substituent X on the rate of the
rearrangement of 305k (R' = Me, R = Ph) was investi-
gated.®™ A plot of log k vs. o+ was linear with p* = —1.16.

The negative value of p* implies that a small positive charge
develops at the 2 position of the oxazole ring in passing from
305 to the transition state leading to the intermediate 308.
The effect on the rate of isomerization upon varying the Y
substituent of the N-aryl moiety of 305 (R; = Ph, R, = OMe,
Rz = NHPh-Y) was also noted. A plot of log k vs. ¢ was
again linear with p = 0.34. The small positive value of p
suggests that some negative charge develops in the amide
moiety in going from 305 to the transition state. Increasing
alkyl substitution on the amide nitrogen in 305k decreased the
rate of rearrangement.3'5 The activation energy for the isom-
erization of 3051 to 306 is 26.8 kcal/mol.

The implications of the kinetic study of the Cornforth rear-
rangement were substantiated by the results of MINDO/3 cal-
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culations carried out in our laboratories.’®” Full details of
these calculations will be published in due course.

The thermal rearrangements of 4-acryl-A2-oxazolin-5-ones
(50) and 2-acyl-A3-oxazolin-5-ones (53) to oxazoles appear
to be mechanistically analogous to the Cornforth rearrange-
ment.** The mechanism proposed is the thermal extrusion of
CO;, leading to the nitrile ylide intermediate 51 (analogous to
308) which upon cyclization affords the oxazoles 52 in high
yields (eq 22).

This rearrangement has been utilized in the synthesis of
3,3,3-trifluoro-N-acylalanines, derivatives of 3,3,3-trifluoro-2-
aminopropiophenone,#* and other alanine derivatives.3'®

J. Miscellaneous Functional Group
Transformations

Because of the stability of the oxazole ring toward a variety
of reagents and conditions, it is possible to effect many func-
tional group modifications. The oxazole ring is normally not
stable to oxidative conditions. Cold permanganate, chromic
acid, sodium hypobromite, fuming nitric acid, and ozone
cleave most oxazole derivatives.? Osmium tetroxide—-H,0,,
however, will oxidize 2-(1-pentenyl)-4-styryl-5-ethoxyoxazole
to the corresponding 2-carboxaldehyde. This is the only re-
ported example of the synthesis of an oxazole-2-carboxal-
dehyde. Systems of this type are also stable toward Pb(OAc),
oxidation.?

Studies on the hypoglycemic activity of 4-(2-oxazolyl)pyridi-
nium N-oxides®'” and 4-(2-oxazolyl)- N-alkylpyridinium salts3'8
have shown the greater reactivity of the pyridine nitrogen rel-
ative to the oxazole nitrogen atom under conditions of oxida-
tion and alkylation, respectively. When 4-(2-oxazolyl)pyridine
(309) was treated with H,O»/HOAc (peracetic acid), only the
pyridine N-oxide 310 was isolated. This result is not surprising
considering the fact that 2,5-diphenyloxazole (132b) is not ox-
idized under these conditions (section VI). A similar observa-
tion was made when 309 was allowed to react with alkyl ha-
lides affording only the N-alkylpyridinium salts (311).
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Numerous examples of functional group conversions of
substituted oxazoles have been reported by Cornforth.?
These reactions demonstrate the wide variety of conditions to
which oxazoles may be subjected without ring cleavage. Un-
fortunately, very little data exist concerning the reactions of
oxazole derivatives with the myriad of new reagents devel-
oped in the last 15 or 20 years by synthetic chemists.

The Curtius rearrangement of acyl azides to isocyanates
has been applied to the synthesis of 2-25% and 5-oxazole®'®
carbamate esters. Equation 144 exemplifies the utility of this
conversion.

Several methods for the synthesis of oxazolylethylenes
have been reported. The condensation of nitroethane with 2-
benzyloxazole-4-carboxaldehyde (312) in the presence of n-
butylamine affords 1-(2-benzyloxazol-4-yl)}-2-nitropropene
(313).320
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2-(5-Nitro-2-furylvinyl)oxazoles were prepared by the reac-
tion of 2-methyloxazoles with 5-nitro-2-furfural and Ac,0.321
These compounds are active against a variety of bacteria, tri-
chomonads, and fungi. The reaction of 2-methyloxazoles with
other aldehydes was not reported; however, this condensa-
tion is a potentially general synthesis of 2-azolylethylenes.

’

CHO Me O

/\ Y (146)
2N/<;>\CH=CH/Q;XR

Methyl thiomethyl-4-(2,5-dimethyloxazolyl) ketone (314)
undergoes chlorination with SO.Cl; to give the chloro ketone
315. When 315 is treated with triethyl phosphite in refluxing
toluene, the oxazolylethylene 318 is formed in 47 % yield.322
Compound 316 and other (alkylthio) vinyl phosphate esters
are useful as insecticides and acaricides.
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The synthesis of 2-{5-nitro-2-thiazolyl)thiooxazoles (319) by
the nucleophilic displacement of bromine from 5-nitro-2-bro-
mothiazole (317) with the Na salt of 2-mercaptooxazoles
(318) has been reported.323

O,N S Br Na""S O R
318

317
s sl
O,NT " s Mo R

The preparation of oxazolotropylium salts (191) has been
discussed in section I.Q. When these salts are treated with di-
methylamine, 6-dimethylamino-2-phenyl-6 H-cycloheptoxazole
(320) is produced.324 The nmr spectra of 320 in CCl4 solution

' changed after several days at room temperature. The new

nmr spectrum was due to the products formed upon the rear-
rangement of the dimethylamino group from the 6 to the 4
position and subsequently to the 8 position of the cyclohepta-
triene ring (321 and 322, respectively).

Me,NH H ccl
191 ——» \>—Ph =
(Me),N

320
H. NMe),
7/ ch1
>\ph (149)
H  NMe),
321 322

The structures of 321 and 322 were deduced by observing
the NMR spectra of their deuterated analogs. The equilibrium
ratio of 320:321:322 was found to be 3:5:2 after 3 days in
CCl, solution. The rate of the rearrangement of 320 to 321
and 322 was much greater in methanol than in CCl,, suggest-
ing that the isomerization is ionic in nature. A p-nitro group on
the 2-phenyl substituent of the oxazole ring diminishes the
rate whereas a p-methyl group accelerates the rate of this
rearrangement, again suggesting an ionic process. Crossover
experiments suggest that the rearrangement is intermolecu-
lar. The compound analogous to 320 bearing 6-p-toluidino
substituent did not isomerize under these conditions.

K. Polymerization Studies

The Robinson-Gabriel oxazole synthesis has been used in
the preparation of 2-vinyl- and 2-isopropenyloxazoles. Radical
homo- and copolymerization of the monomeric vinyloxazoles
with styrene was initiated with azobisisobutryonitrile.325-328
The anionic polymerization of these monomers was studied
with sodium naphthalenide or a-methylstyrene tetramer as an
initiator. Equilibrium concentrations of monomers and poly-
mers were determined at various temperatures, and the ther-
modynamic quantities, AH and AS° were calculated.32°

The Wittig condensation of the phosphorus ylides 323 with
formaldehyde gave 2-330 or 5-(p-vinylphenyljoxazole®®' mo-
nomers (324) in moderate yields.

Copolymerization of 2-(p-vinylphenyl)}-5-phenyloxazole with
styrene (AIBN initiator) was studied.33? A 9:1 molar ratio of
the oxazole monomer to styrene gave a copolymer contain-
ing 98 % oxazole and 2% styrene.

Polyamides containing the structural unit 326 were pre-
pared by the reaction of bis(4-w-aminoacetylphenyl) ether
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(325) with terephthaloyl chloride. Cyclodehydration occurred

upon heating 326 to 300° (2 mm) to give the polymeric oxa-
zole 327.3%3
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Brown and Ghosh reported a thorough and quantitative

_study of the basicities of oxazole and several of its deriva-

tives.'”” The pK, values of these compounds were estimated
from a plot of the chemical shift of the 2-proton vs. the pH or
Hp values of the acidic solutions used to measure the nmr
spectra. The pK, for the parent oxazole (1) was found by this
method to be 0.8 which indicates that pyridine is some 10*
times stronger as a base than oxazole (1). A plot of pKj, vs.
the Hammett o, for 4-methyl- and 2,4-dimethyl-5-substituted
oxazoles gave two nearly parallel lines both having negative
slopes indicating that electron-withdrawing 5-substituents de-
crease the basicity of oxazoles. Introduction of a 2-methyl
substituent increases the pK, by 1.6 units whereas a 4- or 5-
methyl substituent increases this value by only 0.6 unit. The
difference between the 2- and 4-methyl compounds seems
too large to be rationalized by a simple inductive effect. A
possible rationale for the abnormally large increase in the
base strength of the 2-methyl- vs. the 4-methyloxazole would
be a consideration of the hyperconjugative stabilization of the
oxazolium cation by the 2-methyl group (i.e., 329). Similar hy-
perconjugative interaction between a 4- or 5-methyl substitu-
ent and the ring nitrogen atom leading to resonance struc-

sodium Iauryl sulfate
Hy O THF

” 300°
CNHCHzc‘O— —Q‘CCHzNHC—Q‘ ™

V. Oxazolium Salts
A. Basiclty of Oxazoles

Oxazoles are extremely weak bases as is evidenced by
the instability of their N-protonated salts.? If a 2-pyridyl sub-
stltuent is present on the oxazole ring, the former is alkylated
preferentially.189.318.334 A 4. or 5-pyridyl substituent gives di-
quaternary salts with excess of the alkylating agent, the pyri-
dine nitrogen presumably being alkylated first.

A comparison of the basicities of oxazoles, thiazoles, and
imidazoles resulted in the first reported pK values for oxa-
20l0s.335 The basicity of 4-methyloxazole (pKgn+ = —1.07)
was ca. 102 times less than 4-methylimidazole. The pKya
values for the azolecarboxylic acids were also reported. The
values obtained for 4-methyloxazole-5-carboxylic acid (2.88)
and 4-methylthiazole-5-carboxylic acid (3.51) were consistent
with the ionization of the CO,H functionality rather than the
ionization of the zwitterionic form of these compounds 328.
This behavior is in contrast to that of the corresponding imid-
azole which does undergo lonization of the N*—-H moiety of
328.

. Me
H—N
X
X" *co,”
328,X =0.S.NH

tures analogous to 329 is clearly impossible for the 4- and 5-
methyloxazolium cations.
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N
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H\N \
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A considerable downfield shift of the oxazole ring protons
occurs upon deuteration with DCI/D,0.'77 The downfield shift
ranged from 1.09 to 1.64 ppm for the 2-proton, 0.62-0.67 for
the 4-proton, and 0.42-0.63 for the S5-proton. The larger
downfield shift of the 2- relative to the 4- and 5-protons is at-
tributed to the partial positive charge of the oxygen atom in

the oxazolium cation.
H H
\N_g\
R e o
X
H/QQ H

B. Acidity of Oxazoles and Oxazollum Salts

\~ Ha

/4

Breslow has established that ionization of the 2-proton in
the thiazolium cation is c;rucial to the mechanism of thiamine
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action.3%® Subsequent to Breslow’s work, several groups
have undertaken studies of acidities and exchange rates of
the labile 2- and 4-protons in thiazolium, oxazolium, and im-
idazolium cations and their free bases and '*C-H coupling
constants in these heterocyclic compounds. The '*C—H cou-
pling constants for 4-methyloxazole are 231 and 209 Hz for
the 2 and § positions, respectively and for the 4-methyloxazo-
lium jon 247 and 224 Hz for these positions. The unusually
high '*C-H coupling constants reflect the high acidity of the 2
and the 5 positions in these systems 337.338

Deuterium exchange rates for the proton at C, in the 3,4-
dimethyloxazolium cation is 102 times faster than that of the
corresponding thiazolium ion and approximately 1055 times
faster than the imidazolium cation.339-340 The relatively rapid
exchange rate for the 2-proton of the oxazolium ion is proba-
bly due to the high electronegativity of the adjacent oxygen
atom relative to nitrogen or sulfur. Arguments concerning d—o
overlap stabilization of thiazolium ylides have been put forth in
order to explain the much greater exchange rate for thiazo-
lium vs. the imidazolium cations.34°

Instantaneous deuteration occurred at the 2 position of ox-
azole and a slower 5-deuteration occurred in a DMSO-dg so-
lution in the presence of NaOMe.'”” This result implies that
the electron density at the oxazole carbon atoms is in the
order 4 > 5 > 2, which agrees qualitatively with the results of
all-valence electron MO calculations.'67168.176 Electron-re-
leasing substituents decreased the rate of 2-deuteration of
oxazole, whereas electron-withdrawing groups increased this
rate. 177,341,342

Data which suggest that the decarboxylation of the azole-
5-carboxylic acids (330) proceeds via the zwitterionic tautom-
ers 328 has been obtained.®4® Decarboxylation of 3,4-di-

Me

N

(X, —

X CO,H

330(X =NH.S.0)

H\,Q Me H\,Q Me

(‘& — 4‘§ (152)
X CO, X
328 331

methyloxazolium and thiazolium cations proceeds much fast-
er than the same reaction of 330 (X = O, S) owing to a low
equilibrium concentration of the zwitterion 328 which leads to
decarboxylation in the neutral species. The relative rates for
the decarboxylation of 3,4-dimethyloxazolium and thiazolium-
5-carboxylic acids and 1,3,4-trimethylimidazolium-5-carboxy-
lic acid are 1054, 10%, and 1, respectively. This reactivity
order is rationalized on the basis of the stability of the ylide
332. It is assumed that the transition state for decarboxylation
is similar in structure to this intermediate.

Me . e
\N

4\-

X
332 (X =NMe.S.0)

Thiamine is known to catalyze the conversion of pyruvate
to acetoin in aqueous base solutions.34* Complete loss of this
catalytic activity was noted when the thiazolium ring of thi-
amine was replaced with an oxazolium ring.345 Similarly, 3,4-
dimethyloxazolium iodide had no catalytic activity in the ben-
zoin condensation.33° The factors which cause the loss of thi-
amine type activity in the oxazolium analogs of thiamine are
not known; however, it is thought that the oxazolium ylide is
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so stable that it will not condense with the carbonyl com-
pounds or that at pH's of 8 or higher the oxazolium ring is
cleaved forming a catalytically inactive *‘pseudo-base.”” 345

Hiickel MO calculations predict that the 2 position of the
azolium cations bears a large net positive charge. It has been
proposed that it is this electron deficiency which is responsi-
ble for the lability of the proton at the 2 position of these sys-
tems.346

C. Syntheses and Reactions

N-Methyloxazolium tosylates are readily obtainable by the
reaction of methyl p-toluenesulfonate with oxazole deriva-
tives. Anion exchange yields the chlorides, iodides, and per-
chlorates. 189.334

Two synthetic approaches have been utilized in the prepa-
ration of the pyrido[2,1-b]oxazolium cation (334). The first in-
volves the cyclization of the N-acyl-2-pyridone (333) with
H2$04.347'348

ENj\OMe
o O
F
? 1180, Ol - >—r s3
SN~ | 2.HCIO, N
CH,CR

clo,”

334

In the second route the 2-ethoxybutyryloxazole (335) is
treated with 48% HBr, and the bromide obtained in this step
is converted to 334 with acetic anhydride.3*° The nitration of

0]
+ RC”)CHzBr @.

333

|
O

1.NH,
—_—
2.P,05

1 N
QOC|
RCCH;NHCOCO,Et ——2» /Q)\
R CO,Et
/[-S\C BrMg(CH,),OEt
R™ MO N
N
s
CH,),OFEt
R O)ﬁ (( 2)3

335

334 could not be effected: hydrogenation of 334 (R = PhCH,)
in the presence of Adam’s catalyst led to the piperidone 336.

( N —(CH2)3@
0
336

The ir, uv, and NMR spectra of 334 were recorded.347-349
A notable point concerning the NMR spectrum of 334 (R =
Me) was the presence of allylic coupling (1 Hz) between the
2-methyl substituent and the 3-proton.

The acid-catalyzed cyclodehydration of «-(2-oxazolylthio)
ketones (337) resulted in the formation of novel thiazolo[2,3-
bloxazolium salts (338).3%0 The salts 338 are less resistant
toward alkaline hydrolysis than the corresponding thiazolo [2,3-
b]thiazolium salts.

1.48% HBr

") (154
2.Ac,0 334 (Br) (154)
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337
R, Rs
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R, JL R, (155)
O S o,
338
X =ClBr

Hetzheim and coworkers have investigated the reaction of
2-amino-N-phenacyloxazolium salts (339) with nucleophilic
reagents to form new heterocyclic systems. With aqueous
NaOH, 339 yields the 2-imidazolone (340);3%" hydrazine hy-
drate reacts with 339 to afford 1,4-dihydroimidazo[2,1-c]-
as-triazines (341);3%2 primary and secondary amines give the
imidazole derivatives 342 and 343, respectively.35% The imid-
azole derivatives 340-343 are postulated to have arisen via
the nucleophilic attack of hydroxide ion or amines at the 2 po-
sition of 339 followed by opening of the oxazole ring and sub-
sequent recyclization to form the products.

CHR,COR
N/ 1 2
/
Ph /q)\o
H
R,

340
Naor/:20 ‘Q\N/ﬁ/ Ph
R l
"N

R CH P N= SN
N
N*/ 2\C/ RNHNHH,0 I
S -
R2 O NH2 O 341
339
w}-{z
DMF
RyRNH R
N
y N N
Ph™ N SNR4R,
343 R

342
An analogous series of reactions has been observed for
N-phenacyl-1,3,4-oxadiazolium cations.354
D. Mesoionic Oxazoles

The synthesis of 5-ox0-3,5-dihydrooxazoles (344), 4-imino-
3,4-dihydrooxazoles (345), and 5-imino-3,5-dihydrooxazoles
(346) and the reactions of 344 have been the subject of a re-
view covering the literature up to 1967.355

R2 NHR3 2

Pod in Aiw

a, R1 —R3 Ph;
=Me
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Compounds possessing the structure 344 are prepared by
the cyclodehydration of N-substituted-a-acylamino acids
(347) with acid anhydrides 355

0O R, Rj

(RCO),0
—> 344

R,C—N—CHCO,H
347

(157)

The mesoionic oxazoles 344 with R3 = H have not been
isolated, these being immediately acylated by the anhydride. If
dicyclohexylcarbodiimide is used as the dehydrating agent, a
dimeric material with the structure 349 is obtained.3°¢ Com-

0 R
o 2\ CCHNCOR,
o) R N
344 + ) — . R (158)
3
. ’Y\Rz R,/ko 0
8 - 349

pound 349 presumably arises via the nucleophilic attack of
344 (R; = H) on the oxazolone 348 with subsequent proton
removal. The mechanism of this reaction was investigated by

-0 0¥ _R,
N
H R,

344 R, =H

Rz

/L

—> 349 (159

Boyd and Wright.357-358 When triethylamine was added to 3-
methyl-5-0xo-2-phenyl-AZ-oxazolonium perchlorate (348, R,
= Ph; R, = Me)359:360 jn CH,Cl, the mesoionic oxazole 349 is
immediately formed. On the other hand, the formation of 349
was much slower when 348 was added to a methylene chlo-
ride solution of triethylamine. These results suggest that, in
the first experiment, as soon as 344 is formed it is rapidly ac-
ylated in the normal manner by 348 which is present in ex-
cess. In the inverse addition, however, 348 is converted to
344 which then undergoes the dimerization reaction involving
the nucleophilic attack on the free mesoionic oxazole which
is less reactive in this respect than the oxazolonium salt
(348).

The ir spectrum of the unstable mesoionic oxazole (344,
Rs = H) exhibited strong absorptions at 1730-1740 cm™".
These bands are assigned to 344 owing to their gradual de-
crease in intensity.3%8

Kinetic experiments on this dimerization show that the N-
methyl compounds (344, R; = Me) react more slowly than
N-phenyl mesoionic oxazoles (344, R; = Ph). Phenyl substitu-
tion at the 2 position of 344 slows the dimerization; 344 pos-
sessing a 2-methyl substituent reacts immeasurably fast.3%8

The reaction of N-alkyl-a-acylamino acids (350) with
Ac,0/pyridine to afford N-alkyl-a-acylamino ketones (352)
(i.e., the Dakin—-West reaction®®") is thought to proceed via an
intermediate mesoionic oxazole. Knorr and Huisgen investi-
gated the reaction of 3-methyl-2,4-diphenyloxazolium 5-oxide
(344a) with Ac,0 at 90°.362 The results of their study led to
the proposal of the mechanism in Scheme | for the Dakin-
West reaction. The zwitterionic intermediate 351 may react
further to give the normal Dakin—-West product 352, or cycli-
zation may occur which leads to the oxazolium ion (353). The
intramolecular nucleophilic attack by the enolate oxygen of
351 on the acetate carbonyl carbon leads to the rearranged
product 354. The product distribution depends upon the con-
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centration of HOAc in the acetic anhydride used. High HOAc
concentrations lead to the Dakin-West product 352. Low
HOAc content gives more of the side products 353 and 354
along with 1,3-dimethyl-2,5-diphenylpyrrole-4-carboxylic acid
and 1-methyl-2,5-diphenyl-3-acetoxypyrrole. The formation of
the latter two products, which is more difficult to explain by
this mechanism, was rationalized on the basis of the zwitter-
ionic intermediate 351.

Huisgen and coworkers reported the ir and uv spectra of
several derivatives of 344 (R; = Ar, R; = Me, R; = Ar').363

The rate of the thermolysis of 344 at 115-140° to give the
1,3-allene diamide 358 was also studied.®®® Two mechanisms
(I and Il) both involving a ketene valence tautomer (355) of
344a have been postulated for this reaction.

Mechanism | was discounted owing to the fact that ketene
dimers analogous to 357 are known to eliminate CO, to give
allenes at much higher temperatures (450-600°) than the
temperature of the thermolysis of 344. The more likely path-
way, Mechanism II, is analogous to the 1,3-dipolar addition of
carbonyl compounds to 344 yielding a cyclic ylide intermedi-
ate 361 followed by rearrangement of 361 to an N-vinylamide
derivative (362).364
" The activation parameters for the thermolysis of 344 were
AHt = 19.1 kcal/mol and ASt = —17.5 eu as determined
from the kinetic data. The ketene valence tautomer 355 has
not, however, been observed spectroscopically presumably
owing to its low equilibrium concentration.

The ring opening of 344 with various nucleophiles HX (X =
OH, OMe, OEt, NHPh-p-Me) to give the N,N-disubstituted ben-
zamides 363 was also investigated by these workers.
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The valence tautomer 355 of 344a adds to imines or car-
bodiimides in a 1,2 manner to give azetidinones or azetidi-
none imines, respectively.355%6% Similarly, a 1,2-addition of
355 to the C==C of t-morphoiino-1-cyclopentene followed by
rupture of the four-membered ring of the adduct 364 affords

the  f-morpholino-a,(3-unsaturated-a-acylamino  ketone
(365)'365,366
/Me
0 N Ph
344a + ll‘, 0 R o
—
RT R R’
(@)
0] Ph
Me
Me
N
+N
P Y 160
Ph O
361
O Ph
HX X
344a —> )k 161
Ph TJ\N/ ey
Me ©
363
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1,3-Dipolar additions of a variety of dipolarophiles to 344
have been studied.3%% The dipolarophile adds to C, and C, of
344 via the resonance structure 366 to give an adduct 367
which is not isolable. The adduct 367 will, in every case, elim-
inate CO, to give a new five-membered ring 368, Intermedi-
ate 368, a cyclic azomethine ylide, will undergo further trans-
formations, the nature of which are determined by the struc-
ture of the dipolarophile, a=b.

(162)

0 T“
—_— CCHNMeBz
Ph Ne
j o)

N. NMeBz [
N A

364 365

Ro
R, R N/
N 3 R,
N = a==b -CO,
344 <— + —> b O —
R Mo 0 d
366
R3 o)
367
R
2\+ R1
N
(163)
R(ka/b
368

The reaction of olefinic or acetylenic dipolarophiles with
344 (R, = Me,Ph) affords A2-pyrrolines or pyrroles, respec-
tively.355 Olefinic dipolarophiles add to 344 (R, = H) to give
A'-pyrrolines (371) after loss of CO, from the adduct 369 and
tautomerization of the azomethine ylide 370 (Scheme
1).'22367 The A'-pyrrolne 371 is the only regioisomer
formed, and the major stereoisomer produced has the 4-R
substituent situated trans to the 5-phenyl group.122

SCHEME II
348 (R, =R, =Ph) ==
H H
N\ Ph Me N Ph
N—= jx '002
+ ——
ph/ko O X-CN.COMe O ’
366 Me
Ry=Rz=Ph;Ry=H O Ph Y

369
H Ph
Ph N
N Ph Ph P N
M e - Me
X X
370 371

The results of earlier work suggested that only olefins or
acetylenes which are activated by electron-withdrawing
groups will undergo the addition to 344. Later research has
expanded the scope of the addition to include alkyl and aryl
olefins®%8 and acetylenes.369.370

Unstable mesoionic oxazoles (e.g., 344, R; = H) may be
generated in situ and trapped with alkynes to give the corre-
sponding pyrrole derivatives, 358.369.371
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The observed orientation of the 1,3-dipolar addition of
phenylacetylenes to 344 has been rationalized in terms of the
possible transition state 372 leading to the adduct.3®° Elec-
tronic considerations such as the stabilization of the devel-
oping positive charge on 372 by the phenyl substituent are
primary factors in determining the orientation of these addi-
tions, whereas steric interactions seem to play a-secondary
role.

Q

5

\\

phos=cr, 0~ JNR VR, -co,

344 ———> Ry—ENRe 0,
4

8+ p===( R R
Ph ° R 1

R4
372 R, = H.COEY) (164)

Huisgen et al. have demonstrated that 344 will undergo
1,3-dipolar cycloadditions to a variety of heterodipolarophiles
such as nitriles, nitro, nitroso, and azo compounds,3’? car-
bonyl, 364373 and thiocarbonyl®”4 compounds. A thorough dis-
cussion of the types of products formed in these additions is
presented in the review of Ohta and Kato.3%%

Further mechanistic studies concerning the A2-oxazolin-5-
ones 373 (R, = H) and their mesoionic oxazole tautomers
344 (R, = H) have established with some certainty that these
compounds behave as 1,3-dipoles in their reactions with dipo-
larophiles.?®® The thermal extrusion of CO, from 373 (R, =
H) initially leads to an acyclic ylide. Addition of a dipolarophile
to this ylide also rationalizes the observed products. This al-
ternative is unlikely, however, in view of the stability of 4,4-
disubstituted A2-oxazolin-5-ones (373, R, = Rs = Me) toward
thermal extrusion of COs.

R»

N R
T

R, 07 0
373 (R, =R; = Me)

A

-Co, ,

A second alternative to the direct 1,3-dipolar addition to
344 is the Diels—Alder addition of the dipolarophile (dienophile)
to a 5-hydroxyoxazole tautomer of 344 (R, = H) and subse-
quent rearrangement of the adduct to give the observed prod-
ucts.

Rs
N R,C==CRq
344 R,=H) == /4 \ =5
R1 o OH
R4
HO Rs Ra Rs
&Y L HoC_ )= =<0
Sy P
R3 N R\ N R1
Ra

This mechanism is also unlikely because the Diels-Alder
adducts of 5-alkoxyoxazoles with acetylenic dienophiles give
furans with the elimination of a nitrile fragment, and, with ole-
finic dienophiles, pyridines are formed (section Ill.G).
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Dissolution of the colorless A®-oxazolin-5-one 373 (R, =
Rs = Ph, R, = H) in polar solvents imparts a yellow color to
the solution. The position and intensity of the absorption band
corresponding to the color (403-450 nm) is dependent upon
the polarity of the solvent. Solvents of high polarity shift the
band to lower wavelengths and markedly increase the extinc-
tion coefficient. This behavior is attributed to the equilibrium
373 = 344 (R, = H). Ir spectroscopy confirms the existence
of this equilibrium,298.375

The relative rates and activation parameters for the cy-
cloaddition of various dipolarophiles to 344a have been deter-
mined.3’® The reactivity sequence for the dipolarophiles
under study parallels the relative reactivity of these sub-
stances with other 1,3-dipoles. The large negative entropies
of activation observed (—17 to —43 eu) are characteristic of
1,3-dipolar cycloadditions.33-377

Attempts at the synthesis of 4-oxo-3,4-dihydrooxazoles
(876) by the cyclization of N-phenylbenzimidoyl chloride (374)
with a-hydroxyacetic acid derivatives gave instead a rear-
ranged product, the benzoyloxyacetanilide 377.378

Ph Cl HO

N !
or” COH
374 375

A
Phﬁ(O\CHR ol 376 "
N

R (167)

s COMH | —,
PhCO,CHCONHPh

377

Ph

These investigators did succeed, however, in preparing 4-
imino-3,4-dihydrooxazoles (345) via the condensation of 374
with a-hydroxyacetonitrile derivatives (378). The ir exhibited
strong bands at 3150-3350 cm™' which are attributed to
N-H stretching and at 1630-1680 cm™ ' resulting from ring vi-
brations. The absorption maxima in the uv was around 300

nm.,
HO. Ph o)
~¢
374 + CHR —> IHR —
N
CN
CN Ph/
378
Ph NH, X"
Ny 2
/<+ (168)
Ph @) R
345

The synthesis of 5-imino-3,5-dihydrooxazole derivatives
(346) was reported by Fleury et al.379380 and independently
by Ohta et al.38' by the cyclization of a-acylaminonitriles
(379) with trifluoroacetic acid or HCI. The ir and NMR spectra
of 346 are reported.3®8® The uv spectrum of 346 (Rz =
CF4CO) exhibits two maxima at 346-384 and 245-253 nmin
ethanolic solution.382 This is in contrast to 4-imino-3,4-dihy-
drooxazoles (345) whose long-wavelength maximum is at 300
nm.
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VI. Synthesis and Reactions of Oxazole N-Oxides

Although the first derivatives of oxazole N-oxides were
prepared near the turn of the century,383 very little is known
concerning their syntheses, structure, and reactivity.>3.384
Oxazole N-oxides are unstable to light and decompose upon
storage. Neither the parent nor any monosubstituted deriva-
tives have been prepared thus far. The direct oxidation of
2,5-diphenyloxazole (132b) with peracetic acid failed to give
the N-oxide; only starting material, benzamide, and benzoic
acid were recovered. On the other hand, 2,5-dimethylthiazole
formed its N-oxide in good yield under the same conditions.334

The only method which has been devised for the synthesis
oxazole N-oxides (381) is that of Diels and Riley®8® which has
been modified by Dilthey and Friedrichson38 and by Selwitz
and Kosack.38¢ The method consists of the condensation of
an aromatic aldehyde and an «-diketone monoxime (380) in
glacial acetic acid saturated with HCI. Recently Weintraub has
extended the scope of this synthesis to include aliphatic and
heteroaromatic aldehydes.38” With aliphatic aldehydes such
as phenylacetaldehyde a phenyl moiety at C4 and Cs is nec-
essary for the success of the reaction. (See Table VI.)

R,— C=NOH HoA
+ RyCHO —==>
— Cl
=0
R,
380
HO R O~ R
+ 2 . 2
\N NaHCO, \N
M \ o i\ (170)
Ry O "R, oH8 Ry O° "R,
cr 381

Oxazole N-oxides (381) can be reduced to the correspond-
ing oxazoles with Zn/HOAc?2 or triphenyl phosphite.388 This
conversion finds utility in the synthesis of substituted 4-acetyl-
oxazoles, 91388

Deoxygenation of 381 also occurs with reagents such as
PCl3, POCl3, and Ac;0; however, when 381 bears a 4-methyl
substituent. the 4-chloromethyl- and 4-acetoxymethyloxazole
derivatives 382 and 383 are obtained using the phosphorus
reagents and with Ac,0, respectively, along with the 4-meth-
yloxazole 384. A 5-methyl substituent is inert to attack by
these reagents.'®

Mechanisms for the chloro- and acetoxymethylations as
well as for the formation of ring-opened products were pro-
posed. Both mechanisms involved O-phosphorylation or acet-
ylation of 381 followed by loss of a proton from the 4-methyl
group to give the intermediate 385 which is subsequently at-
tacked by chloride or acetate anions to afford 382 or 383, re-
spectively (Scheme Il shows the formation of 383).

The Reissert reaction, i.e., the reaction of azaaromatics or
their N-oxides with KCN and benzoyl chloride,?®® has been
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applied to the synthesis of 2-cyano-N-benzoyloxy-2,3-dihy-
drooxazoles (386) from 381,390

R
381(abhk) ——=» Ry )\ \
(abhk) S=5a \jfL
CHCl, 0

CN
386

(172)
R

Ri R, Rj
a Me Me p-anisyl
b Me Me Ph
¢ Ph Me p-anisyl
d Ph Me Ph

The ir, uv, -and mass spectral analyses of 389 were re-
ported. The mass spectra of 386b and 386d showed peaks
at m/e 157 and 156 which correspond to the 2H-imidazolium
cation 387 and imidazole cation radical 388. A mechanism
for this fragmentation was proposed.

Me -
H Me +
N e N
Z \ > T\ (173)
387 388
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TABLE VI. Oxazole N-Oxides (381) Formed in the Reaction
of 380 with Aldehydes®

381 R] Rz R3 Ref
a Me Me p-Anisyl 384, 385
b Me Me Ph- 384, 385
c Me Me p-NO:Ph 385
d Ph  Me p-NO:Ph 385
e PR Me m-NO:Ph 385
f Ph Ph m-NO:Ph 385
g Ph  Me o-NO:Ph 385
h Ph Me p-Anisyl 385
i Ph  Ph p-Anisyl 385
j Ph Ph Ph 385
k Ph  Me Ph 385
| Me Me PhCH==CH 385
m Ph Me 3,4-Dioxymethylenephenyl 385
n Me Me 3,4-Dioxymethylenephenyi 385
p Ph Me o-HOPHh 385
q Me Me o-HOPh 385
r Me Me 2,4-(HO)-Ph 385
s Et Me Ph 190
t Me Ph Ph 190
u Me Ph p-Anisyl 190
v Me Ac Ph 388
w Me Ac p-CIPh 388
x Me Ac p-Anisyl 388
y Me Ac PhCH=CH 388
z Me Ac p-NO:Ph 388
aa Me CO:Et Ph 387
bb Ph H Ph 387
cc Me Me p-(Me).NPh 387
dd Ph H " p-NO:Ph 387
ee Ph H m-NO-Ph 387
f Ph  Me 4-Biphenylyl 387
qg Me Me m+(4,5-Dimethyloxazolyl-3-oxide)- 387
phenyl

hh Me Me 4.Pyridyl N-oxide 387
it Me Me 5-Nitrofuryl 387
ij Me Me 2-Thienyl : 387
kk Me Me 5-Nitrofurylvinyl 387
il Ph  Ph PhCH: 387
mm Ph PhCH, Et 387
nn Ph  Ph H 387

2 Yields usually >50%.

The hydrochloride salt formation of various derivatives of
381 was studied.?°"

The reaction of 381a and 381b with phenyl isocyanate was
reported to give a bicyclic compound with the structure
389.383 Later Cornforth and Cornforth considered structure
389 unlikely as the product of this reaction and alternatively
proposed the imidazole N-oxide 390 to be the product.5-384

R2 -

Re . O
N\SN—Ph N
x 38
R3 O R1 N R3
R, |
389 Ph
390

More recently Goto et al. have shown by spectral and
chemical means that the correct structure is 1-phenyl-2-aryl-
5-hydroxy-4-methylene-4,5-dihydroimidazole (391).392 The
mechanism proposed for the formation of 391 is the nucleo-
philic attack by the N-oxide oxygen on the carbonyl carbon of
the isocyanate. Subsequent nucleophilic attack by the isocy-
anate nitrogen on the 2 position of the oxazole ring followed
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by ring opening. with loss of CO; and ring closure affords 391
(Scheme IV).

VIl. Naturally Occurring Oxazoles and Oxazole
Analogs of Natural Products

The oxazole ring system seems to be extremely rare in na-
ture, and all but one of the naturally occurring oxazoles are
structurally simple substances bearing substituents at the 2
and 5 positions of the ring.

The first of the oxazole natural products to be isolated,
characterized, and synthesized was annuloline (392), an alka-
loid derived from Lolium multiflorum.3%3-3%4 The structure of
392 was confirmed by spectral data and by its reaction with
KMnO, to give anisic and varatric acids and by catalytic hy-
drogenation. Dehydration of the a-amido ketone 393 with
POCI; afforded the natural product 392,

o) o) H
| | / POCI,
H @(
" “OMe
)\ C=cC OMe
(174)
OMe

392

Studies concerning the biosynthesis of 392 were carried
out using '*C-labeling techniques.3953%¢ Cinnamic, caffeic,
and p-coumaric acids and tyramine were shown to be inter-
mediates in the biosynthesis. '

Pimprinine (288), obtained from Streptomyces pimprina,
was shown to be 5,3'-indolyl-2-methyloxazole.3%” The key

COCH,NH,
1. A020
Br 2. POCI3 (175)
3.H*
94
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step in the synthesis of 288 was the dehydration of the corre-
sponding a-amido ketone 394.

N-Methylhalfordinium chloride (395) was among the numer-
ous alkaloids isolated from Halfordia scleroxyla.?'425 pyroly-
sis of 395 gave halfordine (3986); strong acid hydrolysis of 395
produced halfordinol (201). On the basis of these and other
chemical properties such as known oxazole degradation
reactions as well as spectral analyses (see section .G for a
discussion of the mass spectral analysis), the structure 395
was assigned to N-methylhalfordinium chloride.

N
/A
O
OR
396
\ .
(176)
NZ
Me

395 201

Dryer has demonstrated that the isomeric halfordinol iso-
pentenyl ethers 396 (R = CH,CH=—C(Me),, Me(CH,),C-
(Me)H==CH,) occur in A. chevaller/3°® These alkaloids are
believed to be intermediates in the biosynthesis of halfordine
(396).

Halfordinol (201) was first prepared by Brossi and Wenis
via the usual cyclodehydration reaction of the a-amido ketone
397 and subsequent acid hydrolysis of the resulting O-benzyl-

halfordinol.39°

CH, —NH
C C
N\ ./ 1.POCI
JOANAGE-T
PhCH,O N H;0
397 - a7

A modification of the Fischer oxazole synthesis was utilized
in a convenient, one-step synthesis of 201.4°° When p-hy-
droxymandelonitrile (398) was treated with nicotinaldehyde
and dry HCI gas in the presence of SOCl,, a 16 % yield of 201
was obtained. Thionyl chloride apparently acts to prevent the
dissociation of 398 to HCN and the aldehyde and thereby in-
hibits the formation of nicotinaldehyde cyanohydrin. :

CHCN
—
OH  socl,
HO E1,0
398
CHCI N
N\ 7 N—CHO
C=NH X=___, 201 (178)
HO / HCl
Cl

By far the most complex of the naturally occurring sub-
stances containing an oxazole ring is ostreogrycin A, one of a
group of antibiotics isolated from the soil organism Strepto-
myces ostreogriseus.*®’ The structure of ostreogrycin A
(399) was elucidated by Todd et al. using a lengthy degrada-
tion scheme*92 and spectral analysis which included high res-
olution mass spectrometry and nuclear magnetic double reso-
nance techniques.4%3

As a part of their studies on the structural specificity of vi-
tamin B4,4%4 Dornow and Hell synthesized the oxazole analog
400 of thiamine (Scheme V).4%%
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When 6-aminopenicillanic acid is allowed to condense with
2-phenyl-4-oxazolecarboxylic acid chloride, the oxazole ana-
log of benzylpenicillin 402 is produced.*%¢

CONH

Me
Ph”

COH
402

A series of simple functional group transformations were

utilized in the synthesis of heterocyclic analogs of the antihis-

Me
N 1.NaOH
/( \ 2.50Cl,
Me o COEt 3 alci, PhH
Me
l}l—& 1. LIAIH,
—e——————
2C
Me/ko Coph *hactdaEL
Me
o
Me/ko cl‘,H/ TS (CHNEL  (179)
Ph
403
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taminic drug, diphenhydramine. Replacement of one of the
phenyl groups of diphenhydramine by a 2,4-dimethyloxazolyl
group gave the oxazole analog 403 of this drug. The antihista-
minic activity of diphenhydramine is unequalled by any of its
heterocyclic analogs.

The synthesis and anticonvulsant and hypnotic activity of
oxazole isosteres of clomethiazole [5-(2-chloroethyl)-4-
methylthiazole] were investigated by Lindberg et al 408409

The cyclization of a-hydroxy enamides to oxazole novobio-
cin analogs has been discussed in section ll.LH. These com-
pounds have also been prepared by the reaction of aromatic
aldehydes with 3-amino-4-hydroxycoumarins in refluxing ni-
trobenzene.*'® Several of the oxazole novobiocin analogs
were found to possess bacteriostatic and fungistatic activity.

Viil. Applications
A. Scintillator Properties?!1

The fluorescence properties of certain aryloxazoles were
first investigated near the turn of the century.*'? Some 50
years later their effectiveness as solutes in liquid scintillators
was discovered by Hayes et al.*'3-4'% The Robinson-Gabriel
synthesis has been most effective in preparing 2,5-diaryloxa-
zoles which can function as scintillator solutes. 16417

An N,N-dialkylaminophenyl group enhances the fluores-
cence of 2,5-diaryloxazoles. This phenomenon has been
studied chiefly by Hayes and coworkers.*'8

The fluorescence and absorption spectra of 2,5-diaryloxa-
zoles have yielded valuable information concerning the ef-
fects of molecular structure on scintillation ability.419-427

Investigations into the mechanism of energy transfer from
solvents to organic scintillators have been undertaken in
order to improve the efficiencies of liquid scintillators.428-433
The effects of viscosity,*3* oxygen quenching,435-43% and
dimer and eximer formation?4%-443 on the energy transfer
process have also been investigated.

The luminescence decay times of oxazole scintillator so-
lutes excited by uv and X-ray irradiation have been deter-
mined by Burton et al.*44445 Yguerabide and Burton also in-
vestigated the effect of solute concentration on luminescence
decay times 446

The properties of 2,5-diaryloxazoles and -oxadiazoles as
solutes in plastic scintillator solutions have been studied.
These compounds are more effective in this respect than are
terphenyls 447449

An improved liquid scintillant using 2,5-diphenyloxazole
(132b) and naphthalene as solutes and Dow Corning Silicone-
555 fluid as a solvent has been developed.#5° A resin which
possesses both scintillator and ion-exchange properties utiliz-
ing the scintillator solutes p-terphenyl and 1,4-bis(5-phenyl-2-
oxazolyl)benzene has been reported.5’

Molten scintillator compounds, including 2,5-diphenyloxa-
zole, were examined as solvents for electrochemical and
electrogenerated chemiluminescence studies.*%2

B. Pharmaceuticals

Oxazoles having the structure 404 (n = 0,%63-455 pn =
1,245%) and 405 (X = CH,,457:458 CH,CH,,459-481 OCH,, and
SCH2'%%) are known to possess antinflammatory and anal-

getic properties.
Rz
RS
R O

404 : 405

X—CO,H
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Certain  2-aminooxazoles,*62463  oxazol-4-yl-2-nitropro-
pene, 228464 compounds containing an oxazole moiety and
another heterocyclic ring such as a thiazole®?' or a fur-
an,227.465-467 gnd  other miscellaneous oxazole deriva-
tives*68-471 are useful as antibacterial, antimicrobial, antiviral,
and analgesic drugs.

Oxazole-4-acid hydrazides?’? and 4-thioamides*’3 are be-
lieved to be potentially antitubercular substances.

A study of the hypnotic activity and anticonvulsant effects
of oxazoles related to clomethiazole demonstrated that these
compounds (406474 and 407475) are hypnotics.

Me Me
N N
X 8%
X~ “CH,OR 0" T(CH,)C
406 407
X=0,8

2-Aminooxazoles are useful as hypertensive agents for in-
creasing arterial pressure and diuresis.476477

Blood glucose was decreased 21-90% in mice by the hy-
poglycemic  drugs, the 4-(2-oxazolyl)-N-alkylpyridinium
salts.318

C. Fluorescent Whitening Agents

The fluorescent properties of 2,5-diaryl-478-480 or arylstyr-
yloxazoles*8'-484 have made these compounds ideally suited
for use as whitening agents for cotton and polyester fibers.

D. Photography

The synthesis of oxazole cyanine and merocyanine dyes
by standard methods*®5 and studies of their optical proper-
ties?86-489 have been reported. These compounds are useful
as optical sensitizing dyes in silver halide emulsions. Similar
utility has been found for 2-mercaptooxazoles'44 and their sil-
ver salts.*90 Aminophenyloxazoles have been used in the

photoconductive layer of electrophotographic materi-
a|S.491_493

E. Miscellaneous

2,5-Diphenyloxazole (132b) is an efficient high-temperature
antioxidant for silicone hydraulic fluids and lubricants?94.495
and also reduces damage by ionizing radiation to vulcanizates
of natural or synthetic rubber.4%®

2-Mercaptooxazoles, -oxazolines, -thiazoles, and -thiazo-
lines are useful as additives to polyphosphate detergents to
reduce the tarnishing of metals by the detergent.#97

IX. Addendum

A review dealing with oxazole chemistry has been pub-
lished.4%8

When 2-thienylcarboxamide is condensed with diethyl chlo-
romalonate, diethyl 2-thienyloxazole-4,5-dicarboxylate is ob-
tained.4%® When this oxazole diester is allowed to react with
hydrazine, 4,7-dioxo-4,5,6,7-tetrahydrooxazolo([4,5-d]pyrida-
zine is produced.>%

The cyclization of propargylamides with mercury(ll) ace-
tate, concentrated H,SOy4, or NaH in refluxing dioxane gives
2-aryl-5-methyloxazoles in 28-74% yield, while N,N-disubsti-
tuted-N-propargylureas give N,N-disubstituted-2-amino-5-
methyloxazoles in 30-84 % yield.59"

The carbene produced by the thermolysis (220°) of t-phe-
nyl-2,2-dimethoxy-2-(N-alkoxycarbonylamino)diazoethane
undergoes an intramolecular cyclization yielding 2-ethoxy-4-
methoxy-5-phenyloxazole as the main product.5°2

Ignatlus J. Turchl and Michael J. S. Dewar

The reaction of ethyl diazoacetate with acrylonitrile in the
presence of Pd(OAc), (25°) affords 2-vinyl-5-ethoxyoxazole
in 30% yield by the 1,3-dipolar addition of the ketocarbene
(carbenoid) to the nitrile function, whereas without catalyst,
1,3-dipolar addition of the diazo compound occurs to give
ethyl 5-cyano-1-pyrazoline-3-carboxylate which tautomerizes
to the corresponding 2-pyrazoline.°® The 1-pyrazoline loses
N, at 100° to yield the expected cyclopropane.

The thermolysis of 3-phenyl-4-benzoyl-5-methylisoxazole
at 220° gives 3,5-diphenyl-4-acetylisoxazole (8 %), 2,5-diphe-
nyl-4-acetyloxazole (29%), 2-phenyl-4-benzoyl-5-methyloxa-
zole (39%), and unreacted starting material (24%).5%4 A
mechanism involving the intermediacy of a 1-azirine was pos-
tulated to rationalize the formation of the oxazoles.

The mechanism of the acid-catalyzed ring opening of 5-
(N-morpholino)oxazoles was studied by isotopic tracer tech-
niques.5%5 When the reaction was carried out in the presence
of Hy'0, the label was found at the N-morpholino carbonyl
oxygen atom of the resulting a-acylamino morpholino amide,
suggesting that 5-aminooxazoles are opened via nucleophilic
attack of H,O at the 5 position of the ring. The mechanism of
the cyclization of a-phenacylaminoamides with trifluoroacetic
anhydride was also studied using '80-enriched starting mate-
rial.

Benzaldehyde, benzaldehyde cyanohydrin, and cyanamide
combine to form 2-amino-4,5-diphenyl-A2-oxazoline which
undergoes elimination of HCN in the presence of KOH to yield
2-amino-4,5-diphenyloxazole (59% overall yield).5°¢

In a study of the interaction of 2,5-diphenyloxazole with ni-
trogen heterocyles, it was observed spectroscopically that
the oxazole formed 1:1 complexes with quinoline and pyri-
dine.5%7

The molecular Zeeman effect and magnetic susceptibility
anisotropies of oxazole and isoxazole have been observed
and measured from their microwave spectra.5°® These data
suggest that no large difference in the electron delocalization
in oxazole and isoxazole exists.

The Cornforth rearrangement (section IV.l) of 2-(2-phenyl-
5-ethoxyoxazolyl)-A’-oxazoline (110°) affords 5-phenyl-7-
carboethoxyimidazo[5,1-b]-2,3-dihydrooxazole in  97%
yield.59° i

The reaction of 4,5-diphenyl-3-alkyloxazolium salts with di-
alkkyl acyl phosphonates gives PhCOCH,NRCOCHPhO-
P(O)(OMe),. When the reaction is run in the presence of tri-
ethylamine, 1,4-oxazin-3-one derivatives and (-lactams are
obtained.®'® The intermediate phosphonate also affords the
latter heterocycles when treated with triethylamine or Amber-
lite-IRA-400.
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