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Abstract: A direct introduction of vinyl ethers into-€1 bond of heterocycles is reported. For
this purpose, decarboxylative directi cross-coupling of 1,3-diazoles witkcarboxyvinyl
ethers as coupling partners was achieved under)/Bd(@) cooperative catalysis to produce
variousa-heteroarylated vinylethers. This methodology wagliad to the innovative production

of heteroarylated enolizable ketones and natuatysrring bis-oxa(thia)zoles.
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Vinyl ethers are found in many natural productd Amlogically active molecules. They
represent one of the most reactive and synthetigaluable class of hetero-substituted alkenes
for the synthesis of complex organic molecules. Bygrl as masked-ketones and activated
alkenes, vinyl ethers might be involved in numbédr ahemical transformations such as
hydrolysis, reduction, cycloaddition reactions, Keand related cross-coupling reactions to
produce poly-functionalized ketones, alcohols, tetgcles and alkenés?In particular, the,
transition-metal catalyzed heteroarylation of eathlers has drawn lot of attention. The Heck
reaction of non- prefunctionalized vinyl ethershwhialides is currently the most step-economical
developed strategy®* However, this reaction is fraught with difficulieassociated with
selectivity issueso/3 and Z/E). Therefore, others traditional cross-coupling rapphes have
been considered using pre-metalated vinyl ethersoroler to control the regio- and the
stereochemistry (Figure ©° In this context, straightforward, atom-economicnda
environmentally benign method for direct heteraatigh of vinyl ethers with a full control of

the E/Z stereochemistry andf regiochemistry are highly demanded.

B (Hetero)Arylation of acyclic enol ethers B o-(Hetero)Arylation of acyclic enol ethers
by Heck reaction by cross coupling approaches
o [Pd S Pdl  HetAr|
'.HetArl + % —» ‘HetArL/,WOR1 ‘.HetArl + M [Pd] , ‘\IjletAr’|
wot X OR‘] \\~// 1 S--
X OR OR'
X =OTf, |, Br M =ZnCl, B(OR), BF3K, SnR3

B This work: decarboxylative C-H coupling of heterocycles with a-carboxyvinyl ethers

OR? )
_><5,_N Ri~ CO,H (:z‘\Z/N\ i R'  Stereo- and regioselective reaction
- 27N\ -~ IJ\ e First C-H heteroarylation of enol ethers
S Y OR?
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Figure 1. Pd-catalyzed heteroarylation of enol ethers
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Faced with the necessity to dbetter with less’ the direct EGH functionalization of
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heterocycles has emerged as powerful and complanyeapproach avoiding the generation of
11 metalated heteroarenes, sometimes air-moisturétiserend unstabl&’ Since the past decades,
explosive achievements have been made in direct Boi@ls formation including arylation,
16 alkenylation, alkylation, carbonylation and acydati As a complementary approach to
18 dramatically increase the functional diversity, theect C-H introduction of valuable functions,
which offers several options for chemical-modulatiand/or reactivity, is of great synthetic
23 interest. While remarkable advances have been madalirect G-H alkenylation of
25 heterocycle$” the transition-metal catalyzed directt€ a-alkoxyalkenylation of heterocycles
28 with vinyl ethers has not been reported so®dn line with our ongoing interest in the direct
30 introduction of hetero-substituted alkenes inteHCbond of heterocycled, and knowing that
carboxylic acids are regarded as potential airlstamd easy to handle masked catalytic
35 organometallic building blocks by transition-metaédiated extrusion of G{*® we turned
37 our attention to the-alkoxylated acrylic acids?f as coupling partners for palladium-catalyzed
hetero-substituted alkenylation of heterocyclegFeé 1). Herein, Pd(0)-catalyzed and Cu(l)-
42 mediated decarboxylative /-8 a-alkoxyalkenylation of (hetero)arenes using chajleg a-

44 alkoxylated acrylic acids?f is reported. This methodology gives access testontrolledgem
heteroarylated vinyl ethers, and offers a ratioaall step-economical route to attractive
49 polysubstituted heteroarylated enol ethers. As ppliation, the decarboxylative /-8 a-

51 alkoxyalkenylation reaction was applied to afforsh@vel and convenient entry point ind¢B-

. enolizableu-ketoazole structur@8and biologically active C2-C4’ linked azol€g,
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Table 1. Decarboxylative coupling: Reaction optimization

ACS Catal

ysis

[Pd] (10 mol%)
Ligand (20 mol%)
5 iy SR SV D S e
ph” O Me0>_© Th0ec 12n | PH O \
1a (2-2A (2)-3aA
Entry  [Pd] Ligand [Additive]  Rati®A/la S(%')’Se);‘[té?)';"f]c Eg/io‘iﬂ
1 Pd(OAc) dcpe CuCGCzCu(OH};, 1.5:1 1,4-Diox./0.2M n.r.
2 Pd(OAc) dcpe CuCGCzCu(OH};, 1.5:1 DMACc/0.2M 23
3 PdBI, dcpe CuCCsCu(OH}, 1.5:1 DMACc/0.2M 34
4 Pd(acac, dcpe CuCCgz*Cu(OH}, 1.5:1 DMAc/ 0.2M 41
5 Pd(acac, dppe CuCCsCu(OH, 1.5:1 DMACc/ 0.2M 62
6 Pd(acac, dppe Cu,0 1.5:1 DMACc/ 0.2M 55
7 Pd(acac, dppe Cu(OAc} 1.5:1 DMAc/ 0.2M 29
8 Pd(acac, dppe Ag,CG; 1.5:1 DMAc/ 0.2M 29
9 Pd(acac, dcpe CuCCz*Cu(OH}, 2/1 DMACc/0.2M 78
10 Pd(acac, dppe CuCCsCu(OH, 2/1 DMACc/0.1M 96
11 - - CuCCgCu(OH), 2/1 DMAC/0.1M n.r.

®Reaction conditions: [Pd] (10 mol%), ligand (20 Pyl 1a (0.1 mmol), Z)-2a (0.2 mmol),
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CuCQpeCu(OH), (3.5 equiv), solvent/DMSO (8:3), MS 4A, 140 °C, h2"Yield based on isolated
product after flash chromatography. 1,4-Diox = Djéxane. n.r. = no reaction

We first established reaction conditions to opethéedecarboxylative €H coupling of

1,3,4-oxadiazolela with B-arylated a-methoxyacrylic acid2A prepared as pureZ)-isomer

through an aldol reaction followed by a dehydrotigla and hydrolysis of the resulting e$t&r

(Table 1). We observed that the heteroarylated eti@r3Aa was not produced using strictly

the Greaney’s conditiod§® However, by switching the 1,4-dioxane/DMSO mixtofesolvents

for DMAc/DMSO, the reaction occurred leading to #gected enol ethéAa in 23% yield.
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Interestingly, the enol eth@A was only isolated as purg){isomer (Table 1, entries 1 and 2)
and the stereochemistry was confirmed by singlestatyX-ray structure determinati&f®®!
After an additional screening of palladium soureasl phosphine ligand¥® enol ether3aA
was isolated in a fair 62% vyield using Pd(ag@&atalyst and dppe as ligand. However, the use of
other copper sources or silver carbonate as oxgdasats detrimental (Table 1, entries 6-8)
leading predominantly to protodecarboxylative spteduct4 (Figure 2).Full conversion of
1,3,4-oxadiazolela as well as quantitative production of){3aA were finally reached by
reacting 2 equivalents af-methoxyacrylic acid (ZRA along with reducing of theZj-3aA
concentration from 0.2 to 0.1 M (Table 1, entrie$0. When lowering the amount of [Pd]-
charge (from 10 to 5 mol%) and removing the molacieve, the efficiency of the Pd(0)-
catalyzed and Cu(l)-mediated decarboxylative preiesignificantly affectel’® Moreover the

decarboxylative coupling failed without palladiumddigand*® (Table 1, Entry 11).

With the optimized conditions in hands, we turnear attention to the scope and
limitations of the Pd-catalyzed and Cu-mediated adsuxylative CGH alkenylation
methodology. We first performed the C-2 alkenylatmf 1,3,4-oxadiazole$a-g with a broad
panel of substitute@-arylated a-methoxyacrylic acidA-1. Overall, the cross-coupling was
successfully achieved whatever the electronic effexl the position of substituents on both
aromatic units of coupling partnetsand?2 affording a-methoxyoxadiazolylalkene&)-3 in fair
to excellent yields (Scheme 1). TReheteroarylatedi-methoxyacrylic aci®?G led also to the
desired product?)-3aG in 54% isolated yield. We were pleased to find #ilyl groups on both
coupling partnerd and 2 are also tolerated under our optimized experimtezgaditions. The
corresponding 1,2-trisubstituted methoxylated adleefr)-3aH and (2)-3fA were obtained in

moderate to good yields. Interestingly, the methagipremains efficient withlw-benzyloxy- and
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a-phenoxyacrylic acidsZ)-2J-K leading tocorrespondingenol etherqZ)-3aJ and (Z)-3aK in

moderate 45-62% isolated yields.

Scheme 1. Scope of decarboxylative / directB a-methoxyalkenylation of 1,3,4-oxadiazoles

with variousa—alkoxyacrylic acid2A-K

Pd(acac), (10 mol%)
dppe (20 mol%)
CUCO3eCU(OH), (3.5 €q), MS 4A
"fN\ y HOC DMAC/DMSO (8/3), 140 °C, 12 h ";’RM‘%
. N
R g RO R? I g W
i T
Z  Mag (2)-2A-K W (2)-3ag
-N oM
NN OMe N ome NN C ©
T e ©* °
\ 7 Ol
4-OMe: (2)-3aB, 85% Z) 3aG, 54% Z) -3aH, 45%

2-Napth: (2)-3aC, 91%

4-Cl. (2)-3aD, 91%
4-F: (2)-3aE, 92%
2-F. (2)-3aF, 92%

(2)-3ad, 62% (2)-3aK, 45%

(2)-3bA, 90% Z)-3cl, 82% (2)-3dC, 91%
@ H{}om H\@ >‘<\©

(2)-3bl 66% (2)-3¢E: 92% (2)-3fA, 91%

We next sought to investigate the scope of heyetes (Scheme 2). Interestingly,
electronically different heterocycles displayedoad reactivity witha-methoxyacrylic acids (2)-

2A-1. The a-phenoxy andu-benzyloxy (Z)2J-K also proved to be reactive by switching the
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1
2
3
4
5
? palladium source Pd(acadp PdC} to provide a broad set of heteroarylated enolrstf®-9-
8 o .
9 11in fair to excellent yield§Scheme 2).
10
11 Scheme 2. Scope of decarboxylative / direct C-H alkenylatioh azoles using various—
12
ﬁ alkoxyacrylic acid2A-L as coupling partners. [a] dcpe instead of dppeAfdition of Cul (10
15
16 mol%).
17
18
19 PdCly(10 mol%)
20 dppe (20 mol%)
21 N CuCO; (3.5 eq), MS 4A .
HO ° N OR
5 o _[ \ 2o~ . DMAC/DMSO (8/3), 140 °C " E e ”
23 X ORZ K X
gg X =5g S (2)-2AK (2-9-12
26 =
28 N\>_(/—© N\>_(/—Q*0Me N\>_(/—© | O ,
29 O OR
20 O OR? O OMe OMe R! O OMe C
31 (2)-9aA.R? = Me, 73% , (2)-9bA, R' = Me, 63% (2)-10aK, R = Ph, 75%?2
32 (2)-9ad, Rzz' Bn, 49% (2)-9al, 56% (2)-9¢A,R' = CI, 61% (2)-10aJ, R" = Bn, 60%?
33 (2)-9aK, R? = Ph, 51%
34 >—(_© EtO,C EtO,C EtOZC
35
36
37
38
39 1= 0, 3 = 0,
(Z)-10bA, R' = CF3, 58%° (Z)-11aA R® = H, 59%° . .
22 (2)10cA, R' = OMe, 55%2  (2)-11aB, R3 = MeO, 51%?2 (2)-1bK, 39%* (2)-11ed, 60%
5 v O o O O
r L ALK LS
44
jg (2)-12aA, 65%P (2)-12bA, 49%P (2)-12aD, 65%"
47
48
49 - - . -
50 The decarboxylative / €H a-alkoxyalkenylation of variously substituted benanzlesba-c as
51
gg well as oxazole derivatives, such as 5-arylatedzoles 6a-c and 5-arylated ethyl oxazole-4-
4 . . . .
25 carboxylates7a-d, were successfully achieved using either dppecpedigands to produce the
56
57 heteroarylated enol ethe®s11 in 50-73% yields while limiting the main homocoing side
58
28 reaction. a—Phenoxy and benzyloxyalkoxyacrylic acidd)-K were also reactive with
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(benzo)oxazole derivativeés7 leading to the corresponding heteroarylated etiwre9-11J-K

in moderate 35% to good 75% isolated yields. Tomlete the scope of heterocycles, we found
that the cross-coupling efmethoxyacrylic acid4)-2A with less acidic benzothiazo8a under
the optimized protocol provided the heteroarylat@dA in only 25% isolated yield. However,
the reaction could be improved by using Cul as taddi Indeed, this latter is supposed to
facilitatethecatalytic metalation key-step of less-acidic andevelectron-rich 1,3-diazoles, such
as thiazole and imidazole, through the formatior{@i]-heterocycle pre-complex in order to
increase the C2-H acidit}” 2” In that case, the benzothiazolyl enol eth2aA, as well as two
additional benzothiazolyl enol ethet@bA and 12aD, have been produced in 49% and 65%
isolated yields (Scheme 2).

Scheme 3. Synthesis of biologically active structures. Reatttonditions: i) X = O, AgShH1

eq), CHCl,, -20 °C, 12 h; i) X = S, CaC{I1 eq), EtOH, reflux, 6 h.

B Synthesis of C-2/C-4' linked azoles

B Synthesis of a,f-enoclizable a-ketoazoles (CH3)sNPhBr; (1.1 €q) EtO,C

THF, 0°C tor.t, 12 h I%&
14
 HetAr | or R=Me, BBrs (5 eq) '\HetAr/| o 15, 74% B
| CH,Cl, ~20°C, 12h “+----
R =Bn, BCl; (4 eq.) Ph EtOC Ph
CH,Cly rt, 2h I 7/ i) or i) Ph
_________________________________________________ Ph X=0orS

- EtozcI ---------------------------------------------------
Et0,C Et0,C
0>\/<\ >\/<\ N Ph N Ph

I\ \N\ I\ \N\
13, Quant. 14, 74% Ph™ O 0 Ph™ O S
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To illustrate the potential usefulness of this rlokegio- and stereo-controlled access to
heteroarylated enol ethers, two synthetic appbicativere investigated (Scheme 3). To date and
to the best of our knowledge, while the palladivatatyzed direct C-H aroylation of 1,3-diazoles
have been already reportét®® the direct production of valuable 2-(2-oxoxalkylB-
diazole&* through direct C2-H functionalization of 1,3-dit&® remain highly challenging. In
this context, the first application of this methtmyy was directed towards the challenging
synthesis ofa,B-enolizable a-keto-1,3-diazoles which are immediately available adding a
deprotection step of the enol ether functid®elected as inhibitors of fatty acid amide
hydrolasé:” the heteroarylatedetones13 and 14 were produced by treatment of methylated
enol ethers4)-3aA and benzylatedZj-11cJ with BBr; and BC} respectively, according to the
nature of the enol eth&: %! As an additional application, thep-enolizablea-ketoazolesl4
was used as a building block for the synthesis atunally-occurring C2-C4’ linked bis-
oxa(thia)zolé*® In particularthe a,B-enolizables-ketoazolel4 was used both to prepare the C2-
C4’ linked bis-oxazolel6 applying the Blimlein-Lewis reactifi and the C2-C4’ linked
oxazole-thiazold7 via the Hantzsch’s condensatitf.

To gain insight into the mechanism, we carried sawueral control experiments (Scheme
4). First, the decarboxylative cross-coupling wescated with cesiumZ)-a-methoxycinnamate
salt18 (Scheme 4, eq 1). Interestingly, the addition oBCused as electrophile to generate the
methoxycinnamate copper salt was required to genehe desired producZ)-3aA in good
yield. Moreover, under stoichiometric amount of &&(c) and dppe as ligand, no cross-coupling
product was obtained. Importantly, the Heck couplimeaction of cesium (Z)-
methoxycinnamate salt 18 with phenyl bromide followed by CuBr-mediated

protodecarboxylatidff’ led to the exclusive production of tifiediphenylated vinyl ethei9
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(Scheme 4, eq 2y Therefore, the oxidative Heck-type / protodecastative sequence for the
synthesis of (ZBaA can be discarded. All these data highlighted thgortance of
CuCQseCu(OH), both in the oxidation step of Pd(0) to Pd(Il) andthe crucial generation of
copper carboxylate intermediaigat may lead to the generation of alkenyl copperimediate
(1) through thepso-decarboxylative cupratation process. (Figure 2)

Scheme 4. Additional experimentsfor mechanism study

(1) Role of [Cu] in the decarboxylative step

Pd(acac), (10 mol%)
dppe (20 mol%)
CuCO3eCu(OH), (3.5 eq.), MS 4A
DMAc/DMSO (8/3), 140 °C, 12 h /I\lf:N\ OMe
! Without CuBr, 14% ' Ph OH\Q
N’N\> CsO,C CuBr (1.0 eq.), 68% (Z2)-3aA
| + —\ @ tmmmmmmmemmmmmemm—--e- !
ph/l\o MeO

Pd 1 eq.
la(leq)  (2-18,(2eq.) apre 1 o0 MELA

DMAG/DMSO (8/3), 140 °C, 12 h /'\i"‘{ OMe
(2)-3aA

(2) Heck reaction followed by protodecarboxylative process

Br Cs0,C CuBr / TMEDA (10mol%) Q
— Pd(OAc) (3 mol%) __
140 °C, 16 h, DMPU MeO
O

19
(3) In situ protodecarboxylation then Fujiwara-Moritani reaction:
Pd(acac), (10 mol%)
CuCO3(3.5eq.) H dppe (20 mol%), 1a (1 eq.) OMe
DMAc/DMSO (8/3) A CuCOs3 (3.5 eq), MS 4A /L
(2028  140°C,12h OMe | DMAC/DMSO (8/3), 140 °Cc PN OMe
> | MeO
(2)-3aA

4
no product by crude NMR

10
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This latter may be facilitated by the electron-witdwing inductive effect of the methoxy group
30 since we noted that the decarboxylative crosslaoypf 1,3,4-oxadiazolda with cinnamic
acid failed under the optimized conditidhs’? We then investigated the cross-coupling of the
protodecarboxylative enol ethémwith 1a under optimal experimental conditions (Scheme, e
3)BY The reaction failed precluding a two-steps mectmanisnvolving initially a
protodecarboxylation followed by a Fujiwara-Moritaoxidative Heck-type coupling. Finally,

the effect of radical scavenger was examined, arii6B-tetramethylpiperidine 1-oxyl

(TEMPO) did not inhibit the reactidi” Thus a radical process is unlikely involved.

(HetArl
_____________________ — ...~ Cu
| Side product it
Protodecarbl_c:xylanon TCU(I)’ CO2

) ) C
Decarboxylation| C-H alkenylation P

Figure 2. Proposed catalytic pathways.

Based on previous repoft&?? and our control experiments, a plausible reactiathway is
delineated in Figure 2. The success of this cogaliepends on the interception of the generated
alkenyl copper intermediatél§ produced by copper-catalyzed extrusion of,Cé&hd the C-2-
palladated heterocycl@g) through a transmetalation step. The generatiomefQ-2-palladated

key-intermediatel] is highly dependent both on the intrinsic acidityd nucleophilicity of C2-H

11
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site of 1,3-(oxa)diazoles and may be consideredrdory to two pathways, (i) the catalytic
palladation of heterocycles with Pd(OA¢hrough base-assisted concefféar none-concerted
(carbanionic-type) proce$8! or (ii) the transmetalation of thie situ generated heteroarylcopper
intermediate (1) to Pd(OAc)*® Base on our experimental observations, we preshatemost
acidic oxazole derivatives are appropriate for dir@alladation with or without [Cul]-
assistanc&®! By contrast, the use of Cul as additive for thecsss of the coupling with
benzothiazoles indicates a copper-assisted preasicth of the heterocycle leading probably to

the generation of benzothiazolylcopper intermedibit&*>"!

In conclusion, we have reported a practical, ghthorward, and unprecedented regio-
and stereoselective direct introduction of enoleethonto GH bonds of heterocycles by
decarboxylative/ direct €H alkenylation of various azoles under palladiunalyais usingo-
carboxyenol ether as new hetero-substituted allting agent. This procedure offer a rational
and step-economical route to attractive regio- stesleocontrolled 1,2-polyheteroarylated enol
ethers in moderate to good yield. Moreover, thishodology constitutes a novel and convenient

entry point into the synthesis aff3-enolizablex-ketoazoles and C2-C4’ linked bis-azoles.
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