ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1of fournal Name

Cite this: DOI: 10.1039/coxx00000X

WWW.I’SC.OI’g/XXXXXX

ChemComm

Dynamic Article Links »

ARTICLE TYPE

Palladium-Catalyzed Aerobic Oxidative Double Allylic C-H
Oxygenation of Alkenes: A Novel and Straightforward Route to ,f-

Unsaturated Esters

Wanfei Yang,” Huoji Chen,” Jianxiao Li,” Chunsheng Li,” Wanqing Wu® and Huanfeng Jiang*%*

5 Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

A mild tandem oxidative functionalization of allyl aromatic
hydrocarbons was accomplished in the catalytic system of
Pd(OAc)/DMA under 1 atm O;. The green twofold C-O bond

10 formation involving double allylic C-H oxygenation, unlocks
opportunities for markedly different synthetic strategies.
Moreover, the reaction affords aryl o,f-unsaturated esters
directly from readily available terminal olefins in moderate to
good yields with excellent chemo- and stereoselectivities.

15 Carbon-carbon double bond of alkenes is one of the basic
functional groups, selective catalytic oxidative transformations of
its hydrocarbons enabling a significant streamlining of the
synthesis of complex molecules." > Among the various transition
metal-catalyzed selective oxidation functionalization of C-H

20 bonds, Pd catalysts have displayed encouraging versatility in the
construction of diverse carbon-carbon and carbon-heteroatom
bonds.? In particular, the Pd-catalyzed Wacker-oxidation*> and
functionalization of allylic C-H bond® of terminal olefins have
received much attention because of useful protocols for direct

25 functionalization at the C2 and C1 or C3 positions.
Mechanistically such reactions are believed to proceed through
two distinctive routes: (i) nucleopalladation (Scheme 1la), (ii)
palladium-catalyzed allylic C-H activation (Scheme 1b).
Commonly, once the alkene is coordinated to palladium, the

30 formation of an intermediate m-allyl-palladium complex is
typically not observed, since the ensuing m-olefin-palladium
complex has a propensity to undergo nucleophilic attack at the
more substituted vinylic carbon providing Wacker-type products.’
In this context, controlling the selectivity of palladium catalysts

35 in oxidative alkene functionalization to constitute valuable
building blocks in organic synthesis remains challenging and
rewarding.

Recently, significant progress has been made in the evolution of
Pd(II)-catalyzed monofunctionalization reactions of allylic C-H

40 bond of alkenes.>'* However, no general method has been
reported for tandem allylic C-H functionalization, due to poor
reactivity and competitive over-oxidation of alkene substrates and
their products. To overcome these limitations, we hypothesized
that intermolecular dioxygen-coupled oxidative oxygenation of

45 olefins with alcohol would be capable of generating linear allylic
cther. The new formation of C-O bond, together with double
bonds at the S-position, has an activating effect to the adjacent C-
H bonds, which enables these compounds to serve as precursors

that undergo next functionalization in the presence of Pd(Il),

50 thereby overcoming the low inherent reactivity of f-
functionalized allylic alkenes. Moreover, the use of molecular
oxygen'> ¢ as terminal oxidant overcomes the key limitations of
the undesired over-oxidation. Herein, we report the discovery
and development of a strategically distinct approach to o,f-

55 unsaturated esters through palladium-catalyzed aerobic
oxidative double allylic C-H oxygenation of alkenes (Scheme
Ic).
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Scheme 1. Pd-catalyzed oxidative functionalization of C-H bond of

alkenes.

On the basis of our previous work on palladium-catalyzed
direct functionalization of allylic C-H bonds of alkenes,’™!1:16¢.16f
the investigation was started by searching for a suitable
)5 catalyst/solvent combination using allylbenzene 1a and n-butanol

2a as model substrates in the presence of Pd" (10 mol %) using 1

atm dioxygen as the oxidant (Table 1). To our delight, the

expected product 3aa was obtained in a promising 11% yield
under the initial conditions (Table 1, entry 1). The concomitant
70 formation of small amounts of oxidative Wacker product 6a and
alkene monooxygenation product Saa was also observed in the
reaction. Screening of various solvents indicated that N,N-dime-
thylacetamide (DMA) was optimal'” and the yield of 3aa
significantly increased to 84% without Saa detected, while in
75 other solvents such as 1-methyl-2-pyrrolidinone (NMP), N,N-
dimethylformamide (DMF), dioxane, toluene, none or only trace

amount of the target butyl cinnamate 3aa was detected (Table 1,

entries 2-6). Attempts to use alternative catalysts such as PdCl,

Pdl,, PdBr; and Pd(TFA); proved less efficient affording 3aa in

>0
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Table 1. Effects of Solvents and Catalysts.?*

[Pd] (10 mol %) 2a
Z N X
P> Sowvent (1.5 mL), 100 °C F’h/\)kocmg+ PhN"NocH, + ph L

1a Oz (1 atm). 24 h 3aa 5aa 6a
Yield (%)
Entry [Pd] Solvent 3aa 5aa 6a
1 Pd(OAc)2 DMSO 11 53 5
2 Pd(OAc)2 DMA 84 n.d. 2
3 Pd(OAc)2 NMP 23 13 n.d.
4 Pd(OAc)2 DMF n.d. n.d. 38
5 Pd(OAc). Dioxane n.d. 10 7
6 Pd(OAc).  Toluene n.d. 6 3
7 PdCl2 DMA 7 6 18
8 Pdl2 DMA 5 11 10
9 PdBr2 DMA 5 7 11
10 Pd(TFA)2 DMA n.d. 5 23
11 - DMA n.d. n.d. n.d.
12b Pd(OAc)2 DMA 51 5 9

@ Reaction conditions: [Pd] (10 mol %), 1a (0.5 mmol), 2a (0.5 mL), H,O
(1.5 equiv.), Oz (1 atm), 24 h. Yield determined by GC using diphenyl
5 ether as the internal standard. n.d. = not detected. * Reaction run at 90 °C.

lower yields (Table 1, entries 7-10). No product formation was
observed in the absence of Pd"-catalyst (Table 1, entry 11).
Lowering the temperature to 90 °C just led to a lower yield (Table
1, entry 12).

10 Table 2. Substrate Scope of Alkenes *

Pd(OAc), (10 mol %)
RW/\/ + C4HOH + —_— = R OC4Ho
R2 (butyl alcohol) DMA (1.5 mL), 100 °C R?
1 2a O, (1atm), 24 h 3
A I N { X !
OCy4Hg OCy4Hg OC4Hg
3aa, 84% o 3ba, 87% Ph 3ca, 88%
oA A
OC4Hg OC4Ho

|
J@MOC‘HQ
t-Bu 3da, 87% 3ea, 82%

I I
N
OC4Hqg /@/\)\004'_’9
3ga, 84% Cl 3ha, 57%"
I I
N
©\/\)\OC4H9 @(\)\OCAHQ
OTs OBn

3ja, 74% 3ka, 78%

3fa, 79%

{
EtOOC 3ia, 73%"
. {
OC4Hg
O/\/

3la, 65%°

| |
\ I N
OWOCAHQ GN\OCM; OO OC4Hg
o \_s

3ma, 87% 3na, 81% 30a, 75%

| |
A A
\©\’(L004H9 /©/\/J\OC4H9 WOCAHQ
E F3C

3pa, 47%" 3qa, <5% 3ra, <5%

A\,

@ Reaction conditions: 1 (0.5 mmol), 2a (0.5 mL), Pd(OAc): (10 mol %),
DMA (1.5 mL), H,O (1.5 equiv.), Oz (1 atm) at 100 °C. Yields referred to
isolated yields. * Reaction run at 110 °C. ¢ Reaction run at 80 °C.

15 With the optimized conditions established, the scope of the
terminal alkenes was first examined. As summarized in Table 2, a
series of substituted allyl arenes, including some with electron-
donating groups (Me, Ph, '‘Bu, OMe) and some with electron-
withdrawing groups (Cl, COOEt), were converted into the

20 corresponding a,fB-unsaturated esters in moderate to good yields
(3aa-3ia). But the substrate with electron-withdrawing
substituent was less reactive than that with electron-donating
substituent in this transformation. And the substituents at the para,
meta, and ortho positions of the arene ring did not affect the

25 efficiencies (3ea, 3fa, 3ja-3la). Heteroaryl-substituted propenes

such as 5-allylbenzo[d][1,3]-dioxole (1m) and 2-allylthiophene
(In) also produced the desired products in good yields.
Interestingly, 2-naphthylpropene could give the corresponding
product in 75% yield (30a). The transformation of 1-methyl-4-

30 (prop-1-en-2-yl)benzene proceeded efficiently under the
optimized conditions affording the desired product (3pa) in
moderate yield. Unfortunately, 1-allyl-4-fluorobenzene (1q) and
1-allyl-4-(trifluoromethyl)benzene (1r) afforded only trace
amount of the desired products.'® And terminal alkyl olefins such

35 as 1-octene, led to the formation of ketones through the Wacker
process, instead of the desired product.

Next, we examined the generality of this novel reaction process
with respect to aliphatic alcohols (Table 3). Various primary
aliphatic  alcohols  transferred to the corresponding

10 functionlization products in high yields with excellent chemo-
and stereoselectivities (3ab, 3ac). Remarkably, substituted
methanols bearing acetal group was tolerated in this
transformation (3ad). The reaction of 1a with simple secondary
alcohols, such as isopropanol, 1-cyclopropylethanol and

15 cyclopentanol also proceeded smoothly to afford the desired a.f-
unsaturated esters in good to excellent yields (3ae, 3af, and 3ag).
Ethyl lactate was also compatible, and the desired product 3ah
was obtained in 50% yield. Unexpectedly, phenol also proceeded
efficiently under the optimized conditions albeit in a low yield

50 (3ai).
Table 3. Substrate Scope of Aliphatic Alcohols and Phenol *

| | |
©/\/ko/\ ©/\)\0/\/ @/\)\O/\[OK
3ab, 91% 3ac, 95% 3ad, 62%° —O
J\ X l X | D
O O (6]
3af, 93% 3ag, 94%
(0]

3ae, 91%
\. O

(0] O
3ai, 39%

o)
3ah, 50%" 7

4 Reaction conditions: 1a (0.5 mmol), 2 (3 equiv.), Pd(OAc), (10 mol %),
__ DMA (1.5 mL), H20 (1.5 equiv), Oz (1 atm) at 100 °C. Yields referred to
55 isolated yields. * Reaction run at 110 °C.

This catalytic system was also found to be applicable to
intramolecular  oxidative cyclizations. 2-Allylphenol was
smoothly converted into 2H-chromen-2-one (3s) in a moderate
yield and a small quantity of Wacker-type cyclization product, 2-

50 methylbenzofuran, was also detected (Scheme 2).
@(1
(6]

=
oy
OH
3s, 65%

1s

Scheme 2. Intramolecular Allylic C-H Dioxygenation of 2-Allylphenol.
Further, competition experiments were performed between the
55 intra- and intermolecular reactions. When 2-allylphenol, together
with butan-1-ol, was added to this catalytic system, both 3s and
4ta were detected. 2-Allylphenol derivative bearing common
protecting groups, such as trimethylsilyl, readily engaged in
intermolecular esterification combined with the subsequent
70 intramolecular Wacker oxidation cyclization producing the
benzofuran-2-carboxylate derivatives with alcohols of different
chain length (Scheme 3). Additionally, the high yield of
intermolecular esterification uncovers the rate of intermolecular

Pd(0AC), (10 mol %)

DMA (1.5 mL), 100 °C
0, (1atm), 12h
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esterification is prior to intramolecular Wacker oxidation in this

catalytic system.

Pd(OAc), (10 mol %)
DMA (1.5 mL), 100 °C

+ R3OH

e
OSiMe3

O, (1 atm), 24 h
1t 2 2 (1atm) 4 R3=n-C,4Ho, 4ta, 76%
C;Hs, 4tb, 81%
double allylic n-Cehia, 44, 67%

5 Scheme 3. Applications of the Novel Synthetic Sequence to Benzofuran-
2-carboxylate.

Several control experiments were performed to gain some
mechanistic insight into the present reaction (Scheme 4): (i) the
reaction of 1a and 2a adding H,O'® under the standard conditions,

10 afforded O'8-labled product 3aa’ in good yield; (ii) the reaction
of 1a with 2a was carried out in anhydrous DMA, affording 5aa'®
in 51% yield, and less than 10% yield of 3aa?; (iii) the reaction
of 1a was carried out without alcohols, cinnamyl acid was not
detected. It indicated that it does not follow the traditional

15 esterification route involving coupling preoxidized carboxylic
acid and alcohol fragments;?! (iv) a standard condition reaction of
allylbenzene 1a with methanol 2k was performed, surprisingly,
the corresponding acetal was detected by GC-MS after 3 h and it
vanished after 16 h. These results indicated the possibility that

20 nucleophilic attack of alcohols to w-allyl-palladium species
occurred to form the corresponding allyl ethers and allyl acetal

species.
18
Pd(OAG), (10 mol %)
Plaoss = GHOH + ot ——————— S A ,
. DMA (1.5mL), 100 °C 4Ho ™
1a 2a (10 equiv.)

0, (1atm), 12h 3aa’, 81%

Pd(OAc), (10 mol %)
o
Ph\/\ * C4HgOH Mph/\/\OCNg*Ph/\v{

. 0C4Ha )
DMA (1.5 mL), 4A MS (50 mg) 5aa, 51%

1 0
a 2a anhydrous 3aa, <10%
Pd(OAC), (10 mol %) 9
Phoxe -+ - ~ A ®)
] DMA (1.5mL), 100°c ~ Ph OH
a (05mL)  0,(1atm), 12h N.D.
Ph Pd(O(,z\H)3 0('140( o 1 %) §CHs
NN C)2 mol % N | 4
X WA 827G 3 PR 0CH, + Ph/\)\OCHg N Ph/\)\OCHa )
1a 0, (1 atm), 5ak, 18% 6ak, 11% 3ak, 15%

25 Scheme 4. Control Experiments.

According to these results, we proposed the mechanism shown
in Scheme 5. First, Pd(II) reacts with allylbenzene 1a to produce
the corresponding m-allyl-palladium species I through the allylic
C-H bond activation.?? Next, intermediate I is subjected to the
30 nucleophilic attack of alcohol to afford the oxidative allylic

oxygenation product 5, which subsequently undergoes allylic C-

H bond activation to give =n-allyl-palladium species II.

Intermediate Il engages in the formation of the second C-O bond

by reacting with another molecule alcohol affording
35 corresponding allyl acetal species III and then, hydrolysis of
intermediate III gives intermediate IV. Finally, oxidation-
dehydrogenation of IV by dioxygen provides the target product 3.
Simultaneously, dioxygen plays a role in oxidating Pd(0) to
regenerate the active catalyst species Pd(II).

In summary, we have developed a catalytic system of
Pd(OAc)/DMA under 1 atm O, double allylic C-H oxygenation
reaction, which represents a significant advance in catalytic
reactions for the expedient and selective synthesis of a broad
range of linear aryl a,f-unsaturated esters, wherein alkene was
45 utilized as the carbonyl carbon source of acylating reagent with

O> as a benign oxidant. Preliminary studies indicated that the

40

process is via f-oxygenation allylic alkenes with alcohols
forming a linear allylic ether, followed by Pd-catalyzed allylic C-
H oxygenation with another alcohol, then, hydrolysis and finally

50 oxidation-dehydrogenation to the corresponding products. Works
along this line, further investigations to expand the scope of this
transformation and elucidate the detailed mechanism are in
progress.

Ph R20H
PhY\ LiPAOR), \//T\ Ph. _~_ OR?
ok allylic C-H LPd(Il)OAC allylic C-H \/\(
M activation . oxygenation iH |
1a 5
allylic C-H
activation |LnPd(OAC)
Ph.__~_OR?
AT
L,Pd(I)OAC
I
R?0OH
0, 2 H,0
Pho~_OR? <2 | Ph A _OR «——  [Ph._~_OR?
¢ oxidation Y hydrolysis \/\O(RZ
3 v m

Scheme 5. Plausible Reaction Mechanism.
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