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Abstract: In recent years, considerable effort has focused on
the development of novel carbonylative transformations using
CO surrogates. Consequently, toxic CO gas can be replaced by
more convenient inorganic or organic carbonyl compounds.
Herein, the first regioselective methoxycarbonylation of
alkenes with paraformaldehyde and methanol as CO substi-
tutes is reported. This new procedure is applicable to a series of
alkenes in the presence of a palladium catalyst under relatively
mild conditions and is highly atom efficient.

-rransition-metal-catalyzed carbonylation reactions have
become a powerful tool in both organic synthesis and
industrial production for constructing various carbonyl com-
pounds such as esters, amides, ketones, and aldehydes.“]
However, synthetic chemists are still hesitant to apply
carbon monoxide in a more general manner because of its
toxicity and gaseous nature. To solve these problems, the
development of “CO-free” carbonylation methods based on
easy to handle inorganic or organic carbonyl compounds has
attracted substantial interest in the past three decades.”! The
typical known CO surrogate compounds are listed in
Scheme 1. Unfortunately, most of these alternative carbonyl
resources suffer from significant drawbacks in terms of atom
efficiency, reactivity, toxicity, and price. For example, metal
carbonyls such as [Mo(CO),] (A) are applied to deliver CO in
various carbonylation reactions.’! The main disadvantages of
this approach are the presence of stoichiometric amounts of
additional transition metals in the reaction mixture and harsh
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Scheme 1. Typical CO surrogates (the percentage by molecular weight
of the CO unit is shown in parenthesis).

reaction conditions for CO release from these toxic metal
carbonyls. Notably, Skrydstrup and co-workers developed
a new technique for the exsitu generation of carbon
monoxide and its application in palladium-catalyzed carbon-
ylation reactions by using a sealed two-chamber system.[*!
Here, near-stoichiometric quantities of CO precursors, includ-
ing “CO gen” (B),* pivaloyl chloride (C),* as well as
silacarboxylic acids (D),*! are sufficient to promote carbon-
ylative transformations. N-Formylsaccharin (E) is also known
as a CO source for the palladium-catalyzed reductive carbon-
ylation of aryl halides to access aryl aldehydes.”) However,
concerns about the atom efficiency and waste generation for
CO alternatives B-E still remain. Hence, cheaper and more
readily available carbonyl reagents are highly desired.

It is well known that CO can be released from formic acid
(F; R=H) by dehydration in sulfuric acid (Morgan reac-
tion).[) Additionally, olefin carbonylation reactions in the
presence of formic acid as a carbonyl source are also achieved
through sequential dehydrogenation and reverse water gas
shift processes at elevated temperature (> 150°C)."" More-
over, formates (F; R= alkyl, aryl)®¥ and formamides (G)"
have also been used for the carbonylation of olefins and aryl
halides. In general, harsh conditions, poor selectivity in the
presence of additional nucleophiles, and/or the necessity for
external CO pressure restrict the further application of formic
acid derivatives as a CO source. CO, (H) is an ideal C1
building block in organic synthesis due to its abundance,
nontoxicity, and recyclability. Remarkably, the catalytic
insitu generation of CO from CO, reduction and its
incorporation in the following carbonylation reactions has
been realized.""! This is a promising process that uses CO,
instead of CO as a C, resource for carbonylations, but the
substrate scope is so far limited by the required reductants
and the regioselectivity cannot so far be controlled.

Although methanol is an abundant and potentially renew-
able chemical and can be a potential carbonyl source, this area
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is underdeveloped because of the high energetic demand for
methanol dehydrogenation."!' Undoubtedly, the simplest
aldehyde, formaldehyde (J), is the most atom economic CO
surrogate for carbonylation reactions with suitable reactivity.
The percentage by molecular weight of the CO unit in this
molecule is 93 %. While the transition-metal-catalyzed decar-
bonylation of higher aldehydes!”” and hydroacylation of
alkenes with aldehydes™ has been well-established, formal-
dehyde is less applied as a carbonyl source.' In fact, to the
best of our knowledge, only two alkoxycarbonylation reac-
tions have been reported by us which uses formaldehyde as
the carbonyl source.!”! More specifically, we developed the
catalytic alkoxycarbonylation of aryl bromides!™ and also
very recently the first ruthenium-catalyzed alkoxycarbonyl-
ation of alkenes using formaldehyde.™ The olefin alkoxy-
carbonylation reaction represents an important approach for
the production of value-added bulk and fine chemicals. For
example, methyl propionate, a key intermediate for polyme-
thacrylates, is produced on a scale of > 300000 tons per year
by the methoxycarbonylation of ethylene.'*! However, in our
previous study, the Ru catalyst does not promote the
regioselective carbonylations of industrially interesting ali-
phatic alkenes. To solve this challenging problem, herein we
report for the first time highly linear selective methoxycar-
bonylation reactions of alkenes by using paraformaldehyde
and methanol as inexpensive and atom-efficient CO surro-
gates simultaneously. This approach offers a convenient syn-
thesis of various methyl esters through a “CO-free” Pd-
catalyzed carbonylative process.

Initially, we examined the feasibility of the Pd-catalyzed
methoxycarbonylation of 1-octene (la) with paraformalde-
hyde and methanol (2a) to give methyl nonanoate (3a). First,
the activities of different in situ generated palladium phos-
phine complexes were studied. A series of bidentate and
monodentate ligands were tested using palladium(II) acetyl-
acetonate as the catalyst precursor and PTSA as the acid co-
catalyst (see Scheme S1 in the Supporting Information).
Interestingly, almost all of the ligands we examined gave
quite low catalytic activity with less than 5% yield of the
desired product 3a, except for d'bpx [a,a’-bis(di-tert-butyl-
phosphino)-o-xylene], from which a 74 % yield of 3a along
with 95 % n-selectivity was obtained. It should be noted that
isomerized octenes 4a were generated as by-products in all
the cases. Next, we investigated the impact of key reaction
parameters for the desired transformation (Table 1). After
exploring a wide array of conditions, we found that using
Pd(OAc), (1 mol %), dbpx (4 mol %), PTSA (4 mol %), and
paraformaldehyde (6.7 equiv of -CH,0O) in MeOH at 100°C
furnished a good yield (78 %) of the desired product with
95% n-selectivity (Table 1, entry 7). Adding an acidic co-
catalyst with a weakly coordinating anion such as PTSA and
MSA, is crucial to the success of this methoxycarbonylation
process (Table 1, entries 1 and 2). Other tested acids did not
afford any carbonylation product 3a (Table 1, entries 3-6).
The effect of different palladium catalyst precursors was also
explored. Pd(OAc), and [Pd(acac),] (acac = acetylacetonate)
showed similarly good reactivity compared to other tested Pd’
and Pd" complexes (Table 1, entries 7-13).
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Table 1: Optimization studies for the Pd-catalyzed methoxycarbonylation
of 1-octene (1a).”

1 mol% [Pd]

4 mol%d'bpx o]
CeHizn” X + (CH20), + MeOH % CeH13/\)kOMe + octenes
1a 2a 3a 4a
Entry  [Pd] Acid Yield 3a [%] (I/b)  Yield 4a [%]
1 [Pd(acac),)] PTSA 74 (95:5) 25
2 [Pd(acac),] MSA 74 (95:5) 24
3 [Pd(acac),] H,S0, 0 (N.D) 57
4 [Pd(acac),)] TFA 0 (N.D) 77
5 [Pd(acac),] AcOH 0 (N.D) 89
6 [Pd(acac),] HCO,H 0 (N.D) 79
7 Pd(OAc), PTSA 78 (95:5) 22
8 pdcl, PTSA 1 (99:1) 99
9 [Pd (cod)Cl,] PTSA 10 (91:9) 90
10 [Pd(MeCN),Cl,] PTSA 10 (97:3) 90
il Pd(TFA), PTSA 0 (N.D) 99
12 [Pd,(dba)s] PTSA 16 (96:4) 82
13 Pd/C PTSA 0 (N.D) 99

[a] Reaction conditions: Ta (1 mmol), “CH,0” monomer (6.7 mmol),
[Pd] (1 mol %), d'bpx (4 mol %), acid (4 mol %) in 2 mL of methanol (2a)
at 100°C for 20 h. Yields determined by GC analysis. |/b=linear/
branched. N.D.=not determined. cod =1,5-cyclooctadiene, PTSA=p-
toluenesulfonic acid, MSA = methanesulfonic acid, TFA =trifluoroace-
tate acid, dba=dibenzylideneacetone.

Then, the effects of the amounts of ligand and acid co-
catalyst were investigated using Pd(OAc), as the catalyst
precursor. Remarkably, both the the concentration of the
acidic co-catalyst PTSA and the ligand have a profound
influence on the yield of 3a. To our delight, the desired
product is obtained in 96 % yield under optimized conditions
(Table 2, entry 3). Notably, higher loadings of the co-catalyst
suppressed the reaction efficiency (Table 2, entries 4 and 5).
Similarly, an excess of d'bpx with respect to PTSA completely
inhibited this transformation (Table 2, entries 2 and 6).

To gain further insights into this reaction, “C isotope
labeling experiments were implemented (Scheme 2). When

Table 2: Effect of ligand and acid co-catalyst on the methoxycarbonyla-
tion of 1a.l!

1 mol% Pd(OAC),
X mol% dfbpx o)

CeHian™ ™ + (CH;0), + MeOH %"Z{)S:- CSH13/\)kOMe + octenes
1a 2a 3a 4a

Entry X Y Yield 3a [%] (I/b) Yield 4a [%)]

1 4 4 78 (95:5) 22

2 4 3 0 (N.D) 97

3 4 5 96 (95:5) 4

4 4 6 68 (95:5) 38

5 4 8 64 (95:5) 36

6 5 4 0 (N.D) 100

7 2 2 0 (N.D) 92

8 2 4 7 (96:4) 74

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Reaction conditions: 1a (1 mmol), (CH,0), (200 mg, 6.7 mmol of
-CH,0), Pd(OAc), (1 mol%), d'bpx (X mol%), PTSA (Y mol%) in 2 mL
of methanol (2a) at 100°C for 20 h. Yields determined by GC analysis.
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3a'/3a = 51:49
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3a"/3a™ = 53:47
standard
1a + (CHp0), + iPrOH conditions n-C7Hi5 COOMe ,  n-C7Hy45. ,COOIPr ®3)
2c 3a 5
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Scheme 2. "°C Isotope labeling experiments and control experiments using other
alcohols.

BC-labeled paraformaldehyde was applied in this
transformation, surprisingly only 51 % of the ester
product was *C-labeled methyl nonanoate 3a’

along with 49% nonlabeled product 3a A

P+ HX =—— Pd"
Pd
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Based on the experimental findings, a reaction
mechanism incorporating synchronous quadruple
catalytic cycles is proposed (Scheme 4). It is known
that a Pd" catalyst precursor can be reduced in situ to
Pd’ species V in the presence of excess phosphine
ligands."® Under acidic conditions, Pd° complex V is
in an equilibrium with Pd" hydride complex L[
which is the key catalytically active species to initiate
the methoxycarbonylation cycle a. Subsequent inser-
tions of alkene 1 and CO followed by alcoholysis of
the acyl Pd" complex IV form ester 3 and regenerate
the Pd hydride species I. The CO consumed in cycle
a was produced from catalytic cycle b. More
specifically, at elevated temperature paraformalde-

+nm+HX

P P

[Scheme 2, Eq. (1)]. In addition, a similar distri- v

COOMe

/_/

bution of the "*C-labeled methoxycarbonylation
product was observed for the reaction using
BCH,;OH as the solvent [Scheme?2, Eg.(2)].
These results indicate that both formaldehyde
and methanol act as the carbonyl source in this
process simultaneously. Apparently, CO release
from methanol proceeds by sequential dehydro-
genation and decarbonylation processes.['’]
Actually, palladium-catalyzed alcohol dehydro-
genation under such acidic conditions is rather
unusual but it also takes place with other alcohols
under these standard conditions. Interestingly,
methyl nonanoate (3a) and isopropyl nonanoate
(5) were both produced in the reaction of
isopropanol [Scheme 2, Eq. (3)]. This demon-
strates that under our catalytic conditions meth-
anol is also generated from formaldehyde through
transfer hydrogenation with isopropanol.
Encouraged by the hydrogenation/dehydro-
genation reactivity of this catalytic system, we
wondered if methanol or paraformaldehyde alone
could act as both the CO surrogate and nucleo-
phile for the methoxcarbonylation reaction.
Unfortunately, no desired product was attained
(Scheme 3). This finding illustrates that methanol
dehydrogenation occurs only in the presence of
formaldehyde as the hydrogen acceptor.
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Scheme 4. Proposed reaction mechanism: Quadruple catalytic cycles.

hyde can depolymerize to produce formaldehyde,

1 mol% Pd(OAc),
4 mol% d'bpx
4 mol% PTSA

nCeHiy Xx + MeOH 100 °C. 20n ,,,CSH13/\/COOMe + octenes (1)

1a 2a 3a 4a

0% (N.D.) 93%

1 mol% Pd(OAc),
4 mol% d'bpx
. 4 mol% PTSA COOMe

nCeHiy X (CH20) N + octenes (2
63 " toluene, 100 °C, 20h n-Ceftrg @

1a 3a 4a

0% (N.D.) 95%

Scheme 3. Methoxycarbonylation of 1a using only (CH,0), or MeOH (2a).
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which will undergo an oxidative addition with Pd’
species V to generate the (hydrido)(acyl)palladium(II)
complex VI. Upon decarbonylation, this latter complex
provides Pd" dihydride complex VII and releases CO
gas for the methoxycarbonylation process. The reduc-
tive elimination of VII regenerates Pd’ catalyst V and
produces hydrogen. Meanwhile, the dehydrogenation
of methanol (2a) is also catalyzed by Pd" hydride I to
afford formaldehyde through catalytic cycle c. In this
cycle, the coordination of methanol to complex I

www.angewandte.org
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Table 3: Pd-catalyzed methoxycarbonylation of alkenes 1 with paraformaldehyde and methanol (2a).F!

1 mol% Pd(OAc),
4 mol% d'bpx

RN + (CH0), + MeOH 5 mol% PTSA

4496

0
R/\kaMe

100°C,20 h
1 2a
Entry Substrate 1 Product 3" Yield 3 [%] (I/b) Entry Substrate 1 Product 3" Yield 3 [%] (I/b)!
[e) =
i L
1 retis Gt~ 0ne 93 (95:5) 10 o o 58 8 ht
3a 1j 0o
3h
o P CO,Me
NN NI ©\/\/
2 10 C6H13/\)I\0Me 93 (94:6) 11 OH @\)\/ 75, 36 h9l
3a 1 OH
3i
g i /& )\/?L
NN
3 1c C6H13/\)kOMe 75 (89:17) 12 Ph Ph OMe 76 (>99:1)
3a 1k 3
o O
CaHr” X
4 ! Cﬂ;’ CSHW/\)\OMe 92 (95:5) 13 /@J\’%Me 69 (>99:1)
3b
11 3k
@]
o (0]
5 e ~Aowe 99 14 /(j/K /@MO""" 43 (>99:1)
3¢  m cl 3l
fo) (0]
6 /1%\ NOME 85 (>99:1) 15 oMe 73 (>99:1)
3d " am
0 0
N N 0 _X-COMe MeO,C_~_CO:Me
7 CE:E A\ Cﬁé 55 (>99:1) 16 92 (>99:1)
1 3n
o} o} _\_<0Me °
1g 3e
ﬂCOZMe MeO,C,
8 Meozc/K MeOZCJ\’C%Me 89 (>99:1) 17 7 A, Moo 86 (94:6)
1h 3f 1p 30
A Q
X
9 P o™~ ome 90 (78:22)
3g

[a] Reaction conditions: 1 (1 mmol). (CH,0), (200 mg, 6.7 mmol of -CH,0), Pd(OAc), (1 mol %), d’bpx (4 mol%), PTSA (5 mol%) in 2 mL of
methanol (2a) at 100°C for 20 h. [b] The main isomer of a mixture of methyl ester products is shown. [c] Yield of isolated product for a mixture of
methyl ester isomers. [d] See the Supportorting Information for detail conditions. [e] Reaction time.

provides (hydrido)(methoxy)palladium(II) species VIII,
which gives Pd" dihydride complex VII by B-hydride elimi-
nation. Finally, intermediate VII undergoes reductive elimi-
nation and oxidative addition with HX to close this catalytic
cycle and also liberate hydrogen. Simultaneously, formalde-
hyde can enter catalytic cycle d, which is the reverse process
of cycle ¢. Accordingly, an equilibrium between methanol and
formaldehyde is established through these two palladium-
catalyzed processes.

With the optimized reaction conditions in hand, we
continued to probe the scope of alkenes 1 for the Pd-
catalyzed methoxycarbonylation reaction with paraformalde-
hyde and methanol (2a; Table 3). The reactions of terminal
aliphatic alkenes such as 1-octene (1a) and 1-decene (1d)
were very efficient with >90% yields and up to 95% n-
selectivity (Table 3, entries1 and 4). More significantly,
mixtures of internal and terminal olefins are usually preferred
as less expensive start materials in industrial manufacture.

www.angewandte.org
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Therefore, double-bond isomerization followed by carbon-
ylation process is of great industrial interest. Delightfully, this
catalytic system was able to convert aliphatic internal olefins
including 2-octene and 4-octene into the corresponding linear
methyl nonanoate with high yield and n-selectivity (Table 3,
entries 2 and 3). Moreover, a more-stable internal conjugated
ester underwent the same isomerization/methoxycarbonyla-
tion transformation as well to provide industrially essential
dimethyl glutarate (3n) in 92% yield and up to over 99 % n-
selectivity (Table 3, entry 16).

Terminal functionalization of fatty acids is another
synthetic challenge. The isomerizing methoxycarbonylation
of renewable methyl oleate (1p) again proceeded smoothly
under optimized conditions and led to the selective formation
of the respective linear diester product (Table 3, entry 17).
Methyl propionate (3¢) was obtained in 99% yield using
ethylene (le) as the substrate with a TON of 536 for the
palladium catalyst (Table 3, entry 5).

Angew. Chem. Int. Ed. 2015, 54, 4493 —4497


http://www.angewandte.org

Aromatic olefins such as styrene (1i) are usually carbony-
lated at the iso-position due to the benzylic stabilization of the
metal center. Conversely, the present system enabled a good
n-selective carbonylation (Table 3, entry 9). The reactions of
a-methylstyrene derivatives afforded a series of terminal
araliphatic esters selectively in good yields (Table 3,
entries 12-15). Furthermore, methoxycarbonylation of 2-
allylphenol (1j) proceeded the double-bond isomerization
and consecutive carbonylation at the benzyl position to
produce lactone 3h after 8 h. Under the same reaction
conditions, the corresponding methoxycarbonylation product
3i was generated after a longer reaction time (36 h) in 75 %
yield by alcoholysis of the cyclic ester intermediate 3h with
methanol (2a).

In conclusion, we developed a general and benign
methoxycarbonylation of alkenes with paraformaldehyde
and methanol as the CO surrogates to produce a variety of
industrially important and functionalized methyl esters.
Interestingly, this reaction proceeds through synergetic multi-
ple catalytic cycles. In view of the easy availability of the
substrates, the stable and atom-economic paraformaldehyde
and methanol as CO substitutes, the excellent regioselectivity,
as well as the easy to handle “CO-free” reaction process, this
procedure is expected to complement the present methods for
carbonylations in both organic synthesis and industrial
production.

Keywords: carbonylation - CO surrogates - formaldehyde -
methanol - palladium

How to cite: Angew. Chem. Int. Ed. 2015, 54, 4493 -4497
Angew. Chem. 2015, 127, 4575-4580

[1] a) A. Brennfiihrer, H. Neumann, M. Beller, Angew. Chem. Int.
Ed. 2009, 48, 4114 -4133; Angew. Chem. 2009, 121, 4176-4196;
b) Q. Liu, H. Zhang, A. W. Lei, Angew. Chem. Int. Ed. 2011, 50,
10788 -10799; Angew. Chem. 2011, 123, 10978 -10989; c) X.-F.
Wu, H. Neumann, M. Beller, Chem. Rev. 2013, 113,1-35;d) X.-
F. Wu, X. Fang, L. Wu, R. Jackstell, H. Neumann, M. Beller, Acc.
Chem. Res. 2014, 47, 1041 -1053.

a) T. Morimoto, K. Kakiuchi, Angew. Chem. Int. Ed. 2004, 43,

5580-5588; Angew. Chem. 2004, 116, 5698 —5706; b) L. Wu, Q.

Liu, R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 2014, 53,

6310-6320; Angew. Chem. 2014, 126, 6426 —6436.

a) L. R. Odell, F. Russo, M. Larhed, Synlett 2012, 685-698; b) P.

Nordeman, L. R. Odell, M. Larhed, J. Org. Chem. 2012, 77,

11393-11398.

a) P. Hermange, A. T. Lindhardt, R. H. Taaning, K. Bjerglund,

D. Lupp, T. Skrydstrup, J. Am. Chem. Soc. 2011, 133, 6061 —6071;

b) S. D. Friis, R. H. Taaning, A. T. Lindhardt, T. Skrydstrup, J.

Am. Chem. Soc. 2011, 133, 18114 -18117.

[5] T. Ueda, H. Konishi, K. Manabe, Angew. Chem. Int. Ed. 2013, 52,
8611-8615; Angew. Chem. 2013, 125, 8773 -8777.

[6] C.Brancour, T. Fukuyama, Y. Mukai, T. Skrydstrup, I. Ryu, Org.
Lett. 2013, 15, 2794-2797.

[7] a) J.-P. Simonato, T. Walter, P. Métivier, J. Mol. Catal. A 2001,
171, 91-94; b) M. G. Mura, L.D. Luca, G. Giacomelli, A.
Porcheddu, Adv. Synth. Catal. 2012, 354, 3180-3186.

[8] a) I. J. B. Lin, H. Alper, J. Chem. Soc. Chem. Commun. 1989,
248-249; b) C. Legrand, Y. Castanet, A. Mortreux, F. Petit, J.

2

—

3

—

(4

—_—

Ang

Internatic

Chem. Soc. Chem. Commun. 1994,1173-1174;¢) S. Ko, Y. Na, S.
Chang, J. Am. Chem. Soc. 2002, 124, 750-751; d) T. Schareina,
A. Zapf, A. Cotte, M. Gotta, M. Beller, Adv. Synth. Catal. 2010,
352,1205-1209; e) Y. Katafuchi, T. Fujihara, T. Iwai, J. Terao, Y.
Tsuji, Adv. Synth. Catal. 2011, 353, 475-482; f) T. Ueda, H.
Konishi, K. Manabe, Org. Lett. 2012, 14, 5370-5373; ¢) T.
Fujihara, T. Hosoki, Y. Katafuchi, T. Iwai, J. Terao, Y. Tsuji,

Chem. Commun. 2012, 48, 8012—8014; h) H. Konishi, T. Ueda,

T. Muto, K. Manabe, Org. Lett. 2012, 14, 4722-4725; i) L.

Fleischer, R. Jennerjahn, D. Cozzula, R. Jackstell, R. Franke, M.

Beller, ChemSusChem 2013, 6, 417-420; j) N. Armanino, M.

Lafrance, E. M. Carreira, Org. Lett. 2014, 16, 572-575; k) H. Li,

H. Neumann, M. Beller, X.-F. Wu, Angew. Chem. Int. Ed. 2014,

53,3183 -3186; Angew. Chem. 2014, 126, 3247 -3250; 1) 1. Profir,

M. Beller, I. Fleischer, Org. Biomol. Chem. 2014, 12, 6972 — 6976.

a) Y. Wan, M. Alterman, M. Larhed, A. Hallberg, J. Org. Chem.

2002, 67, 6232-6235; b) K. Hosoi, K. Nozaki, T. Hiyama, Org.

Lett. 2002, 4, 2849-2851; c) S. Ding, N. Jiao, Angew. Chem. Int.

Ed. 2012, 51, 9226-9237; Angew. Chem. 2012, 124, 9360-9371.

[10] a) K.-I. Tominaga, Y. Sasaki, Catal. Commun. 2000, 1, 1-3;
b) K.-I. Tominaga, Y. Sasaki, J. Mol. Catal. A 2004, 220, 159 -
165; ¢) T. G. Ostapowicz, M. Schmitz, M. Krystof, J. Klanker-
mayer, W. Leitner, Angew. Chem. Int. Ed. 2013, 52, 12119-
12123; Angew. Chem. 2013, 125, 12341-12345; d) L. Wu, Q.
Liu, I. Fleischer, R. Jackstell, M. Beller, Nat. Commun. 2014, 5,
3091-3096; e) Q. Liu, L. Wu, I. Fleischer, D. Selent, R. Franke,
R. Jackstell, M. Beller, Chem. Eur. J. 2014, 20, 6888 —6894.

[11] a) A. Behr, U. Kanne, W. Keim, J. Mol. Catal. 1986, 35, 19-28;
b) E.-A. Jo, J.-H. Lee, C.-H. Jun, Chem. Commun. 2008, 5779 —
5781; c¢) J. Moran, A. Preetz, R. A. Mesch, M. J. Krische, Nat.
Chem. 2011, 3, 287 -290.

[12] a) C. M. Beck, S. E. Rathmill, Y. J. Park, J. Chen, R. H. Crabtree,
L. M. Liable-Sands, A. L. Rheingold, Organometallics 1999, 18,
5311-5317; b) T. Morimoto, K. Fuji, K. Tsutsumi, K. Kakiuchi,
J. Am. Chem. Soc. 2002, 124, 3806—3807.

[13] a) M. C. Willis, Chem. Rev. 2010, 110, 725-748; b) J. C. Leung,
M. J. Krische, Chem. Sci. 2012, 3, 2202 -2209.

[14] a) K. Fuji, T. Morimoto, K. Tsutsumi, K. Kakiuchi, Angew.
Chem. Int. Ed. 2003, 42, 2409-2411; Angew. Chem. 2003, 115,
2511-2513; b) K. Fuji, T. Morimoto, K. Tsutsumi, K. Kakiuchi,
Tetrahedron Lett. 2004, 45, 9163 -9166; c) K. Fuji, T. Morimoto,
K. Tsutsumi, K. Kakiuchi, Chem. Commun. 2005, 3295-3297;
d) T. Morimoto, K. Yamasaki, A. Hirano, K. Tsutsumi, N.
Kagawa, K. Kakiuchi, Y. Harada, Y. Fukumoto, N. Chatani, T.
Nishioka, Org. Lett. 2009, 11, 1777-1780; e) G. Makado, T.
Morimoto, Y. Sugimoto, K. Tsutsumi, N. Kagawa, K. Kakiuchi,
Adv. Synth. Catal. 2010, 352, 299 -304; f) A. Kopfer, B. Sam, B.
Breit, M. J. Krische, Chem. Sci. 2013, 4, 1876 —1880.

[15] a) K. Natte, A. Dumrath, H. Neumann, M. Beller, Angew. Chem.
Int. Ed. 2014, 53,10090 - 10094 ; Angew. Chem. 2014, 126, 10254 —
10258; b) Q. Liu, L. Wu, R. Jackstell, M. Beller, ChemCatChem
2014, 6, 2805 —-2809.

[16] G.R. Eastham, M. Waugh, P. Pringle, T.P.W. Turner,
W02011083305, 2011.

[17] M. Portnoy, D. Milstein, Organometallics 1994, 13, 600 —609.

[18] a) C. Amatore, A. Jutand, M. A. M’Barki, Organometallics 1992,
11, 3009-3013; b) C. Amatore, E. Carre, A. Jutand, M. A.
M’Barki, Organometallics 1995, 14, 1818 -1826.

[19] Q. Liu, L. Wu, H. Jiao, X. Fang, R. Jackstell, M. Beller, Angew.
Chem. Int. Ed. 2013, 52, 8064 —8068; Angew. Chem. 2013, 125,
8222 -8226.

[9

[

Received: November 5, 2014
Published online: February 18, 2015

Angew. Chem. Int. Ed. 2015, 54, 4493 —4497

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

die

Chemie

4497


http://dx.doi.org/10.1002/anie.200900013
http://dx.doi.org/10.1002/anie.200900013
http://dx.doi.org/10.1002/ange.200900013
http://dx.doi.org/10.1002/anie.201100763
http://dx.doi.org/10.1002/anie.201100763
http://dx.doi.org/10.1002/ange.201100763
http://dx.doi.org/10.1021/cr300100s
http://dx.doi.org/10.1021/ar400222k
http://dx.doi.org/10.1021/ar400222k
http://dx.doi.org/10.1002/anie.200301736
http://dx.doi.org/10.1002/anie.200301736
http://dx.doi.org/10.1002/ange.200301736
http://dx.doi.org/10.1002/anie.201400793
http://dx.doi.org/10.1002/anie.201400793
http://dx.doi.org/10.1002/ange.201400793
http://dx.doi.org/10.1055/s-0031-1290350
http://dx.doi.org/10.1021/jo302322w
http://dx.doi.org/10.1021/jo302322w
http://dx.doi.org/10.1021/ja200818w
http://dx.doi.org/10.1021/ja208652n
http://dx.doi.org/10.1021/ja208652n
http://dx.doi.org/10.1002/anie.201303926
http://dx.doi.org/10.1002/anie.201303926
http://dx.doi.org/10.1002/ange.201303926
http://dx.doi.org/10.1021/ol401092a
http://dx.doi.org/10.1021/ol401092a
http://dx.doi.org/10.1016/S1381-1169(01)00114-5
http://dx.doi.org/10.1016/S1381-1169(01)00114-5
http://dx.doi.org/10.1002/adsc.201200748
http://dx.doi.org/10.1039/c39890000248
http://dx.doi.org/10.1039/c39890000248
http://dx.doi.org/10.1039/c39940001173
http://dx.doi.org/10.1039/c39940001173
http://dx.doi.org/10.1021/ja017076v
http://dx.doi.org/10.1002/adsc.201000047
http://dx.doi.org/10.1002/adsc.201000047
http://dx.doi.org/10.1002/adsc.201000750
http://dx.doi.org/10.1021/ol302593z
http://dx.doi.org/10.1039/c2cc33944g
http://dx.doi.org/10.1021/ol301850y
http://dx.doi.org/10.1002/cssc.201200759
http://dx.doi.org/10.1021/ol4034463
http://dx.doi.org/10.1002/anie.201311198
http://dx.doi.org/10.1002/anie.201311198
http://dx.doi.org/10.1002/ange.201311198
http://dx.doi.org/10.1039/C4OB01246A
http://dx.doi.org/10.1021/jo025965a
http://dx.doi.org/10.1021/jo025965a
http://dx.doi.org/10.1021/ol026236k
http://dx.doi.org/10.1021/ol026236k
http://dx.doi.org/10.1002/anie.201200859
http://dx.doi.org/10.1002/anie.201200859
http://dx.doi.org/10.1002/ange.201200859
http://dx.doi.org/10.1016/S1566-7367(00)00006-6
http://dx.doi.org/10.1016/j.molcata.2004.06.009
http://dx.doi.org/10.1016/j.molcata.2004.06.009
http://dx.doi.org/10.1002/anie.201304529
http://dx.doi.org/10.1002/anie.201304529
http://dx.doi.org/10.1002/ange.201304529
http://dx.doi.org/10.1002/chem.201400358
http://dx.doi.org/10.1016/0304-5102(86)85053-2
http://dx.doi.org/10.1039/b814166e
http://dx.doi.org/10.1039/b814166e
http://dx.doi.org/10.1038/nchem.1001
http://dx.doi.org/10.1038/nchem.1001
http://dx.doi.org/10.1021/om9905106
http://dx.doi.org/10.1021/om9905106
http://dx.doi.org/10.1021/ja0126881
http://dx.doi.org/10.1021/cr900096x
http://dx.doi.org/10.1039/c2sc20350b
http://dx.doi.org/10.1002/anie.200351384
http://dx.doi.org/10.1002/anie.200351384
http://dx.doi.org/10.1002/ange.200351384
http://dx.doi.org/10.1002/ange.200351384
http://dx.doi.org/10.1016/j.tetlet.2004.10.100
http://dx.doi.org/10.1039/b503816b
http://dx.doi.org/10.1021/ol900327x
http://dx.doi.org/10.1002/adsc.200900713
http://dx.doi.org/10.1039/c3sc22051f
http://dx.doi.org/10.1002/anie.201404833
http://dx.doi.org/10.1002/anie.201404833
http://dx.doi.org/10.1002/ange.201404833
http://dx.doi.org/10.1002/ange.201404833
http://dx.doi.org/10.1002/cctc.201402304
http://dx.doi.org/10.1002/cctc.201402304
http://dx.doi.org/10.1021/om00014a035
http://dx.doi.org/10.1021/om00045a012
http://dx.doi.org/10.1021/om00045a012
http://dx.doi.org/10.1021/om00004a039
http://dx.doi.org/10.1002/anie.201303850
http://dx.doi.org/10.1002/anie.201303850
http://dx.doi.org/10.1002/ange.201303850
http://dx.doi.org/10.1002/ange.201303850
http://www.angewandte.org

