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Ligand-Controlled Palladium-Catalyzed Carbonylation of Alkynols:
Highly Selective Synthesis of a-Methylene-f3-Lactones

Yao Ge", Fei Ye', Jiawang Liu, Ji Yang, Anke Spannenberg, Haijun Jiao, Ralf Jackstell, and

Matthias Beller*

Abstract: The first general and regioselective Pd-catalyzed
cyclocarbonylation to give a-methylene-f3-lactones is reported.
Key to the success for this process is the use of a specific
sterically demanding phosphine ligand based on N-arylated
imidazole (L11) in the presence of Pd(MeCN),Cl, as pre-
catalyst. A variety of easily available alkynols provide under
additive-free conditions the corresponding a-methylene-f3-
lactones in moderate to good yields with excellent regio- and
diastereoselectivity. The applicability of this novel method-
ology is showcased by the direct carbonylation of biologically
active molecules including natural products.

Introduction

a-Alkylidene-f-lactones have emerged as important syn-
thetic targets due to their occurrence in a variety of natural
compounds and biologically active molecules (Scheme 1).1!
For example, lactones A'*l and B!'"Y were separated from
Grazielia species and Disynaphia multicrenulata. Moreover,
C exhibits promising inhibitory activities against certain
fungal pathogens.l'! In addition, a-alkylidene-B-lactones D
and E were studied as potent and selective inhibitors for
serine hydrolase ABHD16A.['"# Following this work, F also
served as a sensitive probe for detecting ABHD16A activity
in mouse brain membrane lysates."! Apart from these
medicinal applications, specifically o-methylene-f3-lactones
attracted interest in material sciences; for example, well-
defined copolymers with controllable molecular weight and
narrow polydispersity were prepared by ring-opening poly-
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Scheme 1. Natural compounds and biologically active molecules with
a-methylene-B-lactone skeleton.

merization. Here, the vinylidene groups of the lactones could
be further functionalized, producing well-defined blocks with
designable segments.””! In organic chemistry, the high degree
of functional groups in a compact manner allows diverse
synthetic utilizations and makes this class of compounds
interesting building blocks.’! More specifically, owing to their
inherent strain in the four-membered ring, they readily
undergo ring opening reactions with a wide range of
nucleophiles by either acyl C-O or alkyl] C-O bond
cleavage.”'¥! Besides the usual electrophilic sites of the
carbonyl and oxetane carbon atoms contained in [3-lactones,
Michael-type additions of nucleophiles and radicals at the
methylene carbon atom are feasible® and offer attractive
possibilities for preparative purposes. Notably, the carboxy-
activated exo-methylene group serves as reactive dienophile,
while the a,p-unsaturated carbonyl moiety promises potential
as heterodiene for [4+2]-cycloadditions.”! Moreover, o-
methylene-B-lactones constitute convenient allene equiva-
lents as demonstrated in the decarboxylation to allenes on
thermolysis.>!

Considering the value of a-alkylidene-f3-lactones in or-
ganic synthesis, significant interest in their preparation
exists.!. Because of the dense functionalization, mainly
special synthetic methods have been developed for this class
of compounds including [2+2]-cycloaddition of ketenes,*™%~!
lactonization of p-hydroxycarboxylic acids or deriva-
tives,**4¢¢l elimination of selenoxide from a-methyl-substi-
tuted lactones,! and deoxygenation of P-peroxylacto-
nes, Bt4eh]

More recently, also rhodium- or palladium-catalyzed
carbonylation of alkynols have been disclosed.”! Thus,
a-(triorganosilyl)-methylene-B-lactones (Scheme 2a),B*"!
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Scheme 2. Rhodium- or palladium-catalyzed cyclocarbonylation of alky-
nols.

a-(alkoxycarbonyl)-methylene-B-lactones  (Scheme 2b),>=
and (Z)-a-chloro/bromo-alkylidene-f3-lactones (Scheme 2
b))l were obtained. Notably, the synthesis of parent o-
methylene-B-lactones gained less success due to the highly
reactive exo-methylene double bond. In fact, to the best of
our knowledge, there is only one reported example for the
carbonylation of 1-methyl-2-butyn-1-ol described, leading to
4,4-dimethyl-3-methyleneoxetan-2-one in 5% yield with
probably polymeric esters as other products through a palla-
dium-catalyzed process (Scheme 2c).”

Despite these problems, we thought the cyclocarbonyla-
tion of propargylic alcohols in the presence of an improved
catalyst would offer a most straightforward and atom-efficient
access to these products. Thus, we became attracted by this
challenge. Based on our interest in the development of
carbonylation reactions,® herein, we report the first general
and highly selective Pd-catalyzed carbonylation of propar-
gylic alcohols to provide a family of new o-methylene-f3-
lactones (Scheme 2d).

Results and Discussion

At the beginning of our studies, 1-ethynyl-1-cyclohexanol
1a was chosen as model substrate. To identify a suitable
catalyst system, a variety of ligands (in the case of diphos-
phine ligands 2 mol %, in the case of monophosphine ligands
4 mol %) were tested in the presence of [Pd(s-cinnamyl)Cl],
(Figure 1). Initially, the reactivity of bidentate phosphines
L1-L5 with different backbones and chelating units was
evaluated. When L1 (Xantphos), L2 (BINAP), L4 (d'bpx) and
L5 were applied, almost equal amounts of the desired [3-
lactone 2a and butenolide 3a were obtained. L3 (DPPF)
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Figure 1. Pd-catalyzed cyclocarbonylation of 1-ethynyl-1-cyclohexanol
1a: Influence of phosphine ligands. Reaction conditions: 1a
(0.5 mmol), [Pd(m-cinnamyl)Cl,] (1.0 mol %), bidentate ligand
(2.0 mol %) or monodentate ligand (4.0 mol %), and CO (40 bar) in
tetrahydrofuran (THF) (2.0 mL) at 100°C for 20 h. The ratio of 2a/3a
and the yield were determined by GC using mesitylene as the internal
standard.
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proved to be not suitable at all, leading to 3ain 55 % with 3%
yield for 2a. No progress was achieved when monodentate
ligand L6 (BuPAd,) was used in this reaction. However, in the
presence of L7 (P'Bu;) a slightly improved regioselectivity
(71/29) was obtained. Based on this result, we assumed that
tert-butyl groups may have a positive influence on the desired
branched selectivity. Thus, other monodentate ligands L8-
L11 were tried with different backbones bearing tert-butyl
substituents on the phosphorus atom. Indeed, more-sterically
hindered L8 (JohnPhos) gave 80/20 selectivity and 57 % yield
of 2a. When the N-phenyl-pyrrole-based ligand L9 was
applied, a similar selectivity (77/23) and a higher yield
(67 %) were observed. To further increase the steric bulk of
the ligand, we introduced substituents on the ortho position of
the phenyl group resulting in the new ligand L10, which was
prepared in good yield in two reaction steps (see Supporting
Information Scheme S1 for detail). With this ligand in hand,
the regioselectivity could be improved to 97/3, albeit the
reactivity was affected negatively (30 % yield of 2a). Finally,
to our delight, the 1-(2,6-diisopropylphenyl)-1H-imidazole-
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based phosphine L11,"”! gave an acceptable yield (56 %) and
excellent 98/2 regioselectivity.

Next, we tried to improve the reactivity further in the
presence of L11 as the ligand of choice (see Supporting
Information; Table S2-S6). Variation of critical parameters
(solvent, pre-catalyst, temperature, pressure) revealed the
following optimal conditions: 1 mol% Pd(MeCN),Cl, as
catalyst precursor, metal/ligand ratio of 1:6, methyl tert-butyl
ether (MTBE) as solvent, 100°C, 40 bar CO. Hence, the
desired p-lactone 2a was obtained in excellent yield (98 %)
and regioselectivity (98/2).

With optimized reaction conditions established, a range of
easily available and structurally diverse propargylic alcohols
were examined (Table 1). It is worthy to note that all of the
desired a-methylene-B-lactones were obtained in isolated
yield with excellent regioselectivity and diastereoselectivity.
Notably, the latter is likely to be controlled by the substrates.
The alkynols with different substituents (dimethyl, phenyl,

Table 1: Pd-catalyzed cyclocarbonylation of alkynols: Substrate scope.”!

Pd(MeCN),Cl, 1.0 mol% o) N
OH L11 6.0 mol% [)\ptgu
Rq\ v MTBE (2.0 mL) o 1 ’
S Om P P
RZ Y (40 atm) 100 °C, 20 h R1OR? ! r\©/' '

2a-u L11
regioselectivity > 20/1 in all cases

o 0 o
o o
Me
Me~ Me Me
2al’! 2b zu 2e
92% (>99%) 90% (92%) 96% (97% 97% (>99%) 60% (64%)

O,

dr > 20/1
0
(o] (¢} fo)
o
o o o
N N
- o
0 CO,Et Boc
2h 2i 2j

81% (88% 98% (>99%) 86% (86%) 88% (91%) 82% (83%)

o [o}

o
15}
Qj O% " Oib
e
Me 9 Me Ph

2m 2n 20
51% (64%) with L11 90% (>99%)(¢] 65% (70%) 88% (90%)

88% (93%) with L10

n =1, 2p 38% (46%) 2r
n =3, 2q 49% (53%)1° 49% (54%)

83% (83%)

38% (38% 58% (ez% el 56% (57%

[a] Unless otherwise noted, all reactions were performed in MTBE

(2.0 mL) at 100°C for 20 h in the presence of 1 (0.5 mmol), Pd-
(MeCN),Cl, (1.3 mg, 0.005 mmol), L11 (11.2 mg, 0.03 mmol), and CO
(40 bar). Isolated yields were given before the parentheses. The NMR
yields (values within the parentheses), regioselectivity of 2/3 and
diastereoselectivity of 2 were determined by crude '"H NMR analyses
using dibromomethane as the internal standard. [b] Ta (1 g, 8 mmol),
Pd(MeCN),Cl, (21 mg, 0.08 mmol), L11 (178 mg, 0.48 mmol), MTBE
(30 mL). [c] 0.1 mmol of 1 was used.
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ketal) on the 3- or 4-position of cyclohexyl group were
transformed into the corresponding products 2a-2e in yields
of 60-97% and excellent selectivity. This protocol can be
readily scaled-up to carbonylation of 1.0 gram of 1a. This
reaction proceeded smoothly, providing 2a in 92% yield.
Substrates 1f-1i containing heteroatoms (oxygen, sulfur,
nitrogen) proved to be viable too and gave the corresponding
B-lactones 2f-2i in 81-98% yields with >20/1 selectivity.
Five-membered ring substrates such as 1j can be also applied
successfully in this carbonylation reaction (83 % yield of 2j).
In case of the carbonylation of the 1-ethynylcyclododecan-1-
ol 1k, the use of L10 instead of L11 led to a higher yield of 2k
(88%). Noncyclic alkynols 11-1r bearing different alkyl and
benzyl groups underwent lactonization smoothly and gave the
desired products 21-2r in 38-90 % yields. By increasing the
catalyst loading (5 mol % Pd(MeCN),Cl,, 30 mol % L11), the
corresponding products 2m and 2 q were isolated in 90 % and
49 % yield, respectively, with > 20/1 regioselectivity. When a-
monoalkyl-substituted propynyl alcohol 1s was subjected to
the optimized conditions, 2s was obtained, albeit in a lower
isolated yield. On the other hand, starting from a-monoaryl-
substituted alkynol 1t, carbonylation proceeded at increased
catalyst loading to give 2t in 58% yield. Interestingly,
dicarbonylated product 2u was obtained directly in 56 %
isolated yield by carbonylation of dialkynol 1u. It should be
noted that the synthesis of such multiply p-lactone is not an
easy task. In fact, to our knowledge no such transformation
has been described yet.

The importance of this novel methodology is showcased
by the late-stage modification of biologically active and
natural products,”® which provides easy access to diverse -
methylene-f3-lactones, highlighting the substrate scope of this
protocol and its potential utility in organic synthesis (Table 2).
Due to the poor solubility of some of the complex substrates,
typically 5 mol% of palladium catalyst was applied. Under
otherwise similar conditions, in all cases the reactions
proceeded well with excellent regio- and diastereoselectivi-
ties. More specifically, tropinone-derived propargylic alcohol
1v delivered the desired product 2v, with good efficiency
(81% yield). Pentoxifyllin, a drug with anti-inflammatory
properties, was transformed to the corresponding product 2w
smoothly (85% yield). Recently, much attention has been
paid to steroidal containing spiro-heterocycles for their
characteristic physiological activities.”! Thus, we investigated
reactions of pharmaceutically relevant steroidal alkynols:
ethynyl estradiol, ethisterone, levonorgestrel, and lynestrenol,
which are used for contraception and gynecological disorders.
All these compounds participated efficiently in this trans-
formation to provide the carbonylative products 2x-2z, 2aa
in high yields (85-93 % ). Notably, the molecular structure of
ethynyl estradiol derivative 2x was unambiguously confirmed
by X-ray structure analysis.'” Similarly, o-methylene-f-
lactones 2ab-2af derived from other steroid hormones such
as dihydrocholesterol, stanolone and epiandrosterone, were
obtained in 41-87 % yields with excellent selectivity. More-
over, homopropargylic alcohols also proved to be suitable
substrates and afforded the corresponding S5-membered
products with excellent regioselectivity (see Supporting
Information, Scheme S2).
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Table 2: Pd-catalyzed cyclocarbonylation of alkynols derived from bio-
logically active and natural products.”!

Pd(MeCN),Cl, 5.0 mol% o) N
OH L11 30.0 mol% [»\ptguz
Rq\ v MTBE (2.0 mL) o !
.Om
R X @0atm) 100°C, 20 h R <R2 P ’\@/’P’
1v-z, 1aa-ad ) 2y_-z, Zaa-aq L11
regioselectivity > 20/1 in all cases
Boc. N 2v Tropinone-derivative
Me 81% (88%)"!

o)
o dr>20/M1 o//<\

2x Ethynyl estradiol-derivative
86% (90%)"!
dr>20/1

Molecular structure of 2x
(30% probability)

2w Pentoxifyllin-derivative
85% (>99%)

2y Ethisterone-derivative
91% (92%)
dr>20/1

2z Levonorgestrel-derivative
93% (>99%)
dr > 20/1

2aa Lynestrenol-derivative
85% (90%)
dr>20/1

HO :

2ab Dihydrocholesterol-derivative 2ac Stanolone-derivative 2ad Epiandrosterone-derivative
41% (42%) 52% (60%) 87% (>99%)
dr>20/1 dr>20/1 dr > 20/1

[a] Unless otherwise noted, all reactions were performed in MTBE

(2.0 mL) at 100°C for 20 h in the presence of 1 (0.1 mmol), Pd-
(MeCN),Cl, (1.3 mg, 0.005 mmol), L11 (11.2 mg, 0.03 mmol), and CO
(40 bar). Isolated yields were given before the parentheses. The NMR
yields (values within the parentheses), regioselectivity of 2/3 and
diastereoselectivity of 2 were determined by crude 'H NMR analyses
using dibromomethane as the internal standard. [b] 0.5 mmol of 1 was
used.

It should be noted that more than 80% of the here
described a-methylene-B-lactones are prepared for the first
time. This clearly demonstrates the synthetic value of this
novel methodology. We assumed that our new products can
be conveniently used as interesting basic building blocks."!
Thus, to showcase their utility, selected follow-up trans-
formations were conducted by using 2b as the starting
material (Scheme 3). To illustrate the possibility to prepare
functionalized acrylic acid derivatives, a-methylene-f-lactone
2b readily underwent ring opening with benzylamine in the
presence of Pd(OAc),, affording f-hydroxy amide 4 in 61 %
yield. Furthermore, a-methylene-f3-lactones provide an easy
and efficient entry into a-alkylidene-B-lactones applying cross
metathesis in the presence of Grubbs II catalyst. Indeed,
a good yield of § was obtained with high Z-selectivity
(stereochemistry determined by NOESY study, see Support-
ing Information for detail). Particularly, this route allows for
the efficient preparation of focused libraries of (3-lactones,
which have found use as biological research probes and
therapeutic agents.""! Addition of carbon- or hetero-nucleo-
philes gives access to a-alkylated (3-lactones. Exemplarily, the
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SPh Ph N\ CgHi1a
7 6

5
Scheme 3. Further synthetic transformations of 2b. Reagents and
conditions: (i) Pd(OAc),, PPh;, BnNH,, CH,Cl,, rt for 16 h. (i) Grubbs’
2nd generation, 1-octene, CH,Cl,, reflux for 10 h. (iii) [Rh(cod)Cl],,
KOH/ H,0, PhB(OH),, dioxane, 60°C for 1 h. (iv) PhSH, Et;N, MeOH,
rt, 24 h. (v) Lawesson’s Reagent, PhCHj, reflux for 6 h.

Rh-catalyzed conjugate addition of phenylboronic acid to 2b
provided 6 in 40% yield and the treatment of 2b with
thiophenol and triethylamine provided o-(thiomethyl)-B-
lactone 7 via a nucleophilic conjugate addition. Finally, four-
membered thiolactones can be made in a facile manner by
employing Lawesson’s reagent. The synthesis of oa-methyl-
ene-$3-S-thiolactone 8 illustrated the diverse possibilities for
the construction of novel sulfur heterocycles.

Regarding the mechanism of this novel carbonylation
reaction, in principle two main pathways are possible
(Scheme 4 a): 1) Initially, the active palladium hydride species
I could be generated in situ by the combination of palladium
precursor with phosphine ligands,™? in which an excess of
phosphine ligand (L11) is needed to reduce the initial Pd"

(a)

Pd(MeCN),Cl,
N/L
(0]
LoL)® OH
0 Pd Rq\
R1OR2 H RZ Ny
|
L L ®
Pd NN

© 2020 The Authors. Published by Wiley-VCH GmbH

(b)

Pd(dba), 1.0 mol%
L11 6.0 mol%

MTBE (2.0 mL)
100 °C,20 h

N

HO,
+ CO

(40 atm)

Entry Additive Yield 2a (%)

1 none 0
2 HCI (2 mol%) 98

Scheme 4. a) Proposed mechanism. b) Control experiments.
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precursor. After coordination of the alkyne to this complex
followed by migratory insertion into the Pd—H bond, the
corresponding alkenyl-Pd complex II should be obtained,
which is transformed into the corresponding acyl complex III
via CO coordination and insertion. Finally, intramolecular
nucleophilic attack of hydroxyl on the acyl carbonyl leads to
the formation of the desired lactone and regeneration of the
[Pd-H]" species. Alternatively, the Pd" precursor is reduced in
situ to a Pd” species (probably by an excess amount of
phosphine ligands). The Pd"” species undergoes insertion into
the oxygen-hydrogen bond of alkynol affording the corre-
sponding alkoxypalladium complex. Then, insertion of CO
into palladium-oxygen bond would give the Pd acyl species.
Intramolecular addition of the palladium hydride to the triple
bond would form metallacycle complex, which leads to the
formation of the desired lactone and regenerates the catalyst
(see Supporting Information, Scheme S4). In order to differ-
entiate between these two possibilities, control experiments
were performed. As shown in Scheme 4b (entry 1), the
carbonylation of propargylic alcohol 1a was also carried out
with a Pd’ pre-catalyst. However, in the presence of Pd(dba),
under the standard reaction conditions, no conversion was
observed. In contrast, using Pd(dba), in the presence of
2 mol % of hydrochloric acid gave the desired product 2a in
98 % yield (Scheme 4b, entry 2). These experiments provided
clear evidence for a mechanism involving catalytically active
palladium hydride species. Although the detailed reaction
mechanism of the cyclocarbonylation of propargylic alcohols
remains to be further elucidated, based on our previous
studies on alkoxycarbonylations®®!¥ as well as mechanistic
studies by Cole-Hamilton, Drent and Sparkes,'¥ it is most
likely that this reaction goes through the Pd hydride
mechanism shown in Scheme 4a.['%)

Conclusion

In summary, we developed the first catalyst system for
a general and selective cyclocarbonylation of alkynols to
produce synthetically useful o-methylene-f-lactones. By
applying a distinctive ligand, a wide range of propargylic
alcohols was efficiently transformed into the corresponding .-
methylene-B-lactones in good yields (up to 98 %) with high
regio- and diastereoselectivity (>20/1). The applicability of
this methodology is specifically highlighted by the function-
alization of biologically active and natural molecules. Com-
bining this novel procedure with established functionaliza-
tions allows for an efficient preparation of privileged [-
lactone scaffolds. This efficient procedure features the
following advantages: high atom economy, additive free
reaction conditions, availability of substrates and obtained
excellent selectivities. It complements the current method-
ologies for carbonylations in organic synthesis as shown by
the synthesis of 30 products; the vast majority of them are
new.

Angew. Chem. Int. Ed. 2020, 59, 21585—21590

Research Articles

© 2020 The Authors. Published by Wiley-VCH GmbH

Internati

Acknowledgements

This work is supported by the State of Mecklenburg-
Vorpommern and the BMBF, Germany. We thank the
analytical team of LIKAT. Open access funding enabled
and organized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: alkynol - carbonylation -
phosphine - a-methylene-B-lactone

catalysis - palladium -

[1] a) F. Bohlmann, C. Zdero, R. M. King, H. Robinson, Phyto-
chemistry 1981, 20, 1069 —1075; b) F. Bohlmann, C. Zdero, R. M.
King, H. Robinson, Phytochemistry 1983, 22, 2860-2862; c) F.
Bohlmann, A.H. K. Paul, Tetrahedron Lett. 1984, 25, 1697 -
1700; d) A. N. de Gutierrez, A. Bardén, C. A. N. Catalan, T. B.
Gedris, W. Herz, Biochem. Syst. Ecol. 2001, 29, 633 -647;¢) M. J.
Dai, M. Seleem, X. Yin, US 10087190 B1, 2018; f) S. Kamat, K.
Camara, W. H. Parsons, D.-H. Chen, M. M. Dix, T. D. Bird,
A. R. Howell, B. E. Cravatt, Nat. Chem. Biol. 2015, 11, 164171,
¢) W. H. Parsons, M. J. Kolar, S.S. Kamat, A.B. Cognetta III,
J.J. Hulce, E. Saez, B. B. Kahn, A. Saghatelian, B. F. Cravatt,
Nat. Chem. Biol. 2016, 12, 367-372; h) B.F. Cravatt, S.S.
Kamat, W. H. Parsons, A. R. Howell, K. Camara, A. Anderson,
WO 2016/069542 A2, 2016.

[2] a) Y.-C. Xu, H. Zhou, X.-Y. Sun, W.-M. Ren, X.-B. Lu, Macro-

molecules 2016, 49, 5782-5787; b) Y.-C. Xu, W.-M. Ren, H.

Zhou, G.-G. Gu, X.-B. Lu, Macromolecules 2017, 50, 3131 -3142.

a) W. Adam, R. Albert, L. Hasemann, V. O. Nava Salgado, B.

Nestler, E.-M. Peters, K. Peters, F. Prechtl, H. G. von Schnering,

J. Org. Chem. 1991, 56, 5782-5785; b) R. L. Danheiser, Y. M.

Choi, M. Menichincheri, E.J. Stoner, J. Org. Chem. 1993, 58,

322-327; ¢) 1. Martinez, A.E. Andrews, J.D. Emch, A.J

Ndakala, J. Wang, A. R. Howell, Org. Lett. 2003, 5, 399-402;

d) R. Raju, A. R. Howell, Org. Lett. 2006, 8, 2139-2141; ¢) W.

Adam, L. Hasemann, Tetrahedron Lett. 1991, 32, 7033-7036;

f) W. Adam, L. Hasemann, Chem. Ber. 1990, 123, 1449-1451,

g) C. A. Malapit, D. R. Caldwell, N. Sassu, S. Milbin, A.R.

Howell, Org. Lett. 2017, 19, 1966-1969; h) J. Xia, L. Kong, X.

Zhou, G. Zheng, X. Li, Org. Lett. 2017, 19, 5792-15795; i) C. A.

Malapit, I. K. Luvaga, D. R. Caldwell, N. K. Schipper, A.R.

Howell, Org. Lert. 2017, 19, 4460-4463; j) W. Adam, V. O.

Nava Salgado, J. Org. Chem. 1995, 60, 578 -584; k) G. Zhu, W.

Shi, H. Gao, Z. Zhou, H. Song, W. Yi, Org. Lett. 2019, 21, 4143 -

4147;1) Y. Xu, L. Zhang, M. Liu, X. Zhang, X. Zhang, X. Fan,

Org. Biomol. Chem. 2019, 17,8706-8710; m) M. Bian, K. Ma, H.

Mawijuda, X. Yu, X. Li, H. Gao, Z. Zhou, W. Yi, Org. Biomol.

Chem. 2019, 17, 6114-6118; n) W. Adam, V. O. Nava Salgado,

E.-M. Peters, K. Peters, H. G. von Schnering, Chem. Ber. 1993,

126, 1481-1486; o) A. Pommier, J.-M. Pons, Synthesis 1993,

441-459; p) Y. Wang, R. L. Tennyson, D. Romo, Heterocycles

2004, 64, 605-658.

a) G. B. Payne, J. Org. Chem. 1966, 31, 718 -721; b) G. J. Baxter,

R. F. C. Brown, E. W. Eastwood, B. M. Gatehouse, M. C. Nesbit,

Aust. J. Chem. 1978, 31, 1757-1767; c) A.P. Masters, T.S.

Sorensen, Tetrahedron Lett. 1989, 30, 5869 —5872; d) C. Zhang,

X. Lu, Synthesis 1996, 586-588; e¢) A. Bartels, J. Liebscher,

Synthesis 1998, 1645-1654; f) G. Roso-Levi, I. Amer, J. Mol.

Catal. A 1996, 106, 51-56; g) E. M. Campi, K. Dyall, G. Fallon,

W. R. Jackson, P. Perlmutter, A.J. Smallridge, Synthesis 1990,

[3

—

(4

—_

www.angewandte.org

An dte

Chemie

21589


https://doi.org/10.1016/0031-9422(81)83029-4
https://doi.org/10.1016/0031-9422(81)83029-4
https://doi.org/10.1016/S0031-9422(00)97717-3
https://doi.org/10.1016/S0040-4039(01)81147-3
https://doi.org/10.1016/S0040-4039(01)81147-3
https://doi.org/10.1016/S0305-1978(00)00092-2
https://doi.org/10.1038/nchembio.1721
https://doi.org/10.1038/nchembio.2051
https://doi.org/10.1021/acs.macromol.6b01372
https://doi.org/10.1021/acs.macromol.6b01372
https://doi.org/10.1021/acs.macromol.7b00239
https://doi.org/10.1021/jo00020a017
https://doi.org/10.1021/jo00054a011
https://doi.org/10.1021/jo00054a011
https://doi.org/10.1021/ol020202v
https://doi.org/10.1021/ol060624v
https://doi.org/10.1016/0040-4039(91)85032-Z
https://doi.org/10.1002/cber.19901230642
https://doi.org/10.1021/acs.orglett.7b00494
https://doi.org/10.1021/acs.orglett.7b01994
https://doi.org/10.1021/jo00108a019
https://doi.org/10.1021/acs.orglett.9b01333
https://doi.org/10.1021/acs.orglett.9b01333
https://doi.org/10.1039/C9OB01830A
https://doi.org/10.1039/C9OB00645A
https://doi.org/10.1039/C9OB00645A
https://doi.org/10.1002/cber.19931260632
https://doi.org/10.1002/cber.19931260632
https://doi.org/10.1055/s-1993-25878
https://doi.org/10.1055/s-1993-25878
https://doi.org/10.1021/jo01341a017
https://doi.org/10.1071/CH9781757
https://doi.org/10.1016/S0040-4039(01)93492-6
https://doi.org/10.1055/s-1996-4266
https://doi.org/10.1055/s-1998-2195
https://doi.org/10.1016/1381-1169(95)00260-X
https://doi.org/10.1016/1381-1169(95)00260-X
https://doi.org/10.1055/s-1990-27035
http://www.angewandte.org

[5

—_

[6

[

(7]

[8

=

]

21500 www.angewandte.org

An dte

Research Articles G

855-856;h) W. Adam, R. Albert, N. Dachs Grau, L. Hasemann,
B. Nestler, E.-M. Peters, K. Peters, F. Prechtl, H. G. von Schner-
ing, J. Org. Chem. 1991, 56, 5778-5781; i) W. Adam, L.
Hasemann, F. Prechtl, Angew. Chem. Int. Ed. Engl. 1988, 27,
1536-1537; Angew. Chem. 1988, 100, 1594 —1595.

a) I. Matsuda, A. Ogiso, S. Sato, J. Am. Chem. Soc. 1990, 112,
6120-6121; b) L. A. Aronica, C. Mazzoni, A. M. Caporusso,
Tetrahedron 2010, 66, 265-273; c) B. Gabriele, M. Costa, G.
Salerno, G. P. Chiusoli, J. Chem. Soc. Chem. Commun. 1994,
1429-1430; d) B. Gabriele, G. Salerno, F. D. Pascali, M. Costa,
G. P. Chiusoli, J. Chem. Soc. Perkin Trans. 11997,147-154;¢) S.
Ma, B. Wu, S. Zhao, Org. Lett. 2003, 5, 4429-4432; f) S. Ma, B.
Wu, X. Jiang, S. Zhao, J. Org. Chem. 2005, 70, 2568 -2575;
¢g) C. S. Consorti, G. Ebeling, J. Dupont, Tetrahedron Lett. 2002,
43,753 -755.

a) K. Dong, R. Sang, R. Franke, A. Spannenberg, H. Neumann,
R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 2017, 56, 5267 —
5271; Angew. Chem. 2017, 129, 5351 -5355; b) J. Liu, K. Dong,
R. Franke, H. Neumann, R. Jackstell, M. Beller, J. Am. Chem.
Soc. 2018, 140, 10282-10288; ¢) J. Liu, H. Li, R. Diihren, J. Liu,
A. Spannenberg, R. Franke, R. Jackstell, M. Beller, Angew.
Chem. Int. Ed. 2017, 56, 11976 -11980; Angew. Chem. 2017, 129,
12138 -12142; d) L. Wu, L. Fleischer, R. Jackstell, I. Profir, R.
Franke, M. Beller, J. Am. Chem. Soc. 2013, 135, 1430614312,
e)J. Yang, J. Liu, H. Neumann, R. Franke, R. Jackstell, M.
Beller, Science 2019, 366, 1514-1517; f) K. Dong, X. Fang, S.
Giilak, R. Franke, A. Spannenberg, H. Neumann, R. Jackstell,
M. Beller, Nat. Commun. 2017, 8, 14117; g) Z. Ren, Y. Lyu, X.
Song, Y. Ding, Appl. Catal. A 2020, 595, 117488; h) K. Nogi, H.
Yorimitsu, Chem. Asian J. 2020, 15, 441-449; i) D. J. Jones, M.
Lautens, G. P. McGlacken, Nat. Catal. 2019, 2, 843-851; j) S.
Zhao, N. P. Mankad, Catal. Sci. Technol. 2019, 9, 3603 -3613;
k) R. Mancuso, N. Della Ca, L. Veltri, 1. Ziccarelli, B. Gabiele,
Catalysts 2019, 9, 610; 1) J.-B. Peng, H.-Q. Geng, X.-F. Wu, Chem
2019, 5, 526-552; m) K. Ma, B. S. Martin, X. Yin, M. Dai, Nat.
Prod. Rep. 2019, 36,174-219; n) H. Matsubara, T. Kawamoto, T.
Fukuyama, I. Ryu, Acc. Chem. Res. 2018, 51, 2023 —2035.

a) T. Schareina, R. Jackstell, T. Schulz, A. Zapf, A. Cott, M.
Gotta, M. Beller, Adv. Synth. Catal. 2009, 351, 643-648; b) T.
Schulz, C. Torborg, S. Enthaler, B. Schiffner, A. Dumrath, A.
Spannenberg, H. Neumann, A. Bérner, M. Beller, Chem. Eur. J.
2009, 15, 4528-4533; c) T. Schulz, C. Torborg, B. Schffner, J.
Huang, A. Zapf, R. Kadyrov, A. Borner, M. Beller, Angew.
Chem. Int. Ed. 2009, 48,918 -921; Angew. Chem. 2009, 121,936 —
939; d) C. Torborg, J. Huang, T. Schulz, B. Schffner, A. Zapf, A.
Spannenberg, A. Borner, M. Beller, Chem. Eur. J. 2009, 15,
1329-1336.

a) M. Moir, J. J. Danon, T. A. Reekie, M. Kassiou, Expert Opin.
Drug Discovery 2019, 14, 1137-1150; b)J. Bostrom, D. G.
Brown, R.J. Young, G. M. Keserii, Nat. Rev. Drug Discovery
2018, 77, 709-727.

a) K. P. Olive, M. A. Jacobetz, C. J. Davidson, A. Gopinathan, D.
Mclntyre, D. Honess, B. Madhu, M. A. Goldgraben, M. E.
Caldwell, D. Allard, K. K. Frese, G. DeNicola, C. Feig, C.
Combs, S.P. Winter, H. Ireland-Zecchini, S. Reichelt, W. J.
Howat, A. Chang, M. Dhara, L. Wang, F. Rckert, R. Grtzmann,
C. Pilarsky, K. Izeradjene, S.R. Hingorani, P. Huang, S.E.

Davies, W. Plunkett, M. Egorin, R. H. Hruban, N. Whitebread,

K. McGovern, J. Adams, C. Iacobuzio-Donahue, J. Griffiths,

D. A. Tuveson, Science 2009, 324, 1457-1461; b) T. Sakata, J. K.

Chen, Chem. Soc. Rev. 2011, 40, 4318-4331; c) S. Peukert, K.

Miller-Moslin, ChemMedChem 2010, 5, 500-512; d) Z. Zhang,

V. Baubet, C. Ventocilla, C. Xiang, N. Dahmane, J. D. Winkler,

Org. Lett. 2011, 13, 4786-4789; ¢) P. Heretsch, A. Bttner, L.

Tzagkaroulaki, S. Zahn, B. Kirchner, A. Giannis, Chem.

Commun. 2011, 47, 7362 -7364.

Deposition Number 1994467 contains the supplementary crys-

tallographic data for this paper. These data are provided free of

charge by the joint Cambridge Crystallographic Data Centre and

Fachinformationszentrum Karlsruhe Access Structures service

www.ccde.cam.ac.uk/structures.

[11] a) R. Flavin, S. Peluso, P. L. Nguyen, M. Loda, Future Oncol.
2010, 6, 551-562; b) A.F. Kluge, R. C. Petter, Curr. Opin.
Chem. Biol. 2010, 14, 421-427; c) R. D. Richardson, G. Ma, Y.
Opyola, M. Zancanella, L. M. Knowles, P. Cieplak, D. Romo, J. W.
Smith, J. Med. Chem. 2008, 51, 5285-5296; d) T. Bottcher, S. A.
Sieber, Angew. Chem. Int. Ed. 2008, 47, 4600-4603; Angew.
Chem. 2008, 120, 4677 —4680.

[12] H. Liu, N. Yan, P.J. Dyson, Chem. Commun. 2014, 50, 7848 —
7851.

[13] a) J. Liu,J. Yang, C. Schneider, R. Franke, R. Jackstell, M. Beller,

Angew. Chem. Int. Ed. 2020, 59, 9032—-9040; Angew. Chem.

2020, 732,9117-9125; b) J. Liu, Q. Liu, R. Franke, R. Jackstell,

M. Beller, J. Am. Chem. Soc. 2015, 137, 8556 -8563; c) H. Li, X.

Fang, R. Jackstell, H. Neumann, M. Beller, Chem. Commun.

2016, 52, 7142-7145; d) H. Li, K. Dong, H. Jiao, H. Neumann,

R. Jackstell, M. Beller, Nat. Chem. 2016, 8, 1159-1166; ¢) X.

Fang, H. Li, R. Jackstell, M. Beller, J. Am. Chem. Soc. 2014, 136,

16039-16043; f) H. Li, K. Dong, H. Neumann, M. Beller,

Angew. Chem. Int. Ed. 2015, 54, 10239-10243; Angew. Chem.

2015, 127, 10377-10381; g) 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.

a) L. Crawford, D. J. Cole-Hamilton, E. Drent, M. Biihl, Chem.

Eur. J. 2014, 20, 13923-13926; b) L. Crawford, D.J. Cole-

Hamilton, M. Biihl, Organometallics 2015, 34, 438—-449; c) A.

Shuttleworth, A. M. MilesHobbs, P. G. Pringle, H. A. Sparkes,

Dalton Trans. 2017, 46, 125-137.

[15] a) M. Beller, A. Krotz, W. Baumann, Adv. Synth. Catal. 2002,
344, 517-524; b) V. V. Grushin, Chem. Rev. 1996, 96, 2011 -
2034; ¢) C. Blanco, C. Godard, E. Zangrando, A. Ruiz, C.
Claver, Dalton Trans. 2012, 41, 6980-6991; d) P. Roesle, L.
Caporaso, M. Schnitte, V. Goldbach, L. Cavallo, S. Mecking, J.
Am. Chem. Soc. 2014, 136,16871-16881; e) P. Roesle, C. J. Diirr,
H. M. Moller, L. Cavallo, L. Caporaso, S. Mecking, J. Am. Chem.
Soc. 2012, 134, 17696-17703; ) 1. del Rio, C. Claver, P. W. N. M.
van Leeuwen, Eur. J. Inorg. Chem. 2001, 2719-2738.

[10

—_

[14

—_—

Manuscript received: May 6, 2020

Revised manuscript received: June 12, 2020
Accepted manuscript online: June 23, 2020
Version of record online: September 17, 2020

© 2020 The Authors. Published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2020, 59, 21585—21590


https://doi.org/10.1055/s-1990-27035
https://doi.org/10.1021/jo00020a016
https://doi.org/10.1002/anie.198815361
https://doi.org/10.1002/anie.198815361
https://doi.org/10.1002/ange.19881001125
https://doi.org/10.1021/ja00172a033
https://doi.org/10.1021/ja00172a033
https://doi.org/10.1016/j.tet.2009.10.112
https://doi.org/10.1039/C39940001429
https://doi.org/10.1039/C39940001429
https://doi.org/10.1039/a603892a
https://doi.org/10.1021/ol0357245
https://doi.org/10.1021/jo0480038
https://doi.org/10.1016/S0040-4039(01)02309-7
https://doi.org/10.1016/S0040-4039(01)02309-7
https://doi.org/10.1002/anie.201700317
https://doi.org/10.1002/anie.201700317
https://doi.org/10.1002/ange.201700317
https://doi.org/10.1021/jacs.8b05852
https://doi.org/10.1021/jacs.8b05852
https://doi.org/10.1002/anie.201706794
https://doi.org/10.1002/anie.201706794
https://doi.org/10.1002/ange.201706794
https://doi.org/10.1002/ange.201706794
https://doi.org/10.1021/ja4060977
https://doi.org/10.1126/science.aaz1293
https://doi.org/10.1016/j.apcata.2020.117488
https://doi.org/10.1002/asia.201901644
https://doi.org/10.1038/s41929-019-0361-0
https://doi.org/10.1039/C9CY00938H
https://doi.org/10.3390/catal9070610
https://doi.org/10.1016/j.chempr.2018.11.006
https://doi.org/10.1016/j.chempr.2018.11.006
https://doi.org/10.1039/C8NP00033F
https://doi.org/10.1039/C8NP00033F
https://doi.org/10.1021/acs.accounts.8b00278
https://doi.org/10.1002/adsc.200800733
https://doi.org/10.1002/chem.200802678
https://doi.org/10.1002/chem.200802678
https://doi.org/10.1002/anie.200804898
https://doi.org/10.1002/anie.200804898
https://doi.org/10.1002/ange.200804898
https://doi.org/10.1002/ange.200804898
https://doi.org/10.1002/chem.200802444
https://doi.org/10.1002/chem.200802444
https://doi.org/10.1080/17460441.2019.1653850
https://doi.org/10.1080/17460441.2019.1653850
https://doi.org/10.1038/nrd.2018.116
https://doi.org/10.1038/nrd.2018.116
https://doi.org/10.1126/science.1171362
https://doi.org/10.1039/c1cs15019g
https://doi.org/10.1002/cmdc.201000011
https://doi.org/10.1021/ol2017966
https://doi.org/10.1039/c1cc11782c
https://doi.org/10.1039/c1cc11782c
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202006550
https://www.ccdc.cam.ac.uk/structures/?
https://doi.org/10.2217/fon.10.11
https://doi.org/10.2217/fon.10.11
https://doi.org/10.1016/j.cbpa.2010.03.035
https://doi.org/10.1016/j.cbpa.2010.03.035
https://doi.org/10.1021/jm800321h
https://doi.org/10.1002/anie.200705768
https://doi.org/10.1002/ange.200705768
https://doi.org/10.1002/ange.200705768
https://doi.org/10.1039/C4CC02167C
https://doi.org/10.1039/C4CC02167C
https://doi.org/10.1002/anie.201915386
https://doi.org/10.1002/ange.201915386
https://doi.org/10.1002/ange.201915386
https://doi.org/10.1021/jacs.5b04052
https://doi.org/10.1039/C6CC03017C
https://doi.org/10.1039/C6CC03017C
https://doi.org/10.1038/nchem.2586
https://doi.org/10.1021/ja507530f
https://doi.org/10.1021/ja507530f
https://doi.org/10.1002/anie.201503954
https://doi.org/10.1002/ange.201503954
https://doi.org/10.1002/ange.201503954
https://doi.org/10.1002/anie.201303850
https://doi.org/10.1002/ange.201303850
https://doi.org/10.1002/chem.201403983
https://doi.org/10.1002/chem.201403983
https://doi.org/10.1021/om500970k
https://doi.org/10.1039/C6DT03983A
https://doi.org/10.1002/1615-4169(200207)344:5%3C517::AID-ADSC517%3E3.0.CO;2-Q
https://doi.org/10.1002/1615-4169(200207)344:5%3C517::AID-ADSC517%3E3.0.CO;2-Q
https://doi.org/10.1021/cr950272y
https://doi.org/10.1021/cr950272y
https://doi.org/10.1039/c2dt30267e
https://doi.org/10.1021/ja508447d
https://doi.org/10.1021/ja508447d
https://doi.org/10.1021/ja307411p
https://doi.org/10.1021/ja307411p
http://www.angewandte.org

