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ABSTRACT: Thiocarbonylation of alkenes offers an ideal procedure for the
synthesis of thioesters. However, thiocarbonylation of alkenes, especially styrenes,
to produce valuable linear thioesters has remained a challenge. In this Letter, a
general palladium-catalyzed thiocarbonylation of alkenes to produce linear
thioesters has been achieved. Moderate to good yields of desired thioesters can
be produced from readily available alkenes in a straightforward manner.
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Transition-metal-catalyzed carbonylative transformation of
alkenes offers an ideal choice for producing aliphatic

carboxylic acid derivatives.1 By using carbon monoxide as an
abundant C1 source, depending on the nucleophiles applied,
various target products can be obtained straightforwardly
through hydroformylation, alkoxycarbonylation, aminocarbo-
nylation, thiocarbonylation, and so on.2−5 By controlling the
regioselectivity, branched or linear products can be obtained as
the main product. Studies toward those selectivities have been
well established with hydroformylation, alkoxycarbonylation,
and aminocarbonylation. Even asymmetric transformations
have also been realized with procedures to give branched
products. However, thiocarbonylation of alkenes is still rarely
reported besides the early efforts from Alper’s group and
others.4 In 2016, Fleischer and co-workers reported an

attractive and selective palladium-catalyzed thiocarbonylation
of alkenes to produce branched products in high yields
(Scheme 1, eq 1).5 The asymmetric version of this reaction
was subsequently achieved by Liao and co-workers with their
own chiral sulfoxide-(P-dialkyl)-phosphine (SOP) ligands
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Scheme 1. Thiocarbonylation of Alkenes

Table 1. Thiocarbonylation of Styrene: Optimization

entry additive (mol %) solvent yield of 3b yield of 4b

1 - CH3CN 51% 47%
2 p-TsOH·H2O (20) CH3CN 23% 75%
3 TFA (20) CH3CN 42% 56%
4 5-Cl-SA (20) CH3CN 47% 50%
5 B(OH)3 (10) CH3CN 52% 46%
6 B(OH)3 (10)/5-Cl-SA (20) CH3CN 12% 84%
7 B(OH)3 (10)/5-Cl-SA (20) DCE 8% 78%
8 B(OH)3 (10)/5-Cl-SA (20) toluene 28% 68%
9 B(OH)3 (10)/5-Cl-SA (20) dioxane 44% 50%
10 B(OH)3 (10)/5-Cl-SA (20) EtOH 40% 44%
11 B(OH)3 (10)/5-Cl-SA (20) DMSO trace trace
12 B(OH)3 (10)/5-Cl-SA (20) CH3CN 9%c 70%c

aConditions: 1 (0.2 mmol), 2 (1.3 equiv), PdCl2 (5 mol %),
Xantphos (L10) (5 mol %), additive, CO (20 bar), solvent (1 mL),
stirred at 120 °C for 22 h. bYield was determined by GC with
hexadecane as the internal standard. cPdCl2 (1 mol %), Xantphos
(L10) (1 mol %). 5-Cl-SA = 5-chloro-2-hydroxybenzoic acid.
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(Scheme 1, eq 2).6 Although linear thioester compounds from
thiocarbonylation of alkenes can be detected as side products
in the former studies,4−6 a selective and general procedure for

this new transformation, especially for styrenes, has not been
achieved yet and stays as a challenge.
Thioesters are a class of chemicals with important

applications in various areas.7 In biosynthetic chemistry,
thioesters are common intermediates in fatty acids’ generation
and degradation and also in many other processes. Because
thioesters are mandatory intermediates in several key processes
related with ATP usage and regeneration, they are even
considered as possible precursors of life.7d Consequently,
numerous methodologies for their preparation and further
synthetic transformation have been developed.8 However, new
and sustainable procedures are still in demand as alternatives.
Furthermore, alkenes are readily available in industrial scale by
cracking alkanes and naphthalenes. Hence, the use of alkenes
as substrates in organic synthesis has attracted considerable
attention during the past decades.9 In order to fill the gap in
alkene carbonylation, we herein developed a new procedure on
thiocarbonylation of alkenes toward linear thioesters. With
palladium as the catalyst, both aromatic and aliphatic alkenes
were selectively transformed into the corresponding linear
thioesters in good yields (Scheme 1, eq 3).
Our initial studies were started with using styrene 1 and 1-

octanthiol 2 as the model substrates. In the presence of PdCl2

Table 2. Thiocarbonylation of Styrene: Effect of Ligands

aConditions: 1 (0.2 mmol), 2 (1.3 equiv), PdCl2 (5 mol %), ligand (P/Pd = 2/1), B(OH)3 (10 mol %), 5-Cl-SA (20 mol %), CO (20 bar),
CH3CN (1 mL), stirred at 120 °C for 22 h. bYield was determined by GC with hexadecane as the internal standard.

Scheme 2. Proposed Reaction Pathway
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Scheme 3. Synthesis of Linear Thioesters by Thiocarbonylation of Alkenes

aUnless otherwise noted, the reaction was performed on a 0.2 mmol scale under the standard conditions. Isolated yields of linear products. b4-tert-
Butylcatechol (5 mol %) was added as additive. cTotal isolated yield of linear and branched products. dDetermined by 1H NMR. eDiene (0.1
mmol) was used. fThree equivalents of ethanethiol was used. gOne equivalent of 4-bromobenzenethiol was used. hEthylene (3 bar) was used. iThe
reaction was performed on a 0.1 mmol scale.
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and Xantphos (L10) catalyst system under CO pressure, the
effects of additives and then solvents were checked (Table 1).
Both linear and branched thioesters can be formed in our
testing with total conversion of styrene. Interestingly, in the
testing of acid additives, 84% yield of 4 together with 12% yield
of 3 can be achieved when a combined acid additive was
used.10 The ratio of the two acid additives were checked as
well, and the selectivity dropped dramatically when 10 mol %
of 5-chloro-2-hydroxybenzoic acid (5-Cl-SA) was used instead
of 20 mol %. In the testing of solvents, excellent conversion of
styrene can be obtained but with decreased selectivity (Table
1, entries 7−10). However, only a trace amount of thioester
was formed when DMSO was used as the solvent, and
thioether (none-carbonylation product) can be detected as
well (Table 1, entry 11). In our attempts to decrease the
reaction temperature, no conversion of substrate could be
detected, which might be due to the poison effect of thiol to
the palladium catalyst. The selectivity and yield were reduced
as well when we performed the reaction under lower CO
pressure. However, a 70% yield of linear product 4 can still be
formed with 1 mol % of palladium catalyst (Table 1, entry 12).
Subsequently, various phosphine ligands were tested by

using B(OH)3/5-Cl-SA as the acidic additive (Table 2). A very
low conversion of styrene was obtained when basic and
electron-rich phosphine ligands were applied, such as PCy3 and
BuPAd2 (Table 2, L1−L3). Here, the reaction between basic
ligand and acid might be the reason for the loss of activity.
Significantly improved yields of branched thioester 3 can be
achieved when tris(aryl)phosphine ligands were tested (Table
2, L4−L9). The best yield of 3 with 93% can be produced
when tris(4-methoxyphenyl)phosphine was used as the ligand
(Table 2, L8). Remarkably, the selectivity between 4 and 3 can
be reversed when bidentate phosphine ligands were tested, and
4 became the main product in those cases (Table 2, L10−
L17). Toward the linear selectivity, a 94% yield of 4 was
produced with DPEphos as the ligand (Table 2, L16).
A possible reaction mechanism is proposed on the basis of

our results and previous reports (Scheme 2).1−6,10 The
reaction starts with the generation of the LPdII−H complex
A from the palladium precursor, ligand, and acid additive. After
addition with alkenes, alkylpalladium complex B will be
formed, which will be transformed into acylpalladium complex
C after the coordination and insertion of CO. Finally, the

desired linear thioesters will be eliminated together with the
regeneration of LPdII−H complex for the next catalytic cycle.
With the optimal conditions in our hand, the scope and

limitation of this transformation was carried out immediately
(Scheme 3). Using 1-octanthiol as the reaction partner, various
styrenes were reacted at the first step. In general, moderate to
excellent yields of linear thioesters were produced (Scheme 3,
4−15). Both electron-donating and electron-withdrawing
groups can be well tolerated. Besides halogen groups, even
the nitro group is also compatible here, which is relatively
easily reduced under carbon monoxide atmosphere in the
presence of a metal catalyst (Scheme 3, 12). Bpin-substituted
styrene can also be transformed to give the desired linear
thioester in 35% yield (Scheme 3, 15). This reaction can also
be performed on 1 mmol scale without loss of efficiency and
selectivity (Scheme 3, 4).
However, when β-methylstyrol was tested as an example of

internal aromatic substituted alkene, low or no thioester could
be formed, which is mainly due to the steric effect raised by the
ligand applied (Scheme 3, 16). Notably, the added trans-β-
methylstyrol stays nonreacted, and the conversion of cis-β-
methylstyrol was less than 20%. Then three examples of
allylarenes were tested under our standard conditions, and
moderate to good yields of the desired linear products can be
isolated without any problem (Scheme 3, 17−19). Aliphatic
alkenes as an interesting class of olefins were tested in this
system without exception (Scheme 3, 20−32). Several
examples of highly functionalized aliphatic alkenes were
transformed into the corresponding linear thioesters in
moderate to good yields. However, in the case of tested α-
methyl substituted alkene 31, no target thioester can be
obtained, although some thioether was detected. In the testing
of thiols, in addition to alkyl thiols, thiophenols can be applied
as well. Moderate to excellent yields of the desired thioesters
can be produced with styrene or 3,3-dimethyl-1-butene as the
reaction partner (Scheme 3, 33−43). Ethylene can be used as
starting material as well, 98% yield of the target product can be
formed (Scheme 3, 44). Finally, some examples of bioactive
molecule substituted styrene derivatives were tested. In our
tested cases, the final products can be isolated without any
problem (Scheme 3, 45−47).
Finally, competition reactions between different substrates

were carried out under our standard conditions as well
(Scheme 4). With styrene as the substrate, primary and

Scheme 4. Competition Reactions
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secondary thiols were tested, and the yield of thioester from
primary thiol was much higher than the yield from secondary
one (48% vs 26%; Scheme 4, eq A). In the competition
reaction of styrene with alkyl thiol and aryl thiol, and thiol with
styrene and aliphatic alkene, similar yields of the corresponding
thioesters were formed without significant difference (Scheme
4, eqs B and C).
In summary, a general and efficient palladium-catalyzed

thiocarbonylation of alkenes has been developed. Moderate to
good yields of the desired linear thioesters can be produced
from readily available alkenes in a straightforward manner.
Remarkably, this also represents the first example on
thiocarbonylation of styrenes with linear selectivity.
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Rodriguez, C.; Nuńéz-Magro, A. A.; Seidensticker, T.; Eastham, G.
R.; Furst, M. R. L.; Cole-Hamilton, D. J. Selective Formation of α,ω-
Ester Amides from the Aminocarbonylation of Castor Oil Derived
Methyl 10-Undecenoate and Other Unsaturated Substrates. Catal. Sci.
Technol. 2014, 4, 2332−2339. (c) Zhang, G.; Gao, B.; Huang, H.
Palladium-Catalyzed Hydroaminocarbonylation of Alkenes with
Amines: A Strategy to Overcome the Basicity Barrier Imparted by
Aliphatic Amines. Angew. Chem., Int. Ed. 2015, 54, 7657−7661.
(d) Gao, B.; Zhang, G.; Zhou, X.; Huang, H. Palladium-catalyzed
regiodivergent hydroaminocarbonylation of alkenes to primary amides
with ammonium chloride. Chem. Sci. 2018, 9, 380−386. (e) Xu, T.;
Sha, F.; Alper, H. Highly Ligand-Controlled Regioselective Pd-
Catalyzed Aminocarbonylation of Styrenes with Aminophenols. J. Am.
Chem. Soc. 2016, 138, 6629−6635. (f) Liu, H.; Yan, N.; Dyson, P. J.
Acid-free Regioselective Aminocarbonylation of Alkenes. Chem.
Commun. 2014, 50, 7848−7851. (g) Yao, Y.-H.; Yang, H.-Y.; Chen,
M.; Wu, F.; Xu, X.-X.; Guan, Z.-H. Asymmetric Markovnikov
Hydroaminocarbonylation of Alkenes Enabled by Palladium-Mono-
dentate Phosphoramidite Catalysis. J. Am. Chem. Soc. 2021, 143, 85−
91.
(4) (a) Drent, E. Preparation of Thiol Esters. G.B. Patent 2246130A,
1990. (b) Foley, P. Hydroesterification of 1-Alkene. U.S. Patent
4422977, 1983. (c) Xiao, W.-J.; Vasapollo, G.; Alper, H. Highly
Regioselective Palladium-Catalyzed Thiocarbonylation of Allenes with
Thiols and Carbon Monoxide. J. Org. Chem. 1998, 63, 2609−2612.
(d) Li, C.; Xiao, W.-J.; Alper, H. Palladium-Catalyzed Ring-Opening
Thiocarbonylation of Vinylcyclopropanes with Thiols and Carbon
Monoxide. J. Org. Chem. 2009, 74, 888−890. (e) Xiao, W.-J.; Alper,
H. Highly Regioselective Thiocarbonylation of Allylic Alcohols with
Thiols and Carbon Monoxide Catalyzed by Palladium Complexes: A
New and Efficient Route to β,γ-Unsaturated Thioesters. J. Org. Chem.
1998, 63, 7939−7944. (f) Xiao, W.-J.; Vasapollo, G.; Alper, H. Highly
Chemo- and Regioselective Thiocarbonylation of Conjugated Enynes
with Thiols and Carbon Monoxide Catalyzed by Palladium
Complexes: An Efficient and Atom-Economical Access to 2-
(Phenylthiocarbonyl)-1,3-dienes. J. Org. Chem. 1999, 64, 2080−
2084. (g) Xiao, W.-J.; Vasapollo, G.; Alper, H. Highly Regioselective
Thiocarbonylation of Conjugated Dienes via Palladium-Catalyzed
Three-Component Coupling Reactions. J. Org. Chem. 2000, 65,
4138−4144. (h) Xiao, W.-J.; Alper, H. First Examples of
Enantioselective Palladium-Catalyzed Thiocarbonylation of Prochiral
1,3-Conjugated Dienes with Thiols and Carbon Monoxide: Efficient
Synthesis of Optically Active β,γ-Unsaturated Thiol Esters. J. Org.
Chem. 2001, 66, 6229−6233.
(5) Hirschbeck, V.; Gehrtz, P. H.; Fleischer, I. Regioselective
Thiocarbonylation of Vinyl Arenes. J. Am. Chem. Soc. 2016, 138,
16794−16799.
(6) Wang, X.; Wang, B.; Yin, X.; Yu, W.; Liao, Y.; Ye, J.; Wang, M.;
Hu, L.; Liao, J. Palladium-Catalyzed Enantioselective Thiocarbony-
lation of Styrenes. Angew. Chem., Int. Ed. 2019, 58, 12264−12270.

ACS Catalysis pubs.acs.org/acscatalysis Letter

https://dx.doi.org/10.1021/acscatal.1c00414
ACS Catal. 2021, 11, 3614−3619

3618

https://pubs.acs.org/doi/10.1021/acscatal.1c00414?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00414/suppl_file/cs1c00414_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Feng+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6622-3328
http://orcid.org/0000-0001-6622-3328
mailto:xiao-feng.wu@catalysis.de
mailto:xwu2020@dicp.ac.cn
mailto:xwu2020@dicp.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han-Jun+Ai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fengqian+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui-Qing+Geng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00414?ref=pdf
https://dx.doi.org/10.1021/ar400222k
https://dx.doi.org/10.1021/ar400222k
https://dx.doi.org/10.1021/cr3001803
https://dx.doi.org/10.1126/science.aaz1293
https://dx.doi.org/10.1126/science.aaz1293
https://dx.doi.org/10.1126/science.aaz1293
https://dx.doi.org/10.1002/anie.200702889
https://dx.doi.org/10.1002/anie.200702889
https://dx.doi.org/10.1002/anie.200702889
https://dx.doi.org/10.1039/b404783d
https://dx.doi.org/10.1039/b404783d
https://dx.doi.org/10.1039/b404783d
https://dx.doi.org/10.1021/acscatal.7b02179
https://dx.doi.org/10.1021/acscatal.7b02179
https://dx.doi.org/10.1021/acscatal.7b02179
https://dx.doi.org/10.1039/c3cc41291a
https://dx.doi.org/10.1039/c3cc41291a
https://dx.doi.org/10.1039/c3cc41291a
https://dx.doi.org/10.1021/ol5029157
https://dx.doi.org/10.1021/ol5029157
https://dx.doi.org/10.1021/ol5029157
https://dx.doi.org/10.1002/anie.201308455
https://dx.doi.org/10.1002/anie.201308455
https://dx.doi.org/10.1039/C4CY00158C
https://dx.doi.org/10.1039/C4CY00158C
https://dx.doi.org/10.1039/C4CY00158C
https://dx.doi.org/10.1002/anie.201502405
https://dx.doi.org/10.1002/anie.201502405
https://dx.doi.org/10.1002/anie.201502405
https://dx.doi.org/10.1039/C7SC04054G
https://dx.doi.org/10.1039/C7SC04054G
https://dx.doi.org/10.1039/C7SC04054G
https://dx.doi.org/10.1021/jacs.6b03161
https://dx.doi.org/10.1021/jacs.6b03161
https://dx.doi.org/10.1039/C4CC02167C
https://dx.doi.org/10.1021/jacs.0c11249
https://dx.doi.org/10.1021/jacs.0c11249
https://dx.doi.org/10.1021/jacs.0c11249
https://dx.doi.org/10.1021/jo972121w
https://dx.doi.org/10.1021/jo972121w
https://dx.doi.org/10.1021/jo972121w
https://dx.doi.org/10.1021/jo801725j
https://dx.doi.org/10.1021/jo801725j
https://dx.doi.org/10.1021/jo801725j
https://dx.doi.org/10.1021/jo9812328
https://dx.doi.org/10.1021/jo9812328
https://dx.doi.org/10.1021/jo9812328
https://dx.doi.org/10.1021/jo9824246
https://dx.doi.org/10.1021/jo9824246
https://dx.doi.org/10.1021/jo9824246
https://dx.doi.org/10.1021/jo9824246
https://dx.doi.org/10.1021/jo9824246
https://dx.doi.org/10.1021/jo000231o
https://dx.doi.org/10.1021/jo000231o
https://dx.doi.org/10.1021/jo000231o
https://dx.doi.org/10.1021/jo0103773
https://dx.doi.org/10.1021/jo0103773
https://dx.doi.org/10.1021/jo0103773
https://dx.doi.org/10.1021/jo0103773
https://dx.doi.org/10.1021/jacs.6b11020
https://dx.doi.org/10.1021/jacs.6b11020
https://dx.doi.org/10.1002/anie.201905905
https://dx.doi.org/10.1002/anie.201905905
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.1c00414?ref=pdf


(7) (a) Smietana, M.; Clayette, P.; Mialocq, P.; Vasseur, j.; Oiry, j.
Synthesis of New N-Isobutyryl-l-cysteine/MEA Conjugates: Evalua-
tion of their Free Radical-Scavenging Activities and Anti-HIV
Properties in Human Macrophages. Bioorg. Chem. 2008, 36, 133−
140. (b) Hamilton, G. S.; Wu, Y.-Q.; Limburg, D. C.; Wilkinson, D.
E.; Vaal, M. J.; Li, J.-H.; Thomas, C.; Huang, W.; Sauer, H.; Ross, D.
T.; Soni, R.; Chen, Y.; Guo, H.; Howorth, P.; Valentine, H.; Liang, S.;
Spicer, D.; Fuller, M.; Steiner, J. P. Synthesis of N-Glyoxyl Prolyl and
Pipecolyl Amides and Thioesters and Evaluation of Their In Vitro and
In Vivo Nerve Regenerative Effects. J. Med. Chem. 2002, 45, 3549−
3557. (c) Hong, J.; Luesch, H. Largazole: From Discovery to Broad-
Spectrum Therapy. Nat. Prod. Rep. 2012, 29, 449−456. (d) de Duve,
C. The Beginnings of Life on Earth. American Scientist 1995, 83, 428−
437.
(8) (a) Hirschbeck, V.; Gehrtz, P. H.; Fleischer, I. Metal-Catalyzed
Synthesis and Use of Thioesters: Recent Developments. Chem. - Eur.
J. 2018, 24, 7092−7107. (b) Kazemi, M.; Shiri, L. Thioesters
Synthesis: Recent Adventures in the Esterification of Thiols. J. Sulfur
Chem. 2015, 36, 613−623. (c) Jabarullah, N. H.; Jermsittiparsert, K.;
Melnikov, P. A.; Maseleno, A.; Hosseinian, A.; Vessally, E. Methods
for the Direct Synthesis of Thioesters from Aldehydes: a Focus
Review. J. Sulfur Chem. 2020, 41, 96−115.
(9) For selected reviews, see: (a) Kalck, P.; Urrutigoïty, M. Tandem
Hydroaminomethylation Reaction to Synthesize Amines from
Alkenes. Chem. Rev. 2018, 118, 3833−3861. (b) Lane, B. S.;
Burgess, K. Metal-Catalyzed Epoxidations of Alkenes with Hydrogen
Peroxide. Chem. Rev. 2003, 103, 2457−2474. (c) Dong, Z.; Ren, Z.;
Thompson, S. J.; Xu, Y.; Dong, G. Transition-Metal-Catalyzed C−H
Alkylation Using Alkenes. Chem. Rev. 2017, 117, 9333−9403.
(d) Hebrard, F.; Kalck, P. Cobalt-Catalyzed Hydroformylation of
Alkenes: Generation and Recycling of the Carbonyl Species and
Catalytic Cycle. Chem. Rev. 2009, 109, 4272−4282.
(10) (a) Vieira, T. O.; Green, M. J.; Alper, H. Highly Regioselective
Anti-Markovnikov Palladium-Borate-Catalyzed Methoxycarbonylation
Reactions: Unprecedented Results for Aryl Olefins. Org. Lett. 2006, 8,
6143−6145. (b) Ferreira, A. C.; Crous, R.; Bennie, L.; Meij, A. M. M.;
Blann, K.; Bezuidenhoudt, B. C. B.; Young, D. A.; Green, M. J.;
Roodt, A. Borate Esters as Alternative Acid Promoters in the
Palladium-Catalyzed Methoxycarbonylation of Ethylene. Angew.
Chem., Int. Ed. 2007, 46, 2273−2275.

ACS Catalysis pubs.acs.org/acscatalysis Letter

https://dx.doi.org/10.1021/acscatal.1c00414
ACS Catal. 2021, 11, 3614−3619

3619

https://dx.doi.org/10.1016/j.bioorg.2008.02.001
https://dx.doi.org/10.1016/j.bioorg.2008.02.001
https://dx.doi.org/10.1016/j.bioorg.2008.02.001
https://dx.doi.org/10.1021/jm010556c
https://dx.doi.org/10.1021/jm010556c
https://dx.doi.org/10.1021/jm010556c
https://dx.doi.org/10.1039/c2np00066k
https://dx.doi.org/10.1039/c2np00066k
https://dx.doi.org/10.1002/chem.201705025
https://dx.doi.org/10.1002/chem.201705025
https://dx.doi.org/10.1080/17415993.2015.1075023
https://dx.doi.org/10.1080/17415993.2015.1075023
https://dx.doi.org/10.1080/17415993.2019.1658764
https://dx.doi.org/10.1080/17415993.2019.1658764
https://dx.doi.org/10.1080/17415993.2019.1658764
https://dx.doi.org/10.1021/acs.chemrev.7b00667
https://dx.doi.org/10.1021/acs.chemrev.7b00667
https://dx.doi.org/10.1021/acs.chemrev.7b00667
https://dx.doi.org/10.1021/cr020471z
https://dx.doi.org/10.1021/cr020471z
https://dx.doi.org/10.1021/acs.chemrev.6b00574
https://dx.doi.org/10.1021/acs.chemrev.6b00574
https://dx.doi.org/10.1021/cr8002533
https://dx.doi.org/10.1021/cr8002533
https://dx.doi.org/10.1021/cr8002533
https://dx.doi.org/10.1021/ol062646n
https://dx.doi.org/10.1021/ol062646n
https://dx.doi.org/10.1021/ol062646n
https://dx.doi.org/10.1002/anie.200603751
https://dx.doi.org/10.1002/anie.200603751
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.1c00414?ref=pdf

