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ABSTRACT: Redox-triggered metal-catalyzed cross-coupling reactions
from readily available alcohols provide a step economical means to syn-
thesize ketones and related compounds. Prior examples for hydroge-
native remote C(sp3)−H functionalization of olefins via a metal walking
process featured external reducing agents. Here, we report a strategy for
redox-triggered hydrogenative remote C(sp3)−H acylation of olefins
with primary alcohols both as an acylating agent and a reductant, which is validated by the base-free 1,3-diketone synthesis. Mech-
anistic studies have confirmed that the reaction takes place via an aldehyde intermediate and a metal walking process.
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■ INTRODUCTION

Development of catalytic atom- and step-economic sustainable
transformations from readily available materials has been among
the central topics of modern synthetic chemistry.1 In the past few
decades, selective C−H functionalization has emerged to be a
powerful method to synthesize various valuable compounds.2

To control the selectivity of C(sp3)−H functionalization, the
substrate bearing inherent directionality or utilization of addi-
tional directing groups or mediators has been widely exploited.3

Another approach for selective C(sp3)−H functionalization relies
on a metal walking strategy via metal-catalyzed rapid olefin
isomerization along the saturated hydrocarbon chain to form
alkyl metal species at a remote C(sp3)−H site.4 This strategy
has been used in several types of transition metal-catalyzed
hydrogenative remote C(sp3)−H functionalization of olefins,
such as boration,5 silylation,6 zirconation,7 formylation,8 amina-
tion,9 arylation,10 cyclization,11 carboxylation,12 and related func-
tionalized isomerization of olefins.13 Recently, nickel-catalyzed
remote C(sp3)−H cross-coupling of olefins with organic halides
has emerged to be a powerful tool for C−C bond construction.14

However, stoichiometric hydride sources such as hydrosilane
are usually needed to generate the active metal hydride species
in this overall reductive process.
In synthetic chemistry, it is usually necessary to adjust the

oxidation state of reactants to generate the required function-
ality, making the anticipated bond formation to take place.15

For instance, the addition of Grignard reagents to an aldehyde
remains among the most used reactions to form C−C bonds in
the medicinal industry. However, the aldehyde is usually
obtained by oxidation of a more abundant and stable alcohol
precursor. Furthermore, if ketone is the target product, an
additional step of oxidation is required (Figure 1a).16 This
well-established classical route for ketone synthesis relies on a
multistep sequence involving two oxidative manipulations.

Similarly, the classical 1,3-diketone synthesis needs an aldol
reaction and two oxidations from alcohols (Figure 1b).17

Obviously, poor efficiency exists for these transformations
because of step count and generation of stoichiometric waste
products.18 To avoid the poor step economy and large quan-
tities of waste production, the incorporation of redox mani-
pulation and bond formation into a single reaction is a pow-
erful strategy. In the past decade, borrowing hydrogen and the
related hydrogen transfer reactions have been widely applied in
catalytic redox-neutral transformations.19 Without the utiliza-
tion of oxidizing agents, metal-catalyzed alcohol dehydrogen-
ation directly affords an aldehyde or a ketone, which reacts
with another component producing various products via C−C
or C−X (heteroatom) bond formation. If the metal catalyst is
not only able to remove the hydrogen from the alcohol but
also return the hydrogen to the unsaturated product or another
unsaturated reactant via metal-hydride catalysis, an overall
redox-triggered process will be realized. For instance, pioneer-
ing studies by Krische et al. reported that redox-triggered trans-
fer hydrogenative C−C formation can be achieved via in situ-
generated electrophiles from alcohols and nucleophiles from
dienes or other unsaturated compounds (Figure 1c).20 Recently,
this dehydrogenative strategy has been expanded to ketone syn-
thesis via cross-coupling with organic halides or pseudohalides.21

Continuing our interest in the catalytic synthesis of carbonyl
compounds,22 we recently questioned whether remote C(sp3)−H
acylation with primary alcohols could be achieved via borrowing
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Figure 1. Redox-triggered ketone synthesis with primary alcohols.

Table 1. Optimization of the Reaction Conditionsa

entry catalyst (x mol %) ligand (x mol %) solvent T (°C) t (h) yield (%)b

1 RuHCl(CO)(PPh3)3 (5) toluene 110 16 13
2 RuH2(CO)(PPh3)3 (5) toluene 110 16 <5
3 RuClCp(PPh3)2 (5) toluene 110 16 0
4 RuHCl(CO)(PPh3)3 (5) 1,4-dioxane 110 16 43
5 RuHCl(CO)(PPh3)3 (5) 1,4-dioxane 120 16 48
6 RuHCl(CO)(PPh3)3 (5) 1,4-dioxane 130 16 49
7 RuHCl(CO)(PPh3)3 (5) 1,4-dioxane 90 16 18
8 RuHCl(CO)(PPh3)3 (5) 1,4-dioxane 120 24 62
9 RuHCl(CO)(PPh3)3 (5) L1 (10) 1,4-dioxane 120 24 52
10 RuHCl(CO)(PPh3)3 (5) L2 (10) 1,4-dioxane 120 24 23
11 RuHCl(CO)(PPh3)3 (5) L3 (10) 1,4-dioxane 120 24 49
12 RuHCl(CO)(PPh3)3 (5) L4 (5) 1,4-dioxane 120 24 48
13 RuHCl(CO)(PPh3)3 (5) L5 (5) 1,4-dioxane 120 24 <5
14 RuHCl(CO)(PPh3)3 (5) L6 (5) 1,4-dioxane 120 24 18
15 RuHCl(CO)(PPh3)3 (5) L7 (5) 1,4-dioxane 120 24 44
16 RuHCl(CO)(PPh3)3 (5) L8 (5) 1,4-dioxane 120 24 46
17 RuHCl(CO)(PPh3)3 (5) L9 (5) 1,4-dioxane 120 24 0

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c03343
ACS Catal. 2020, 10, 12987−12995

12988

https://pubs.acs.org/doi/10.1021/acscatal.0c03343?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03343?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03343?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03343?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03343?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03343?fig=tbl1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03343?ref=pdf


hydrogen hydrometalation of unactivated olefins followed by
the metal walking process. The detailed depiction of the
presumed mechanism for the remote C−H acylation is shown
in Figure 1d. First, the alcohol-coordinated metal complex
undergoes β-hydride elimination, generating an aldehyde and a
metal hydride I. Hydrometalation of an unactivated alkene
with I produces an alkyl metal intermediate II, which can
undergo β-hydride elimination to provide the isomeric com-
plex III. After reinsertion of the metal hydride to the generated
internal olefin, an alkyl metal species IV is formed. Iteration of
this process finally leads to the thermodynamically favored
alkyl metal intermediate V, which is stabilized with a suitable
functional group, such as a heteroatom or π-conjugated group.
Then, addition of the alkyl metal intermediate V to the
aldehyde generated by in situ dehydrogenation of alcohol

would deliver alkoxy metal species VI. Finally, the following
β-hydride elimination leads to a ketone product and regenerates
the metal hydride I. A suitable catalytic system must meet
several requirements. First, the metal walking process must be
rapid compared to the carbonyl addition reaction. Second, the
stabilized alkyl metal intermediate V is more prone to carbonyl
addition in the presence of many normal alkyl metal inter-
mediates (II and III). Herein, we report an step-economic redox-
triggered Ru-catalyzed remote C(sp3)−H acylation with primary
alcohols for the synthesis of 1,3-diketones to validate such a
strategy (Figure 1e).

■ RESULTS AND DISCUSSION
Reaction Development. We began by investigating the

reaction of benzyl alcohol 1a with 1,5-hexadiene. A stable allyl

Table 1. continued

entry catalyst (x mol %) ligand (x mol %) solvent T (°C) t (h) yield (%)b

18 RuHCl(CO)(PPh3)3 (5) L10 (5) 1,4-dioxane 120 24 0
19 RuHCl(CO)(PPh3)3 (10) 1,4-dioxane 120 24 67
20 RuHCl(CO)(PPh3)3 (10) L1 (20) 1,4-dioxane 120 24 80 (74)c

aAll reactions were carried out with 1a (0.2 mmol) and 2a (0.6 mmol) in 1 mL solvent unless otherwise noted. bThe yield is determined by calibrated
gas chromatography (GC) with n-dodecane as an internal standard. cIsolated yield in the parenthesis.

Table 2. Reaction Scope of Ru-Catalyzed Remote C−H Acylation with Primary Alcoholsa

aReaction conditions: 1 (0.2 mmol), 2 (0.6 mmol), RuHCl(CO)(PPh3)3 (10 mol %), PPh3 (20 mol %), 1,4-dioxane (1.0 mL), 120 °C, 24 h. The
isolated yield is provided.
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metal species is supposed to be generated via alcohol dehy-
drogenation, hydrometalation, and then metal walking, which
is prone to aldehyde addition. However, no desired C−H
acylation product is observed between 1,5-hexadiene and 1a
under various metal catalysis, except for the benzaldehyde
byproduct. We then turn to the substrate of α-olefin with a
carbonyl group at the terminal carbon. We assumed that a
metal enolate species would be formed via hydrometalation
followed by metal walking under suitable conditions. It is well
known that an aldol product can be easily obtained by the
reaction of an aldehyde with a metal enolate.23 Furthermore, a
ruthenium hydride catalyst has been used in the isomerization
of alkenes24 and dehydrogenative aldol-type reaction of an
alcohol with an acraldehyde.25 Inspired by these reports, we
found that the reaction between 1a and 5-hexen-2-one (2a)
afforded the desired 1,3-diketone 3a in 13% yield with 5 mol %
RuHCl(CO)(PPh3)3 as the catalyst in toluene at 110 °C (Table 1,
entry 1). A trace amount of 3a was observed with RuH2(CO)-
(PPh3)3 as the catalyst (Table 1, entry 2). No reaction occurred
with RuClCp(PPh3)2 or Ru3(CO)12 as the catalyst (Table 1,
entry 3 and Table S1 in Supporting Information). The yield
was increased to 43% when 1,4-dioxane was used as a solvent
(Table 1, entry 4). When raising the reaction temperature to
120 °C, 3a was obtained in 48% yield (Table 1, entry 5). The
yield did not change too much on further increasing the temper-
ature (Table 1, entry 6). However, the yield of 3a dropped a lot
when decreasing the temperature to 90 °C (Table 1, entry 7).
By simply prolonging the reaction time to 24 h, 3a was obtained
in 62% yield (Table 1, entry 8). Then, a variety of ligands were
investigated in this Ru-catalyzed remote C(sp3)−H acylation.
The results showed that the ligand has a significant effect on
the reaction. A monodentate phosphine ligand gave 3a in 23−
53% yields, such as PPh3 (L1), PCy3 (L2), and Xphos (L3)
(Table 1, entries 9−11). For a bidentate phosphine ligand,
moderate yields were obtained with dppe (L4), dmpe (L7),
and Xantphos (L8), but lower yields were obtained with dppp
(L5) and dppb (L6) (Table 1, entries 12−16), which may be
due to the different bite angles of these ligands. Moreover, no
reaction occurred with nitrogen-containing bidentate ligands,
such as 2,2′-bipyridine (L9) and 1,10-phenanthroline (L10)
(Table 1, entries 17−18). When tridentate triphos was used,
3a was obtained in 9% yield (Table S1 in Supporting Information).
So far, the simplest PPh3 (L1) has been proved to be the optimal
ligand. Then, a slightly higher yield was obtained when 10 mol %
RuHCl(CO)(PPh3)3 was used (Table 1, entry 19). Finally,
addition of PPh3 as an additional ligand delivered 3a in 80%
yield (Table 1, entry 20).
Reaction Scope. With the optimized conditions in hand,

we next explored the substrate scope of this reaction (Table 2).
A variety of benzylic alcohols were first investigated. The
reaction tolerated both electron-donating (Me, Ph, and MeO)
and electron-withdrawing (ester and nitro) groups on the
phenyl ring of the benzyl alcohols. Notably, the para-, meta-,
and ortho-methoxy benzyl alcohols all reacted smoothly
affording the corresponding products in 64−79% yields
(3d−3f). Moderate to good yields were obtained with para-
CO2Me and para-NO2 substituted benzyl alcohol (3h−3i).
The strong electron-withdrawing cyano group could also be
tolerated, delivering the product 3j in an acceptable yield. On
the other hand, benzyl alcohols bearing halogen atoms (F, Cl,
and Br) were also compatible, providing the corresponding 1,3-
diketones in 63−71% yields (3k−3n). Furthermore, alcohols
containing π-conjugated arene (naphthalene) and heteroarenes

(furan and thiophene) also proceeded well delivering the
products 3o−3s in 40−91% yields. Finally, when aliphatic
4-phenylbutan-1-ol was used as the substrate, a slow reaction
was observed producing the desired product 3t in a low yield

Scheme 1. Synthetic Applications

Scheme 2. Mechanistic Studies
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under the standard conditions. Unfortunately, no C−H acylation
reaction occurred with alcohols containing an indole or a pyri-
dine subunit, even with an N-methyl-protected indole substrate.
Then, a variety of functional group-tethered linear α-olefins

were investigated. The reactions occurred smoothly with ketone-
tethered α-olefins. Acylation of 1-phenylpent-4-en-1-one,
1-phenylnon-8-en-1-one, and dodec-11-en-2-one with benzyl
alcohol 1a afforded the corresponding products 4b−4d in
excellent yields. Obviously, the metal walking process is rapid
and efficient in this remote C(sp3)−H acylation. Notably, 2,2-
disubstituted and internal olefin are well tolerated, delivering
the products 4e and 4f in good to excellent yields. Finally,
a moderate yield was obtained with a nitrile-linked alkene,
hex-5-enenitrile, under the standard conditions (4g). Unfortunately,
no desired diketone product was obtained when switching the
ketone with other functional groups, such as alkene, ester,
amide, phenyl, and methoxy under the standard conditions.
Benzaldehyde and an alkene hydrogenation product were observed
in these reactions.
Synthetic Applications. As a versatile intermediate in syn-

thetic chemistry, 1,3-diketones can be converted into many useful
compounds by routine manipulations. To demonstrate the poten-
tial utility of 1,3-diketone, we simply performed several conden-
sation reactions with 3a for the synthesis of nitrogen-containing
heterocycles, which have been widely present in marketed drug
molecules and active pharmaceutical ingredients (Scheme 1).
The reaction of 3a with hydroxylamine, phenylhydrazine, and
1,2-phenylenediamine afforded the corresponding isoxazole 5,
pyrazole 6, and diazepin 7, respectively, under mild conditions.
Mechanistic Studies. To gain insights into the reaction

mechanism, a number of control experiments were carried out.
First, a deuterium scrambling experiment with alcohol d2-1a as
the acylating agent was performed under standard conditions
to prove the metal walking pathway. As expected, remote
C(sp3)−H acylation of 2a gave d-3a in 80% yield with clear

deuterium labeling at the sp3 carbon of the alkyl chain
(Scheme 2a). Next, no desired C(sp3)−H acylation occurred
with the substrate including an oxygen atom or a gem-dimethyl
spacer in the hydrocarbon chain between the ketone group and
the double bond. For instance, the reaction of 8 or 11 with
alcohol 1a only afforded the olefin isomerization product 10
and 13 (Scheme 2b). These results indicate that the reaction
takes place via Ru-hydride-catalyzed reversible hydrometala-
tion and isomerization of olefin. A cross-over experiment was
performed with 2h and deuterated d-2b as the substrates, and
H/D scrambled d-4h was obtained in an excellent yield
(Scheme 2c). This result indicates that Ru−H species are dis-
sociated from alkenes during the metal walking process.26

Furthermore, a reaction of conjugated enone 14 with alcohol
1a occurred smoothly producing 3a in 90% yield, suggesting
that 14 might be the isomerization intermediate of olefin 1a
(Scheme 2d). When benzaldehyde (15) was used instead of
benzyl alcohol (1a), diketone 3a was obtained in a moderate
yield, demonstrating that the aldehyde in situ-generated from
the dehydrogenation of alcohol could be the reaction inter-
mediate (Scheme 2e). Further experiments were then carried
out. No benzaldehyde (15) was generated when mixing benzyl
alcohol (1a) with RuHCl(CO)(PPh3)3 in dioxane at 120 °C
for 2 h without 5-hexen-2-one (2a). However, the benzaldehyde
(15) and diketone product 3a were quickly generated when 2a
was added into the above reaction mixture. Then, acylation of
benzoyl-linked alkene 2b was performed to trace the excess
amount of alkene (Scheme 2f). In addition to the desired
diketone product 4b, the alkene hydrogenation product 16 is
obtained in a good yield. This result demonstrates that the
alkene 2 also serves as a H2 acceptor.
Based on these control experiments, a detailed mechanism

was proposed as shown in Scheme 3. First, hydrometalation of
ketone-tethered alkene 2 with a Ru−H complex (I) generates
the alkyl ruthenium intermediate II, which can undergo

Scheme 3. Plausible Catalytic Pathway
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β-hydride elimination to provide the isomeric alkene III and
regenerate the Ru−H species. After reinsertion of the ruthe-
nium hydride species to the generated internal olefin, an alkyl
ruthenium species IV is formed. Iteration of this process finally
leads to the alkyl ruthenium intermediate V, which is stabilized
as a ruthenium enolate. Ligand exchange and protonation of
the intermediate V with alcohol 1 generate the corresponding
alkyl ketone product and the alkoxy ruthenium species VI. The
following β-hydride elimination produces the aldehyde
intermediate and the ruthenium hydride catalyst I. Iteration
of hydrometalation of alkene, β-hydride elimination, migratory
insertion, and metal walking process would give the alkyl
ruthenium species V. Then, the addition of the alkyl ruthenium
intermediate V to the above aldehyde intermediate delivers
alkoxyl metal species VII. Finally, β-hydride elimination leads
to the desired diketone product and regenerates the ruthenium
hydride catalyst I. The control experiments are consistent with
the proposed catalytic cycle.

■ CONCLUSIONS
In summary, we have developed a novel protocol for the remote
C(sp3)−H acylation of olefins with primary alcohols. The
ruthenium-catalyzed alpha acylation of a ketone with an alcohol has
been achieved affording 1,3-diketones through a redox strategy.
The reaction takes place smoothly without a base as an additive.
This step-economic reaction features an efficient multistep process
involving borrowing hydrogen, hydrometalation, and metal walking,
which has been confirmed by mechanistic studies. Development of
remote C(sp3)−H acylation of other functionalized olefins
with primary alcohols is ongoing in our laboratory.
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(b) Sommer, H.; Julia-́Hernańdez, F.; Martin, R.; Marek, I. Walking
Metals for Remote Functionalization. ACS Cent Sci. 2018, 4, 153−
165. (c) Kochi, T.; Kanno, S.; Kakiuchi, F. Nondissociative chain
walking as a strategy in catalytic organic synthesis. Tetrahedron Lett.
2019, 60, 150938. (d) Li, Y.; Wu, D.; Cheng, H.-G.; Yin, G.
Difunctionalization of Alkenes Involving Metal Migration. Angew.
Chem., Int. Ed. 2020, 59, 7990−8003.
(5) (a) Macaulay, C. M.; Gustafson, S. J.; Fuller, J. T.; Kwon, D.-H.;
Ogawa, T.; Ferguson, M. J.; McDonald, R.; Lumsden, M. D.; Bischof,

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c03343
ACS Catal. 2020, 10, 12987−12995

12992

https://pubs.acs.org/doi/10.1021/acscatal.0c03343?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03343/suppl_file/cs0c03343_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gongqiang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4567-4976
http://orcid.org/0000-0003-4567-4976
mailto:iamgqli@njtech.edu.cn
mailto:iamgqli@njtech.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ji-Bao+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2262-5488
mailto:jibaoxia@licp.cas.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03343?ref=pdf
https://dx.doi.org/10.1126/science.1962206
https://dx.doi.org/10.1126/science.1962206
https://dx.doi.org/10.1021/jacs.0c04074
https://dx.doi.org/10.1021/jacs.0c04074
https://dx.doi.org/10.1021/jacs.0c04074
https://dx.doi.org/10.31635/ccschem.020.202000234
https://dx.doi.org/10.31635/ccschem.020.202000234
https://dx.doi.org/10.1021/acs.chemrev.9b00079
https://dx.doi.org/10.1021/acs.chemrev.9b00079
https://dx.doi.org/10.1055/s-0036-1591930
https://dx.doi.org/10.1055/s-0036-1591930
https://dx.doi.org/10.1002/anie.201611463
https://dx.doi.org/10.1002/anie.201611463
https://dx.doi.org/10.1039/C4QO00207E
https://dx.doi.org/10.1039/C4QO00207E
https://dx.doi.org/10.1039/C4QO00207E
https://dx.doi.org/10.1002/anie.201006368
https://dx.doi.org/10.1002/anie.201006368
https://dx.doi.org/10.1021/cr900184e
https://dx.doi.org/10.1021/cr900184e
https://dx.doi.org/10.1002/anie.200806273
https://dx.doi.org/10.1002/anie.200806273
https://dx.doi.org/10.1038/nchem.2445
https://dx.doi.org/10.1038/nchem.2445
https://dx.doi.org/10.1021/acscentsci.8b00005
https://dx.doi.org/10.1021/acscentsci.8b00005
https://dx.doi.org/10.1016/j.tetlet.2019.07.029
https://dx.doi.org/10.1016/j.tetlet.2019.07.029
https://dx.doi.org/10.1002/anie.201913382
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03343?ref=pdf


S. M.; Sydora, O. L.; Ess, D. H.; Stradiotto, M.; Turculet, L. Alkene
Isomerization-Hydroboration Catalyzed by First-Row Transition-
Metal (Mn, Fe, Co, and Ni) N-Phosphinoamidinate Complexes:
Origin of Reactivity and Selectivity. ACS Catal. 2018, 8, 9907−9925.
(b) Zhang, L.; Peng, D.; Leng, X.; Huang, Z. Iron-Catalyzed, Atom-
Economical, Chemo- and Regioselective Alkene Hydroboration with
Pinacolborane. Angew. Chem., Int. Ed. 2013, 52, 3676−3680.
(c) Obligacion, J. V.; Chirik, P. J. Bis(imino)pyridine Cobalt-
Catalyzed Alkene Isomerization-Hydroboration: A Strategy for
Remote Hydrofunctionalization with Terminal Selectivity. J. Am.
Chem. Soc. 2013, 135, 19107−19110. (d) Romano, C.; Fiorito, D.;
Mazet, C. Remote Functionalization of α,β-Unsaturated Carbonyls by
Multimetallic Sequential Catalysis. J. Am. Chem. Soc. 2019, 141,
16983−16990. (e) Li, J.; Qu, S.; Zhao, W. Rhodium-Catalyzed
Remote C(sp3)−H Borylation of Silyl Enol Ethers. Angew. Chem., Int.
Ed. 2020, 59, 2360−2364.
(6) (a) Atienza, C. C. H.; Diao, T.; Weller, K. J.; Nye, S. A.; Lewis,
K. M.; Delis, J. G. P.; Boyer, J. L.; Roy, A. K.; Chirik, P. J.
Bis(imino)pyridine Cobalt-Catalyzed Dehydrogenative Silylation of
Alkenes: Scope, Mechanism, and Origins of Selective Allylsilane
Formation. J.Am. Chem. Soc. 2014, 136, 12108−12118. (b) Buslov, I.;
Becouse, J.; Mazza, S.; Montandon-Clerc, M.; Hu, X. Chemoselective
Alkene Hydrosilylation Catalyzed by Nickel Pincer Complexes.
Angew. Chem., Int. Ed. 2015, 54, 14523−14526. (c) Chen, C.;
Hecht, M. B.; Kavara, A.; Brennessel, W. W.; Mercado, B. Q.; Weix,
D. J.; Holland, P. L. Rapid, Regioconvergent, Solvent-Free Alkene
Hydrosilylation with a Cobalt Catalyst. J. Am. Chem. Soc. 2015, 137,
13244−13247. (d) Noda, D.; Tahara, A.; Sunada, Y.; Nagashima, H.
Non-Precious-Metal Catalytic Systems Involving Iron or Cobalt
Carboxylates and Alkyl Isocyanides for Hydrosilylation of Alkenes
with Hydrosiloxanes. J. Am. Chem. Soc. 2016, 138, 2480−2483.
(e) Jia, X.; Huang, Z. Conversion of Alkanes to Linear Alkylsilanes
using an Iridium−Iron-Catalysed Tandem Dehydrogenation-Isomer-
ization-Hydrosilylation. Nat. Chem. 2016, 8, 157−161.
(7) ((a)) Song, Z.; Takahashi, T., Hydrozirconation of Alkenes and
Alkynes. In Comprehensive Organic Synthesis II (Second Edition),
Knochel, P., Ed. Elsevier: Amsterdam, 2014; pp. 838−876. (b) Gao,
Y.; Yang, C.; Bai, S.; Liu, X.; Wu, Q.; Wang, J.; Jiang, C.; Qi, X.
Visible-Light-Induced Nickel-Catalyzed Cross-Coupling with Alkyl-
zirconocenes from Unactivated Alkenes. Chem 2020, 6, 675−688.
(c) Yang, C.; Gao, Y.; Bai, S.; Jiang, C.; Qi, X. Chemoselective Cross-
Coupling of gem-Borazirconocene Alkanes with Aryl Halides. J. Am.
Chem. Soc. 2020, 142, 11506−11513.
(8) (a) Franke, R.; Selent, D.; Börner, A. Applied Hydroformylation.
Chem. Rev. 2012, 112, 5675−5732. (b) Behr, A.; Obst, D.; Schulte,
C.; Schosser, T. Highly Selective Tandem Isomerization-Hydro-
formylation Reaction of Trans-4-octene to n-Nonanal with Rhodium-
BIPHEPHOS Catalysis. J. Mol. Catal. A: Chem. 2003, 206, 179−184.
(c) Tang, X.; Jia, X.; Huang, Z. Thermal, Catalytic Conversion of
Alkanes to Linear Aldehydes and Linear Amines. J. Am. Chem. Soc.
2018, 140, 4157−4163.
(9) (a) Seayad, A.; Ahmed, M.; Klein, H.; Jackstell, R.; Gross, T.;
Beller, M. Internal olefins to linear amines. Science 2002, 297, 1676−
1678. (b) Xiao, J.; He, Y.; Ye, F.; Zhu, S. Remote sp3 C−H
Amination of Alkenes with Nitroarenes. Chem 2018, 4, 1657−1657.
(c) Han, C.; Fu, Z.; Guo, S.; Fang, X.; Lin, A.; Yao, H. Palladium-
Catalyzed Remote 1,n-Arylamination of Unactivated Terminal
Alkenes. ACS Catal. 2019, 9, 4196−4202.
(10) (a) Ilies, L.; Chen, Q.; Zeng, X.; Nakamura, E. Cobalt-
Catalyzed Chemoselective Insertion of Alkene into the Ortho C−H
Bond of Benzamide. J. Am. Chem. Soc. 2011, 133, 5221−5223.
(b) Lee, W.-C.; Wang, C.-H.; Lin, Y.-H.; Shih, W.-C.; Ong, T.-G.
Tandem Isomerization and C−H Activation: Regioselective Hydro-
heteroarylation of Allylarenes. Org. Lett. 2013, 15, 5358−5361.
(c) Bair, J. S.; Schramm, Y.; Sergeev, A. G.; Clot, E.; Eisenstein, O.;
Hartwig, J. F. Linear-Selective Hydroarylation of Unactivated
Terminal and Internal Olefins with Trifluoromethyl-Substituted
Arenes. J. Am. Chem. Soc. 2014, 136, 13098−13101. (d) Yamakawa,
T.; Yoshikai, N. Alkene Isomerization-Hydroarylation Tandem

Catalysis: Indole C2-Alkylation with Aryl-Substituted Alkenes
Leading to 1,1-Diaryl Alkanes. Chem. − Asian J. 2014, 9, 1242−
1246. (e) Borah, A. J.; Shi, Z. Rhodium-Catalyzed, Remote Terminal
Hydroarylation of Activated Olefins through a Long-Range
Deconjugative Isomerization. J. Am. Chem. Soc. 2018, 140, 6062−
6066.
(11) (a) Kochi, T.; Hamasaki, T.; Aoyama, Y.; Kawasaki, J.;
Kakiuchi, F. Chain-Walking Strategy for Organic Synthesis: Catalytic
Cycloisomerization of 1,n-Dienes. J.Am. Chem. Soc. 2012, 134,
16544−16547. (b) Hamasaki, T.; Aoyama, Y.; Kawasaki, J.;
Kakiuchi, F.; Kochi, T. Chain Walking as a Strategy for Carbon-
Carbon Bond Formation at Unreactive Sites in Organic Synthesis:
Catalytic Cycloisomerization of Various 1,n-Dienes. J.Am. Chem. Soc.
2015, 137, 16163−16171. (c) Kochi, T.; Ichinose, K.; Shigekane, M.;
Hamasaki, T.; Kakiuchi, F. Metal-Catalyzed Sequential Formation of
Distant Bonds in Organic Molecules: Palladium-Catalyzed Hydro-
silylation/Cyclization of 1,n-Dienes by Chain Walking. Angew.Chem.
Int. Ed. 2019, 58, 5261−5265.
(12) (a) Julia-Hernandez, F.; Moragas, T.; Cornella, J.; Martin, R.
Remote Carboxylation of Halogenated Aliphatic Hydrocarbons with
Carbon Dioxide. Nature 2017, 545, 84−88. (b) Gaydou, M.;
Moragas, T.; Julia-Hernandez, F.; Martin, R. Site-Selective Catalytic
Carboxylation of Unsaturated Hydrocarbons with CO2 and Water. J.
Am. Chem. Soc. 2017, 139, 12161−12164. (c) Sahoo, B.; Bellotti, P.;
Julia-Hernandez, F.; Meng, Q.-Y.; Crespi, S.; Koenig, B.; Martin, R.
Site-Selective, Remote sp3 C−H Carboxylation Enabled by the
Merger of Photoredox and Nickel Catalysis. Chem. − Eur. J. 2019, 25,
9001−9005.
(13) (a) Werner, E. W.; Mei, T.-S.; Burckle, A. J.; Sigman, M. S.
Enantioselective Heck Arylations of Acyclic Alkenyl Alcohols Using a
Redox-Relay Strategy. Science 2012, 338, 1455−1458. (b) Masarwa,
A.; Didier, D.; Zabrodski, T.; Schinkel, M.; Ackermann, L.; Marek, I.
Merging Allylic Carbon-Hydrogen and Selective Carbon-Carbon
Bond Activation. Nature 2014, 505, 199−203. (c) Mei, T.-S.; Patel,
H. H.; Sigman, M. S. Enantioselective Construction of Remote
Quaternary Stereocentres. Nature 2014, 508, 340−344. (d) Wang,
W.; Ding, C.; Li, Y.; Li, Z.; Li, Y.; Peng, L.; Yin, G. Migratory
Arylboration of Unactivated Alkenes Enabled by Nickel Catalysis.
Angew. Chem., Int. Ed. 2019, 58, 4612−4616. (e) Li, C.-C.; Kan, J.;
Qiu, Z.; Li, J.; Lv, L.; Li, C.-J. Synergistic Relay Reactions To Achieve
Redox-Neutral α-Alkylations of Olefinic Alcohols with Ruthenium(II)
Catalysis. Angew. Chem., Int. Ed. 2020, 59, 4544−4549.
(14) (a) He, Y.; Cai, Y.; Zhu, S. Mild and Regioselective Benzylic
C−H Functionalization: Ni-Catalyzed Reductive Arylation of Remote
and Proximal Olefins. J.Am. Chem. Soc. 2017, 139, 1061−1064.
(b) Wang, Z.; Yin, H.; Fu, G. C. Catalytic enantioconvergent coupling
of secondary and tertiary electrophiles with olefins. Nature 2018, 563,
379−383. (c) Zhou, F.; Zhu, J.; Zhang, Y.; Zhu, S. NiH-Catalyzed
Reductive Relay Hydroalkylation: A Strategy for the Remote C(sp3)−
H Alkylation of Alkenes Angew. Chem. Int. Ed. 2018, 57, 4058−4062.
(d) Sun, S.-Z.; Borjesson, M.; Martin-Montero, R.; Martin, R. Site-
Selective Ni-Catalyzed Reductive Coupling of α-Haloboranes with
Unactivated Olefins. J. Am. Chem. Soc. 2018, 140, 12765−12769.
(e) Wang, Z.-Y.; Wan, J.-H.; Wang, G.-Y.; Wang, R.; Jin, R.-X.; Lan,
Q.; Wang, X.-S. Terminal C(sp3)−H alkylation of internal alkenes via
Ni/H-catalyzed isomerization. Tetrahedron Lett. 2018, 59, 2302−
2305. (f) Zhou, F.; Zhang, Y.; Xu, X.; Zhu, S. NiH-Catalyzed Remote
Asymmetric Hydroalkylation of Alkenes with Racemic α-Bromo
Amides. Angew. Chem., Int. Ed. 2019, 58, 1754−1758. (g) Zhang, Y.;
Han, B.; Zhu, S. Rapid Access to Highly Functionalized Alkyl
Boronates by NiH-Catalyzed Remote Hydroarylation of Boron-
Containing Alkenes. Angew. Chem., Int. Ed. 2019, 58, 13860−13864.
(h) Chen, F.; Xu, X.; He, Y.; Huang, G.; Zhu, S. NiH-Catalyzed
Migratory Defluorinative Olefin Cross-Coupling: Trifluoromethyl-
Substituted Alkenes as Acceptor Olefins to Form gem-Difluoroal-
kenes. Angew. Chem., Int. Ed. 2020, 59, 5398−5402.
(15) (a) Burns, N. Z.; Baran, P. S.; Hoffmann, R. W. Redox
Economy in Organic Synthesis. Angew. Chem., Int. Ed. 2009, 48,

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c03343
ACS Catal. 2020, 10, 12987−12995

12993

https://dx.doi.org/10.1021/acscatal.8b01972
https://dx.doi.org/10.1021/acscatal.8b01972
https://dx.doi.org/10.1021/acscatal.8b01972
https://dx.doi.org/10.1021/acscatal.8b01972
https://dx.doi.org/10.1002/anie.201210347
https://dx.doi.org/10.1002/anie.201210347
https://dx.doi.org/10.1002/anie.201210347
https://dx.doi.org/10.1021/ja4108148
https://dx.doi.org/10.1021/ja4108148
https://dx.doi.org/10.1021/ja4108148
https://dx.doi.org/10.1021/jacs.9b09373
https://dx.doi.org/10.1021/jacs.9b09373
https://dx.doi.org/10.1002/anie.201913281
https://dx.doi.org/10.1002/anie.201913281
https://dx.doi.org/10.1021/ja5060884
https://dx.doi.org/10.1021/ja5060884
https://dx.doi.org/10.1021/ja5060884
https://dx.doi.org/10.1002/anie.201507829
https://dx.doi.org/10.1002/anie.201507829
https://dx.doi.org/10.1021/jacs.5b08611
https://dx.doi.org/10.1021/jacs.5b08611
https://dx.doi.org/10.1021/jacs.5b11311
https://dx.doi.org/10.1021/jacs.5b11311
https://dx.doi.org/10.1021/jacs.5b11311
https://dx.doi.org/10.1038/nchem.2417
https://dx.doi.org/10.1038/nchem.2417
https://dx.doi.org/10.1038/nchem.2417
https://dx.doi.org/10.1016/j.chempr.2019.12.010
https://dx.doi.org/10.1016/j.chempr.2019.12.010
https://dx.doi.org/10.1021/jacs.0c03821
https://dx.doi.org/10.1021/jacs.0c03821
https://dx.doi.org/10.1021/cr3001803
https://dx.doi.org/10.1016/S1381-1169(03)00461-8
https://dx.doi.org/10.1016/S1381-1169(03)00461-8
https://dx.doi.org/10.1016/S1381-1169(03)00461-8
https://dx.doi.org/10.1021/jacs.8b01526
https://dx.doi.org/10.1021/jacs.8b01526
https://dx.doi.org/10.1016/j.chempr.2018.04.008
https://dx.doi.org/10.1016/j.chempr.2018.04.008
https://dx.doi.org/10.1021/acscatal.9b00688
https://dx.doi.org/10.1021/acscatal.9b00688
https://dx.doi.org/10.1021/acscatal.9b00688
https://dx.doi.org/10.1021/ja200645w
https://dx.doi.org/10.1021/ja200645w
https://dx.doi.org/10.1021/ja200645w
https://dx.doi.org/10.1021/ol402644y
https://dx.doi.org/10.1021/ol402644y
https://dx.doi.org/10.1021/ja505579f
https://dx.doi.org/10.1021/ja505579f
https://dx.doi.org/10.1021/ja505579f
https://dx.doi.org/10.1002/asia.201400135
https://dx.doi.org/10.1002/asia.201400135
https://dx.doi.org/10.1002/asia.201400135
https://dx.doi.org/10.1021/jacs.8b03560
https://dx.doi.org/10.1021/jacs.8b03560
https://dx.doi.org/10.1021/jacs.8b03560
https://dx.doi.org/10.1021/ja308377u
https://dx.doi.org/10.1021/ja308377u
https://dx.doi.org/10.1021/jacs.5b10804
https://dx.doi.org/10.1021/jacs.5b10804
https://dx.doi.org/10.1021/jacs.5b10804
https://dx.doi.org/10.1002/anie.201814558
https://dx.doi.org/10.1002/anie.201814558
https://dx.doi.org/10.1002/anie.201814558
https://dx.doi.org/10.1038/nature22316
https://dx.doi.org/10.1038/nature22316
https://dx.doi.org/10.1021/jacs.7b07637
https://dx.doi.org/10.1021/jacs.7b07637
https://dx.doi.org/10.1002/chem.201902095
https://dx.doi.org/10.1002/chem.201902095
https://dx.doi.org/10.1126/science.1229208
https://dx.doi.org/10.1126/science.1229208
https://dx.doi.org/10.1038/nature12761
https://dx.doi.org/10.1038/nature12761
https://dx.doi.org/10.1038/nature13231
https://dx.doi.org/10.1038/nature13231
https://dx.doi.org/10.1002/anie.201814572
https://dx.doi.org/10.1002/anie.201814572
https://dx.doi.org/10.1002/anie.201915218
https://dx.doi.org/10.1002/anie.201915218
https://dx.doi.org/10.1002/anie.201915218
https://dx.doi.org/10.1021/jacs.6b11962
https://dx.doi.org/10.1021/jacs.6b11962
https://dx.doi.org/10.1021/jacs.6b11962
https://dx.doi.org/10.1038/s41586-018-0669-y
https://dx.doi.org/10.1038/s41586-018-0669-y
https://dx.doi.org/10.1002/anie.201712731
https://dx.doi.org/10.1002/anie.201712731
https://dx.doi.org/10.1002/anie.201712731
https://dx.doi.org/10.1021/jacs.8b09425
https://dx.doi.org/10.1021/jacs.8b09425
https://dx.doi.org/10.1021/jacs.8b09425
https://dx.doi.org/10.1016/j.tetlet.2018.05.008
https://dx.doi.org/10.1016/j.tetlet.2018.05.008
https://dx.doi.org/10.1002/anie.201813222
https://dx.doi.org/10.1002/anie.201813222
https://dx.doi.org/10.1002/anie.201813222
https://dx.doi.org/10.1002/anie.201907185
https://dx.doi.org/10.1002/anie.201907185
https://dx.doi.org/10.1002/anie.201907185
https://dx.doi.org/10.1002/anie.201915840
https://dx.doi.org/10.1002/anie.201915840
https://dx.doi.org/10.1002/anie.201915840
https://dx.doi.org/10.1002/anie.201915840
https://dx.doi.org/10.1002/anie.200806086
https://dx.doi.org/10.1002/anie.200806086
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03343?ref=pdf


2854−2867. (b) Newhouse, T.; Baran, P. S.; Hoffmann, R. W. The
economies of synthesis. Chem. Soc. Rev. 2009, 38, 3010−3021.
(16) (a) Kojima, T.; Mochizuki, M.; Takai, T.; Hoashi, Y.;
Morimoto, S.; Seto, M.; Nakamura, M.; Kobayashi, K.; Sako, Y.;
Tanaka, M.; Kanzaki, N.; Kosugi, Y.; Yano, T.; Aso, K. Discovery of
1,2,3,4-tetrahydropyrimido[1,2-a]benzimidazoles as novel class of
corticotropin releasing factor 1 receptor antagonists. Bioorg. Med.
Chem. 2018, 26, 2229−2250. (b) Torikai, K.; Koga, R.; Liu, X.;
Umehara, K.; Kitano, T.; Watanabe, K.; Oishi, T.; Noguchi, H.;
Shimohigashi, Y. Design and synthesis of benzoacridines as estrogenic
and anti-estrogenic agents. Bioorg. Med. Chem. 2017, 25, 5216−5237.
(17) (a) Zhou, Q.; Reekie, T. A.; Abbassi, R. H.; Indurthi Venkata,
D.; Font, J. S.; Ryan, R. M.; Munoz, L.; Kassiou, M. Synthesis and in
vitro evaluation of diverse heterocyclic diphenolic compounds as
inhibitors of DYRK1A for use in the treatment of cancer. Bioorg. Med.
Chem. 2018, 26, 5852−5869. (b) Ghosh, A. K.; Chapsal, B. D.;
Baldridge, A.; Steffey, M. P.; Walters, D. E.; Koh, Y.; Amano, M.;
Mitsuya, H. Design and Synthesis of Potent HIV-1 Protease Inhibitors
Incorporating Hexahydrofuropyranol-Derived High Affinity P2
Ligands: Structure-Activity Studies and Biological Evaluation. J.
Med. Chem. 2011, 54, 622−634. (c) Hayakawa, I.; Takemura, T.;
Fukasawa, E.; Ebihara, Y.; Sato, N.; Nakamura, T.; Suenaga, K.;
Kigoshi, H. Total Synthesis of Auripyrones A and B and
Determination of the Absolute Configuration of Auripyrone B.
Angew. Chem., Int. Ed. 2010, 49, 2401−2405. (d) Calter, M. A.; Liao,
W. First Total Synthesis of a Natural Product Containing a Chiral, β-
Diketone: Synthesis and Stereochemical Reassignment of Siphon-
arienedione and Siphonarienolone. J. Am. Chem. Soc. 2002, 124,
13127−13129. (e) Yuasa, Y.; Kato, Y. New Oxidation of β-Hydroxy
α-Methyl Ketones: A Convenient Synthesis of 3-Methylalkane-2,4-
diones. Org. Process Res. Dev. 2002, 6, 628−631.
(18) Anastas, P.; Eghbali, N. Green Chemistry: Principles and
Practice. Chem. Soc. Rev. 2010, 39, 301−312.
(19) (a) Irrgang, T.; Kempe, R. 3d-Metal Catalyzed N- and C-
Alkylation Reactions via Borrowing Hydrogen or Hydrogen
Autotransfer. Chem. Rev. 2019, 119, 2524−2549. (b) Corma, A.;
Navas, J.; Sabater, M. J. Advances in One-Pot Synthesis through
Borrowing Hydrogen Catalysis. Chem. Rev. 2018, 118, 1410.
(c) Holmes, M.; Schwartz, L. A.; Krische, M. J. Intermolecular
Metal-Catalyzed Reductive Coupling of Dienes, Allenes, and Enynes
with Carbonyl Compounds and Imines. Chem. Rev. 2018, 118, 6026−
6052. (d) Yang, Q.; Wang, Q.; Yu, Z. Substitution of alcohols by N-
nucleophiles via transition metal-catalyzed dehydrogenation. Chem.
Soc. Rev. 2015, 44, 2305−2329. (e) Leonard, J.; Blacker, A. J.;
Marsden, S. P.; Jones, M. F.; Mulholland, K. R.; Newton, R. A Survey
of the Borrowing Hydrogen Approach to the Synthesis of some
Pharmaceutically Relevant Intermediates. Org. Process Res. Dev. 2015,
19, 1400−1410. (f) Gunanathan, C.; Milstein, D. Applications of
Acceptorless Dehydrogenation and Related Transformations in
Chemical Synthesis. Science 2013, 341, 1229712. (g) Watson, A. J.
A.; Williams, J. M. The Give and Take of Alcohol Activation. Science
2010, 329, 635. (h) Dobereiner, G. E.; Crabtree, R. H. Dehydrogen-
ation as a Substrate-Activating Strategy in Homogeneous Transition-
Metal Catalysis. Chem. Rev. 2010, 110, 681−703. (i) Hamid, M. H. S.
A.; Slatford, P. A.; Williams, J. M. J. Borrowing Hydrogen in the
Activation of Alcohols. Adv. Synth. Catal. 2007, 349, 1555−1575.
(20) (a) Bower, J. F.; Skucas, E.; Patman, R. L.; Krische, M. J.
Catalytic C-C Coupling via Transfer Hydrogenation: Reverse
Prenylation, Crotylation, and Allylation from the Alcohol or Aldehyde
Oxidation Level. J. Am. Chem. Soc. 2007, 129, 15134−15135.
(b) Shibahara, F.; Bower, J. F.; Krische, M. J. Ruthenium-Catalyzed
C-C Bond Forming Transfer Hydrogenation: Carbonyl Allylation
from the Alcohol or Aldehyde Oxidation Level Employing Acyclic
1,3-Dienes as Surrogates to Preformed Allyl Metal Reagents. J.Am.
Chem. Soc. 2008, 130, 6338−6339. (c) Bower, J. F.; Patman, R. L.;
Krische, M. J. Iridium-Catalyzed C−C Coupling via Transfer
Hydrogenation: Carbonyl Addition from the Alcohol or Aldehyde
Oxidation Level Employing 1,3-Cyclohexadiene. Org. Lett. 2008, 10,
1033−1035. (d) Patman, R. L.; Williams, V. M.; Bower, J. F.; Krische,

M. J. Carbonyl propargylation from the alcohol or aldehyde oxidation
level employing 1,3-enynes as surrogates to preformed allenylmetal
reagents: a ruthenium-catalyzed C-C bond-forming transfer hydro-
genation. Angew. Chem., Int. Ed. 2008, 47, 5220−5223. (e) Bower, J.
E.; Kim, I. S.; Patman, R. L.; Krische, M. J. Catalytic carbonyl addition
through transfer hydrogenation: a departure from preformed
organometallic reagents. Angew. Chem., Int. Ed. 2009, 48, 34−46.
(f) Ketcham, J. M.; Shin, I.; Montgomery, T. P.; Krische, M. J.
Catalytic enantioselective C-H functionalization of alcohols by redox-
triggered carbonyl addition: Borrowing hydrogen, returning carbon.
Angew. Chem., Int. Ed. 2014, 53, 9142−9150. (g) Nguyen, K. D.; Park,
B. Y.; Luong, T.; Sato, H.; Garza, V. J.; Krische, M. J. Metal-catalyzed
reductive coupling of olefin-derived nucleophiles: Reinventing
carbonyl addition. Science 2016, 354, aah5133. (h) Kim, S. W.;
Zhang, W.; Krische, M. J. Catalytic Enantioselective Carbonyl
Allylation and Propargylation via Alcohol-Mediated Hydrogen
Transfer: Merging the Chemistry of Grignard and Sabatier. Acc.Chem.
Res. 2017, 50, 2371−2380.
(21) (a) Garcia, K. J.; Gilbert, M. M.; Weix, D. J. Nickel-Catalyzed
Addition of Aryl Bromides to Aldehydes To Form Hindered
Secondary Alcohols. J. Am. Chem. Soc. 2019, 141, 1823−1827.
(b) Swyka, R. A.; Shuler, W. G.; Spinello, B. J.; Zhang, W.; Lan, C.;
Krische, M. J. Conversion of Aldehydes to Branched or Linear
Ketones via Regiodivergent Rhodium-Catalyzed Vinyl Bromide
Reductive Coupling−Redox Isomerization Mediated by Formate. J.
Am. Chem. Soc. 2019, 141, 6864−6868. (c) Verheyen, T.; van
Turnhout, L.; Vandavasi, J. K.; Isbrandt, E. S.; De Borggraeve, W. M.;
Newman, S. G. Ketone Synthesis by a Nickel-Catalyzed Dehydrogen-
ative Cross-Coupling of Primary Alcohols. J. Am. Chem. Soc. 2019,
141, 6869−6874.
(22) (a) Gu, Z.-Y.; Chen, J.; Xia, J.-B. Pd-Catalyzed Amidation of
1,3-Diketones with CO and Azides via a Nitrene Intermediate. Chem.
Commun. 2020, 56, 11437−11440. (b) Yuan, S. W.; Han, H.; Li, Y.
L.; Wu, X.; Bao, X.; Gu, Z. Y.; Xia, J. B. Intermolecular C−H
Amidation of (Hetero)arenes to Produce Amides through Rhodium-
Catalyzed Carbonylation of Nitrene Intermediates. Angew. Chem., Int.
Ed. 2019, 58, 8887−8892. (c) Han, H.; Zhang, T.; Yang, S.-D.; Lan,
Y.; Xia, J.-B. Palladium-Catalyzed Enantioselective C−H Amino-
carbonylation: Synthesis of Chiral Isoquinolinones. Org. Lett. 2019,
21, 1749−1754. (d) Han, H.; Yang, S.-D.; Xia, J.-B. Pd/Cu
Cocatalyzed Oxidative Tandem C−H Aminocarbonylation and
Dehydrogenation of Tryptamines: Synthesis of Carbolinones. J. Org.
Chem. 2019, 84, 3357−3369.
(23) (a) Evans, D. A.; Vogel, E.; Nelson, J. V. Stereoselective Aldol
Condensations via Boron Enolates. J. Am. Chem. Soc. 1979, 101,
6120−6123. (b) Sato, S.; Matsuda, I.; Shibata, M. Rhodium(I)- or
Ruthenium(II)-Catalyzed Direct Coupling of Vinyl Ketones with
Aldehydes and the Subsequent Reduction to Give Aldol Derivatives
Anti-selectively. J. Organomet. Chem. 1989, 377, 347−356. (c) Jang,
H.-Y.; Huddleston, R. R.; Krische, M. J. Reductive Generation of
Enolates from Enones Using Elemental Hydrogen: Catalytic C−C
Bond Formation under Hydrogenative Conditions. J.Am. Chem. Soc.
2002, 124, 15156−15157. (d) Lipshutz, B. H.; Papa, P. Copper-
Catalyzed Reductive Alkylations of Enones: a Novel Transmetalation
Protocol. Angew. Chem., Int. Ed. 2002, 41, 4580−4582. (e) Fukuyama,
T.; Doi, T.; Minamino, S.; Omura, S.; Ryu, I. Ruthenium Hydride
Catalyzed Regioselective Addition of Aldehydes to Enones To Give
1,3-Diketones. Angew. Chem., Int. Ed. 2007, 46, 5559−5561. (f) Bee,
C.; Han, S. B.; Hassan, A.; Iida, H.; Krische, M. J. Diastereo- and
Enantioselective Hydrogenative Aldol Coupling of Vinyl Ketones:
Design of Effective Monodentate TADDOL-Like Phosphonite
Ligands. J. Am. Chem. Soc. 2008, 130, 2746−2747.
(24) (a) Ho, G.-M.; Segura, L.; Marek, I. Ru-Catalyzed Isomer-
ization of ω-Alkenylboronates Towards Stereoselective Synthesis of
Vinylboronates with Subsequent in situ Functionalization. Chem. Sci.
2020, 11, 5944−5949. (b) Ho, G.-M.; Judkele, L.; Bruffaerts, J.;
Marek, I. Metal-Catalyzed Remote Functionalization of ω-Ene
Unsaturated Ethers: Towards Functionalized Vinyl Species. Angew.
Chem. Int. Ed. 2018, 57, 8012−8016. (c) Doi, T.; Fukuyama, T.;

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c03343
ACS Catal. 2020, 10, 12987−12995

12994

https://dx.doi.org/10.1039/b821200g
https://dx.doi.org/10.1039/b821200g
https://dx.doi.org/10.1016/j.bmc.2018.01.020
https://dx.doi.org/10.1016/j.bmc.2018.01.020
https://dx.doi.org/10.1016/j.bmc.2018.01.020
https://dx.doi.org/10.1016/j.bmc.2017.07.067
https://dx.doi.org/10.1016/j.bmc.2017.07.067
https://dx.doi.org/10.1016/j.bmc.2018.10.034
https://dx.doi.org/10.1016/j.bmc.2018.10.034
https://dx.doi.org/10.1016/j.bmc.2018.10.034
https://dx.doi.org/10.1021/jm1012787
https://dx.doi.org/10.1021/jm1012787
https://dx.doi.org/10.1021/jm1012787
https://dx.doi.org/10.1002/anie.200906662
https://dx.doi.org/10.1002/anie.200906662
https://dx.doi.org/10.1021/ja027675h
https://dx.doi.org/10.1021/ja027675h
https://dx.doi.org/10.1021/ja027675h
https://dx.doi.org/10.1021/op020029i
https://dx.doi.org/10.1021/op020029i
https://dx.doi.org/10.1021/op020029i
https://dx.doi.org/10.1039/B918763B
https://dx.doi.org/10.1039/B918763B
https://dx.doi.org/10.1021/acs.chemrev.8b00306
https://dx.doi.org/10.1021/acs.chemrev.8b00306
https://dx.doi.org/10.1021/acs.chemrev.8b00306
https://dx.doi.org/10.1021/acs.chemrev.7b00340
https://dx.doi.org/10.1021/acs.chemrev.7b00340
https://dx.doi.org/10.1021/acs.chemrev.8b00213
https://dx.doi.org/10.1021/acs.chemrev.8b00213
https://dx.doi.org/10.1021/acs.chemrev.8b00213
https://dx.doi.org/10.1039/C4CS00496E
https://dx.doi.org/10.1039/C4CS00496E
https://dx.doi.org/10.1021/acs.oprd.5b00199
https://dx.doi.org/10.1021/acs.oprd.5b00199
https://dx.doi.org/10.1021/acs.oprd.5b00199
https://dx.doi.org/10.1126/science.1229712
https://dx.doi.org/10.1126/science.1229712
https://dx.doi.org/10.1126/science.1229712
https://dx.doi.org/10.1126/science.1191843
https://dx.doi.org/10.1021/cr900202j
https://dx.doi.org/10.1021/cr900202j
https://dx.doi.org/10.1021/cr900202j
https://dx.doi.org/10.1002/adsc.200600638
https://dx.doi.org/10.1002/adsc.200600638
https://dx.doi.org/10.1021/ja077389b
https://dx.doi.org/10.1021/ja077389b
https://dx.doi.org/10.1021/ja077389b
https://dx.doi.org/10.1021/ja801213x
https://dx.doi.org/10.1021/ja801213x
https://dx.doi.org/10.1021/ja801213x
https://dx.doi.org/10.1021/ja801213x
https://dx.doi.org/10.1021/ol800159w
https://dx.doi.org/10.1021/ol800159w
https://dx.doi.org/10.1021/ol800159w
https://dx.doi.org/10.1002/anie.200801359
https://dx.doi.org/10.1002/anie.200801359
https://dx.doi.org/10.1002/anie.200801359
https://dx.doi.org/10.1002/anie.200801359
https://dx.doi.org/10.1002/anie.200802938
https://dx.doi.org/10.1002/anie.200802938
https://dx.doi.org/10.1002/anie.200802938
https://dx.doi.org/10.1002/anie.201403873
https://dx.doi.org/10.1002/anie.201403873
https://dx.doi.org/10.1126/science.aah5133
https://dx.doi.org/10.1126/science.aah5133
https://dx.doi.org/10.1126/science.aah5133
https://dx.doi.org/10.1021/acs.accounts.7b00308
https://dx.doi.org/10.1021/acs.accounts.7b00308
https://dx.doi.org/10.1021/acs.accounts.7b00308
https://dx.doi.org/10.1021/jacs.8b13709
https://dx.doi.org/10.1021/jacs.8b13709
https://dx.doi.org/10.1021/jacs.8b13709
https://dx.doi.org/10.1021/jacs.9b03113
https://dx.doi.org/10.1021/jacs.9b03113
https://dx.doi.org/10.1021/jacs.9b03113
https://dx.doi.org/10.1021/jacs.9b03280
https://dx.doi.org/10.1021/jacs.9b03280
https://dx.doi.org/10.1039/D0CC04565A
https://dx.doi.org/10.1039/D0CC04565A
https://dx.doi.org/10.1002/anie.201903656
https://dx.doi.org/10.1002/anie.201903656
https://dx.doi.org/10.1002/anie.201903656
https://dx.doi.org/10.1021/acs.orglett.9b00315
https://dx.doi.org/10.1021/acs.orglett.9b00315
https://dx.doi.org/10.1021/acs.joc.8b03266
https://dx.doi.org/10.1021/acs.joc.8b03266
https://dx.doi.org/10.1021/acs.joc.8b03266
https://dx.doi.org/10.1021/ja00514a045
https://dx.doi.org/10.1021/ja00514a045
https://dx.doi.org/10.1016/0022-328X(89)80096-8
https://dx.doi.org/10.1016/0022-328X(89)80096-8
https://dx.doi.org/10.1016/0022-328X(89)80096-8
https://dx.doi.org/10.1016/0022-328X(89)80096-8
https://dx.doi.org/10.1021/ja021163l
https://dx.doi.org/10.1021/ja021163l
https://dx.doi.org/10.1021/ja021163l
https://dx.doi.org/10.1002/1521-3773(20021202)41:23<4580::AID-ANIE4580>3.0.CO;2-7
https://dx.doi.org/10.1002/1521-3773(20021202)41:23<4580::AID-ANIE4580>3.0.CO;2-7
https://dx.doi.org/10.1002/1521-3773(20021202)41:23<4580::AID-ANIE4580>3.0.CO;2-7
https://dx.doi.org/10.1002/anie.200701005
https://dx.doi.org/10.1002/anie.200701005
https://dx.doi.org/10.1002/anie.200701005
https://dx.doi.org/10.1021/ja710862u
https://dx.doi.org/10.1021/ja710862u
https://dx.doi.org/10.1021/ja710862u
https://dx.doi.org/10.1021/ja710862u
https://dx.doi.org/10.1039/D0SC02542A
https://dx.doi.org/10.1039/D0SC02542A
https://dx.doi.org/10.1039/D0SC02542A
https://dx.doi.org/10.1002/anie.201802434
https://dx.doi.org/10.1002/anie.201802434
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03343?ref=pdf


Minamino, S.; Husson, G.; Ryu, I. An Unusual Dimerization of
Primary Unsaturated Alcohols Catalyzed by RuHCl(CO)(PPh3)3.
Chem. Commun. 2006, 1875−1877. (d) Doi, T.; Fukuyama, T.;
Horiguchi, J.; Okamura, T.; Ryu, I. RuHCl(CO)(PPh3)3-Catalyzed
Chemoselective Transfer-Hydrogenation of Enones Leading to
Saturated Ketones. Synlett 2006, 37, 721−724. (e) Wakamatsu, H.;
Nishida, M.; Adachi, N.; Mori, M. Isomerization Reaction of Olefin
Using RuClH(CO)(PPh3)3 J. Org. Chem. 2000, 65, 3966−3970.
(f) Bingham, D.; Webster, D. E.; Wells, P. B. Homogeneous Catalysis
of Olefin Isomerisation. Part V. Pent-1-ene Isomerisation Catalysed
by Solutions of RuHCI(PPh3)3 and of RuHCl(CO)(PPh3)3; Variation of
the Isomeric Composition of Pent-2-ene and its Attribution to Steric
Factors. J. Chem. Soc., Dalton Trans. 1974, 1519−1521.
(25) (a) Denichoux, A.; Fukuyama, T.; Doi, T.; Horiguchi, J.; Ryu, I.
Synthesis of 2-Hydroxymethyl Ketones by Ruthenium Hydride-
Catalyzed Cross-Coupling Reaction of α,β-Unsaturated Aldehydes
with Primary Alcohols. Org. Lett. 2010, 12, 1−3. (b) Obora, Y.;
Nakamura, K.; Hatanaka, S. Iridium-Catalyzed Reaction of Enones
with Alcohols Affording 1,3-Diketones. Chem. Commun. 2012, 48,
6720−6722.
(26) The corresponding diketone product d-4b from d-2b was also
isolated as a mixture together with the double bond hydrogenation
product of 2h. The two compounds could not be separated by flash
column chromatography. The yield of d-4b is not provided here.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c03343
ACS Catal. 2020, 10, 12987−12995

12995

https://dx.doi.org/10.1039/b602103d
https://dx.doi.org/10.1039/b602103d
https://dx.doi.org/10.1002/chin.200630043
https://dx.doi.org/10.1002/chin.200630043
https://dx.doi.org/10.1002/chin.200630043
https://dx.doi.org/10.1021/jo9918753
https://dx.doi.org/10.1021/jo9918753
https://dx.doi.org/10.1039/dt9740001519
https://dx.doi.org/10.1039/dt9740001519
https://dx.doi.org/10.1039/dt9740001519
https://dx.doi.org/10.1039/dt9740001519
https://dx.doi.org/10.1039/dt9740001519
https://dx.doi.org/10.1021/ol902289r
https://dx.doi.org/10.1021/ol902289r
https://dx.doi.org/10.1021/ol902289r
https://dx.doi.org/10.1039/C2CC32787B
https://dx.doi.org/10.1039/C2CC32787B
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03343?ref=pdf

