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Abstract: The direct, catalytic dehydrative substitution of al-
cohols is a challenging, yet highly desirable process in the
development of more sustainable approaches to organic
chemistry. This review outlines recent advances in Brgnsted
acid-catalysed dehydrative substitution reactions for C-C,

C—0, C—N and C-S bond formation. The wide range of pro-
cesses that are now accessible using simple alcohols as the
formal electrophile are highlighted, while current limitations
and therefore possible future directions for research are also
discussed.

1. Introduction

The direct use of alcohols as electrophiles in substitution reac-
tions, releasing water as the only by-product, is an active area
of research both academically and industrially.”’ The availability
and tractability of alcohols make them popular substrates
throughout organic synthesis.””’ Traditionally, alcohol substrates
are stoichiometrically activated prior to substitution, for exam-
ple by conversion into an alkyl halide or sulfonate ester, over-
coming the inherent kinetic and thermodynamic barriers asso-
ciated with the direct displacement of an hydroxyl group.”
However, the continued desire to develop new, efficient, more
atom-economical, and sustainable approaches in organic
chemistry has resulted in much research into methods for the
direct substitution of alcohols. Despite recent advances, the
development of new catalytic methods for dehydrative substi-
tution reactions remains an active area of research, as demon-
strated by the inclusion of the “direct substitution of alcohols”
in the ACS Green Chemistry Institute® Pharmaceutical Round-
table’s 2018 update on key green chemistry research areas.”
Catalytic dehydrative substitution reactions can occur via
traditional Sy1 or S\2 pathways (Scheme 1a,b), with the cata-
lyst typically interacting with the hydroxyl group to enhance
its leaving group ability. Alternatively, metal-catalysed “borrow-
ing hydrogen” methods allow the formal substitution of pri-
mary or secondary alcohols via a redox pathway (Scheme 1¢).”!
There are also a number of metal-catalysed processes for the
direct substitution of allylic alcohols via m-allyl complexes
(Scheme 1d).”" For catalytic Sy1 and Sy2 processes, various
metal-based and organocatalytic systems have been investigat-
ed that operate by many distinct activation modes. For exam-
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Scheme 1. General mechanisms for catalytic dehydrative substitution.

ple, a number of metal-based Lewis acids have been explored,
with the comprehensive 2016 review on dehydrative substitu-
tion by Moran and co-workers providing an excellent overview
of this area."® The use of Lewis base catalysis for the substitu-
tion of alcohols has also been reviewed recently,' alongside
advances in the development of catalytic Mitsunobu process-
es.®

This review highlights recent developments in Brgnsted
acid-catalysed dehydrative substitution reactions, with a focus
on literature from 2016 up until April 2020. The use of Brgnst-
ed acid catalysis often provides alternative and/or complemen-
tary reactivity to Lewis acid or Lewis base-catalysed processes
and, to the best of our knowledge, has not been previously re-
viewed in the context of dehydrative substitution. Brgnsted
acid-catalysed dehydrative substitution typically involves pro-
tonation of the hydroxyl group to promote an Sy1-type reac-
tion, although S\2-type reactivity is also known. Bifunctional
Brgnsted acid catalysts that also coordinate to the incoming
nucleophile are discussed, alongside some dual-catalytic sys-
tems.

2. Dehydrative C—C Bond Formation

The formation of carbon-carbon bonds is fundamental to the
synthesis of complex organic molecules. As such, C—C bond
formation is the most widely explored dehydrative substitution

© 2020 The Authors. Published by Wiley-VCH GmbH
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to date. From Friedel-Crafts alkylation reactions to complex cy-
cloadditions and cascade processes via reactive intermediates,
Bronsted acid catalysis has emerged as a powerful method of
performing complex dehydrative substitutions for the con-
struction of valuable C—C bonds.

2.1 Friedel-Crafts alkylation reactions

Friedel-Crafts alkylation is one of the most important transfor-
mations for the functionalisation of arenes and heteroarenes.
Significant advances have been made in catalytic Friedel-
Crafts alkylations using simple alcohols as electrophiles under
both Lewis acid and Bransted acid catalysis."” Typical Brgnsted
acid-catalysed processes are thought to proceed via protona-
tion of the alcohol to promote ionization into a stabilized car-
bocation, which can undergo electrophilic aromatic substitu-
tion. Therefore, this process typically uses electron-rich benzyl-
ic alcohols as the substrate and electron-rich arenes as the nu-
cleophile. Recent progress in this area has focused on expand-
ing the scope of both reaction partners to include more
electron-deficient substrates.

Moran and co-workers demonstrated that tris(pentafluoro-
phenyl)borane (BCF, 4) has an advantageous reactivity profile
in dehydrative substitution reactions in the presence of acid-
sensitive functionality when compared with other Brgnsted or
Lewis acid catalysts.”! For example, Friedel-Crafts alkylation of
mesitylene with tertiary allylic alcohol 1 using traditional
Bronsted acid catalysts such as triflic acid or p-toluene sulfonic
acid generally gave a mixture of 2 and acid-promoted isomeri-
zation product 3 (Scheme 2). In contrast, use of BCF 4
(1 mol%) gave product 2 exclusively in 92% yield. Mechanisti-
cally, the borane may coordinate with water to form a strong
Brgnsted acid catalyst in situ, but an alternative Lewis acidic
pathway could not be ruled out. Meng and co-workers have
subsequently used the same catalyst for the Friedel-Crafts al-
kylation of phenols with a variety of secondary benzylic alco-
hols.®! The same group has extended this to the BCF 4
(10 mol%) catalysed Friedel-Crafts alkylation of electron-rich
anilines with secondary benzylic alcohols.” The process is
highly solvent dependent, with selective C-alkylation observed
in hexafluoroisopropanol (HFIP) and N-alkylation observed in
nitromethane.

In 2017, Moran and co-workers reported the use of triflic
acid (10-20 mol%) in HFIP for the Friedel-Crafts alkylation of

Sz N X

catalyst (1 mol%

MeNO,, 80 °C
yield (%) 2:3
TIOH 77 991

p-TsOH 74  80:20

B(CeFs)s4 92 >955

Scheme 2. Friedel-Crafts alkylation avoiding isomerisation.
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arenes with electron-deficient benzylic alcohols, overcoming
the previous limitations of such reactions to only electron-rich
alcohol substrates (Scheme 3)."” The process works well for a
range of primary benzylic alcohols, including those bearing
highly fluorinated substituents. Notably, the reaction also
works with o-trifluoromethyl benzylic alcohols, forming the
corresponding diarylmethane products in generally good
yields. Mechanistic experiments suggest that the reaction pro-
ceeds via a catalytic Sy1 dehydrative substitution, with HFIP in-
teracting with the triflic acid to form acidic aggregates capable
of promoting ionization of electron-deficient benzylic alcohols.

Moran has subsequently published a variety of Brgnsted
acid-catalysed reactions of a-trifluoromethyl propargylic alco-
hols in HFIPM™ In the presence of FeCl; (10 mol%), electron-
rich arenes undergo selective y-addition to tertiary propargylic
alcohols to give tetrasubstituted allenes after short reaction
times at room temperature (Scheme 4a). Extending the reac-
tion time and heating resulted in further reaction of the allenes
to form highly substituted indenes after protonation followed
by a Nazarov-type electrocyclization. Mechanistic control ex-
periments suggest that FeCl; in the presence of HFIP forms a

CF3 CF3
OH TfOH (10 mol%)
# HFIP, 100 °C
FsC FsC
(3 equiv) 59%

Scheme 3. Friedel-Crafts alkylation using electron-deficient benzylic alco-
hols.
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Scheme 4. Reactions of a-trifluoromethyl propargylic alcohols with arenes.

Brgnsted acid in situ, although the exact nature of the active
catalyst remains unknown. Alkenes bearing a o-hydroxyphenyl
group undergo an alternative cyclisation, reacting with elec-
tron-rich arenes to form trifluoromethyl substituted chromenes
in high yield. In this case, triflic acid (10 mol%) in HFIP was the
optimal catalytic system. Secondary a-trifluoromethyl propar-
gylic alcohols follow a different reaction pathway using
triflic acid (10 mol%) as catalyst, giving bis-arylated alkenes in
generally high vyields after double Friedel-Crafts alkylation
(Scheme 4b).

Crousse and co-workers have also used HFIP as a solvent to
enhance the acidity of potassium bisulfate, enabling it to cata-
lyse  dehydrative  Friedel-Crafts  alkylation  reactions
(Scheme 5).'7 The protocol has been demonstrated for the re-
action of a wide range of arenes with various benzylic alcohols,
including those bearing electron-donating or electron-with-
drawing aryl substituents, in generally good yields.

Inorganic phosphomolybdic acid (H;PMo,,0,,) is an efficient
catalyst for the Friedel-Crafts alkylation of 2-naphthols and
benzoheterocycles with substituted benzhydrol derivatives in
acetonitrile at room temperature.” Hu and co-workers have
also shown that phosphomolybdic acid (3 mol%) catalyses the
addition of benzhydrol derivatives across either alkynes or ni-
triles to form substituted ketones and amides, respectively.""
Diez-Gonzélez and co-workers have shown that aqueous HBF,
is an efficient catalyst for the Friedel-Crafts alkylation of phe-
nols and indoles with secondary propargylic alcohols as the
electrophile, while the reaction can also be performed using
pentane-2,4-dione as the carbon nucleophile.™

Arylboronic acids have previously been explored as mild cat-
alysts for dehydrative substitution reactions of alcohols using
various nucleophiles."™ In most cases, these reactions work
well with activated allylic alcohols or electron-rich benzylic al-
cohols, but do not tolerate substrates bearing strongly elec-
tron-withdrawing substituents. A recent study by Moran sug-
gests that the mode of activation of alcohols using arylboronic

KHSO,4 (10 mol%)

AR * : _Ar.1 HFIP, i100°C ~ Ar” Art * H0
(piaquiy) 33 examples
up to 88%

Scheme 5. Friedel-Crafts alkylation using potassium bifulfate.
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acids is likely to be due to either Brgnsted acid or H-bond cat-
alysis, rather than Lewis acid catalysis as initially postulated.!'”
Building upon their seminal work in the area,"® Hall and co-
workers discovered that a combination of 2,3,4,5-tetrafluoro-
phenylboronic acid 6 (10 mol%) and perfluoropinacol 7
(10 mol %) was effective for Friedel-Crafts alkylation reactions
using a range of benzylic alcohols, including those bearing
electron-withdrawing substituents." Perfluoropinacol 7 is es-
sential for the observed reactivity, for example the reaction of
p-xylene with alcohol 5 gives product 8 in 88% yield under
the standard reaction conditions (Scheme 6a), whereas no re-
action is observed in the absence of 7. Mechanistic experi-
ments suggest that boronic acid 6 reacts with 7 and the HFIP
solvent to form hydronium boronate complex 9 as the active
catalyst (Scheme 6b), which acts as a Brensted acid towards
the alcohol substrate.

FsC F
Ol B(OH),

6 (10 mol%) Ph

CFs F
s I FsC
b
FsC_CFs
/©/ HO&OH 7 (10 mol%) CFs3

(5 equiv) FsC CFs 8, 88%
HFIP/MeNO, (4:1)
100 °C

b) CF3

CF
FsC 3
€) * 0 9-cF,
Hs0 BO |
F o1 CFs
F CFs
F

E9

Scheme 6. a) Boronic acid-catalysed Friedel-Crafts alkylation using electron-
deficient alcohols. b) Proposed active catalyst formed in situ.

Fleischer and Boldl found that electron-rich secondary ben-
zylic alcohols undergo dehydrative homocoupling in the pres-
ence of p-TsOH (16 mol%) and PPh; (2 mol%) to form alkenes
(Scheme 7a).”” The PPh; is proposed to coordinate to inter-
mediate carbocations to prevent undesired oligomerisation
during the reaction. The Friedel-Crafts alkylation of highly elec-

a) p-TsOH-H,0 (16 mol%)

2 PPh3 (2 mol%)
Ph)\ 1,2-DCE, 100 °C

PhJ\/\ Ph

80%
b) OMe OMe
OH
/k . p-TsOH-H,O (16 mol%)  Ph
Ph 1,2-DCE, 100 °C
OMe OMe
(2 equiv) 1%

Scheme 7. a) Dehydrative homocoupling of benzylic alcohols. b) Friedel-
Crafts alkylation using p-TsOH.

109 © 2020 The Authors. Published by Wiley-VCH GmbH
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OH ) i) PCC (3 equiv) o
(2 equiv) CH,Cly, 1t 0 Q |
. . .. . . examples
2.2 Generation and functionalisation of quinone methides up to 91%
3 L o up to >95:5 dr
An area of dehydrative substitution that has undergone signifi- up to 94:6 er

cant developments in recent years is the in situ generation of
highly reactive ortho-quinone methides (0QMs) from o-hy-
droxybenzhydryl alcohols.”” In particular, the seminal work of
the groups of Rueping,”? Bach,””® and Schneider® showed
that chiral phosphoric acids could be used to both generate
0oQMs and control the enantioselectivity of the subsequent re-
actions. oQMs formed in this way can undergo a variety of nu-
cleophilic addition and formal cycloaddition reactions.

In these processes, the chiral Bronsted acid serves two func-
tions; i) to promote dehydration into the prochiral quinone
methide and ii) provide a chiral environment for the subse-
quent nucleophilic addition (Scheme 8a). Based upon ob-
served product configurations, the chiral phosphoric acids are
proposed to act as a bifunctional catalyst, coordinating to
both the electrophilic o0QM and incoming nucleophile to pro-
vide an ordered transition state leading to highly enantioen-
riched addition products. The use of chiral phosphoric acid cat-
alysts with a BINOL backbone is most common, with a range
of different backbone substituents reported (Scheme 8b).

An early example of a stereoselective addition into an in situ
generated oQM used 1,3-diketones as nucleophiles followed
by a cyclodehydration process to form a wide range of 4-aryl-
4H-chromenes with high enantioselectivity.?* This concept has
since been extended to the use of simple aryl acetaldehydes
as nucleophiles to form syn-3,4-diaryl dihydrocoumarines upon
PCC mediated oxidation of the initially formed lactol product
(Scheme 9).*! The protocol uses BINOL-derived phosphoric
acid 10 (10 mol%) as catalyst to form the dihydrocoumarine
products in reasonable diastereoselectivity (71:29 to >95:5 dr)
and generally good enantioselectivity (83:17 to 94:6 er).

Catalyst 10 is also effective for the enantioselective Friedel-
Crafts acylation of indoles and naphthols with in situ generat-

a)
R '|O'3_O /R Nuc R
HO™ %y & ;
OH o) L. SNuc
o \
on  Nueh Yoo OH
—H,0 H. _RP-O
(e) A
O *
b) Ar
Ar 10  2,6-Me,-4-t-BuCgH,
OO 11 9-Anthracenyl
0. 0 12 3,5-(CF3),CeHs
P 13 Mes
0" “oH
OO 14 2,6-Et,CeHs
Ar 15 9-Phenanthryl
16 2,4,6-(-Pr)sCeHs
17 4-ClICgH4

Scheme 8. a) Phosphoric acid-catalysed generation and reaction of 0QMs.
b) BINOL-based chiral phosphoric acid catalysts.
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Scheme 9. Aryl acetaldehyde addition to in situ generated oQMs.

ed 0QMs.”® The same general principle can also be used for
the enantioselective addition of enamides to 0QMs generated
from the dehydration of either benzylic®” or propargylic®® al-
cohols to form highly functionalized chroman N,0O-acetals bear-
ing three contiguous stereocentres.

Jeong and Kim disclosed that phosphoric acid 11 (10 mol %)
catalyses the reaction of (3-keto acids with o-hydroxybenzhydr-
yl alcohols (Scheme 10).2% Catalytic dehydration forms the cor-
responding oQM and decarboxylation forms an enol nucleo-
phile, which both remain coordinated to the phosphoric acid
to enable enantioselective conjugate addition. Subsequent
scandium triflate promoted dehydrative cyclisation forms the
substituted 4H-chromene products in good yields with high
enantioselectivity.

In 2016, Schneider described a synergistic process combin-
ing phosphoric acid and rhodium catalysis for the reaction of
a-diazo-p-keto esters with o-hydroxybenzhydryl alcohols
(Scheme 11).B” The transition-metal catalytic cycle generates a
rhodium-carbene complex, which reacts with the water re-
leased from phosphoric acid 12 catalysed oQM formation. The
resulting oxonium ylide undergoes an enantioselective conju-
gate addition to the oQM, controlled by coordination to chiral

Ar!
OH 1
@\ i) 11 (10 mol%) ¥
+OH CHClIg, rt | s = 1B
o o i) Sc(OTf)3 (50 mol%) o o 2 Z
I 60°C r
HO Ar2 15 examples
) up to 81%
(3 equiv) up to 97:3 er

Scheme 10. Dehydrative cyclisation of 3-keto acids with oQM:s.

OMe OMe
0 [Rhy(OAc)4] (2 mol%) I OH
OH_ o CO,Et 12 (5 mol%) ~CO,Et
N CHCljg, rt ~OH

OH 2 - 9] Ph
(1.2 equiv) 18, 87%

>95:5 dr

96:4 er

Scheme 11. Cooperative phosphoric acid and rhodium catalysed annulation
to form substituted chromans.
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phosphoric acid 12. Subsequent hemiacetalisation forms
highly substituted chromans such as 18 in good yield as single
diastereoisomers with high enantioselectivity. Cooperative
chiral phosphoric acid and rhodium catalysis has also been
used to form a range of functionalised oxa-bridged dibenzoox-
acines in high yields with good stereoselectivity.*" The reac-
tion proceeds via the [4+3] cycloannulation of in situ generat-
ed electron-rich oQMs and various carbonyl ylides to form
complex bicyclic products bearing two quaternary and one ter-
tiary stereocentre.

Functionalised chromans can also be prepared from o-hy-
droxybenzhydryl alcohols and [-keto esters using chiral palla-
dium catalyst 19 (Scheme 12).2% In this case, the highly acidic
aqua ligands help promote dehydration to form the electro-
philic o0QM, while the cationic Pd complex also forms the nu-
cleophilic chiral B-keto ester enolate. Conjugate addition fol-
lowed by hemiacetalisation gives synthetically useful products
such as 20 in high yield with reasonable diastereoselectivity
and excellent enantioselectivity. Notably, this protocol allows
the use of carbo- and heterocyclic 3-keto esters, which are not
tolerated using phosphoric acid catalysis.

Using phosphoric acid catalyst 13 (10 mol %), electron-rich
o-hydroxybenzhydryl alcohols react with a-diazoketones to
form cis-2,3-dihydrobenzofurans such as 21 with reasonable
diastereoselectivity and excellent enantioselectivity
(Scheme 13a).%* The unexpected product substitution pattern,
with the C2 and C3 substituents inverted, is accounted for by
conjugate addition of the a-diazoketone into the in situ gener-
ated oQM, followed by rearrangement via spirocyclic phenoni-
um ion 22 (Scheme 13b). Selective ring-opening of the cyclo-
propane forms a stabilized benzylic carbocation, which is
trapped by the phenol to form the observed benzofuran. The
proposed mechanism therefore accounts for the need for an
electron-rich 3-methide substituent.

Indol can undergo enantioselective Friedel-Crafts alkylation
with in situ generated oQMs catalysed by spirocyclic phospho-
ric acid 24 (Scheme 14).%¥ The reaction works for a range of
racemic diaryl tertiary alcohol o0QM precursors such as 23 with
the phenolic ring bearing an electron-donating substituent.
Various benzenoid substituents within the indol ring are also
tolerated to form alkylation products such as 25 containing a
new quaternary stereocentre in high yield with good enantio-
selectivity.

OMe

0
é/cozt-su (1.2 equiv)

[{(R)-BINAP}Pd(OH,),](OTf),
19 (5 mol%)

O OH PhMe, rt ©\/()\/Ii>
OH OH

20, 99%
86:14 dr
>99:1 er

I CO,t-Bu

Scheme 12. Palladium Brgnsted acid-catalysed annulation of 0QMs and f3-
keto esters.
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a) OMe

® o
Ph

(e}

13 (10 mol%
oH , gy 3010mo%) ()-ome
h\l MgSO, o
OH 2 PhMe, rt
(1.1 equiv) 21, 82%
86:14 dr
98:2 er

b) - -

22

Scheme 13. a) Reaction of a-diazoketones with 0QMs. b) Proposed spirocy-
clic phenonium ion intermediate.

Ar = 9-phenanthryl
24 (10 mol%)

[Q 1,2-DCE, 0 °C MeO
N 25,87%
2 equiv) 96:4 er

Scheme 14. Enantioselective Friedel-Crafts alkylation of indole with oQMs.

Processes have also been developed in which oQMs gener-
ated through catalytic dehydration participate in cycloaddi-
tions.’™ For example, in 2015 Rueping and co-workers found
that N-triflylphosphoramide 26 catalyses enantioselective
[442] hetero-Diels—Alder reactions between in situ generated
0QMs and unactivated styrene derivatives (Scheme 15).5¢ The
reaction forms aryl substituted chromanes with generally good
yield and high diastereoselectivity, often with excellent enan-
tioselectivity. For example, chromane 27 is formed in 91%
yield as a single diastereoisomer in 95:5 er. The methodology
is tolerant of a reasonable range of aryl substituents on either
reaction partner and was also demonstrated for the synthesis
of 2,3,4-trisubstituted chromanes. Recently, triflimide has been
shown to promote the [442] cycloaddition between a wide
range of substituted alkynyl thioethers with oQMs to form
thioether substituted chromanes in high yields.?”

Shi and co-workers reported that 3-methyl-2-vinylindoles un-
dergo hetero-Diels-Alder reactions using chiral phosphoric cat-
alysis to form trisubstituted chromans such as 28 with high
stereoselectivity (Scheme 16).5® The 3-methyl indole substitu-
ent is essential for the observed reactivity, avoiding Friedel-
Crafts alkylation at this position. The vinylindole alkene geome-
try was unimportant, with both isomers leading to the same

© 2020 The Authors. Published by Wiley-VCH GmbH
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O ‘O e OMe
P
O™ NHTY ©
o (I ;
1-Np B
OH 26 (5 mol%)

©(Oj ’u/©\
27,91%

>95:5 dr
95:5 er

4 A MS, PhMe, -60 °C

Q*

(10 equiv)

Scheme 15. Enantioselective hetero-Diels-Alder reaction of styrenes with
oQMs.

OH Ph

+0H 11 (10 mol%) B
1,2-DCE, rt
o7 F
%\Ph Hit
N

H 28, 88%
>95:5 dr
96:4 er

Scheme 16. Enantioselective cycloaddition of 2-vinylindoles with 0QMs.

major diastereoisomer with high stereoselectivity, which is pro-
posed to be due to alkene isomerization under the reaction
conditions. Readily available 2,5-dimethylfuran can be used as
a dienophile in diastereoselective dearomative [4+2] cycload-
ditions with 0QMs.®” The substitution pattern of the resulting
substituted chromane is dependent on the nature of the cata-
lyst, with (—)-10-camphorsulfonic acid and 1,1-binaphthyl-2,2’-
diyl hydrogenphosphate acid giving distinct products.

Zhang and co-workers showed that an imidodiphosphoric
acid catalyst promoted the enantioselective [4+42] cycloaddi-
tion between in situ generated oQMs and 1-((2-aryl)vinyl)-
naphthalen-2-ols to form a range of triaryl substituted chro-
mans in good yield with high stereoselectivity.”” Independent-
ly, Yuan and co-workers published the same cycloaddition pro-
cess using a spirocyclic phosphoric acid catalyst, again forming
a range of chromans with high levels of stereoselectivity."
Schneider and Ukis disclosed the phosphoric acid-catalysed in-
tramolecular hetero-Diels-Alder reaction of in situ generated
0oQMs with tethered alkenes to form dihydrochromenochro-
menes.”? The geometry of the dienophile influenced the ste-
reochemical outcome of the process, with (E)-alkenes giving
moderate diastereoselectivity but mostly good enantioselectiv-
ity. In contrast, tethered (2)-alkenes resulted in formation of
the fused chroman products as single diastereoisomers but
with generally low enantioselectivity.

Schneider and Kallweit have shown that 3-methyl-2-vinylin-
doles undergo [3+2]-cycloadditions with in situ generated 2-
methide 2H-pyrroles.*® For example, chiral phosphoric acid 14
(10 mol %) promotes dehydration of substituted pyrrole 28 to
form the corresponding methide, which reacts with 29 to form

Chem. Eur. J. 2021, 27, 106 - 120 www.chemeurj.org

2,3-dihydro-1H-pyrrolizine 30 in high yield as a single diaste-
reoisomer with excellent enantioselectivity (Scheme 17). The
process is tolerant of various aryl substituents to form the
complex, highly substituted heterocyclic products with gener-
ally high stereoselectivity.

Br
14 (5 mol%)
o o +Q§\/ﬁph Tmso’ g
N E
NH H PhMe, 60 °C MeO2C =3
CO,Me 29 HN
28 (1.2 equiv)

30, 89%

>95:5dr

96:4 er

Scheme 17. Enantioselective dehydrative [342] cycloaddition of 2-vinylin-
doles with pyrrole methides.

2.3 Substitution of indolylmethanols

The use of 2-indolylmethanol and 3-indolylmethanol deriva-
tives has also been widely explored in Brgnsted acid-catalysed
dehydrative substitution reactions due to their ability to form
stabilized carbocation intermediates. These versatile methide-
type intermediates react with a range of carbon-based nucleo-
philes to form complex heterocyclic products, in many cases
under the control of a chiral Brensted acid to impart enantio-
selectivity. The use of indolylmethanol derivatives in catalytic
enantioselective synthesis has previously been reviewed,*” so
this section focuses on selected recent developments.

Indolylmethanols can undergo acid-catalysed dehydration to
form delocalized vinyliminium ion intermediates, which can
undergo regioselective nucleophile attack using different nu-
cleophiles. For example, Xiao and co-workers have established
the triflic acid (10 mol %) catalysed alkylation of 2-methylquino-
line with 3-indolylmethanol 31 in dioxane at 120°C to give 32
in 93% vyield (Scheme 18).*! The reaction works for a range of
substituted 2-methylquinoline and 2-methylquinoxaline deriva-
tives, although the alcohol component is limited to either sub-
stituted 3-indolylmethanols or activated ferrocenylmethanol
derivatives. The acid catalyst is thought to promote both en-
amine formation from the N-heterocycle and dehydration of
the alcohol electrophile to form a stabilized carbocation.

=
HO i | (2 equiv)
Ph N
{ TfOH (10 mol%)
Ph

N dioxane, 120 °C
H

31

32, 93%

Scheme 18. Triflic acid-catalysed alkylation of 2-methylquinoline.
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In 2015, Ma and co-workers described the enantioselective
addition of enolates formed from in situ decarboxylation of -
keto acids to 3-hydroxy-3-indolyloxindoles 33 (Scheme 19).1
The process is catalysed by phosphoric acid ent-12, which is
proposed to hydrogen-bond to the f-keto acid pro-nucleo-
phile while blocking one face of the iminium ion generated
upon dehydration of 33. The method allows formation of a
range of functionalized 3-indolyloxindoles derivatives 34 bear-
ing quaternary stereocentres in high vyields with excellent
enantioselectivity, although the reactions require low tempera-
ture (—35°C) for extended reaction times (36 to 72 h). Xiao
and co-workers have shown that oxindole fused oQM precur-
sors undergo annulation with various 1,3-dicarbonyls using
triflic acid (10 mol%) as the catalyst to form spirocyclic chro-
men-oxindole derivatives in good yields."”

In 2019, Guo and co-workers found that 3-vinylindoles are
also good nucleophiles for addition into 3-indolylmethanols.”®
The optimal conditions for the reaction of 35 with 36 use imi-
dodiphosphoric acid 37 (2 mol%) as catalyst, giving product
38 in high yield with excellent stereoselectivity (Scheme 20).
The reaction has been successfully tested for a large number
of electron-donating or halogen substituents around each ben-
zenoid ring, while 3-hydroxy-3-indolyloxindoles are also suit-
able electrophiles. Shi and co-workers have shown that substi-
tuted azlactones can also be used as nucleophiles in diastereo-

ent-12 (10 mol%)

o o NaySO4
CH,Cl,, -35°C
s
34
(1.5 equiv) up to 98%

up to >99:1 er

Scheme 19. Enantioselective enolate addition to form 3-indolyloxindole de-
rivatives.

Ph
36
HO %
Ph MeN Ph Ph
{ 37 (2 mol%) O iy O
N~ Ph H,0 (1 equiv) | |
H THF, —20 °C MeN NH

e
35 38, 98%
>99:1 E/Z
1-Np 1-Np 95:5 er
OH O
o \\ AP
1Np 1

Scheme 20. Imidodiphosphoric acid-catalysed addition of 3-vinylindoles into
3-indolylmethanols.
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selective dehydrative substitution reactions of 3-indolylmetha-
nols using readily available diphenyl phosphate (10 mol%) as
the catalyst."”

Phosphoric acid catalyst 15 (5 mol%) promotes enantiose-
lective 1,4-addition of both indole and pyrrole nucleophiles to
indolyl methide intermediates generated in situ from 7-indolyl-
methanols (Scheme 21).°” Antilla and co-workers showed this
process works for a range of electron-rich indolyl methide pre-
cursors, forming the triaryl products in generally excellent yield
and good enantioselectivity. The method was extended to the
use of 6-indolylmethanols as substrates, providing the prod-
ucts with impressive enantioselectivity for a remote 1,8-addi-
tion. Rao and co-workers subsequently found that 2-substitut-
ed indoles undergo regioselective 1,8-addition into vinylimini-
um intermediates derived from dodecylbenzenesulfonic acid
(DBSA) catalysed dehydration of trifluoromethyl 3-indolyl(2-
thiophenyl)methanols.®” A wide range of thiophene-centred
bisindole products can be produced in good yields from a
range of both reaction partners.

Masson and co-workers have disclosed that 3-indolylmetha-
nols undergo formal [34+2] cycloadditions with enecarbamates
such as 39 catalysed by phosphoric acid ent-15 (5 mol%) to
form functionalized indoles 40 with high stereoselectivity
(Scheme 22a).°? This was subsequently extended to formal

Co O
N N
H (1.5 equiv)

O OH 15 (5 mol%)
MeO PhMe, 4 A MS, -20°C MeO

96%
95:5 er

Scheme 21. Enantioselective 1,4-addition of indole to 7-indolyl methide pre-
cursor.

X NHCbz Ph
39 (1.1 equiv) T
ent-15 (5 mol%)
a) = \
4 AMS, CH,Cl,, 0 °C 5
i NHCbz
HO 40, 71%
Ph >95:5 dr
99:1 er
\
N~ Ph
H
41 (1.1 equiv)
b) 16 (5 mol%) O \
4 AMS, PhMe, 0 °C N
H  NHCbz
42, 83%
>95:5 dr
99:1 er

Scheme 22. a) Enantioselective formal [3+2] cycloadditions of enecarba-
mates with 3-indolylmethanols. b) Formal [4+3] cycloadditions using diene-
carbamates.
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[443] cycloadditions using dienecarbamates 41 catalysed by
phosphoric acid 16 (5 mol%) to form substituted indoles such
as 42, again with excellent stereoselectivity (Scheme 22b).5¥ In
both cases, the reaction is tolerant of a range of substituents,
forming the polycyclic products in good yields with excellent
stereoselectivity. The reactions are proposed to occur via a
stepwise mechanism, with dual hydrogen-bonding activation
of the intermediate vinyliminium and enecarbamate required
for enantioselectivity.

Phosphoric acid catalyst 43 promotes [4+3] annulation of 2-
indolylmethanols with in situ generated o0QMs (Scheme 23).5%
The reaction scope is limited to electron-rich precursors, form-
ing a range of substituted heterocycles in high yields with
good enantioselectivity. Mechanistic control experiments
alongside DFT calculations support a stepwise reaction path-
way, with an initial enantioselective C(3) Friedel-Crafts alkyla-
tion of 2-indolylmethanol with the 0QM intermediate. Catalytic
dehydration of the resulting indolylmethanol generates a car-
bocation intermediate that undergoes intramolecular cyclisa-
tion with the phenol. The reaction enantioselectivity is mostly
controlled in the initial Friedel-Crafts addition, with a minor
enhancement due to kinetic resolution during the cyclisation
step.

A subclass of indolylmethanols that have been explored in
various dehydrative substitutions are 3-hydroxy-3-indolyloxin-
doles, which can lead to the formation of complex polyhetero-
cyclic products. For example, Shi and co-workers have shown
that 3-hydroxy-3-indolyloxindoles such as 44 undergo enantio-
selective formal [342] cycloadditions with N-protected vinylin-
dole derivatives catalysed by phosphoric acid ent-17
(10 mol%) (Scheme 24).%% Substitution within the benzenoid
fragments of the starting materials with either electron-donat-
ing or halogen substituents is tolerated and, although the ma-
jority of the products are obtained in ca. 85:15 dr, the enantio-
selectivity of the major diastereoisomer is generally high. The
presence of an N-protecting group on the vinylindole means
that only the alcohol component can be activated by the cata-
lyst, which is in contrast to previous work in which dual activa-
tion of both the electrophile and nucleophile is required for
high enantioselectivity. The same group has also found that 3-
hydroxy-3-indolyloxindoles undergo regioselective cyclisations

0
fo) 6]

AN

S ol
Ar

Ar = 9-Phenanthrenyl
43 (10 mol%)
MgSO,, 1,2-DCE, 10 °C

OMe

LY
OH

+

OH
©5\>ﬁ4
Ph
N
N Ph
(1.2 equiv)

95%
96:4 er

Scheme 23. Enantioselective [443] annulation of 2-indolylmethanols with
0QMs.
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H
N
ol
(L=
’;\‘A 44
€ ent-17 (10 mol%)
* EtOAc, 10 °C
%Ph
N
Me
(1.2 equiv)

Scheme 24. Enantioselective [3+42] cycloaddition of 3-hydroxy-3-indolyloxin-
doles with 2-vinylindoles.

with Nazarov reagents in the presence of a stoichiometric
amount of hydrobromic acid, with either [3+2] or [4+3]-cyclo-
addition products formed depending on whether the indol ni-
trogen atom is protected.®®

Shi and co-workers have reported that phosphoric acid-cata-
lysed dehydrative substitution of various 2-indolylmethanols
with 2-naphthols generates axially chiral heterobiaryl products
(Scheme 25a)."” For example, configurationally stable indole
48 is formed in 95:5 er, with a calculated rotational energy bar-
rier of 32.5 kcalmol™'. Mechanistically, dehydration of 47 forms
a vinyl iminium intermediate, which undergoes nucleophilic
attack at the indole C(3) position followed by tautomerization
to form 48. Control experiments show that both the indole NH

(1.2 equiv) 45 (10 mol%)
.
3AMS

Ph
OH
N  Ph
N H

a7 48, 99%

95:5 er
T
o. .0 45 Ar = Mes

o P\OH 46 Ar = 2-Naphthyl

L,

46 (5 mol%)
5AMS
PhMe, 30 °C

N 51, 93%
Bn >95:5 dr
50 (1.2 equiv) 99:1 er

Scheme 25. a) Atroposelective addition of 2-naphthol to vinyl iminium.
b) Enantioselective synthesis of substituted 3,3’-bisindoles.
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and phenol OH are essential for high enantioselectivity, sug-
gesting dual hydrogen bonding activation of the substrates
with the catalyst. Furthermore, the use of a sterically demand-
ing tertiary alcohol within 47 is essential for the regioselectivity
of addition, with the analogous secondary benzylic alcohol un-
dergoing selective reaction at the carbinol centre to form a
racemic product. This work has subsequently been extended
to the synthesis of highly substituted 3,3"-bisindole
products such as 51 from 3-hydroxy-3-indolyloxindoles 50
(Scheme 25b),® with excellent control of both axial and point
chirality for a range of examples.

Triflamide (10 mol %) catalyses the addition of vinyl azides to
3-hydroxy-3-indolyloxindole derivatives to form quaternary
carbon centres bearing a pendant amide in high yield
(Scheme 26).5¥ The vinyl azide undergoes dehydrative substi-
tution followed by a 1,2-migration to release nitrogen and
generate a nitrilium ion, which is readily hydrolysed into the
amide product. The highly substituted products 52 can under-
go reductive cyclisation in the presence of excess LiAlH, to
form substituted pyrroloindolinone derivatives in good yield.
The process was also demonstrated for a small range of alter-
native electrophiles, including benzylic, allylic, and propargylic
alcohols.

The use of 3-hydroxy-3-indolyloxindoles also allows catalytic
asymmetric Friedel-Crafts alkylation of indole nucleophiles to
form 3,3"-bis(indolyl)oxindoles. Shi and co-workers found that
chiral phosphoric acids could catalyse this process to give high
yields,* although only moderate enantioselectivity was ob-
tained in most cases. Zhang and co-workers subsequently
showed that imidodiphosphoric acid 37 is a highly efficient
catalyst for this process,®” working at low loadings (0.5 mol %),
while the addition of 5 A MS was essential for improving the
enantioselectivity without compromising the reaction efficien-
cy (Scheme 27). The reaction scope was demonstrated for sub-
strates bearing a range of substituents within each of the ben-
zenoid rings, while substituted pyrrole nucleophiles are also
well tolerated.

TfH,NH (10 mol%)
1,2-DCE, 40 °C

N
R' R2
52
up to 91%

(1.2 equiv)

Scheme 26. Triflamide-catalysed addition of vinyl azides to 3-hydroxy-3-in-
dolyloxindoles.

3. Dehydrative Alkylation of Heteroatoms

The alkylation of heteroatoms is an important process that is
widely used throughout both academia and industry. Obtain-
ing selectivity for the desired cross-alkylation product is one of

Chem. Eur. J. 2021, 27, 106 - 120 www.chemeurj.org
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. Me 37 (0.5 mol%)

5AMS
PhMe, 55 °C
R2
up to 98%
up to 98:2 er

N
R’ R3

Scheme 27. Enantioselective Friedel-Crafts alkylation of indoles with 3-hy-
droxy-3-indolyloxindoles.

the key challenges associated with the use of heteroatom nu-
cleophiles in combination with alcohols as the electrophilic
component. In this regard, progress has been made across a
range of Brensted acid-catalysed carbon-heteroatom bond for-
mations for both inter- and intramolecular reactions.

3.1. Dehydrative C—O bond formation

Expanding the reaction scope beyond dehydrative Friedel-
Crafts alkylations, Moran and co-workers showed that BCF 4
could also catalyse inter- and intramolecular dehydrative ether-
ification reactions.”” For example, allylic alcohol 53 bearing a
pendant primary alcohol undergoes facile cyclisation at room
temperature in nitromethane promoted by only 1 mol% BCF 4
to give substituted THF 54 in 82% yield (Scheme 28). Meng
and co-workers subsequently expanded the scope of BCF 4
(5 mol%) catalysed intermolecular etherification to the substi-
tution of various secondary benzylic alcohols with both isopro-
panol and benzyl alcohol used as the nucleophilic compo-
nent.”

Diez-Gonzalez found that aqueous HBF, catalyses dehydra-
tive etherification of propargylic alcohols with a range of pri-
mary or secondary alcohols acting as the nucleophile
(Scheme 29)."% The reaction works efficiently at room tempera-
tures for substrates bearing an electron-rich aryl ring, while
higher catalyst loadings and/or higher temperatures are re-
quired for neutral or electron-deficient aryl substituents.

In 2019, Taylor and co-workers published the intermolecular
dehydrative substitution of benzylic alcohols to form both
symmetrical and non-symmetrical ethers catalysed by a combi-
nation of pentafluorophenylboronic acid 55 (5 mol%) and
oxalic acid (10 mol%) in nitromethane (Scheme 30a).? The re-
action was tolerant of a range of substituted secondary benzyl-
ic alcohols, while non-participating functional groups including
alkenes, alkynes, and esters were tolerated within the nucleo-
philic alcohol. The same conditions could also be applied to

OH
A i B(CgFs)s 4 (1 mol%) /\/O
N OH 6" 5)3 Ph
Ph MeNO,, rt Ner gt HO
53 54

82%
Scheme 28. BCF-catalysed dehydrative intramolecular etherification.
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Scheme 29. Catalytic intermolecular etherification of propargylic alcohols.

up to 90%

a
g mEonsem g
2 )2 mol+7
AR * RTTOH T MeNO,, 90 °C Ar)\R + H0
(2-5 equiv) up to 98%
b) OH F5C6B(OH) 55 (5 mol%)
CO,H), (10 mol%) /@
oH _ (COH),
Ar)\/\ﬁ MeNO, 40-90°C ~ AT o ).+ HO
=12 up to 92%
c) ®
F QHéH3O
F B\'"’O
F F
E o}
56

Scheme 30. a) Arylboronic acid-catalysed dehydrative intermolecular etherifi-
cation. b) Catalytic intramolecular etherification. c) Proposed active Brgnsted
acid catalyst formed in situ.

the intramolecular dehydrative cyclisation of diols to form aryl
substituted tetrahydrofurans (THFs) and tetrahydropyrans
(THPs) in good yields (Scheme 30b). Control experiments
showed that hydronium boronate complex 56 (Scheme 30c),
which was isolated and characterized by X-ray crystallography,
is formed in situ and is likely to act as a Brgnsted acid catalyst
to promote an Sy1 substitution process.

Building upon the seminal work of Rueping on phosphora-
mide-catalysed enantioselective intramolecular dehydrative al-
lylic substitutions to form chromenes,?* Sun established that
primary alcohols can undergo enantioselective intermolecular
addition to in situ generated 0oQMs.®¥ Spirocyclic phosphoric
acid 24 (5 mol %) proved optimal, promoting the addition of a
range of primary alcohols to substituted oQM precursors in
good yield with mostly high enantioselectivity (Scheme 31).
The process was tolerant of a range of non-participating func-
tional groups within the nucleophilic alcohol component in-

R2 R?
= 0, a v g
R OH oo 24 (5 mol%) R 0" R, i
o R®™ OH 73AMs N c
(1.2 equiv)  CH,Cl,, rt
up to 92%
up to 99:1 er

Scheme 31. Phosphoric acid-catalysed enantioselective intermolecular ether-
ification using oQM:s.

Chem. Eur. J. 2021, 27, 106 - 120 www.chemeurj.org

cluding alkenes, alkynes, protected alcohols, and phthalimides,
allowing for further derivatization of the products.

Samec and co-workers have described the intramolecular
dehydrative cyclisation of pendant primary alcohols onto sec-
ondary benzylic alcohols with chirality transfer®¥ A range of
Brgnsted and Lewis acid catalysts were screened in the reac-
tion of enantiomerically enriched diol 57 to form substituted
THF 58, with phosphinic acid (10 mol%) giving complete con-
version to the product with 91% chirality transfer (Scheme 32).
DFT calculations suggest that phosphinic acid acts as a bifunc-
tional catalyst, protonating the secondary alcohol while depro-
tonating the primary alcohol, to promote a direct intramolecu-
lar dehydrative substitution and accounting for the observed
inversion of configuration. This is a notable exception to other
dehydrative substitution processes that most commonly pro-
ceed via an Sy1-type mechanism with complete loss of stereo-
chemical information.

Terada and co-workers have developed an enantioconver-
gent intramolecular Nicholas reaction of racemic cobalt-com-
plexed propargylic alcohols with a tethered primary alcohol to
form seven-membered cyclic ethers.® Spirocyclic phosphoric
acid catalysts 59 or 60 (5 mol %) proved optimal, giving cobalt
complexed ethers such as 61 in good yield with high enantio-
selectivity (Scheme 33a). The reaction was tolerant of a range

L= L)
HsPO, (10 mol%)

oH _HsPO, (10 mol%) _

Ph 12-DCE,80°C ~ Ph™ o~ *HO
(S)-57 (R)-58, 99%
97:3er 89:11 er

Scheme 32. Phosphinic acid-catalysed intramolecular etherification with chir-
ality transfer.

a) lCOz(CO)4dppm
OH
/002(C0)4dppm 59 (5 mol%) Ph : =
Ph7 S OH 4AMS 0 " O
PhMe, 0 °C
61, 93%
94:6 er

i) DBDMH (2.5 equiv)
THF/H,0, 0 °C
ii) TMSCHNS, (8 equiv)
THF/H,O/MeOH, rt

59 Ar = 2,4,6-(i—Pr)3C6H2
60 Ar = 1-naphthyl

b) ® x© ® x©
H CO\ /CO H
: / E/Co fast Co/ \
Ph R R Ph
63 64

Scheme 33. a) Enantioconvergent intramolecular Nicholas reaction of prop-
argylic alcohols. b) Interconversion of intermediate planar-chiral dicobalt
complexes.
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of electron-rich aryl and heteroaryl substituents, giving the
products with high yields and mostly high enantioselectivity.
Ether 61 could be derivatized by reaction with 1,3-dibromo-
5,5-dimethylhydantoin (DBDMH) followed by methylation of
the intermediate anhydride to form diester 62 without loss of
stereochemistry. The reaction is thought to proceed via planar-
chiral cationic dicobalt complexes 63 and 64, with the diaste-
reomeric  ion-pairs  undergoing rapid interconversion
(Scheme 33b). This allows for an enantioconvergent intramo-
lecular nucleophilic addition to occur controlled by the chiral
phosphate counterion.

3.2. Dehydrative C—N bond formation

A number of the systems reported for dehydrative C—O bond
formation have also been tested with nitrogen-based nucleo-
philes. For example, Moran’s BCF 4 catalysed dehydrative sub-
stitution was successfully demonstrated for the reaction of
both tert-butyl and benzyl carbamate to form N-Boc and N-Cbz
protected allylic and propargylic amines, respectively.”” An in-
tramolecular dehydrative amination was also possible to form
N-tosyl pyrrolidine in quantitative yield. Diez-Gonzélez and co-
workers showed that aqueous HBF, could also catalyse the de-
hydrative alkylation of carbamates, sulfonamides, and electron-
deficient anilines with secondary propargylic alcohols as the
electrophile.™™ Samec and co-workers intramolecular substitu-
tion of secondary alcohols using phosphinic acid (10 mol %)
was applicable to tethered aniline nucleophiles, providing the
corresponding substituted pyrrolidines in high yield with excel-
lent chirality transfer.*”

In 2015, Moran and co-workers published the azidation of
tertiary alcohols using B(CiF:);'H,O (5 mol%) as a strong
Brensted acid catalyst.*® The reaction works for an impressive
range of tertiary alcohols bearing a variety of non-participating
functional groups, forming the azide products in mostly high
yields. For example, alcohol 65 reacts with trimethylsilyl azide
to give functionalized azide 66 in 74% yield (Scheme 34). The
process is also selective for the azidation of tertiary alcohols in
the presence of tethered primary or secondary alcohols, with
no competing intramolecular cyclisation of the diol starting
materials observed. The optimal reaction conditions require
the presence of a nitro-group in the form of either nitrome-
thane as the solvent or 4-nitroanisole (50 mol%) as a substoi-
chiometric additive in benzene. Kinetic studies show that vari-
ous nitro-additives result in a dramatic rate increase compared
with the reaction in their absence. Further initial rate studies
coupled with IR and NMR evidence suggests that the nitro-ad-
ditive forms aggregates with the Brgnsted acid in solution,

OH  Me;SiN; (3 equiv) N3
B(CgF5)3-H20 (5 mol%
(Ce 5,\)/‘;'6,\]202( - ) + Me;SiOH
65 66
74%

Scheme 34. BCF-H,0 catalysed azidation of tertiary alcohols.
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with the active catalytic species likely to contain two molecules
of each. The formation of a catalytic supramolecular assembly
with various nitro-additives is also supported by recent DFT
calculations.® This is an interesting observation that may have
wider implications for the mechanism of other Brensted acid-
catalysed dehydrative substitution reactions performed in ni-
tromethane solvent. Bolshan and co-workers later described
the azidation of both benzhydrol derivatives and protected
carbohydrates  with  trimethylsilyl azide catalysed by
HBF,-OEt,."*®

In 2019, Chan and co-workers showed that electron-rich pri-
mary anilines undergo selective N-alkylation in nitromethane
with a range of secondary and tertiary benzylic alcohols cata-
lysed by BCF 4 (10 mol%).”' Subsequently, Maji disclosed the
BCF 4 (1 mol%) promoted dehydrative alkylation of secondary
anilines with a range of electron-rich primary, secondary or ter-
tiary benzylic alcohols.®™” The method was also applicable to
the monoalkylation of primary sulfonamides.

Shi and co-workers found that in situ generated oQMs from
phosphoric acid-catalysed dehydration undergo diastereoselec-
tive [4+43] cycloaddition with cyclic azomethine imines as 1,3-
dipoles.” For example, oQM precursor 68 reacts with 67
using 10 mol% 69 to form cis-heterocycle 70 in good yield
and >95:5 dr (Scheme 35). The reaction works best for phenol-
ic oQM precursors bearing an electron-donating methoxy sub-
stituent and is tolerant of aryl or alkyl substituents in the ben-
zylic position and aryl substituents within the azomethine
imine component.

Zhou and Xie have shown that chiral phosphoramide 72
(10 mol %) catalyses the intramolecular amination of allylic al-
cohols 71 to form 2-substituted dihydroquinolines 73
(Scheme 36).”" The demonstrated reaction scope includes a
range of aryl allylic substituents, forming the products in good
yield with moderate to good enantioselectivity.

l I 0.0

@ -
oJ\N\\\ O \OH o
N Ph
© Ph
67 (1.5 equiv) 69 (10 mol%) MeO N
+ N + H,O
Ph 5AMS /(
MeO PhMe, 80 °C ™
OH 70
OH 70%

68 >95:5dr

Scheme 35. Diastereoselective [44-3] cycloaddition of 0QMs with cyclic azo-
methine imines.

3.3. Dehydrative C—S bond formation

Bronsted acid-catalysed dehydrative substitution using sulfur-
based nucleophiles has been the least explored of the heteroa-
tom alkylation processes. The BCF 4 promoted substitution of
primary, secondary and tertiary benzylic alcohols has been
demonstrated using either substituted thiophenols or alkyl
thiols as nucleophiles.”® The phosphinic acid-catalysed intra-

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry

Minireview Europe
Chemistry-A European Journal doi.org/10.1002/chem.202002106 Sociaies Pustehing
o
(oN //O Ph. OH
0" ke i /2 LB
‘|O Ph_ H
H
o Ph t-Bu
WR 72 (10 mol%) m Ar = 4-Ph-2,6- (I-Pr 2CeH2 N
] + H0 76 (3 mol%)
NHFmoc WMoy N7 R AT N + H,0
71 CH20|2/CGH6, -20°C Fmoc PhM
73 e, it 77
up to 90% @[ ) 1-Np 94%
up to 97:3 er >99:1 er

Scheme 36. Enantioselective intramolecular amination of allylic alcohols.

molecular substitution of enantiomerically enriched secondary
benzylic alcohols also works with tethered thionucleophiles,
forming tetrahydrothiophene products with high yields and
high enantioselectivity.®”

Terada and co-workers have developed an enantioconver-
gent intermolecular Nicholas reaction for the thioetherification
of racemic cobalt-complexed propargylic alcohols catalysed by
chiral phosphoric acids (Scheme 37).”? The reaction works for
a range of substituted propargylic alcohols using either thio-
phenols or alkyl thiols as the nucleophile to form the corre-
sponding thioethers in excellent yield with generally good
enantioselectivity. Mechanistic investigations show that the
overall enantioselectivity is dependent upon the reaction con-
centration and temperature, with the relative rate of racemiza-
tion of the planar-chiral cationic dicobalt complexes 63 and 64
(Scheme 33b) versus nucleophilic addition key to obtaining
enantioconvergence. Reducing the reaction concentration
helps to minimise premature nucleophilic addition, while
higher temperatures (rt versus 0°C) enhance the rate of race-
mization and results in higher enantioselectivity.

R-SH s R
(1.5 equiv) 11 (5 mol%) ; /Coz(CO)4dppm
on 4AMS R 20
2
Cox(CO)dppm  cyclohexane, R
R! X up to >98%
R2 up to 99:1 er

Scheme 37. Enantioconvergent intermolecular Nicholas reaction for thioe-
therification of propargylic alcohols.

3.4. Dehydrative C—H bond formation

In 2020, Akiyama and co-workers reported the first example of
a phosphoric acid-catalysed dehydrative C—H bond formation
to form a tertiary carbon stereocentre (Scheme 38).”* For ex-
ample, phosphoric acid 76 promotes the dehydration of 3-in-
dolylmethanol 74 and benzothiazoline 75 acts as a hydride
source to form product 77 in high yield with excellent enantio-
selectivity. The reaction works for a range of aryl and alkynyl
indolylmethanol substituents although the sterically demand-
ing tert-butyl group is important for obtaining high enantiose-
lectivity.
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75 (1.2 equiv)

Scheme 38. Catalytic reduction of 3-indolylmethanols to form tertiary
carbon stereocentres.

4. Summary and Outlook

Significant progress has been made in the development of
Brgnsted acid-catalysed dehydrative substitution reactions for
a wide range of bond formations. Over the past five years, im-
provements have been made for valuable synthetic transfor-
mations in terms of overall reactivity and selectivity. There
have also been significant breakthroughs in the substrate
scope accessible for some processes, for example in the use of
electron-deficient benzylic alcohols in Friedel-Crafts alkylation
reactions. A wide range of enantioselective transformations
has been developed using chiral Brgnsted acid catalysis, in par-
ticular for C—C bond formation, while stereospecific Sy2 type
reactions have also been published.

While progress has been made in many areas, there are still
a number of significant challenges to be addressed in catalytic
dehydrative substitution reactions. For example, many dehy-
drative substitution processes still require the use of electron-
rich benzylic alcohol substrates as a consequence of the Sy1-
type reactivity. Broadening the scope of these reactions to
electron-deficient benzylic alcohols is a positive first step to-
wards a more general solution using different classes of alco-
hol with increasing complexity and sensitive non-participating
functional groups. However, increasing the reactivity of these
systems while retaining high levels of selectivity will be chal-
lenging. The development of highly enantioselective processes
across a range of existing and new reaction classes will remain
an active area of research, while continued progress in dehy-
drative catalytic Sy2-type processes with high levels of chirality
transfer remains desirable. The use of dual-catalytic systems
and counter-anion directed catalysis will likely aid in these en-
deavours.

Increasing the fundamental mechanistic understanding of
many of these processes will also be beneficial in making im-
provements in catalytic turnover, functional group tolerance,
selectivity, and industrial applicability. For example, many cur-
rent dehydrative substitutions require unfavourable solvents
such as nitromethane or hexafluoroisopropanol. Increased un-
derstanding of the role of these solvents will facilitate the de-
velopment of more industrially viable protocols. For example,
recent work by Moran and co-workers suggest the formation
of supramolecular assemblies between BCF-H,O and nitro-addi-
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tives,”” while many boronic acid catalysts are likely to form
strong Brgnsted acids in situ using the solvent."”” These in-
sights further highlight the importance of the solvent in such
processes and will help in the design and study of future cata-
lytic systems.

Brgnsted acid catalysis will continue to play an important
role in developing new dehydrative substitution reactions. This
work will be complimentary to future developments using
other catalytic activation modes, allowing the use of simple al-
cohols as substrates in a wide range of reactions. Ultimately,
the aim is to surpass the use of traditional stoichiometric sub-
stitution methods and, furthermore, allow the use of alcohol
substrates in new unique processes that cannot be accom-
plished from other electrophiles.

Acknowledgements

We thank the University of St Andrews and the EPSRC for the
award of a DTA studentship (S.E.-D.).

Conflict of interest

The authors declare no conflict of interest.

Keywords: alcohols - Bregnsted acid - dehydrative
substitution - homogeneous catalysis - sustainable synthesis

a) M. Dryzhakov, E. Richmond, J. Moran, Synthesis 2016, 48, 935-959;
b) P. H. Huy, T. Hauch, I. Filbrich, Synlett 2016, 27, 2631-2636; c) P. H.
Huy, Eur. J. Org. Chem. 2020, 10-27.

[2] Science of Synthesis, Vol. 36 (Ed.: J. Clayden), Thieme, Stuttgart, 2008.

[3] M.C. Bryan, P.J. Dunn, D. Entwistle, F. Gallou, S. G. Koenig, J. D. Hayler,
M. R. Hickey, S. Hughes, M. E. Kopach, G. Moine, P. Richardson, F. Ro-
schangar, A. Steven, F.J. Weiberth, Green Chem. 2018, 20, 5082-5103.
a) M. H. S. A. Hamid, P.A. Slatford, J. M.J. Williams, Adv. Synth. Catal.
2007, 349, 1555-1575; b) A. Corma, J. Navas, M. J. Sabater, Chem. Rev.
2018, 118, 1410-1459.

[5] N.A. Butt, W. Zhang, Chem. Soc. Rev. 2015, 44, 7929-7967.

[6] a)J). An, R.M. Denton, T. H. Lambert, E. D. Nacsa, Org. Biomol. Chem.
2014, 12, 2993-3003; b) S. Fletcher, Org. Chem. Front. 2015, 2, 739-
752; ¢)R. H. Beddoe, H.F. Sneddon, R. M. Denton, Org. Biomol. Chem.
2018, 16, 7774-7781.

[7]1 M. Hellal, F. C. Falk, E. Wolf, M. Dryzhakov, J. Moran, Org. Biomol. Chem.
2014, 12, 5990-5994.

[8] S.-S. Meng, Q. Wang, G.-B. Huang, L.-R. Lin, J.-L. Zhao, A.S. C. Chan, RSC
Adv. 2018, 8, 30946 -30949.

[9] S.-S. Meng, X. Tang, X. Luo, R. Wu, J.-L. Zhao, A.S. C. Chan, ACS Catal.
2019, 9, 8397-8403.

[10] V.D. Vukovi¢, E. Richmond, E. Wolf, J. Moran, Angew. Chem. Int. Ed.

2017, 56, 3085-3089; Angew. Chem. 2017, 129, 3131-3135.

F. Noél, V. D. Vukovi¢, J. Yi, E. Richmond, P. Kravljanac, J. Moran, J. Org.

Chem. 2019, 84, 15926 -15947.

[12] R-J. Tang, T. Milcent, B. Crousse, J. Org. Chem. 2018, 83, 14001 - 140009.

[13] G.-P. Yang, D. Dilixiati, T. Yang, D. Liu, B. Yu, C.-W. Hu, Appl. Organomet.
Chem. 2018, 32, e4450.

[14] G.-P. Yang, N. Zhang, N.-N. Ma, B. Yu, C.-W. Hu, Adv. Synth. Catal. 2017,

359, 926-932.

E. Barreiro, A. Sanz-Vidal, E. Tan, S.-H. Lau, T. D. Sheppard, S. Diez-Gon-

zalez, Eur. J. Org. Chem. 2015, 7544 -7549.

[16] D.G. Hall, Chem. Soc. Rev. 2019, 48, 3475 - 3496.

[17]1 S. Zhang, D. Lebceuf, J. Moran, Chem. Eur. J. 2020, 26, 9883 -9888.

[4

[11]

[15]

Chem. Eur. J. 2021, 27, 106 - 120 www.chemeurj.org

[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]
[26]

[27]
[28]
[29]
[30]
31]
[32]

[33]
[34]

[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]

[46]
[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

a)J. A. McCubbin, H. Hosseini, O.V. Krokhin, J. Org. Chem. 2010, 75,
959-962; b) J. A. McCubbin, O.V. Krokhin, Tetrahedron Lett. 2010, 51,
2447 -2449; c)H. Zheng, S. Ghanbari, S. Nakamura, D. G. Hall, Angew.
Chem. Int. Ed. 2012, 51, 6187-6190; Angew. Chem. 2012, 124, 6291-
6294.

H.T. Ang, J. P.G. Rygus, D. G. Hall, Org. Biomol. Chem. 2019, 17, 6007 -
6014.

M. Boldl, 1. Fleischer, Eur. J. Org. Chem. 2019, 5856 -5861.

a) T. P. Pathak, M. S. Sigman, J. Org. Chem. 2011, 76, 9210-9215; b) A. A.
Jaworski, K. A. Scheidt, J. Org. Chem. 2016, 81, 10145-10153.

a) M. Rueping, U. Uria, M.-Y. Lin, I. Atodiresei, J. Am. Chem. Soc. 2011,
133, 3732-3735; b) C-C. Hsiao, H.-H. Liao, M. Rueping, Angew. Chem.
Int. Ed. 2014, 53, 13258-13263; Angew. Chem. 2014, 126, 13474 -13479.
D. Wilcke, E. Herdtweck, T. Bach, Synlett 2011, 6, 1235-1238.

O. El-Sepelgy, S. Haseloff, S. K. Alamsetti, C. Schneider, Angew. Chem. Int.
Ed. 2014, 53, 7923-7927; Angew. Chem. 2014, 126, 8057 -8061.

M. Spanka, C. Schneider, Org. Lett. 2018, 20, 4769-4772.

S. Saha, S. K. Alamsetti, C. Schneider, Chem. Commun. 2015, 51, 1461 -
1464.

S. Saha, C. Schneider, Chem. Eur. J. 2015, 21, 2348 -2352.

S. Saha, C. Schneider, Org. Lett. 2015, 17, 648-651.

H. J. Jeong, D. Y. Kim, Org. Lett. 2018, 20, 2944 -2947.

S. K. Alamsetti, M. Spanka, C. Schneider, Angew. Chem. Int. Ed. 2016, 55,
2392-2396; Angew. Chem. 2016, 128, 2438 -2442.

A. Suneja, H. J. Loui, C. Schneider, Angew. Chem. Int. Ed. 2020, 59, 5536 -
5540; Angew. Chem. 2020, 132, 5580-5585.

F. Goricke, C. Schneider, Angew. Chem. Int. Ed. 2018, 57, 14736-14741;
Angew. Chem. 2018, 130, 14952 -14957.

A. Suneja, C. Schneider, Org. Lett. 2018, 20, 7576 -7580.

W. Zhao, Z. Wang, B. Chu, J. Sun, Angew. Chem. Int. Ed. 2015, 54, 1910-
1913; Angew. Chem. 2015, 127, 1930-1933.

K. Tanaka, Y. Hoshino, K. Honda, J. Synth. Org. Chem. Jpn. 2018, 76,
1341-1351.

C.-C. Hsiao, S. Raja, H.-H. Liao, I. Atodiresei, M. Rueping, Angew. Chem.
Int. Ed. 2015, 54, 5762 -5765; Angew. Chem. 2015, 127, 5854 -5857.
H.-Z. Bu, H.-H. Li, W-F. Luo, C. Luo, P-C. Qian, L.-W. Ye, Org. Lett. 2020,
22, 648-652.

J.-J. Zhao, S.-B. Sun, S.-H. He, Q. Wu, F. Shi, Angew. Chem. Int. Ed. 2015,
54, 5460 -5464; Angew. Chem. 2015, 127, 5550-5554.

Y.-B. Shen, S.-S. Li, L. Wang, X.-D. An, Q. Liu, X. Liu, J. Xiao, Org. Lett.
2018, 20, 6069-6073.

H. Zhang, G. Liu, X. Guan, J. Gao, X. Qin, G. Jiang, D. Sun, G. Zhang, S.
Zhang, Eur. J. Org. Chem. 2019, 7264 -7268.

Y. You, T-T. Li, S.-P. Yuan, K.-X. Xie, Z.-H. Wang, J.-Q. Zhao, M.-Q. Zhou,
W.-C. Yuan, Chem. Commun. 2020, 56, 439-442.

R. Ukis, C. Schneider, J. Org. Chem. 2019, 84, 7175-7188.

I. Kallweit, C. Schneider, Org. Lett. 2019, 21, 519-523.

a) H. Wu, Y.--P. He, F. Shi, Synthesis 2015, 47, 1990-2016; b) G.-J. Mei, F.
Shi, J. Org. Chem. 2017, 82, 7695-7707.

M. Xiao, D. Ren, L. Xu, S.-S. Li, L. Yu, J. Xiao, Org. Lett. 2017, 19, 5724 -
5727.

X.-D. Tang, S. Li, R. Guo, J. Nie, J.-A. Ma, Org. Lett. 2015, 17, 1389-1392.
Y.-B. Shen, S.-S. Li, X. Liu, L. Yu, Y.-M. Sun, Q. Liu, J. Xiao, J. Org. Chem.
2019, 84, 3990-3999.

X.-Y. Li, W.-T. Hu, Q-J. Xiong, S.-M. Ye, Y-M. Huang, Q.-X. Guo, Adv.
Synth. Catal. 2019, 361, 1803-1807.

C.-Y. Bian, D. Li, Q. Shi, G.-J. Mei, F. Shi, Synthesis 2018, 50, 295-302.

C. Yue, F. Na, X. Fang, Y. Cao, J. C. Antilla, Angew. Chem. Int. Ed. 2018,
57,11004-11008; Angew. Chem. 2018, 130, 11170-11174.

D. An, X. Miao, X. Ling, X. Chen, W. Rao, Adv. Synth. Catal. 2020, 362,
1514-1524.

C. Lebée, A. O. Kataja, F. Blanchard, G. Masson, Chem. Eur. J. 2015, 21,
8399-28402.

C. Gelis, G. Levitre, J. Merad, P. Retailleau, L. Neuville, G. Masson, Angew.
Chem. Int. Ed. 2018, 57, 12121-12125; Angew. Chem. 2018, 130, 12297 -
12301.

M. Sun, C. Ma, S.-J. Zhou, S.-F. Lou, J. Xiao, Y. Jiao, F. Shi, Angew. Chem.
Int. Ed. 2019, 58, 8703 -8708; Angew. Chem. 2019, 131, 8795 -8800.

T. Fan, H-H. Zhang, C. Li, Y. Shen, F. Shi, Adv. Synth. Catal. 2016, 358,
2017-2031.

© 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1002/ejoc.201901495
https://doi.org/10.1002/ejoc.201901495
https://doi.org/10.1002/ejoc.201901495
https://doi.org/10.1039/C8GC01276H
https://doi.org/10.1039/C8GC01276H
https://doi.org/10.1039/C8GC01276H
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1039/C5CS00144G
https://doi.org/10.1039/C5CS00144G
https://doi.org/10.1039/C5CS00144G
https://doi.org/10.1039/c4ob00032c
https://doi.org/10.1039/c4ob00032c
https://doi.org/10.1039/c4ob00032c
https://doi.org/10.1039/c4ob00032c
https://doi.org/10.1039/C5QO00016E
https://doi.org/10.1039/C5QO00016E
https://doi.org/10.1039/C5QO00016E
https://doi.org/10.1039/C8OB01929K
https://doi.org/10.1039/C8OB01929K
https://doi.org/10.1039/C8OB01929K
https://doi.org/10.1039/C8OB01929K
https://doi.org/10.1039/C4OB01265H
https://doi.org/10.1039/C4OB01265H
https://doi.org/10.1039/C4OB01265H
https://doi.org/10.1039/C4OB01265H
https://doi.org/10.1039/C8RA05811C
https://doi.org/10.1039/C8RA05811C
https://doi.org/10.1039/C8RA05811C
https://doi.org/10.1039/C8RA05811C
https://doi.org/10.1021/acscatal.9b03038
https://doi.org/10.1021/acscatal.9b03038
https://doi.org/10.1021/acscatal.9b03038
https://doi.org/10.1021/acscatal.9b03038
https://doi.org/10.1021/acs.joc.9b02398
https://doi.org/10.1021/acs.joc.9b02398
https://doi.org/10.1021/acs.joc.9b02398
https://doi.org/10.1021/acs.joc.9b02398
https://doi.org/10.1021/acs.joc.8b02361
https://doi.org/10.1021/acs.joc.8b02361
https://doi.org/10.1021/acs.joc.8b02361
https://doi.org/10.1002/aoc.4450
https://doi.org/10.1002/aoc.4450
https://doi.org/10.1002/adsc.201601231
https://doi.org/10.1002/adsc.201601231
https://doi.org/10.1002/adsc.201601231
https://doi.org/10.1002/adsc.201601231
https://doi.org/10.1002/ejoc.201501249
https://doi.org/10.1002/ejoc.201501249
https://doi.org/10.1002/ejoc.201501249
https://doi.org/10.1039/C9CS00191C
https://doi.org/10.1039/C9CS00191C
https://doi.org/10.1039/C9CS00191C
https://doi.org/10.1002/chem.202001902
https://doi.org/10.1002/chem.202001902
https://doi.org/10.1002/chem.202001902
https://doi.org/10.1021/jo9023073
https://doi.org/10.1021/jo9023073
https://doi.org/10.1021/jo9023073
https://doi.org/10.1021/jo9023073
https://doi.org/10.1016/j.tetlet.2010.02.151
https://doi.org/10.1016/j.tetlet.2010.02.151
https://doi.org/10.1016/j.tetlet.2010.02.151
https://doi.org/10.1016/j.tetlet.2010.02.151
https://doi.org/10.1002/anie.201201620
https://doi.org/10.1002/anie.201201620
https://doi.org/10.1002/anie.201201620
https://doi.org/10.1002/anie.201201620
https://doi.org/10.1002/ange.201201620
https://doi.org/10.1002/ange.201201620
https://doi.org/10.1002/ange.201201620
https://doi.org/10.1039/C9OB01043B
https://doi.org/10.1039/C9OB01043B
https://doi.org/10.1039/C9OB01043B
https://doi.org/10.1002/ejoc.201900965
https://doi.org/10.1002/ejoc.201900965
https://doi.org/10.1002/ejoc.201900965
https://doi.org/10.1021/jo201789k
https://doi.org/10.1021/jo201789k
https://doi.org/10.1021/jo201789k
https://doi.org/10.1021/acs.joc.6b01367
https://doi.org/10.1021/acs.joc.6b01367
https://doi.org/10.1021/acs.joc.6b01367
https://doi.org/10.1021/ja110213t
https://doi.org/10.1021/ja110213t
https://doi.org/10.1021/ja110213t
https://doi.org/10.1021/ja110213t
https://doi.org/10.1002/anie.201406587
https://doi.org/10.1002/anie.201406587
https://doi.org/10.1002/anie.201406587
https://doi.org/10.1002/anie.201406587
https://doi.org/10.1002/ange.201406587
https://doi.org/10.1002/ange.201406587
https://doi.org/10.1002/ange.201406587
https://doi.org/10.1002/anie.201403573
https://doi.org/10.1002/anie.201403573
https://doi.org/10.1002/anie.201403573
https://doi.org/10.1002/anie.201403573
https://doi.org/10.1002/ange.201403573
https://doi.org/10.1002/ange.201403573
https://doi.org/10.1002/ange.201403573
https://doi.org/10.1021/acs.orglett.8b01865
https://doi.org/10.1021/acs.orglett.8b01865
https://doi.org/10.1021/acs.orglett.8b01865
https://doi.org/10.1039/C4CC08559K
https://doi.org/10.1039/C4CC08559K
https://doi.org/10.1039/C4CC08559K
https://doi.org/10.1002/chem.201406044
https://doi.org/10.1002/chem.201406044
https://doi.org/10.1002/chem.201406044
https://doi.org/10.1021/ol503662g
https://doi.org/10.1021/ol503662g
https://doi.org/10.1021/ol503662g
https://doi.org/10.1021/acs.orglett.8b00993
https://doi.org/10.1021/acs.orglett.8b00993
https://doi.org/10.1021/acs.orglett.8b00993
https://doi.org/10.1002/anie.201509247
https://doi.org/10.1002/anie.201509247
https://doi.org/10.1002/anie.201509247
https://doi.org/10.1002/anie.201509247
https://doi.org/10.1002/ange.201509247
https://doi.org/10.1002/ange.201509247
https://doi.org/10.1002/ange.201509247
https://doi.org/10.1002/anie.201913603
https://doi.org/10.1002/anie.201913603
https://doi.org/10.1002/anie.201913603
https://doi.org/10.1002/ange.201913603
https://doi.org/10.1002/ange.201913603
https://doi.org/10.1002/ange.201913603
https://doi.org/10.1002/anie.201809692
https://doi.org/10.1002/anie.201809692
https://doi.org/10.1002/anie.201809692
https://doi.org/10.1002/ange.201809692
https://doi.org/10.1002/ange.201809692
https://doi.org/10.1002/ange.201809692
https://doi.org/10.1021/acs.orglett.8b03311
https://doi.org/10.1021/acs.orglett.8b03311
https://doi.org/10.1021/acs.orglett.8b03311
https://doi.org/10.1002/anie.201405252
https://doi.org/10.1002/anie.201405252
https://doi.org/10.1002/anie.201405252
https://doi.org/10.1002/ange.201405252
https://doi.org/10.1002/ange.201405252
https://doi.org/10.1002/ange.201405252
https://doi.org/10.5059/yukigoseikyokaishi.76.1341
https://doi.org/10.5059/yukigoseikyokaishi.76.1341
https://doi.org/10.5059/yukigoseikyokaishi.76.1341
https://doi.org/10.5059/yukigoseikyokaishi.76.1341
https://doi.org/10.1002/anie.201409850
https://doi.org/10.1002/anie.201409850
https://doi.org/10.1002/anie.201409850
https://doi.org/10.1002/anie.201409850
https://doi.org/10.1002/ange.201409850
https://doi.org/10.1002/ange.201409850
https://doi.org/10.1002/ange.201409850
https://doi.org/10.1021/acs.orglett.9b04421
https://doi.org/10.1021/acs.orglett.9b04421
https://doi.org/10.1021/acs.orglett.9b04421
https://doi.org/10.1021/acs.orglett.9b04421
https://doi.org/10.1002/anie.201500215
https://doi.org/10.1002/anie.201500215
https://doi.org/10.1002/anie.201500215
https://doi.org/10.1002/anie.201500215
https://doi.org/10.1002/ange.201500215
https://doi.org/10.1002/ange.201500215
https://doi.org/10.1002/ange.201500215
https://doi.org/10.1021/acs.orglett.8b02448
https://doi.org/10.1021/acs.orglett.8b02448
https://doi.org/10.1021/acs.orglett.8b02448
https://doi.org/10.1021/acs.orglett.8b02448
https://doi.org/10.1002/ejoc.201901286
https://doi.org/10.1002/ejoc.201901286
https://doi.org/10.1002/ejoc.201901286
https://doi.org/10.1039/C9CC08316B
https://doi.org/10.1039/C9CC08316B
https://doi.org/10.1039/C9CC08316B
https://doi.org/10.1021/acs.joc.9b00860
https://doi.org/10.1021/acs.joc.9b00860
https://doi.org/10.1021/acs.joc.9b00860
https://doi.org/10.1021/acs.orglett.8b03833
https://doi.org/10.1021/acs.orglett.8b03833
https://doi.org/10.1021/acs.orglett.8b03833
https://doi.org/10.1021/acs.joc.7b01458
https://doi.org/10.1021/acs.joc.7b01458
https://doi.org/10.1021/acs.joc.7b01458
https://doi.org/10.1021/acs.orglett.7b02294
https://doi.org/10.1021/acs.orglett.7b02294
https://doi.org/10.1021/acs.orglett.7b02294
https://doi.org/10.1021/acs.orglett.5b00159
https://doi.org/10.1021/acs.orglett.5b00159
https://doi.org/10.1021/acs.orglett.5b00159
https://doi.org/10.1021/acs.joc.8b03260
https://doi.org/10.1021/acs.joc.8b03260
https://doi.org/10.1021/acs.joc.8b03260
https://doi.org/10.1021/acs.joc.8b03260
https://doi.org/10.1002/adsc.201801705
https://doi.org/10.1002/adsc.201801705
https://doi.org/10.1002/adsc.201801705
https://doi.org/10.1002/adsc.201801705
https://doi.org/10.1002/anie.201804330
https://doi.org/10.1002/anie.201804330
https://doi.org/10.1002/anie.201804330
https://doi.org/10.1002/anie.201804330
https://doi.org/10.1002/ange.201804330
https://doi.org/10.1002/ange.201804330
https://doi.org/10.1002/ange.201804330
https://doi.org/10.1002/adsc.202000020
https://doi.org/10.1002/adsc.202000020
https://doi.org/10.1002/adsc.202000020
https://doi.org/10.1002/adsc.202000020
https://doi.org/10.1002/chem.201500749
https://doi.org/10.1002/chem.201500749
https://doi.org/10.1002/chem.201500749
https://doi.org/10.1002/chem.201500749
https://doi.org/10.1002/anie.201807069
https://doi.org/10.1002/anie.201807069
https://doi.org/10.1002/anie.201807069
https://doi.org/10.1002/anie.201807069
https://doi.org/10.1002/ange.201807069
https://doi.org/10.1002/ange.201807069
https://doi.org/10.1002/ange.201807069
https://doi.org/10.1002/anie.201901955
https://doi.org/10.1002/anie.201901955
https://doi.org/10.1002/anie.201901955
https://doi.org/10.1002/anie.201901955
https://doi.org/10.1002/ange.201901955
https://doi.org/10.1002/ange.201901955
https://doi.org/10.1002/ange.201901955
https://doi.org/10.1002/adsc.201501175
https://doi.org/10.1002/adsc.201501175
https://doi.org/10.1002/adsc.201501175
https://doi.org/10.1002/adsc.201501175
http://www.chemeurj.org

Chemistry
Minireview Europe
Chemistry-A European Journal doi.org/10.1002/chem.202002106 Sociaies Pustehing

[56] H.-H. Zhang, Z.-Q. Zhu, T. Fan, J. Liang, F. Shi, Adv. Synth. Catal. 2016, [65] Y. Ota, A. Kondoh, M. Terada, Angew. Chem. Int. Ed. 2018, 57, 13917 -

358, 1259-1288. 13921; Angew. Chem. 2018, 130, 14113-14117.

[57] H.-H. Zhang, C.-S. Wang, C. Li, G.-J. Mei, Y. Li, F. Shi, Angew. Chem. Int. [66] M. Dryzhakov, M. Hellal, E. Wolf, F. C. Falk, J. Moran, J. Am. Chem. Soc.
Ed. 2017, 56, 116-121; Angew. Chem. 2017, 129, 122-127. 2015, 7137, 9555-9558.

[58] C. Ma, F. Jiang, F-T. Sheng, Y. Jiao, G.-J. Mei, F. Shi, Angew. Chem. Int. Ed. [67] J.J. Montalvo-Acosta, M. Dryzhakov, E. Richmond, M. Cecchini, J. Moran,
2019, 58, 3014-3020; Angew. Chem. 2019, 131, 3046 —3052. Chem. Eur. J. 2020, 26, 10976 - 10980.

[59] F-L. Zhang, X. Zhu, S. Chiba, Org. Lett. 2015, 17, 3138-3141. [68] J. Regier, R. Maillet, Y. Bolshan, Eur. J. Org. Chem. 2019, 2390 -2396.

[60] X.-X. Sun, B-X. Du, H-H. Zhang, L. Ji, F. Shi, ChemCatChem 2015, 7,  [69] M. M. Gury, P.R. Thorve, B. Maji, J. Org. Chem. 2020, 85, 806-819.
1211-1221. [70] G.-J. Mei, Z.-Q. Zhu, J.-J. Zhao, C.-Y. Bian, J. Chen, R.-W. Chen, F. Shi,

[61] M-H. Zhuo, G-F. Liu, S-L. Song, D. An, J. Gao, L. Zheng, S. Zhang, Adv. Chem. Commun. 2017, 53, 2768~-2771.
Synth. Catal. 2016, 358, 808-815. [71] J. Zhou, H. Xie, Org. Biomol. Chem. 2018, 16, 380-383.

621 S. Estopifia-Duran, L.J. Donnelly, E.B. Mclean, B.M. Hockin, A.M.z. ~ [72) M. Terada, Y. Ota, . Li, . Toda, A. Kondoh, J. Am. Chem. Soc. 2016, 138,

Slawin, J. E. Taylor, Chem. Eur. J. 2019, 25, 3950 - 3956. 11038-11043. _ ) _
[63] Z. Lai, Z. Wang, J. Sun, Org. Lett. 2015, 17, 6058-6061. [73] H. Osakabe, S. Saito, M. Miyagawa, T. Suga, T. Uchikura, T. Akiyama, Org.
[64] a) A. Bunrit, C. Dahlstrand, S. K. Olsson, P. Srifa, G. Huang, A. Orthaber, Lett. 2020, 22, 2225-2229.
P.J.R. Sjoberg, S. Biswas, F. Himo, J.S. M. Samec, J. Am. Chem. Soc.
2015, 137, 4646 -4649; b) A. Bunrit, P. Srifa, T. Rukkijakan, C. Dahlstrand, Manuscript received: April 29, 2020
G. Huang, S. Biswas, R. A. Watile, J.S. M. Samec, ACS Catal. 2020, 10, Accepted manuscript online: June 3, 2020
1344-1352.

Version of record online: October 15, 2020

Chem. Eur. J. 2021, 27, 106 - 120 www.chemeurj.org 120 © 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1002/adsc.201501063
https://doi.org/10.1002/adsc.201501063
https://doi.org/10.1002/adsc.201501063
https://doi.org/10.1002/adsc.201501063
https://doi.org/10.1002/anie.201608150
https://doi.org/10.1002/anie.201608150
https://doi.org/10.1002/anie.201608150
https://doi.org/10.1002/anie.201608150
https://doi.org/10.1002/ange.201608150
https://doi.org/10.1002/ange.201608150
https://doi.org/10.1002/ange.201608150
https://doi.org/10.1002/anie.201811177
https://doi.org/10.1002/anie.201811177
https://doi.org/10.1002/anie.201811177
https://doi.org/10.1002/anie.201811177
https://doi.org/10.1002/ange.201811177
https://doi.org/10.1002/ange.201811177
https://doi.org/10.1002/ange.201811177
https://doi.org/10.1021/acs.orglett.5b01458
https://doi.org/10.1021/acs.orglett.5b01458
https://doi.org/10.1021/acs.orglett.5b01458
https://doi.org/10.1002/cctc.201500093
https://doi.org/10.1002/cctc.201500093
https://doi.org/10.1002/cctc.201500093
https://doi.org/10.1002/cctc.201500093
https://doi.org/10.1002/adsc.201500985
https://doi.org/10.1002/adsc.201500985
https://doi.org/10.1002/adsc.201500985
https://doi.org/10.1002/adsc.201500985
https://doi.org/10.1021/acs.orglett.5b03072
https://doi.org/10.1021/acs.orglett.5b03072
https://doi.org/10.1021/acs.orglett.5b03072
https://doi.org/10.1021/jacs.5b02013
https://doi.org/10.1021/jacs.5b02013
https://doi.org/10.1021/jacs.5b02013
https://doi.org/10.1021/jacs.5b02013
https://doi.org/10.1021/acscatal.9b03458
https://doi.org/10.1021/acscatal.9b03458
https://doi.org/10.1021/acscatal.9b03458
https://doi.org/10.1021/acscatal.9b03458
https://doi.org/10.1002/anie.201808239
https://doi.org/10.1002/anie.201808239
https://doi.org/10.1002/anie.201808239
https://doi.org/10.1002/ange.201808239
https://doi.org/10.1002/ange.201808239
https://doi.org/10.1002/ange.201808239
https://doi.org/10.1021/jacs.5b06055
https://doi.org/10.1021/jacs.5b06055
https://doi.org/10.1021/jacs.5b06055
https://doi.org/10.1021/jacs.5b06055
https://doi.org/10.1002/ejoc.201900104
https://doi.org/10.1002/ejoc.201900104
https://doi.org/10.1002/ejoc.201900104
https://doi.org/10.1021/acs.joc.9b02816
https://doi.org/10.1021/acs.joc.9b02816
https://doi.org/10.1021/acs.joc.9b02816
https://doi.org/10.1039/C6CC09775H
https://doi.org/10.1039/C6CC09775H
https://doi.org/10.1039/C6CC09775H
https://doi.org/10.1039/C7OB02599H
https://doi.org/10.1039/C7OB02599H
https://doi.org/10.1039/C7OB02599H
https://doi.org/10.1021/jacs.6b05948
https://doi.org/10.1021/jacs.6b05948
https://doi.org/10.1021/jacs.6b05948
https://doi.org/10.1021/jacs.6b05948
https://doi.org/10.1021/acs.orglett.0c00430
https://doi.org/10.1021/acs.orglett.0c00430
https://doi.org/10.1021/acs.orglett.0c00430
https://doi.org/10.1021/acs.orglett.0c00430
http://www.chemeurj.org

