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ABSTRACT: The Petasis boron—Mannich reaction, simply referred to as the Petasis
reaction, is a powerful multicomponent coupling reaction of a boronic acid, an amine, and
a carbonyl derivative. Highly functionalized amines with multiple stereogenic centers can
be efficiently accessed via the Petasis reaction with high levels of both diastereoselectivity  c.ronyi component
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and enantioselectivity. By drawing attention to examples reported in the past 8 years, this Mutticomponent /RS, RS
Review demonstrates the breadth of the reactivity and synthetic applications of Petasis : Petasis Reaction 1

5 g g g s g 3 4 . R' R
reactions in several frontiers: the expansion of the substrate scope in the classic three- - R
component process; nonclassic Petasis reactions with additional components; Petasis-type Amino Acids

: 5 i ) | Amine Component 8-Amino Alcohols
reactions with noncanonical substrates, mechanism, and products; new asymmetric Aminophenols
versions assisted by chiral catalysts; combinations with a secondary or tertiary - d6
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transformation in a cascade- or sequence-specific manner to access structurally complex,
natural-product-like heterocycles; and the synthesis of polyhydroxy alkaloids and
biologically interesting molecules.
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1. INTRODUCTION

Multicomponent reactions (MCRs)," ™ such as those that bear
the name of their discoverers, Biginelli,4 Hantzsch,” Mannich,°
Passerini,” Povarov,® Strecker,” and Ugi,m’11 have been widely
used as complexity-generating reactions to rapidly access
diverse scaffolds of both synthetic and biological interest.
Synthetic small molecules developed based on MCR-derived
scaffolds have served as valuable chemical probes, mimics of
natural products, and leads in drug discovery."”

In 1993, Petasis and coworker reported a new type of MCR
involving a secondary amine, paraformaldehyde, and (E)-
vinylboronic acid to access allylamines,'” which is an archetype
of the widely used three-component reaction, nowadays known
as the Petasis borono—Mannich reaction, or simply the Petasis
reaction (PR). In this Review, we define the PR as a
multicomponent transformation of a boronic acid, an amine,
and a carbonyl derivative. The term “Petasis borono—Mannich
reaction” may not accurately describe the nature of this boron-
based MCR, because a mechanism different from that of
conventional Mannich reactions has been proposed."” The
“borono—Mannich reaction” notation incorrectly indicates that
boronic acids can directly react with electrophilic iminium ion
species. The “Petasis” notation has been applied to several
other transformations, such as the Petasis olefination reaction
reported in 1990'* and the Petasis—Ferrier rearrangement
reported in 1996."° The former is a ketone or aldehyde
olefination via a four-membered titanium intermediate using
dimethyl titanocene as the Petasis reagent,'* and the latter is a
transformation of cyclic enol acetals to tetrahydrofurans or
tetrahydropyrans via a Lewis-acid-promoted oxygen-to-carbon
transposition pathway.'> Although the original PR did not
employ any catalyst, variants relying on either chiral organo-
catalysts or metal complexes are now widely abundant,
together with reactions where the original three components,
amine, aldehyde, and boronic acid, have been expanded to
include many other functionalities. In this Review, the
abbreviation “PR” refers to boron-based reactions as well as
the above-mentioned variants.

The PR has been developed as a powerful multicomponent
transformation owing to several attractive features, such as a
wide scope and relatively diverse variability for each of the
three PR components,'® compatibility with various secondary
transformations,'” and high stereoselectivity for the formation
of functional amine products, together with other merits
including mild and robust reaction conditions, ready
availability of starting substrates, flexible scalability ranging
from microscale to gram scale, and an atom-economical nature
(Figure 1). In addition to the versatile synthetic utility, the
biologically relevant properties of many products make the PR
a powerful tool in probe compound development and drug
development.'*™>* The topic has been reviewed on several
occasions in both book chapters® >’ and journal ar-
ticles,"****" either as a comprehensive summary, such as the
chapter in 2005 by Petasis™ and the full compilation in 2010
by Candeias and coworkers,'® or a part of a broader topic, such
as the nucleophilic addition of boronic acids and derivatives to
imines,”® asymmetric MCRs,”' and stereocontrolled cascade
reactions.””

Although mechanistic understanding is still progressing, a
boronate complex formed between the boronic acid and the in
situ generated iminium species derived from the amine and
carbonyl components is believed to be the key intermediate,
which facilitates the nucleophilic addition of the boronate
substituent to the electrophilic iminium carbon. This
assumption has been supported by a range of mechanistic
studies performed, including density functional theory (DFT)
>~ and nuclear magnetic resonance (NMR)
analysis, as well as the characterization of crystal structures
for boronate intermediates.”® The irreversible nature of the last
step involving the cis-diastereoselective transfer of the
boronate substituent with the simultaneous formation of a
new carbon—carbon bond classifies the PR as a type-Il MCR."!

Developments reported in the past 8 years have significantly
expanded the scope of the PR,"” leading to maturation of the
reaction in five general directions. First, the reactivity and
substrate scope of the classic type of three-component PR have
been extensively explored through the application of masked or
new carbonyl components, unconventional amines such as
amides and aminophosphonates,”*’ as well as a wide range of
boronic acid and boronate reagents, such as allenylboronic
acids and allenylboronates."""** Second, the classic three-
component PR has been elaborated into a more complex four-
component variant. Third, Petasis-type reactions based on
preformed imine substrates in two-component types or with
noncanonical substrates in three-component types have been
developed. Fourth, the PR has been combined with secondary
transformations in cascade- or sequence-dependent manners,
such as subsequent Diels—Alder reactions to access polycyclic
scaffolds with a high content of sp>-hybridized carbon atoms."®
Fifth, PRs have been applied for the synthesis of biologically
active compounds, including the total synthesis of polyhydroxy
alkaloids. In addition, PRs have been performed under various
new reaction conditions in comparison with the traditional
catalyst-free procedures, represented by the use of chiral or
metal catalysts (Figure 1). The year of 2018 marked the 25th
anniversary of the initial report on this versatile MCR. In this
Review, we provide a comprehensive discussion of PRs with an
emphasis on the reaction scope and synthetic application to
access structurally diverse products, covering recent synthetic
examples reported between 2011 and 2018. The synthetic
examples listed in the following sections are classified
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* High stereoselectivity (products with predictable anti-diastereoselectivity)

* Robust and mild reaction conditions (usually insensitive to water and oxygen)

» Easy access to a wide range of reaction substrates

e Minimal need for protecting groups

» Catalyst-free (although catalytic asymmetric reactions have been used to expand scope)

» Rapid access to structural diversity, including natural products, natural product-like compounds,
and biologically interesting molecules

COMMON LIMITATIONS

* Only activated carbonyl components or carbonyls with a suitable boron-activating group
*  Only electron-rich vinyl- or (hetero)arylboronic acids provide high yields

Figure 1. Reactivity and synthetic applications of multicomponent petasis reactions. (A) Five overall directions for the PR covered in this Review,
including asymmetric variants. (B) Representative examples of the three components typically used in PRs: carbonyls, amines, and boronic acids or
other boronic components. (C) Common merits and limitations of PRes.

according to the five general directions summarized above. of “three-component Petasis reactions” if they cannot be
Asymmetric PRs catalyzed by chiral catalysts or auxiliaries were appropriately covered under other sections. It is noteworthy
incorporated into Sections 2 to 5. An applied first filtration rule that PRs have been successfully demonstrated in the solid
is that examples are only being grouped into the second section phase for the synthesis of both amino acids and peptides,*~*°
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including the synthesis of fluorous-tagged N-alkylated amino
acids using fluorous-tagged hydroxylamines,””** derivatization
and stapling of peptides by an on-resin PR,* and
combinatorial synthesm of peptidomimetics employing PR-
Ugi sequence reactions,”’ but such solid-supported PRs are
generally not covered in this Review.

2. THREE-COMPONENT PETASIS REACTIONS

2.1. Glyoxylic Acid and Derivatives as the Carbonyl
Component

2.1.1. Glyoxylic Acid. Glyoxylic acid monohydrate has
been widely used in PRs for the synthesis of phenylglycine
derivatives as tissue factor/factor VIIa inhibitors (TF-
FVIIa).”**'=>* A series of phenylpyrrolidine phenylglycina-
mides was synthesized and evaluated as TF-FVIIa inhibitors
with promising oral bioavailability and a favorable in vitro
safety profile for the potential treatment of thromboembolic
disorders.””>" The PR of glyoxylic acid, Boc-protected 1,6-

11248

diaminoisoquinoline, and phenylboronic acids led to the
formation of phenylglycines 1 that were coupled to phenyl
pyrrolidine to vyield a series of TF-FVIIa inhibitors.
Enantiomerically pure compounds were obtained by chiral
separation. The carboxypyrrolidine compound 2 showed a
clean in vitro safety panel against receptors and enzymes, a
mogc}erate clearance, and a low distribution volume (Scheme
1).

On the basis of the structural information obtained through
modeling of the TF-FVIIa active site, series of macrocyclic
phenylglycines as TF-FVIla inhibitors was designed and
synthesized with the aim to improve the poor rodent metabolic
stability and oral bioavailability of previously reported
phenylglycine inhibitors.'”**™>* Key intermediates 4 and 7
were obtained through PRs of glyoxylic acid monohydrate,
Boc-protected 4-fluoro-1,6-aminoisoquinoline, and in-house
synthesized requisite boronic acids 3 or 6 with a
trimethylsilylethoxycarbonyl protecting group. Macrocycliza-
tion of 4 via intramolecular amidation and subsequent chiral
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separation yielded 5, whereas the intramolecular urea
formation of 7, followed by subsequent chiral HPLC
separation, gave 8 (Scheme 2). Although this series of
macrocyclic TF-FVIIa inhibitors showed improved potency
and rodent metabolic stability, they suffered from poor tissue
kallikrein selectivity and poor rat pharmacokinetic properties.'’

PRs have been used for the synthesis of N-monosaccharide-
substituted @-amino acids.”> N-Glycosyl @-amino acids 9 were
recently synthesized from tetraacetyl-p-glycosamine hydro-
chloride, alkenylboronic acids, and glyoxylic acid. Although
chiral D-glycosamine substrate was used, the product was
formed with a low diastereomeric excess (de) value (17%). In
addition, the fact that the replacement of the glyoxylic acid
with pyruvic acid afforded only 9% of the expected product 9¢
showed the limited scope of this reaction (Scheme 3).°°

In addition to the use of CH,Cl,, MeCN, and MeOH as
common solvents for the PR, the addition of other polar
solvents, such as TFA, has been observed to accelerate the PR,
as judged by the reduced reaction time. The PR of glyoxylic
acid, S-nitroindoline, and boronic acid was accelerated by TFA
to give a series of 2-(S-nitroindolin-1-yl)-2-arylacetic acids 10
in moderate to good yield with reaction times ranging from 1
to 7 h. The reaction showed a good substrate scope for boronic
acids, with the exception of the more electron-deficient 4-
nitrophenylboronic acid. The obtained arylacetic acids 10 were
studied as precursors for the synthesis of potential HDAC
inhibitors (Scheme 4).%

The direct borylation of azulene gave azulen-1-ylboronic
acid pinacol ester,”® which was used as the boronic component
to react with glyoxylic acid monohydrate and various amines to
afford azulenylglycine compounds 11 in good yields. Azulene
was formed as a byproduct in this PR through the
protodeboronation of the boronic acid pinacol ester (Scheme
5). As this PR proceeded, a significant color change from violet
to blue, owing to the unique 7-electron property of azulene,
was observed.””

Helicenes are polycyclic aromatic screw-shaped nonplanar
compounds that can be used as building components for chiral
ligands.” The fusion of more than five benzene or other
aromatic rings leads to inherent helical chirality, distinguished
by an enantiopure (P) or (M) configuration.”’ Enantiopure
carbo[6]helicenyl boronate (M)-12, synthesized via a key
photocyclization step from a tetracyclic boronate substrate, was
recently further functionalized to give several amino derivatives

Scheme $
o R
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Bpin »1h N
o) 2-6h HOOC ~R2
§A0H R
e ) &
N
H
1

11a, R'= H, R = Bn, yield 83%

11b, R" = H, R? = 4-methoxybenzyl, yield 87%
11¢c, R'=H, R? = allyl, yield 85%

11d, R" = H, R? = hexyl, yield 82%

11e, R' = H, R? = 2-hydroxyethyl, yield 92%
11, R = ethyl, R? = ethyl, yield 73%

11g, R = hexyl, R? = hexyl, yield 62%

o
HOOC 'Q HOOC '\C)

O O

11h yield 91% 11i yield 77%

that were employed in a range of different steps, among which
was an asymmetric PR using glyoxylic acid monohydrate and
morpholine, followed by a TMS—diazomethane-mediated
methylation to give morpholine 13 in modest stereoselectivity
with a diastereomeric ratio (dr) value of 7:3 (Scheme 6). The
stereochemistry of the minor (M,S) isomer of 13 was
confirmed by X-ray crystal structure.®”

Manolikakes and coworkers reported the use of sulfona-
mides as the amine component in both palladium-catalyzed
and catalyst-free PRs.”>** The PR of sulfonamides, glyoxylic
acid monohydrate, and aryl- or alkenylboronic acids led to the
formation of substituted a-aryl- or a-alkenylglycines 14—19.
This method bears the common advantages of the classic PR,
being both catalyst-free and air- and moisture-tolerant. A wide
substrate scope in terms of both the sulfonamides and boronic
acids was tested, and only electron-poor sulfonamides
(quinoline-3-sulfonamide and 4-nitrobenzenesulfonamide) or
boronic acid (pyridine-3-ylboronic acid) failed to react
(Scheme 7).*

Kuroda and coworkers reported the application of a PR of
glyoxylic acid, N-methylbutylamine, and 1-pyrenboronic acid
for the synthesis of a fluorescent @-amino acid as a method to
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determine the glyoxylic acid concentration in urine.’® Recently,
the same group reported the determination of glyoxylic acid in
human serum as a potential diagnostic approach for diabetes
by utilizing a PR. Glyoxylic acid as a target model analyte was
demonstrated to react with 1-pyreneboronic acid, thus
incorporating a measurable fluorescent moiety, and taurine as
a smooth purification tag to afford sulfonic acid 20, which can
be easﬂy purified using ion-exchange chromatography (Scheme
8).%°

Other previous examples of using glyoxylic acid as the
carbonyl component in PRs include the synthesis of fused
1,2,5-triazepines and tetrahydrocarbazoles from N-Boc-hydra-
zines.””*

2.1.2. Sulfinamide as Chiral Auxiliary in an Asym-
metric Petasis Reaction. Hutton and coworkers reported
the preparation of ﬂ,y—dihydrm?rammo acid derivatives through
different PR-based strategies. In a synthetic approach

higher concentration (0.33 M in CH,Cl, in comparison with
0.2 M in CH,Cl,) led to the complete conversion of the
Petasis product 21 from glyoxylic acid, chiral tert-butylsulfina-
mide, and substituted (E)-styrylboronic acids in excellent yield
ranging from 90 to 99% and good to high diastereoselectivity.
The N-sulfinyl amino acids 21 were subsequently treated with
hydrochloric acid in methanol to give sulfinamde-cleaved and
concomitantly esterified methyl esters, which were further
Cbz-protected and asymmetrically dihydroxylated using
pseudoenantiomeric ligand (DHQ),—PHAL to yield the
desired (S,S,S) isomer of f,y-dihydroxy amino acid ester 22
(Scheme 9).”*

A series of f,y-unsaturated «a-amino acids 23 were
synthesized through an enantioselective PR of glyoxylic acid,
(S)-2-methylpropane-2-sulfinamide, and vinylboronic acids
promoted by InBr; (Scheme 10). It was proposed that a
five-membered ring chelate between the quaternary boronate
complex and the Lewis acidic indium contributed to the re-face
migration of the boronic vinyl group to afford an R-configured
product.”

The same type of InBrj-promoted PR of glyoxylic acid
monohydrate and (S)-2-methylpropane-2-sulfinamide was
used for the asymmetric synthesis of Petasis product 24
using either 2-benzofuryl or 2-benzothienylboronic acid. The
further transformation of 24 led to a series of oxadiazines 25
that were evaluated as y-secretase modulators with predicted
favorable drug-like properties for treating CNS diseases, such
as Alzheimer’s disease (Scheme 11).%°

2.1.3. Glyoxalates in the Palladium-Catalyzed Asym-
metric Petasis Reaction. To improve the relatively limited
scope of the classical PR, where electron-rich boronic acids
typically are needed, transition-metal-catalyzed Petasis addi-
tions of boronic acids to in situ formed imine species from
aldehyde and amine components have been explored.”> A
palladium(II) trifluoroacetate-catalyzed PR of glyoxylic acid
and sulfonamides employing chiral ligand (S,S)-iso-propyl-
4,4'5,5-tetrahydro-2,2'-bioxazole 26 was reported by Man-
olikakes and coworkers for the synthesis of a-arylglycines 27 in
moderate to good yield and with excellent enantioselectivity
(>99:1). The scope of the reaction was evaluated with aryl and
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Scheme 9
Q 9 CH,CI |CJ)\
OH _ ..S. 2772 Bu" “NH - OH NHCbz
H)S( BuTNH, t12h s — OH N
l/@m WCOOH — Wcoom
OH
HO\B X R R
OH 21 22
21a, R = H, yield 94%, dr 10:1
21b, R = methyl, yield 99%, dr 20:1
21c, R = Ph, yield 90%, dr 20:1
21d, R = acetoxy, yield 99%, dr 18:1
21e, R = methoxy, yield 99%, dr >20:1
21f, R = chloro, yield 95%, dr 13:1
21g, R = fluoro, yield 90%, dr >20:1
Scheme 10 Scheme 12
0 \‘/ o Pd(TFA), (10 mol%),
26, (15 mol%), 2
oL o w o COR
\‘/ OH OH InBrz (10 mol%), CH2C|2' rt, 12 h HN/S\\O 9 QLORZ (I)H CHSNOZ, 40°C, 64 h :/S//\N/\A
i R-S—NH, _B. N r
_S. _B. I Ar” " "OH
0”""NH, R™ “OH R” “COOH 0 o O 27
23 />—<\ j 28 examples
N N~ ", yield 30-86%
26 r er (>)99:1
23a, R' = Ph, yield 65%, de 98%
23b, R' = 4-methylphenyl, yield 70%, de 98% T T
HN’S\\O 23c, R' = 4methoxyphenyl, yield 71%, de 99% 27a, R = 3-trifluoromethyl, yield 45%, er 99:1
23d, R' = 4-fluorophenyl, yield 67%, de 98% O COOEt 27b, R = 4-fluoro, yield 77%, er >99:1
R' /\/'\COOH 23e, R' = 4-chlorophenyl, yield 69%, de 98% Ts & = 27¢, R = 4-bromo, yield 66%, er >99:1
23f, R' = 3-chlorophenyl, yield 67%, de 98% 4N R 27d, R = 4-chloro, yield 73%, er >99:1
23g, R' = 4-trifluoromethylphenyl, yield 58%, de 93 H 27e, R = 3-chloro, yield 81%, dr >99:1
23h, R' = 4-PhPh, yleld 56%, de 96% 27f, R= 2-Ch|0|’0, yield 67%, er 99:1
23i, R' = propyl, yield 62%, de 97%
23j, R' = hexyl, yield 60%, de 99% o
23k, R' = Bn, yield 57%, de 98 coo .
o ¢ Et 279, R = H, yield 82%, er >99:1
N ~ 27h, R = 4-methoxy, yield 82%, er >99:1
(e} H/\©,R 27i, R = 4-chloro, yield 87%, er 99:1
_S« 27j, R = 3-trifluoromethyl, yield 60%, er 99:1
HN™ 0O
=7 COOH 2.2. Salicylaldeyde and Derivatives as the Carbonyl
X

23I, X = O, yield 78%, de 99%
23m, X = S, yield 60%, de 96%

alkyl sulfonamides, glyoxalates, and arylboronic acids (Scheme
12). Subsequent amine protection using 2,2,4,6,7-pentamethyl-
2,3-dihydrobenzofuran-5-sulfonyl enabled the racemization-
free removal of the sulfonyl group to give the corresponding
free amines.”* Previously, the same research group reported the
enantioselective synthesis of a-arylamines using a palladium-
catalyzed PR, using the chiral tetrahydrobioxazole ligand 26, of
In addition
to the previously mentioned examples of catalysis, ultrasound

aldehydes, sulfonamides, and arylboronic acids.””

irradiation has also been used to promote the PR of glyoxylic
acids in the synthesis of a-arylglycines.”

Component

2.2.1. Salicylaldehyde. Tertiary phenolamines of general
structure 28 can be obtained through PRs involving
salicylaldehyde. This common product may be synthesized
via PRs under a variety of conditions.”*””" The addition of
molecular sieves (MSs) to remove water usually accelerates
this PR variant,®~%* although PRs are reported to be water-
compatible.**~® Water removal from the reaction mixture
presumably drives the equilibrium from a hemiaminal species
formed between aldehyde and amine components to a
synthetically active iminium species. A PR of salicylaldehyde
derivatives was performed in the presence of MS, which made
it possible to perform the reaction under milder conditions at
room temperature and to eliminate side products. The reaction
showed good tolerance toward different salicylaldehydes and
arylboronic acids for the synthesis of target alkylaminophenols
28 in generally moderate to good yield. A few failed examples

Scheme 11

OH
\‘/ OQJ\ 1) InBrg (11 mol%) CHyCl, O
//S\ 2) LiAlH4, THF S. -

O >r N ‘, .

N\ /OH . l \(\ N L@
@B\ n=  OMe

X OH 24a, X = 0, yield 21% 25

24b, X = S, yield 16%
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included the use of the electron-deficient 3-nitrophenylboronic
acid and the substitution of a second hydroxyl group on the
salicylaldehyde (Scheme 13).*° The developed method was

Scheme 13
R%N,R3
R CHO g2 HO e W
X R oy
OH R® HO R OH
28

28a, R" = H, R* = 4-fluoro, yield 88%

28b, R" = 4-methoxy, R* = 4-fluoro, yield 80%
28¢, R" = 4-bromo, R* = 4-fluoro, yield 84%
28d, R' = H, R* = methoxy, yield 91%

28e, R' = H, R* = 4-cyano, yield 42%

28f, R' = H, R* = 4-fluoro, yield 95%

28g, R' = H, R* = 2-methoxy, yield 65%
28h, R = H, R* = 3-ethoxy, yield 72%
28i,R" = H, R* = H, yield 58%

28j, R" = H, R* = 4-chloro, yield 40%

28k, R" = 5-nitro, R* = 4-fluoro, yield 90%
281, R" = H, R* = 3-nitro, yield 0%

28m, R" = 4-hydroxy, R* = 4-fluoro, yield 0%

Q;U_‘
o E—Z >
T
Qﬂ
>

28n, R' = H, R’ = diallylamino, yield 95%
28n, R' = H, R' = diethylamino, yield 89%
280,R"=H,R'= pyrrolidin-1-yl, yield 91%
28p, R = (R)-1-carboxyethyl,

R' = methylpiperidin-1-yl, yield 85-90%

:1

OH F

applied for the synthesis of the core scaffold of BIIB042, a y-
secretase modulator with potential applications in the treat-
ment of Alzheimer’s disease.”® In addition to the arylboronic
acids used in this study, a wide range of boronic acid
components have also been employed in PRs with
salicylaldehydes and secondary amines, such as boronobenzyl-
phosphonates.®”

Alkylaminophenols with core scaffold 28 could also be
generated through cobalt ferrite nanoparticle-catalyzed PRs.”®
Another series of similar diphenylmethanamines, generally
containing a morpholino instead of a pyrrolidino alkyl moiety,
was synthesized using a catalysis based on chitosan or
trititanate nanotubes in high yield. The methodology could
also be extended to a series of piperazine-substituted
aminophenols.*””” Other catalysts, including lanthanum(III)
trifluoromethanesulfonate, Mg—Al mixed oxides, and 4 A
supported copper catalysts, were also applied in the PR of
salicylaldehyde, morpholine, and arylboronic acid.**
(Aryl(piperidin-1-yl)methyl)phenols sharing the same
higher structural familiarity as 28 were recently used
substrates for the synthesis of 9-aryl-2,3,4,9-tetrahydro-1H-

xanthen-1-ones in a FeCl;-mediated approach involving
nucleophilic substitution and intramolecular cyclization
steps.”’ A microwave-assisted PR catalyzed by CuO-nano-
particle-decorated reduced graphene oxide composite was
recently reported for the synthesis of similar aminophenols.”!
Additionally, Petasis products of the same scaffolds as that of
28 were obtained through a tetranuclear Zn,Dy, coordination
cluster-catalyzed PR, featuring the low catalyst loading of the
Zn,Dy, coordination cluster. Diaminophenols 29, which can
be classified as a double Petasis product involving two identical
salicylaldehydes and two amines, were also obtained in good
yield but with unknown diastereoselectivity in this Zn,Dy,-
catalyzed method from benzene 1,4-diboronic acid (Scheme
14).”® A recent solvent-free protocol using ball milling was
reported for the synthesis of alkyl- and arylaminophenols of the
same scaffolds.””

Tertiary phenolamines obtained through a one-step PR
could be directly applied in biological studies without further
functionalization. Candeias, Rijo, and coworkers reported the
antibacterial activities of tertiary phenolamines synthesized by
a three-component PR from salicylaldehyde. Testing against a
panel of Gram-positive and Gram-negative bacteria, indoline-
substituted aminophenols, such as compound 30, showed the
most potent antibacterial activities.”' Additionally, indolines
sharing the same scaffold as 30 were reported to have weak
cytotoxicity against U20S cells via apoptosis-induced cell
death,” and tertiary phenolamines of the scaffold of 30 have
shown cytotoxicities against osteosarcoma cells.”” Later, the
Petasis product 31, which shares a high degree of structural
similarity with 30 but differs by the nature of the para
substituent of the phenyl group, was evaluated as a selective,
potent antibacterial against multi-drug-resistant Gram-positive
bacteria for nosocomial infections.”* The Petasis product 32
was recently released as a site-specific (Ser99) inhibitor of
human BCL2-associated death promoter phosphorylation
(Scheme 15).%°

The decarboxylation of proline has been previously reported
as a modification strategy to give functionalized unnatural a-
amino acid analogs.”*™" A decarboxylative PR of proline,
salicylaldehyde, and arylboronic acids was employed for the
synthesis of aminophenols 34. It was proposed that the
condensation of proline with salicylaldehyde gave an iminium
ion species comprising a tetracoordinated boronate inter-
mediate 33, which led to pyrrolidine 34 upon the translocation
of the aryl group from the boron to the iminium carbon
(Scheme 16).”°

2.2.2. Thiourea-Catalyzed Asymmetric Petasis Reac-
tion. A dual thiourea—INOL catalyst 35 was selected for the
PR of salicylaldehyde after screening a series of chiral thiourea
organocatalysts. The amine scope was tested for secondary

Scheme 14

]
R R? HOQ

B

Zn,Dy, coordination clusters
DME,

R1
rt, 12-16 h

CHO | /OH
HN ) —@B\
OH R3 HO OH
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CLG
OH R
R

29
29a, R" = H, R = indolin-1-yl, yield 92%
29b, R' = 3-methoxy, R' = indolin-1-yl, yield 95%
29¢, R" = H, R' = diallylamino, yield 86%
29d, R = 3-methoxy, R' = diallylamino, yield 88%
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Scheme 15
cl
; :(:|
Iy 98 N
N N J .
O,N O,N /O
oL o ;
OH Me OH cl H
OH
30 31 32
Scheme 16
OH 1,4-dioxane [+> Z >
@[ O/COOH AT reflux, 24-36 h N OH N
B,
cHo —NH HO™ "~ ~OH Ar Ar
_B-OH
0" oH
33 34
11 examples

yield 25-75%

amines including morpholine, piperidine, and pyrrolidine, and
both aryl and vinylboronic acids were employed for the
synthesis of target compounds 36 in yields up to 92% and with
ee values up to 95% (Scheme 17). It was proposed that a

Scheme 17
o 35 (20 mol%), RZ2 R®
R3 R? methyl tert-butyl ether, N
R HON | 5°C, 24-120 h 1 R4
OH HO™ R R
OH

36
23 examples
yields 48-92%
ee 62-95%

z

H

OO oH HN\|¢S
Oy Oy

CF;

CF;

thiourea-BINOL (35)

transient BINOL-derived boronate was formed by the
aldehyde—amine iminium intermediate and the thiourea
catalyst. Subsequent re-face attack of the boronic substituent
to the iminium ion afforded the R-configured product
preferentially.'*°

2.3. a-Hydroxy Aldehyde and Equivalent

2.3.1. a-Hydroxy Aldehydes. A series of functionalized f-
hydroxy hydrazides 37—46 with up to five variable substituents
were obtained in low to excellent yield in a 1:1 mixture of
MeOH and HFIP at 65 °C. A selection of substituted aromatic
hydrazides and a few aliphatic hydrazides led to the expected
products, and the N'-alkylated secondary hydrazides gave the
highest yields. The variation of the boronic acid component
showed that electron-rich boronic acids were significantly more
efficient than electron-neutral phenylboronic acids, which
failed to give the substituted hydrazido product. The obtained
P-hydroxy hydrazides were subjected to triphosgene-mediated
cyclization to give oxadiazolones 47 or oxazolidinones 48
selectively depending on the application of either mildly or

stron§ly basic workup procedures, respectively (Scheme
18)."%" Other sequential transformations using the obtained
functionalized f-hydroxy hydrazides with carefully positioned
substituents led to the synthesis of a selection of structurally
diverse polycyclic scaffolds.'**

2.3.2. Lactols as Masked a-Hydroxy Aldehydes.
Lactols, which are easier to synthesize and handle in
comparison with corresponding a-hydroxy aldehydes, were
used in several studies as alternative carbonyl compo-
nents.' %" A series of polyhydroxy trans-1,2-aminoalcohols
50 were synthesized in good yield from lactol substrates 49,
obtained through the dual protection of p-araboascorbic acid
using 3,3-dimethoxypentane and 2,2-dimethoxypropane, re-
spectively (Scheme 19). 1,2-Aminoalcohols 50 with three
contiguous stereogenic centers and functionalization handles
were further tested in regioselective acetal cleavasge, alcohol
oxidation, and ozonolysis reactions in this study.'’

2.3.3. Lactols in the BINOL-Catalyzed Asymmetric
Petasis Reaction. Schaus and coworkers have reported
significant progress in the area of asymmetric Petasis allylation
reactions. Pioneering asymmetric PRs catalyzed by chiral diols
developed in the Schaus group had led to the synthesis of
chiral @-amino esters from alkenyl boronates, secondary
amines, and ethyl glyoxylate,'*® the synthesis of chiral amides
from the addition of aryl, vinyl, and alkynyl boronates to acyl
imines,"%'% and the synthesis of diastereomerically pure anti-
and syn-f-amino alcohols from boronates, a-hydroxy alde-
hydes, and amines.'”

The use of enantiopure a-hydroxy aldehydes in conventional
PRs lead to the formation of enantiopure f-amino alcohols
with exclusive anti-diastereoselectivity.''* To complement this
process, Schaus and coworkers reported the syn-diastereose-
lective synthesis of f-amino alcohol 52 using 20 mol %
BINOL-derived catalyst 51, thus overriding the intrinsic anti-
diastereoselectivity.'”” Starting from a-hydroxyl aldehydes in
the form of lactols, L-phenylalanine methyl ester, and
diethylboronates, the corresponding syn products were usually
obtained with high diastereoselectivity, whereas the use of
amino acetals generally led to the poor diastereoselectivity of
inseparable products. The use of an achiral amino ester led to
compounds 521,m with poor diastereoselectivity, and the use
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Scheme 18
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1) BTC (6 equiv.) fast addition,
EtsN, CH,Cly, -78 °C;
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1) BTC (1 equiv.) slow addition,
Et3N, CH20|2, -78 OC;
2) NaOH (aq)
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J*N’ 42R4
t gAY
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* Compounds 40, 42-46 were tested using other aldehyde components instead of glycoaldehyde

37a, R = Ph, yield 52%
37b, R" = 4-HOCgHy, yield 56%

RSN 37¢, R' = 4-NO,CgHy, yield 49%
H “ 37d, R" = 4-CICgH,,yield 80%
37e, R' = pyridin-3-yl, yield 64%
Ph 37f, R" = fur-2-yl, yield 0%

37g, R" = Bn, yield 37%

37h, R" = 4-heptyl, yield 31%
37i, R" = ethyl, yield 53%
37j, R" = methoxy, yield 31%

38a, R* = prop-1-en-1-yl, yield 26%
38b, R* = 1H-indol-5-yl, yield 39%
38¢c, R* =

2,4-dimethoxyphenyl, yield 48%

o , OH o
N N
Ph” N N
~
ﬁ MeO N
Ph Ph
41, yield 0% 42, yield 0%

MeO

43, yield 81%

38d, R* = benzo[b]thiophen-2-yl,yield 55%

38e, R* = thien-2-yl, yield 64%
38f, R* = thien-3-yl, yield 45%
38g, R* = fur-2-yl, yield 95%
38h, R* = Ph, yield 0%

38i, R* = ethyl, yield 53%

38j, R* = methoxy, yield 31%

39a, R? = H, yield 63%
39b, R? = cyclohexylmethyl, yield 64%
39c, R? = allyl, yield 71%

o) 32 OH
_N
N
/O)J\H ™
eO
Ph

Weg! ?

44, yield 52%

o 4, ©
_N
N OH
H
MeO ~ 0

39d, R? = Bn, yield 84% 45, yield 77%
H 40a, R' = H, yield 0%
1JJ\ N~ Ph 40b,R' = cyclohexylmethyl, yield 75%
RN 40c, R' = Bn, yield 51% MeO
’ ’ 46, yield 0% ph

Scheme 19 amine structure and configuration played a significant role in
. R R the diastereoselective formation of the product. In addition to
R o MeOH R17LO RIR? a-hydroxyl aldehydes masked as lactols, glycolaldehyde in the
o] OH R2 OH ’ . .

\/K,/i WN e reflux 24h 0\)\)\R . form of glycolaldehyde dimer was also successfully applied for

\ \ H

OH OH

0
o /S 50
50a, R" = ethyl, R? = H, R® = benzhydryl, R* = (E)-styryl, yield 93%
50b, R" = ethyl, R? = H, R® = allyl, R* = (E)-styryl, yield 69%
50c, R = ethyl, R? = Bn, R® = Bn, R* = (E)-styryl, yield 65%
50d, R" = ethyl, R? = allyl, R® = Bn, R* = (E)-styryl, yield 89%
50e, R" = ethyl, R? = allyl, R® = allyl, R* = (E)-styryl, yield 81%
50f, R" = ethyl, R? = H, R® = benzhydryl, R* = 4-methoxyphenyl, yield 80%
50g, R' = methyl, R? = H, R® = benzydryl, R* = (E)-styryl, yield 66%

of a p-amino ester favored the formation of the antiproduct
520 (Scheme 20). It was concluded that S-configured BINOL
catalyst and L-amine led to the formation of the syn product,
whereas the R-configured catalyst and p-amine usually
enhanced the antiselectivity. It was noteworthy that the

this (S)-BINO- catalyzed synthesis of f-amino alcohols.'”

A later enantioselective synthesis of alkylaminophenols by
PRs of salicylaldehydes, secondary amines, and arylboronic
acids catalyzed by BINOL was reported to give moderate to
good yield with enantiomeric excess (ee) values up to 86%." "’
Additionally, a study using 3,3’-Me,-BINOL as the catalyst,
further accelerated by the presence of 4 A MSs, has been
reported. NMR analysis revealed a possible role of the
secondary amine component in triggering the BINOL-involved
catalytic sequence. The Petasis products were isolated in
variable yields ranging from 39 to 94% with high ee values up
to 99%, which may be linked to the water-removal effect of the
present MSs.®" In addition to lactols, carbohydrates constitute
an attractive class of a-hydroxy aldehydes amenable to PRs
owing to their ready availability and high stability.*®
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Scheme 20
Br
e | O
gt P H,N-RZ (5)-51(20 mol%), PhCF, HN HN OH
]/< MS (4A), rt, 16-60 h R! R! -
3 o} Cl)Et R3 R3 OH
_B.
Et0” R? OH oH OO
syn-52 anti-52 Br
3,3"-Br,-BINOL (51)
Ph 52a, R' = Ph, R3 = (E)-styryl, R' = COOMe, yield 95%*, dr (syn/anti) 5.5:1
/[ 52b, R' = CbzNH(CH,),, R® = (E)-styryl, R' = COOMe, yield 84%*, dr (syn/anti) 2:1
HN R 52c, R' = Ph, R3 = (E)-styryl, R' = CH(OCH3),, yield 96%*, dr (syn/anti) 7:1
R! s 52d, R' = Ph, R® = (E)-styryl, R' = CH(OCHs,),, yield 77%*, dr (syn/anti) 1.5:1
R 52e, R' = Bn, R® = 4-methoxyphenyl, R' = COOMe, yield 62%*, dr (syn/anti) 5:1
OH 52f R = Ph, R® = 4-methoxyphenyl, R' = COOMe, yield 75%*, dr (syn/anti) 4:1
syn-52a-k 539 R1= ChzNH(CH,), R® = 4-methoxyphenyl, R' = COOMe, yield 73%*, dr (syn/anti) 2:1
52h, R" = Bn, R® = 4-methoxyphenyl, R' = CH(OCH3),, yield 65%*, dr (syn/anti) 1:1
52i, R' = Ph, R® = 4-methoxyphenyl, R' = CH(OCHys),, yield 70%*, dr (syn/anti) 1:10
52j, R' = CbzNH(CH,),, R® = 4-methoxyphenyl, R' = CH(OCH,),, yield 71%*, dr (syn/anti) 1:4
Q 52k, R'=Bn, R®= phenylethynyl, R'= COOMe, yield 77%*, dr (syn/anti) 5:1
HN” ~COOMe
R . 521, R' = Bn, R = (E)-styryl, yield 70%*, dr (syn/anti) 2:1
R 52m, R' = Ph, R3 = (E)-styryl, yield 71%*, dr (syn/anti) 1.5:1
OH 52n, R' = CbzNH(CH,),, R® = (E)-styryl, yield 69%*, dr (syn/anti) 1:1
syn-52I-n
_Ph
HN” >COOMe
R! R3 520, R" = Bn, R® = (E)-styryl, yield 61%*, dr (syn/anti) 1:3
OH * syn- and anti- product combined yield
syn-52o0
Scheme 21
Q R2 OH PAhCFB' Ra-Re
4AMS, 1t
1 / ’
H)J\./R HN s R4‘B/\ R4J\_/R1
53 NHPG R OH 54* NHPG
""""""""""" 54a, PG = nitrobenzenesulfonyl, yield 71%, ee 94%
N =
SONTYNT Bap, PG = 4-methoxy-2,3,6-trimethylphenylsulfonyl, yield 28%, ee 20%
W 54c, PG = 2-(trimethylsilyl)ethanesulfonyl, yield 39%, ee 71%
Ph T Ph 54d, PG = acetyl, yield 23%, ee 3%
NHPG 54e, PG = tert-butyloxycarbonyl, yield 21%, ee 15%
54f, R" = Bn, R? = allyl, R® = benzyl, R* = (E)-styryl, yield 64%, ee 98%
54g, R' = Bn, R? = benzyl, R® = benzyl, R* = (E)-styryl, yield 72%, ee 96%
Ra-Rs 54h, R" = Bn, R? = methyl, R® = benzyl, R = (E)-styryl, yield 48%, ee 71%
4JVR1 54i, R" = Bn, R? = allyl, R® = allyl, R* = (E)-2-cyclohexylvinyl, yield 48%, ee 82%
R % 54j, R" = Bn, R? = allyl, R® = allyl, R* = vinyl, yield 51%, ee 86%
NHNs

54k, R" = Bn, R? = benzyl, R® = benzyl, R* = furan-2-yl, yield 63%, ee 93%

541, R" = Bn, R? = allyl, R® = allyl, R* = 4-methoxyphenyl, yield 38%, ee 82%

54m, R" = jso-propyl, R? = allyl, R® = allyl, R* = (E)-styryl, yield 53%, ee 87%

54n, R' = jso-butyl, R? = allyl, R® = allyl, R* = (E)-styryl, yield 51%, ee 83%

540, R" = ((tert-butyldimethylsilyl)oxy)methyl, R? = benzyl, R® = benzyl, R* = (E)-styryl,

yield 63%, ee 82%
* Exclusive anti-diastereoselectivity

2.4. Protected a-Amino Aldehydes

Norsikian, Beau, and coworkers reported the synthesis of a
series of 1,2-trans-diamines 54 with multiple functionalizable
handles from N-protected a-amino aldehydes 53, such as N-
tosylated amino aldehyde derived from L-phenylalanine. A
series of secondary amines, mainly allylamines, and boronic
acids were tested in this reaction variant, and yields of up to
71% and ee values ranging from 3 to 98% were reported,

11255

together with exclusive antidiastereoselectivity. Molecular
sieves were added to this PR, which improved both the yield
and the enantiomeric purity. The protecting group on the
amino aldehyde significantly affected the outcome of the
reaction, both in terms of the yield and the enantiomeric
purity. N-Tosylated and N-nosylated substrates were identified
as optimal substrates, whereas several other conventional N-
protecting groups, including trimethylsilylethanesulfonamide,
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Scheme 22

B—R*

55a, R'= H, R' = dibenzylamino, yield 96%

55b, R'=H, R' = diallylamino, yield 72%
55¢,R'=H,R'= benzylmethylamino, yield 77%
55d, R'=H,R' = morpholino, yield 95%

55e, R' = H, R' = piperidin-1-yl, yield 75%

55f R = 6-methoxy, R' = dibenzylamino, yield 16%
55g, R' = 6-bromo, R' = dibenzylamino, yield 11%
55h, R' = 5-bromo, R' = dibenzylamino, yield 91%
55i, R' = 4-chloro, R' = dibenzylamino, yield 74%

56b, R
56¢c, R'

=
S

55j, R = 4-dimethylamino, R’ = dibenzylamino, yield 35%

MeCN RZ R
reflux, 3-15h R1
R
x-N 5559
NBn, NBn,
X
\ =
R | | /)
N N
56a, R' = H, yield 0% 57a, X = O, yield 80%
= 4-methoxy, yield 70% 57b, X = S, yield 32%
= 3,5-ditrifluoromethyl, yield 0%
NBn, NBn,

58 yield 27% 59 yield 90%

acetyl, and Boc, led to lower yields and greatly reduced
enantiomeric purity. N-Methyl-N-tosyl-disubstituted amino
aldehydes failed to undergo the desired transformation
(Scheme 21).*” The authors reported a follow-up study
based on DFT calculations with a detailed mechanistic analysis
of the influence of the N-protection group, which suggested an
important coordination role of the protecting group to form a
transient boronate intermediate and the existence of
concurrent PR and racemization pathways. The PR was
favored for sulfonylated substrates, such as Ts- and Ns-
protected aldehydes, whereas racemization became predom-
inant for carbamate and acetamide substrates, thereby
explaining the low yields and the erosion of ee values for the
carbamate and acetamide products.””** It is noteworthy that in
a recent first report of Sy2-type substitution using arylboronic
acids as nucleophiles, a-aryl-a-mesylate acetamides were
stereoselectively converted to a,a-diaryl acetamides with
excellent ee values and good yield in the presence of a
CONH group in the acetamide substrates.'"”

2.5. Pyridinecarboxaldehyde and Derivative as the
Carbonyl Component

An adjacent hydroxyl moiety is not the only functional group
capable of coordinating boronates of the carbonyl component;
PRs may also be successfully carried out with 2-pyridinecar-
boxaldehyde and 2-sulfamidobenzaldehyde, where embedded
nitrogen atoms of carbonyl components act as potential
directing moieties.''* 2-Pyridinecarboxaldehyde has been used
as the carbonyl component in classic three-component PRs,
notably with a broad amine scope. Optimized conditions with
refluxing acetonitrile gave a diverse selection of 2-pyridyl-
functionalized amines 55—59 in variable yields, generally
depending on the activity of the boronic acids. Electron-rich
boronic acids, such as (E)-styrylboronic acid, furan-2-boronic
acid, and 4-methoxyphenylboronic acid, gave the correspond-
ing products in good yield, typically >70%, whereas phenyl-
boronic acid and electron-deficient 3,5-bis(trifluoromethyl)-
phenylboronic acid failed to react effectively (Scheme 22). It is
noteworthy that reactions of 4-(dimethylamino)-2-pyridine-
carboxaldehyde and (E)-styrylboronic acid also led to the
formation of a direct alkylation byproduct in addition to the
expected Petasis product." """
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A range of allylic alcohols 60—63 with three functionalized
handles was synthesized through a HCl-promoted PR of 2-
pyridinecarboxaldehydes, 4-substituted-1,2-oxaborol-2(5H)-
ols, and secondary amines, including both cyclic and acyclic
counterparts. 2-Pyridinecarboxaldehydes with electron-with-
drawing or sterically hindering substituents led to products in
low to medium yield, whereas unsubstituted and 4-methyl-2-
pyridinecarboxaldehydes gave medium to excellent product
yield (Scheme 23).11¢

2.6. Miscellaneous Carbonyl Components
2.6.1. Formaldehyde. Formaldehyde may react with
aromatic amines and boronic acids to yield aromatic tertiary

amines through a double PR pathway. The initial reaction of
aniline, formaldehyde, and phenylboronic acid yielded 64a in

Scheme 23
R4
R! HCI (1.0 equiv.)
@ R%N,R3 N, CHsCN, 80°C, 24-48 h
O-
N >cHo M B
OH
Ph
o N

]
§Z R _

N

62a, R' = H, yield 96%

62b, R" = 4-Me, yield 98%
62c, R = 3-MeO, yield 57%
62d, R" = 4-CHO, yield 47%

60a, R* = Ph, yield 88%

60b, R* = 4-MeCgHy,, yield 91%

60c, R* = 4-MeOCgH,, yield 60%
60d, R* = naphthalen-2-yl , yield 92%

60e, R* = phenethyl, yield 75%

R OH
= =
|
N

61a, R' = piperidin-1-yl, yield 82%
61b, R' = dibenzylamino, yield 48%
61c, R' = benzyl(methyl)amino, yield 56%

62e, R' = 4-Cl, yield 40%
62f, R' = 5-CF;, yield 36%

= =

I
N

63 yield 42%
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89% yield when heating to 60 °C in toluene for 24 h. The
reaction scope was tested by using both electron-rich and
electron-deficient anilines and boronic acids. Reactions that
failed to complete typically involved amines or boronic acids
with strong electron-withdrawing groups, such as 4-trifluor-
omethylphenylboronic acid and 4-nitroaniline. Heteroaryl
amines gave products 64g and 64h in lower yields as well as
product 64j from a nonaromatic amine (Scheme 24).""” The
reaction process involves sequential PRs with two identical
carbonyl and two identical boronic acid components.

Scheme 24
OH toluene, R
o 60 °C, 24 h
JI_ - HN-R' R2E Z 20 R2 N R?
H”H OH \/64\/

R Selected examples:
64a, R'= H, R" = H, yield 89%
R..Q \@R" 64b, R' = H, R" = 4-methoxy, yield 96%
N 64c, R' = H, R" = 4-trifluoromethyl, yield 0%
64d, R' = 4-nitro, R" = H, yield 0%

28 examples, yields up to 96% 64e, R' = 4-nitro, R" = 4-methoxy, yield 0%

64f R' = naththalen-1-yl, yield 92%

MeO OMe
31 64g, R' = pyridin-2-yl, yield 34%
N 64h, R' = pyrazin-2-yl, yield 27%
64i, R" = Bn, yield 88%
@\/VNV\/Q

64j, R" = butyl, yield 31%
64K, yield 78%

2.6.2. Benzaldehydes. A dual-activation approach using a
dual-catalyst system was employed for the synthesis of a-
substituted amides 65—70 from amides, which are rarely used
as amine components for the PR due to their low
nucleophilicity. The optimal reaction conditions comprised
the use of ytterbium(III) triflate in combination with
palladium(II) trifluoroacetate and 2,2’-bipyridine (or 4,4'-
dinitro-2,2"-bipyridine), and the scope of the reaction was
tested for a wide range of amides, aryl aldehydes, and
arylboronic acids, aiming for conditions with no need to
exclude air or moisture. It was proposed that ytterbium(III)
triflate functions as a Lewis acid that catalyzes condensation
between the amide and the aldehyde, and the in situ generated
trifluoromethanesulfonic acid functions as a Brensted acid to
further activate the acyliminium ion intermediate. Meanwhile,
palladium(II) trifluoroacetate reacts with the arylboronic acid
to form a nucleophilic arylpalladium(II) intermediate. The
reaction between two such active intermediates led to the
formation of target compounds 65—70 in variable yields,
ranging from 34 to 93% (Scheme 25).'"*

2.6.3. Aziridine Aldehyde Dimer. Yudin and coworkers
reported a series of multicomponent transformations using
aziridine aldehyde dimers for the diastereoselective synthesis of
highly functionalized heterocycles.''”~"** A series of readily
available aziridine aldehyde dimers 71 were used as the
carbonyl component for the synthesis of aziridine-containing
diamines 73 and 74."'* It was proposed that the formation of
an iminium N,O-chelate intermediate 72 progressed to give the
target compounds 73 and 74 with the simultaneous release of
an aziridine aldehyde monomer. A selection of secondary
amines and para-substituted styrylboronic acids or benzofur-2-

Scheme 25
PA(TFA), (5 mol%)
2,2'-bipyridine (6 mol%)
) Yb(OTf)s-hydrate (5 or 10 mol%) 0o R'
o HzN\H/R HQ  cHNO, 4080°C, 15240 M I
—Ar R N Ar
R"™M O HO H
65-70
o R 65a, R = 2-bromophenyl, yield 80%
PPN 65b, R = 2-chlorophenyl, yield 79%
Ph” "N~ “Ph

H 65c, R' = 3-chlorophenyl, yield 66%
65d, R" = 4-fluorophenyl, yield 72%
65e, R' = 3-trifluoromethylphenyl, yield 87%
65f, R = 4-trifluoromethylphenyl, yield 79%
65g, R" = 3-nitrophenyl, yield 65%
65h, R' = 2-methylphenyl, yield 93%
65i, R! = 4-methoxyphenyl, yield 52%*
65j, R" = naphthalen-1-yl, yield 78%
65k, R = pyridin-2-yl, yield 46%
65, R" = 1-tosyl-1H-indol-3-yl, yield 56%
Ph 66a, Ar = 4-methylphenyl, yield 75%*
)\ 66b, Ar = 2,3 4-trimethyphenyl, yield 28%*
Ar  66¢, Ar = 4-(ethoxycarbonyl)phenyl, yield 34%**
H 66d, Ar = 4-chlorophenyl, yield 37%**

Ph 67a, R? = Ph, yield 86%*

67b, R? = 4-methoxyphenyl, yield 66%
67c, R? = 4-methyl, yield 53%*

67d, R? = t-butyl, yield 81%

67e, R? = trifluoromethyl, yield 53%
67f, R? = 4-nitrophenyl, yield 75%
67g, R2 = chloromethyl, yield 87%
67h, R? = ethoxy, yield 84%

67i, R? = benzyloxy, yield 74%

o Ph Ph PhthN 0
O\)j‘)\Ph Fmoc\H)\Ph PhYNH
Ph
68, yield 82% 69, yield 67% 70, yield 67%
* Use Yb(OTf); and H,O (2.0 equiv.) instead of Yb(OTf);-hydrate
** Use Pd(OAc), instead of Pd(TFA),

ylboronic acid was successfully tested in this process. Alkynyl
pinacol boronic esters led to compounds of reduced
diastereomeric excess. Primary amines led to mixtures of
intractable compounds. The regioselective ring-opening of the
aziridine ring by nucleophilic BzSH or BzOH led to
functionalized 1,2- and 1,3-diamines depending on the R!
substituent of 73 and 74 (Scheme 26).'*

2.6.4. a-Imino Amides in the Thiourea-Catalyzed
Asymmetric Petasis Reaction. Takemoto and coworkers
reported the application of a thiourea catalyst in asymmetric
Petasis-type reactions with quinolines as the amine compo-
nent.'”* A series of hydroxyl-containing thiourea catalysts were
screened for an asymmetric PR of such a-imino amides,
substituted anilines, and vinylboronic acids. N-Aryl amino acid
derivatives 76 were obtained in yields of up to 86% and with ee
values of up to 93% by the application of catalyst 75 (Scheme
27). Amino acid derivatives 76 were subjected to further
transformation to afford an oxazolidinone and a tricyclic
dihydroquinoline. Additionally, this hydroxy thiourea-catalyzed
PR was applied to the stereoselective synthesis of dipeptides
and tripeptides.'*®
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Scheme 26
OH R® R%N/RZ
2 OH HO/ 82 q R2 R2
; \ N”
N 0 Y AL LY , o
) MN R2  OH N MRs
R R1 R'] 4 R1
71 72 R 73-74
(0} 73a, R' = phenethyl, R' = H, yield 43%, syn: anti >19:1
[ ] 73b,R' = iso-butyl, R' = H, yield 72%, syn: anti >19:1
H N 73¢,R'=H,R' = H, yield 39%, syn: anti > 19:1
N = 73d, R" = iso-butyl, R' = 4-methoxy, yield 29%, syn: anti > 19:1
R' R' 73e, R' = iso-butyl, R = 4-fluoro, yield 57%, syn: anti > 19:1
73f, R" = iso-butyl, R' = 4-methyl, yield 58%, syn: anti > 19:1
74a, R' = jso-butyl, R® = (E)-styryl, R" = pyrrolidin-1-yl, yield 53%, syn: anti >19:1
H R 74b, R" = phenethyl, R® = (E)-styryl, R" = dibenzylamino, yield 24%, syn: anti >19:1
A)\ s 74c,R' = iso-butyl, RS = (E)-styryl, R" = diallylamino, yield 28%, syn: anti >19:1
R R 74d, R = iso-butyl, R® = benzofuran-2-yl, R" = morpholino, yield 71%, syn: anti >19:1
74e, R' = iso-butyl, R® = phenylethynyl, R" = morpholino, yield 36%, syn: anti 63:37*
74f, R" = iso-butyl, R® = ethynyl, R" = morpholino, yield 38%, syn: anti 91:9*
* alkynyl pinacol boronic ester was used as the boronic component.
Scheme 27 salicylaldehyde substrates when compared with similar

0 o)
75 (10 mol%), H
o M -Ph ( ) N%N/Ph
|

cyclohexane, 1@/ S
3AMS, rit,24h R N !
Q1 o, TEE T g
NH

2B,
, RPN OH R2
76
17 examples
CFs yields 53-86%
s ee 80-93%
PN
FsC N7 N
H O H
. T 0H

hydroxy thiourea (75)

2.7. Multiple Carbonyl Components

Candeias and coworkers reported the use of glycerol as an
effective solvent for the synthesis of both salicylaldehyde-
derived and 2-pyridinecarboxaldehyde-derived products 77.
The use of glycerol gave PR products in improved yields using

reactions performed in ethanol, whereas 2-pyridinecarboxalde-
hyde substrates gave comparative yields with PRs performed in
acetonitrile (Scheme 28). DFT calculations suggested that the
formation of cyclic five- and six-membered glycerol-derived
boronic esters possibly disrupts the PR pathway. In addition to
alkylaminophenols 77a—i and pyridines 77j and 77k obtained
through this glycerol-mediated PR, a catalytic amount of
dibenzylamine was used for the condensation between
salicylaldehydes and (E)-styrylboronic acid to give 2H-
chromenes in glycerol.'*

Pyne and coworkers reported the first examples of allenyl
pinacolboronate as the boronic component for the selective
formation of either allenylamine or alkynylamine products
depending on the choice of aldehyde and amine components.
The reaction of salicylaldehyde, allenyl pinacolboronate, and
various amines led to a-allenyl products 78 from secondary
amine components and propargyl product 79 from primary
amine components. The reaction using glycoaldehyde and

Scheme 28
glycerol RlN’Rz
R 50-80 °C, 24-48 h
N CHO RIN/Rz ‘B —_— .
_x H  HO"""oH R
XX X=COHorN
77

77a, R' = indolin-1-yl, RS = 4-methoxyphenyl, yield 90%

R' 77b, R' = indolin-1-yl, R® = 4-vinylphenyl, yield 97%
R3 77¢, R' = indolin-1-yl, R® = phenyl, yield 94%
77d, R' = indolin-1-yl, R® = 2,3-dihydrobenzol[b][1,4]dioxin-6-yl, yield 95%
OH 77e, R' = dibenzylamino, R® = 4-methoxyphenyl, yield 75%

77f, R' = dibenzylamino, R® = 4-vinylphenyl, yield 76%

77g, R' = dibenzylamino, R® = (E)-styryl, yield 70%

77h, R' = benzylmethylamino, R® = 4-vinylphenyl, yield 70%
77i, R = benzylmethylamino, R® = phenyl, yield 76%

Z .
| Ph 77j, R = morpholino, yield 82%

N 77k, R = dibenzylamino, yield 86%
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Scheme 29

R': not

MeOH, rt, 1-20 h
———————

R" H

H

MeOH, rt, 1-20 h W
—_—
OH

R
/.% 78a, R = morpholino, yield 88%
78b, R’ = piperdin-1-yl, yield 87%
OH 78c, R’ = dibenzylamino, yield 56%
_R?
HN

79a, R? = benzyl, yield 75%
79b, R? = allyl, yield 70%
79¢c, R? = benzhydryl, yield 67%*

*reaction condition: 9d, MeOH-d*/CDCl; (1:4)

Ho L _~

80a, R' = morpholino, yield 76%
80b, R = dibenzylamino, yield 54%
80c, R = benzylamino, yield 55%

OH

(rac)-81a, R’ = morpholino, yield 60%
(rac)-81b, R’ = dibenzylamino, yield 78%
(rac)-81¢, R' = benzylamino, yield 62%

82a, R = morpholino, yield 92%
82b, R = dibenzylamino, yield 84%
82c, R = benzylamino, yield 67%

80d, R' = benzhydrylamino, yield 55% (rac)-81d, R’ = benzhydrylamino, yield 55% 82d, R' = benzhydrylamino, yield 55%

82e, R’ = 4-methoxybenzylamino, yield 66%

chiral a-hydroxy aldehyde afforded exclusively anti-f-amin-j3-
allenyl alcohols 80—82, regardless of the primary or secondary
amines involved (Scheme 29). The selective formation of
alkynyl and allenyl products was explained by either an
intramolecular y-addition or a-addition pathway of the
tetracoordinated boronate transition intermediate."”

Petasis and coworkers originally reported the first examples
of allenylboronate reactions, thus yielding a-allenyl and a-
propargyl a-amino acids and anti-#-amino alcohols selectively
depending on the applied components. The Pyne and Petasis
reports on allenyl pinacolboronate revealed consistent
selectivity and product formation with different combinations
of aldehyde and amine components. When using glyoxylic acid
as the carbonyl component, the primary aliphatic amines
formed a-propargyl a-amino acids 83, whereas secondary
amines exclusively led to a-allenyl a-amino acids 84. In other
examples, a-hydroxy aldehydes and primary amines led to
either allenyl or alkynyl products 85 and 86. Secondary amines,
a-hydroxy aldehydes, and carbohydrate afforded allenyl anti-f-
amino alcohol products 86 with high stereoselectivity. This
variant was also applied to substituted allenylboronic acids or
pinacolboronates, where reactions based on boronic acids gave
reduced yields, albeit with improved diastereoselectivity in
comparison with those involving pinacolboronates (Scheme
30). Owing to the presence of multiple functional handles, the
obtained allenyl and alkynyl Petasis products serve as versatile
substrates for further diversification transformations.*'

A copper-catalyzed PR was developed for the synthesis of
tertiary amines and amino esters using 2-pyridinecarboxalde-
hyde and ethyl glyoxalate. The reaction was tested for a limited
selection of secondary amines, such as pyrrolidine, piperidine,
and diethylamine, which typically gave the desired products 87
and 88 in moderate to good yield, whereas the use of
dicyclohexylamine was unsuccessful (Scheme 31). Steric
hindrance could explain why the use of ortho-substituted
phenylboronic acid lead to only trace amounts of product
(<5%). NMR-based mechanistic studies suggested a boron to
copper transmetalation pathway and the necessity of a
coordinating functionality on the carbonyl component.”’

3. FOUR-COMPONENT PETASIS REACTIONS

A few PR variations that involve four components have been
reported in recent years. On the basis of the chemical nature
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and discovery path, four-component PRs can be classified as
two types. The first type is reactions that were originally
designed to be performed in a traditional three-component
manner, where either the solvent or an additional boronic acid
component has been identified as a feasible fourth component
to be predictably integrated into the PR product. The second
relates to reactions that include a nontypical PR building block
as the fourth component.

3.1. Solvent as the Fourth Component

A three-component PR of amino acids (L-proline or N-methyl-
L-alanine), phenylboronic acids, and glycoaldehyde dimer
performed in methanol led to the formation of a
dioxazaboronate product, which incorporated the solvent
methanol as a fourth component.'”” r-Proline led to the
corresponding dioxazaboronate products 89 and 90 in good to
excellent yield with excellent diastereoselectivities, typically
ranging from 90 to +95%. An evaluation of the substrate scope
revealed a wide range of substrates tolerance toward boronic
acids being aryl, heteroaryl, or alkyl types and alcohols
including both aliphatic and unsaturated alcohols such as
ethanol, isopropanol, benzyl alcohol, allyl alcohol, and
propargyl alcohol (alcohol as the solvent or 10 equiv of
alcohol in tetrahydrofuran) (Scheme 32). The DFT-based
mechanism study indicated that the alcohol component was
involved in the formation of a key enol intermediate in
addition to its crucial role in proton-transfer steps.

3.2. Boronic Acid as the Fourth Component

A four-component PR was developed by adding orthogonally
reactive boronic acids to three-component PR mixtures of a-
hydroxy aldehydes, hydrazides, and boronic acids.'”"'** The
reaction proceeded with an initial three-component PR step,
relying on the first, more electron-rich and reactive boronic
acid to act as carbon nucleophile to form an a-hydrazido
alcohol, which condensed with the boron moiety from the
second boronic acid, thus functioning as a boron electrophile
to form the bicyclic dioxadiazaborocines 91—-106. A wide
selection of boron substrates including substituted phenyl,
heteroaromatic, vinyl, and aliphatic boronic acids was
successfully used in the reaction, including sterically hindered
1-pyreneboronic acid, 2-methylboronic acid, and a BINOL-
derived bis(boronic) acid, whereas 2,6-dimethylphenylboronic
acid failed to give the corresponding condensation product
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Scheme 30

HQO 0o R":H _R?

HN
MeOH, CHzclzv NV
HO  OH i, 15-48 h \\)\fo

R! _R? g3 OH

83a, R2 = H, yield 72%, (83: 84 >99:1)

N i 83b, R? = Bn, yield 81%, (83: 84 >99:1)

83c, R? = benzhydryl, yield 66%, (83: 84 >68:32)

83d, R? = allyl, yield 64%, (83: 84 >99:1)

83e, R? = (R)-2-hydroxy-1-phenylethyl, yield 34%, (83: 84 >99:1) de 27%

R notH
R
MeOH, EtOH, N o
t, 15-48 h N

84 OH
84a, R' = benzylmethylamino, yield 65%, (84: 83 >99:1)
84b, R' = diallylamino, yield 66%, (84: 83 >99:1)
84c, R’ = morpholino, yield 70%, (84: 83 >99:1)
84d, R’ = (S)-2-carboxypyrrolidin-1-yl, yield 32%, (84: 83 >99:1) de 44%

1 2
MeOH, RiR

O
)K‘/Rs rt, 24-48 h \\\/Kng
H _

OH g5 OH

N 85a, R =H, R? = 4-methoxyphenyl, R® = H, yield 78%, (85: 86 1:1)

H OH 85b, R" = H, R? = (R)-2-hydroxy-1-phenylethyl, R® = H, yield 61%, (85: 86 >99:1) de 63%
X I 85c, R' = H, R? = (S)-(1-carboxy-2-phenylethyl), R® = H, yield 68%, (85: 86 > 99:1) de 67%
(35)-85d, R = H, R? = Bn, R® = hydroxymethyl, yield 30%, (85: 86 > 99:1) de 23%

R! _R2?
N
MeOH, . R3
rt, 24-48 h ~

S

86a, R'=H, R2=Bn, R® = H, yield 46%, (86: 85 >99:1)

86b, R'= R?=Bn, R® = H, yield 90%, (86: 85 >99:1)

(3S)-86¢, R' = R? = allyl, R® = hydroxymethyl, yield 70%, (86: 85 >99:1) de >99%
(3S)-86d, R' = R? = Bn, R® = hydroxymethyl, yield 65%, (86: 85 >99:1) de >99%

N R 86e, yield 21% (86:85 >99:1) de > 99%

Scheme 31

OEt CuBr (10 mol%) R R? R1 R2
o:<; 2,2"-bipyridine (10 mol%) N N”
=0 1 2 HQ A °
R' R i3 A DMF, 4A MS, 70 °C, 24 h EtO
—Ar

) Ar /| Ar
| X CHO H HO 0 SN

_N 87 88

R' 87a, R = pyrrolidin-1-yl, Ar = phenyl, yield 90%
EtO 87b, R' = pyrrolidin-1-yl, Ar = furan-2-yl, yield 79%
87c, R' = piperidin-1-yl, Ar = phenyl, yield 51%
87d, R' = piperidin-1-yl, Ar = 4-fluorophenyl, yield 57%

R' 88a, R = dimethylamino, Ar = phenyl, yield 43%

88b, R' = dicyclohexylamino, Ar = phenyl, yield 0%
88c, R' = piperidin-1-yl, Ar = phenyl, yield 76%

88d, R' = piperidin-1-yl, Ar = 4-methylphenyl, yield 74%
88e, R' = pyrrolidin-1-yl, Ar = 2-methylphenyl, yield <5%
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Scheme 32

—_R4
HO-R R! R
MeOH, 60 °C, 1 h Ha Y
or THF, 60°C,1h 0= *I ,/>—0R4
08~
R3
89-90

89a, R* = ethyl, yield 89%, dr 93%
89b, R* = Bn, yield 60%, dr 89%

89¢c, R = allyl, yield 78%, dr 97%
89d, R* = prop-2-yn-1-yl, yield 72%, dr 97%
89e, R* = thien-3-yl, yield 70%, er 92:8

89f, R* = iso-propyl, yield 85%, dr 72%

89g, R* = butyl, yield 60%, dr 96%

89h, R* = 2,2,2-trifluoroethyl, yield 73%, dr 92%
89i, R* = 3-phenylprop-2-yn-1-yl, yield 54%, dr 95%

90a, R® = 4-MeCgH,, yield 88%, dr >97%
90b, R® = 4-n-ButylCgHy,, yield 75%, dr 95%

90c, R® = naphthalen-1-yl, yield 83%, dr 96%
90d, R3 = thien-3-yl, yield 71%, dr 91%

90e, R® = 4-MeOCgHy, vield 57%, dr 97%
90f, R3 = 4-FCgH,, yield 94%, dr 96%

90g, R® = 4-BrCgH,, yield 78%, dr 90%

90h, R3 = 2-BrCgHy, yield 78%, dr >97%

90i, R3 = 2,4-Cl,CgHy, yield 70%, dr >97%
90j, R® = 4-MeCOCg4H,, yield 65%, dr 95%
90k, R® = 2-Me,4-CNCgHy, yield 65%, dr 96%
901, R3 = cyclohexyl, yield 52%, dr >97%

(Scheme 33). It is noteworthy that two boronic acids of similar
electronic nature can be used for this four-cornzponent
transformation, but this requires sequential additions.'**

3.3. Noncanonical Building Block as the Fourth
Component

A four-component Cu(II)-catalyzed Petasis-like reaction of
amines, formaldehyde, boronic acids, and alkyne was reported
to yield tertiary propargylamines.'”” Replacing the alkyne
component with a propiolic acid increased the reactivity of the
carbon nucleophile, making it possible to attack the iminium
species of the Petasis three-component product without a
Cu(Il) catalyst. This type of metal-free four-component PR
was independently reported by two groups for the synthesis of
N-benzyl propargylamines 108—111."°%"*" It is noteworthy
that two components of formaldehyde are involved in this
transformation to form the initial benzyl hemiaminal
intermediate 107, and thus it can also be classified as a five-
component reaction (Scheme 34). Substituted propargyl-
amines are versatile substrates for the synthesis of diverse
heterocycles via a variety of synthetic transformations, such as
RCM, ROM, and enyne cyclization reactions.'>*'**> The PR of
benzylamines, formaldehyde, boronic acid, and propiolic acids
constitutes an alternative metal-free approach for the synthesis
of functionalized propargylamines through A’-coupling of
amines, aldehydes, and alkynes.'"”* A more recent study
reported the synthesis of propargylamines of the same scaffold
of 108—111 through a four-component reaction of aliphatic
amines, formaldehyde, arylboronic acids, and alkynyl carbox-
ylic acids catalyzed by magnetic CuFe,O, nanoparticles.'*

A related four-component transformation for the enantiose-
lective synthesis of chiral a,y-substituted p-lactones was
achieved by an intramolecular Passerini reaction using S5-
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hydroxyfuran-2(SH)-one, boronic acids, isocyanides, and a
secondary amine catalyst. Although an “intramolecular
boronate—iminium complex” is proposed by the condensation
among S-hydroxyfuran-2(SH)-one, boronic acids, and secon-
dary amine as the initial step of the reaction, the boronic acid
substigléent is likely migrated via a Michael addition instead of
a PR

4. PETASIS-TYPE REACTIONS

4.1. Two-Component Petasis-Type Reactions

N-Acyliminium ions are reactive species that have been widely
explored for the synthesis of heterocyclic compounds with
diverse scaffolds.">” Batey initially reported the cis-diaster-
eoselective addition of aryl and alkenyl boronates to cyclic N-
acyliminium ijon species derived from hemiaminal sub-
strates.”® Pyne and coworkers then reported the diaster-
eoselective addition of boronic acids to both five- and six-
membered cyclic N-acyliminium ions."*” Doyle and coworkers
reported the Ni(0)-catalyzed Petasis-type addition of z-neutral
or z-deficient arylboronic acids to N-acyliminium ions derived
from isoquinoline and quinolines.'** Later, the Petasis-type
addition of aryl and alkenylboronic acids to Cbz-protected
piperidinium ions derived from 3-hydroxyl-2-methoxy-N,O-
acetal 112 was reported for the diastereoselective synthesis of
2,3-disubstituted piperidine 113, which was further treated
with 3,5-bis(trifluoromethyl)benzyl bromide to give the
neurokinin-1 antagonist 114 (Scheme 35).14

Nielsen and coworkers reported an eflicient reductive
cyclization approach for the synthesis of N-substituted f,y-
dihydroxy-y-lactams 115, which were used as precursors to
generate cyclic N-acyliminium ions in the presence of boron

DOI: 10.1021/acs.chemrev.9b00214
Chem. Rev. 2019, 119, 11245—-11290


http://dx.doi.org/10.1021/acs.chemrev.9b00214

Chemical Reviews

Scheme 33
4
R2 R
” H r2 O)(O (gH OH CH,ClI, reflux, 1hto 8d \h/g—
- _B. [ 3
TN st\{ HO™ R HO PoRS R By N
o M OH g °
Rs
91-106
Cl
MeO,
tBu MeO =N,
N =N +N X _Ph
TN Ph o N [ j
o B \\\/ / B\i \ O / \ \
/=" o—, [ o O)B/\
Ph Ph (0] Ph Ph O

91, yield 92% 92, yield 59%

MG Y

ANy @ b

Pr
96, yield 82%

Ph
_N | N
(oR tN‘ RSN

N—Bu

O2
95, yield 46%

BoacRasTe: /5 SIeat A

100, yield 42%

Ph

103, yield 74% (rac.) 104, yield 62% (rac.)

93, yield 70%

Q@

2 _NK

Ph

94, yield 42%

Ph | Bn
97, yield 97% 98, yield 42%

Q0 g o

“iPr

101, yield 74% 102, yield 46%

MeO HO
Ph
>>\ Ph ;:N s
<N +\
o +! O._IN
\B:NJ O,N B\_ N
{ \r lﬂ/ (0]
F O Ph et

105, yield 78% (rac.) 106, yield 52% (rac.)

trifluoride-diethyl ether."*'** Cyclic N-acyliminium ions

derived from p,y-dihydroxy-y-lactams 115 reacted with
electron-deficient boronic acids in this two-component PR to
give substituted y-lactams 116 with high cis-diastereoselectiv-
ity, albeit in low yield, probably through the chelation-
controlled addition via the hydroxyl moiety similar to that of
canonical PRs. In contrast, the use of electron-rich boronic
acids resulted in p-lactams 117 with no or poor diaster-
eoselectivity owing to a possible pathway of the direct addition
of boronic acids to cyclic N-acyliminium ions (Scheme 36).'*

A metal-free carbon—hydrogen-bond functionalization for
the regioselective synthesis of 2-substituted quinolines 119—
125 was performed in a Petasis-like manner by reacting
quinoline N-oxides 118 with boronic acids. The coordination
of the boronic acid at the quinoline N-oxide oxygen was
followed by the migration of the boronate substituent, and a
final rearomatization before the elimination of boronic acid led
to the formation of quinolines 119—124 in moderate to good
yield. The reaction was tolerated for a range of substituted
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quinoline N-oxide substrates; the ones with electron-deficient
substituents usually led to a better yield. Quinoxaline N-oxide
was also successfully applied to give quinoxaline 125 in this
reaction, but the analogous isoquinoline, pyridine, and
quinazoline N-oxides failed to undergo similar reactions
(Scheme 37)."**

Petasis-type reactions with organotrifluoroborate salts as
activated nucleophiles for the direct addition to imine and
enamine substrates do not necessitate the presence of a
directing group for the intramolecular transfer of the boronate
substituent. In the presence of TFA, both potassium vinyl
trifluoroborate and aryl trifluoroborate were successfully used
as boron nucleophiles in the reaction with carbamate-protected
imines or enamines to give products 126—131 in moderate to
excellent yield (Scheme 38). The reaction was also tested for
imine electrophiles containing chiral auxiliaries, but no
diastereoselectivity could be observed.'*

A series of 1-alkyl-2,3-dicyano-S-arylpyrazinium salts 132
was used as imine species for two-component Petasis-type
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Scheme 36
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116a, R' = Bn, R? = prop-1-en-1-yl, yield 31%, dr > 20:1

116b, R' = Bn, R%2 = 3-chloroprop-1-en-1-yl, yield 46%, dr > 20:1

116¢c, R' = Bn, R? = vinyl, yield 50%, dr > 20:1

116d, R' = Bn, R% = phenyl, yield 13%, dr > 20:1

116e, R' = Bn, R? = 4-BrCgHy, yield 23%, dr > 20:1

116f, R' = allyl, R? = 3-chloroprop-1-en-1yl, yield 17%, dr > 20:1

116g, R" = prop-2-yn-1-yl, R? = 3-chloroprop-1-en-1yl, yield 17%, dr > 20:1
116h, R" = prop-2-yn-1-yl, R? = vinyl, yield 50%, dr > 20:1

117a, R' = Bn, R? = 3,4-(Me0),CgHs, yield 72%, dr 1:1

117b, R' = Bn, R? = 2,4-(MeO),CgHs3, yield 48%, dr 1:1

117¢, R' = allyl, R? = benzo[b]thiophen-3-yl, yield 39%, dr 3:2

117d, R' = Bn, R? = benzo[b]thiophen-2-yl, yield 90%, dr 3:2

117e, R' = 2,4-(MeO),CgHs, R? = thiophen-2-yl, yield 11%*, dr 7:3
117f, R' = 2,3-dihydro-1H-inden-2-yl, R? = furan-2-yl, yield 72%, dr 3:2
117g, R' = 5-methylfuran-2-yl, R? = fuan-2-yl, yield 20%, dr 3:2

117h, R" = phenethyl, RZ = benzofuran-2-yl, yield 56%, dr 3:2
*Isolated yield of the cis-isomer only

11263 DOI: 10.1021/acs.chemrev.9b00214

Chem. Rev. 2019, 119, 11245—-11290


http://dx.doi.org/10.1021/acs.chemrev.9b00214

Chemical Reviews

Scheme 37
X %S
E;:I[ j R?  DMSO, 110 °C, [;:I[ﬁﬂ S
N B:N 1hto 24 h R’ 3 P
R N’ HO™ " “OH Ol\é,Rz R1 N7 R2
118 o 119-125
X=CorN
119a, R = H, yield 73% Ph
= 119b, R = 3-Br, yield 92% Nﬁ
NTN O 119¢, R = 3-Ph, yield 90% Ny
R |/ 119d, R = 3-(4-MeOCgH,), yield 83%
119 119e, R = 4-Me, yield 43% A
119f, R= 5-Br, yield 88 . NZ O
119g, R = 6-Br, yield 79% W,

119h, R = 7-Me, yield 38%

123, yield 70%

119i, R = 8-Me, yield 83%
119j, R = 4,7-(Cl),, yield 86%

119k, R = 4-Ph, 7-Cl, yield 87%

120a, R
120b, R
120¢, R
120d, R

H, yield 59%
4-Me, yield 60%
4-Br, yield 60%
4-F, yield 73%

Ph Ph
X Pz
A x e 4 @[N\
pZ fo) P fo) N/ O,
N ) N |/

121, yield 89%

122, yield 95%

125, yield 38%

4.2. Three-Component Petasis-Type Reactions

Aryl-substituted 2,5-dihydrofurans 136 were synthesized from
alkenyl boronic acid and salicylaldehydes promoted by amines
in a DPetasis-type transformation. A series of substituted
alkenylboronic acids synthesized from propargyl alcohol were
used as an uncommon boronic component.'*” Among a series
of secondary amines tested, morpholine was identified as the
optimal amine, whereas bulky amines, such as diisopropyl-
amine, diphenylamine, and benzhydrylamine, failed to give the
expected products. An iminium intermediate derived from
salicylaldehyde and morpholine is proposed to form a
tetracoordinate boronate intermediate 134, which undergoes
an intramolecular transfer of the alkenyl carbanion moiety
from boronic acid to the iminium ion species and yields
boronate 135. Following hydration steps under weak basic
conditions, an intramolecular substitution reaction and a final
hydrolysis release the target compound 136 (Scheme 40)."*"
Another type of amine-promoted nucleophilic addition to
iminium ion species was later reported for the synthesis of 1,2-
diones. A three-component Petasis-type intermediate is
proposed to undergo self-deamination via in situ protonation
and aerobic oxidation to give a wide range of aryl 1,2-
diones.'*’

A three-component reaction of paraformaldehyde, amines,
and phenylboronic acids was applied for the synthesis of
Mannich bases 137—139 and benzoxazines 141 under an
oxidation condition using tert-butyl hydroperoxide (TBHP). It
is proposed that the boronic acid was oxidized by TBHP and
hydrolyzed to generate a phenol intermediate, which reacts
with imine species derived from paraformaldehyde and amines
to regioselectively form the ortho-substituted phenols. Using
morpholine as the amine susbtrate, the Mannich bases 139

were obtained in moderate to good yield. Other secondary
amines led to the formation of Mannich bases 140 and 141. In
the case of primary amines, ortho-alkylaminomethyl-substituted
phenol intermediate 142 proceeded to couple to another
component of formaldehyde and was converted to benzoxazine
143 in moderate to good yield in the presence of K,CO;
(Scheme 41). It is noteworthy that the use of either
benzothienylboronic acid or thienylboronic acid under the
same TBHP conditions failed to give the phenol analogs via
oxidation, whereas the classic PR products 142 and 143 were
isolated."*’

An imine allylation of glyoxylic acid with chiral tert-
butanesulfinamide and allylboronic acid pinacol esters was
reported for the synthesis of optically active y,0-unsaturated a-
amino acids with excellent diastereoselectivity.'>' More
recently, an eflicient three-component Petasis-type reaction
using pinacol gem-difluoroallylboronates and commercially
available f-chiral amino alcohols was reported for the
diastereoselective synthesis of chiral gem-difluorohomoallyl-
amines 144—147 in good to excellent yield with high
diastereoselectivitiy. A broad scope of aldehydes, including
heteroaromatic, cinnamyl, aliphatic aldehydes and benzalde-
hydes, was applicable to this transformation (Scheme 42). The
formation of a reactive gem-difluoroallylboronate intermediate
undergoing intramolecular imine allylboration was proposed to
explain the observed region- and stereoselectivity. >~ Another
Petasis-type allylation with dimethylamine adducts of triallyl-,
triprenyl-, and cinnamyl-dipropylboranes was recently reported
for the homoallylation of primary amine substrates with
formaldehyde.">

In a recent study from the Schaus group, chiral 3,3’-Ph,-
BINOL 148 was used to activate allylboronates and
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crotylboronates for nucleophilic addition to imines derived
formed by aldehyde and amine building blocks of diverse

structural and electrophilic properties.">* Chiral homoallylic

amines 149—155 were obtained in good to excellent yield and
with good to excellent enantioselectivity (Scheme 43). Both
syn- and anti-diastereomers of allylic amines 156 and 157 with
two vicinal stereogenic centers were accessible with (Z)- and
(E)-crotylboronates, respectively (Scheme 44).">* A catalyst-
free Petasis-allylboration of 1,2-amino alcohol, aldehyde, and
pinacolallylboronate was recently reported for the synthesis
both racemic and chiral homoallyl amines at room temper-
ature.'>

A copper-catalyzed Petasis-type reaction was developed for
the synthesis of functionalized a-substituted amides 159 from
preformed imines, tetraarylboranes, and acid chlorides. The
reaction was applied to N-benzyl, N-aryl, and N-alkyl imines
and aryl- and alkyl-substituted acid chlorides, all leading to the
expected product in moderate to good yield. The proposed
mechanism involved the formation of a stabilized pyridinium
intermediate 158, which reacted with the in situ formed
organocopper complex derived from copper catalyst CuCl and
NaBPh, to give amides 159 (Scheme 4S5). One claimed
advantage of this method is the compatibility with imines that
are not activated by electron-withdrawing groups on the
nitrogen, although the N-acyliminium species is presumably
involved in the formation of the stabilized pyridinium salts.
This study stands out as an example of applying acyliminium
salts for the Petasis-type addition with tetraarylboranes.">®

4.3. Traceless Petasis Reactions

Thomson and coworkers reported a Petasis-type coupling of a-
hydroxy aldehydes or ketones with alkynyl trifluoroborate salts
and an arylsulfonylhydrazine to obtain allenes, a process
referred to as a “traceless” PR’ Lewis acids, such as
Sc(OTf); and La(OTf),, were screened to promote hydrazone
formation, prior to addition of the alkylnyl component to form
the propargyl hydrazide 160, from which the loss of sulfinic
acid yielded diazine 161. A subsequent nitrogen extrusion step
gave the desired allenes 162. 2-Nitrobenzenesulfonylhydrazide
was successfully applied in this reaction, whereas 4-
tosylhydrazide led onlzr to the corresponding propargyl
hydrazide intermediate.">® A series of alkylnyl trifluoroborates
were tolerated in this reaction, leading to the corresponding
hydroxyallenes 162a—m in good to high yield. A range of
carbonyl components, ranging from protected aldehyde, (D)-
(+)-glyceraldehyde, a-hydroxyacetone, 1-hydroxyhexan-2-one,
2-hydroxycyclohexanone, to even a f-hydroxy aldehyde, were
successfully evaluated in this reaction, yielding allenes 163—
169, respectively (Scheme 46). It is noteworthy how
benzyloxyacetaldehyde, which lacks an a-hydroxy group, led
to the allene product in 23% yield."”” A subsequent high-
throughput optimization of the traceless PR was performed by
invoking a self-assembled monolayer/matrix-assisted laser
desorption—ionization mass spectrometry platform.">” The
most effective condition, using BF;-OEt, as the Lewis acid, was
identified through simultaneous conduction of more than 1800
reactions on self-assembled monolayers of alkanethiolates on
gold. The traceless PR promoted by BF;-OEt, was then
successfully performed under solution-phase conditions to give
substituted allenes 170—175 using aldehyde substrates without
a hydroxyl activating group (Scheme 47)."%’

4.4, Asymmetric Traceless Petasis Reactions

More recently, Thomson and Schaus reported an enantiose-
lective version of the traceless PR for the synthesis of
enantioenriched allenes from achiral substrates catalyzed by
chiral biphenols via two approaches.'® In the first approach,
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alkynyl boronates were added to glycolaldehyde-derived imines
to generate allylic hydroxyl allenes. A 2D evaluation of the
sulfonyl hydrazide to make the hydrazone 176 and the chiral
biphenol to catalyze the traceless PRs revealed optimal
reaction conditions with 2,5-dibromophenylsulfonyl hydrazide
and 3,3',6,6'-(CF;),-BINOL (177) in a toluene/mesitylene
solvent system. A range of arylalkynyl boronates of diverse
electronic nature, aliphatic and unsaturated boronates, and a
silylalkynyl boronate were applied in this traceless PR under
the optimized condition to give chiral allenes 179. Addition-
ally, a-hydroxyacetone was used as the electrophile to give
trisubstituted allene 180. Chiral bicyclic alkynyl boronates
were used for the diastereoselective synthesis of allenes 181
and 182 using (S)-BINOL catalyst 177 and (R)-BINOL
catalyst 178, respectively. However, a follow-up investigation
on the diastereoselective traceless PR with 2,2-dimethyl-1,3-
dioxolan-4-o0l as the a-hydroxy carbonyl component gave
mixed results. (S)-BINOL 177 led to the formation of the
anticipated anti-allenes with enhanced selectivity, whereas (R)-
BINOL 178 was ineffective in increasing the formation of syn-
allenes (Scheme 48).'®°

In the second approach, allyl boronates were added to
alkynyl hydrazones 183 to afford 1,3-alkenyl allenes 184—187.
A similar 2D evaluation of the sulfonyl hydrazide to make the
alkynyl hydrazone 183 and the chiral biphenol to catalyze the
traceless PRs revealed an optimal condition using 2-nitro-4-
trifluoromethylphenylsulfonyl hydrazide and 3,3’-Ph,-BINOL
(148) to give the highest yields and best enantioselectivities. A
collection of electron-rich and electron-poor arylpropiolalde-
hydes, silylpropiolaldehyde, propionic aldehydes containing
heteroatom substituents, and aliphatic propionic aldehydes was
effectively converted to the corresponding allenes 184—186
with excellent enantioselectivity. When a protected chiral 1,2-
diol-containing propionaldehyde was used, allene 187 was
obtained with excellent diastereoselectivity (Scheme 49).1°

Very recently, the Schaus group reported an asymmetric
traceless PR of enals, sulfonylhydrazines, and allylboronoates
for the synthesis of acyclic 1,4-dienes 189—193 via a reductive
transposition pathway of the in situ generated allylic diazene
intermediates 188.'°" The scope of the reaction was initially
evaluated by using S-methyl enals to afford the rearranged
allylated products 189 and 190 containing benzylic stereo-
centers in high yield and with excellent enantioselectivity. As
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Scheme 42
2 3
; R2 RS E R4 MeOH, 4 A MS, R R: <R
Rcho — >:<_ o 60 °C, 24-48 h N4 bH
HN OH F B, - F
O F R?
144-147

144a, R" = Ph, yield 88%, dr 94:6

144b, R" = 4-BrCgH,, yield 89%, dr 84:16
144c, R" = 4-MeCgH,, yield 90%, dr 96:4
144d, R" = 3-MeCgH,, yield 92%, dr 95:5
144e, R = 3-CF3CgHy, yield 90%, dr 80:20
144f, R" = 2-FCgH,, yield 85%, dr 82:18
1449, R" = furan-2-yl, yield 93%, dr 98:2
144h, R = thiophen-2-yl, yield 92%, dr 98:2
144i, R" = cinnamyl, yield 94%, dr 84:16

R1
. )NH OH
F OTs

% ; OH 1 INH OH

145, yield 92%, dr > 99:1 146, yield 92%, dr 86:14 147, yleld 80%, dr 90:10

an exception, fB-alkyl-f-methyl enal led to the formation of
product 190g, probably due to the facile isomerization of the
intermediate hydrazone. The crotylation of nonbranched enal
under this traceless PR condition using BINOL 148 also
afforded the corresponding 1,4-dienes 191 containing methyl-
substituted stereocenters with excellent enantioselectivity. For
P,B-disubstituted enal substrates with substituents bulkier than
a methyl group, 2-nitro-benzenesulfonyl hydrazide and BINOL
catalyst 51 were used to access the allylated products 193.
Catalyst 51 was also used for the crotylation of the $-alkyl enal
substrate to give diene product 192 with excellent
enantioselectivity, albeit in modest yield. Diene products of
both 1,4-syn and 1,4-anti-types and two methyl-substituted
tertiary stereocenters could be obtained by using (E)- and (Z)-

crotylboronates, catalyzed by BINOL ent-51 (Scheme 50).'°"
One significant advantage of this BINOL-catalyzed traceless
PR is that up to two stereocenters could be installed in the
desired acyclic 1,4-dienes from achiral substrates.

5. PETASIS CASCADE AND SEQUENCE REACTIONS
5.1. PR/Intramolecular Diels—Alder (PR/IMDA) Cascade

The PR of furan-2-boronic acids, allylamine and its derivatives,
and a wide range of carbonyl components including
glycolaldehyde, glyoxylic acid, salicylaldehyde, and a-hydrox-
ypent-4-enal in PRs may provide a smooth crossroad to
advanced precursors for complex polycyclic scaffolds. Multiple
chiral centers and scaffolds with high contents of sp’-
hybridized carbon atoms can be obtained by the PR with
intramolecular Diels—Alder (IMDA) cascade reactions. The
bicyclic hexahydroepoxyisoindole scaffold formed via Diels—
Alder cyclization between the furan ring and the allylamine is a
distinct structure feature for the direct products formed
through this type of PR/IMDA reaction. Sequential strategies
combining other types of ring-opening and ring-closing
reactions led to the construction of diverse scaffolds, as
illustrated in the following examples.

A PR/IMDA cascade reaction was recently reported for the
synthesis of the tricyclic hexahydroepoxyisoindole 195 as a

single diastereomer from allylammes, glycoaldehyde dimer, and
furan-2-boronic acids.'®* The Petasis products were isolable,
but the cascade may also be performed in one single reaction
step. The replacement of allylamines with N’-allylated
hydrazides in this PR/IMPDA cascade led to the desired
hexahydroepoxyisoindoles 196 diastereoselectively in compa-
rable yields.'”” A cascade using a-hydroxylated aldehydes, Bn-
protected allyl amine, and S-Boc-amine-substituted fur-2-
ylboronic acids gave the PR/IMDA products 197, which
weremsapplied for small-molecule library synthesis (Scheme
51).

Nielsen and coworkers developed a PR/IMDA/oxidative
cleavage sequence starting from salicylaldehyde, Bn-protected
allyl amine, and furan-2-boronic acid to give phenol 198 as the
PR/IMDA cascade product. Following the oxidative cleavage
of phenol 198 using catalytic K,0sO, and NMO as the
oxidants with the subsequent treatment of NalO, yielded key
dialdehyde intermediates 199, which were reduced to give the
diols 200 in the presence of NaBH,. An additional Mitsunobu
reaction mediated by di-tert-butyl azodicarboxylate (DBAD)
and PPh; transformed diols 200 to the cyclized products 201
in nearly quantitative yields. Alternatively, dialdehydes 199
were subject to reductive amination using NaBH(OAc); to
give cyclized epoxypyrrolo[3,4-c]azepines 202 (Scheme 52).'%*

A PR/IMDA/amidation/oxidative cleavage sequence was
performed using glyoxylic acid instead of salicylaldehydes as
the carbonyl component to first obtain amide 203 via the PR/
IMDA/amidation sequence and then form diols 204 via the
subsequent oxidative cleavage/reduction sequence. Diols 204
could be further cyclized to yield tricyclic pyrrolidinones 205
and 206 with a diversified handle at the 2-position of the
octahydro-6H-furo[2,3-c]pyrrolo[3,4-b]pyrrol-6-one core scaf-
fold (Scheme 53).%°

A second allyl group can be incorporated into the PR/
IMPDA product by choosing the corresponding substrates to
achieve a PR/IMDA—ROM/RCM sequence. In the PR/
IMDA cascade, the replacement of the glycolaldehyde dimer
with a masked a-hydroxypent-4-enal as the carbonyl
component led to the formation of the hexahydroepoxyisoin-
dole 207 with an allyl handle. The treatment of 207 with
Grubbs II catalyst gave the hydroxyfuroindole 208, which
featured five stereogenic centers and multiple appended
substituents suitable for further structural diversification.'®*
The PR/IMDA allyl product 209 obtained via the PR/IMDA
cascade using an allyl-substituted furan-2-boronic acid was
subjected to a ROM/RCM sequence to give the tricyclic
tetrahydropyridine 210 (Scheme 54).'

The obtained compounds 201, 202, 205, 206, and 208—210
all shared a densely functionalized polycyclic core structure
bearing at least three stereogenic centers as well as at least
three handles for further derivatization and are attractive
scaffolds for the establishment of natural-product-like small-
molecule libraries."**~'%°

A PR—acryloylation/Diels—Alder sequence was employed to
access the tetrahydroepoxyisoindolones 213—217 in moderate
yields using the furyl-containing hydrazido Petasis three-
component products 211 via the formation of the PR
intermediate 212 (Scheme 55).'%?

Strategical positioning of allyl and furan moieties in the
bicyclic boronate resulting from a four-component PR
involving hydrazide enabled the synthesis of PR/IMDA
cascades in a simple operation to give pentacyclic scaffold

DOI: 10.1021/acs.chemrev.9b00214
Chem. Rev. 2019, 119, 11245—-11290


http://dx.doi.org/10.1021/acs.chemrev.9b00214

Chemical Reviews

Scheme 43

a) CH,Cly, 3 A MS, 2h
, R 0 b) 148, tert-BuOH, MW, 50°C, 1 h*

Ph
Ho R OO
N OH

R! .
CHO HN" By

OMe 149a, R" = Ph, yield 90%, er 97:3
/©/ 149b, R" = 4-FCgHy, yield 70%, er 97:3
H\N 149¢, R = 3-FC4H,, yield 87%, er 97:3
149d, R" = 4-NO,CgHy, yield 99%, er 97:3
149e, R = 4-CF3CgHy, yield 72%, er 96:4
149f, R" = 3-CF3CgH,, yield 76%, er 98:2
149g, R" = 4-BrCgH,, yield 70%, er 95:5**

149h, R" = 4-MeOCgHy,, yield 80%, er 97:3**
149i, R" = benzo[d][1,3]dioxol-5-yl, yield 65%, er 98:2** F
149j, R' = naphthalen-2-yl, yield 90%, er 97:3**

149k, R" = furan-2-yl, yield 82%, er 98:2

1491, R" = thiophen-2-yl, yield 98%, er 98:2
149m, R' = phenethyl, yield 62%, er 99:1**

149n, R' = (E)-styryl, yield 75%, er 97:3

1490, R" = phenylethynyl, yield 90%, er 97:3

149p,R' = cyclohexyl, yield 93%, er 99:1

149q, R' = (benzyloxy)methyl, yield 71%, er 95:5
149r, R' = (Z)-hex-3-en-1-yl, yield 84%, er 96:4

149s, R' = COOEY, yield 70%, er 97:3
149t, R" = jso-butyl, yield 70%, er 97:3
149u, R' = tert-butyl, yield 57%, er 99:1**

H R? 150a, R? = Ph, yield 84%, er 99:1

“N” 150b, R2 = 4-FCgHy, yield 90%, er 98:2
150c, R? = 4-BrCgH,, yield 87%, er 99:1
150d, R? = 4-MeCgHj, yield 80%, er 99:1

150e, R? = 3-MeOCgH,, yield 87%, er 95:5
150f, R2 = 2,3-dihydrobenzo[b][1,4]dioxin-6-yl,

yield 86%, er 96:4

150g, R? = naphthalen-2-yl, yield 94%, er 99:1

150h, R? = 2-BrCgH,, yield 71%, er 99:1

150i, R? = pyridin-2-yl, yield 50%, er 96:4**

150j, R? = Bn, yield 92%, er 95:5

Sellleo 6
Ph

149-155
3,3'-Ph,-BINOL (148)

g
H.
N

F
y /©/ 152, yield 85%, er 98:2
N

151, yield 98%, er 98:2

H OMe
l\ll\/©/ 153, yield 82%, er 96:4

g
Ry 154, yield 72%, er 96:4

N 155, yield 89%, er 94:6

* Allyldioxaborolane and 2-8 mol% of 3,3'-Ph,-BINOL was addition in step (b); **Conventional heating at 50 °C for 24 h

Scheme 44

— e}
b) /_\_Bi > 148
o) ,

tert-BuOH, 50 °C, 24 h

@\ a) CH,Cl,,
CHO3 AMS, 2h

[ o
_ |

tert-BuOH, 50°C, 24 h

H. _R
N
©/H/\

156a, R = 4-MeOCgHy, yield 35%, er 96:4, dr 9:1
156b, R = Bn, yield 61%, er 99:1, dr > 20:1

157a, R = 4-MeOCgHy, yield 83%, er 98:2, dr > 20:1
157b, R = Bn, yield 89%, er 95:5, dr > 20:1

219 via the formation of the allyl dioxadiazaborocine 218
(Scheme 56).'*®

Beau and coworkers reported a PR/IMDA cascade in
combination with an RCM/Michael addition cascade to access
hexahydroisoindoles 223 with up to five newly formed
stereogenic centers.”””* The PR/IMDA cascade was initially
tested in the reaction of (E)-(3-methylbutal-1,3-dien-1-yl)-

11268

boronic acid, diallylamine, and (S)-2-hydroxyheptanal, which
was obtained by regioselective oxidation of the corresponding
(8)-1,2-diol to give hexahydroisoindole 221a as a single isomer
with complete stereocontrol at all three newly formed
stereogenic centers. The stereochemical configuration of
221a was indirectly confirmed by the X-ray crystal structure
of a p-nitrobenzoylated analog. The aldehyde scope of the PR/
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Scheme 45
CuCl (10 mol%) ﬁ\ cr 0
_R! pyridine 3 R 1
N Ri[(C' CHClpt,18h | RN RalJ\NfR
i e .
R2 o R* N7 R2 Ré
NaBR%, |
158 159
159a, R' = ethyl, R? = thien-2-yl, R® = phenyl, R* = p-tolyl, yield 74%

159b, R' = Bn, R? = p-tolyl, R® = Ph, R* = 4-fluorophenyl, yield 90%
159¢, R' = Bn, R? = p-tolyl, R® = thien-2-yl, R* = thien-2-yl, yield 80%
159d, R" = methyl, R? = naphthalen-2-yl, R® = Ph, R* = p-tolyl, yield 71%

159e, R = Bn, R? = p-tolyl, R® = phenyl, R* = Bn, yield 71%
159f, R" = Bn, R? = p-tolyl, R® = p-tolyl, R* = ethyl, yield 74%
159g, R" = Bn, R? = 4-fluorophenyl, R® = furan-2-yl, R* = Ph, yield 70%

159h, R" = Bn, R? = p-tolyl, R® = iso-propyl, R* = Ph, yield 57%
159i, R' = 4-methoxyphenyl, R? = p-tolyl, R® = 4-nitrophenyl, R* = Ph, yield 83%
159j, R' = allyl, R? = (E)-styryl, R® = p-tolyl, R* = Ph, yield 62%

IMDA cascade was later expanded to include different optically
pure a-hydroxyaldehydes and carbohydrates under the optimal
condition of microwave irradiation at 120 °C for 30 min. The
allyl appendage of the PR/IMPDA product 221 then
underwent a ruthenium-catalyzed cross metathesis with methyl
vinyl ketone to form enone intermediate 222, which yielded
the tricyclic or tetracyclic octahydrooxazinoisoindole 223 as an
enantiopure isomer (Scheme 57).> A follow-up study from the
same group expanded the scope for the three substrates in this
PR/IMPDA—metathesis/Michael addiction sequence.34 DFT
calculations for the stereoselective formation of the target

Scheme 47
BF3-OEt, (1.0 equiv),
Q Ns CH4CN, -10°C,6h R R®
R1J\R2 HN-NH - RIS=—BFK = — =
R1
170-175
170a, R" = phenethyl,yield 69%
R1&\‘\© 170b, R" = nonyl, yield 91%
X 170c, R" = iso-butyl, yield 80%
170 170d, R" = iso-propyl, yield 78%

170e, R" = cyclopentyl, yield 80%

170f, R" = cyclohexyl, yield 91%

170g, R" = benzyloxy, yield 70%

170h, R" = pent-4-yn-1-yl, yield 50%

170i, R" = cyclohex-3-en-1-yl, yield 66%, dr
170j, R" = 1-phenylethyl,yield 53%, dr 2:1

1:1

171a, R® = octyl,yield 70%

171b, R® = butyl, yield 69%

171¢, R® = tert-butyl, yield 84%

171d, R® = cyclohex-1-en-yl, yield 80%
171e, R® = cyclopropyl, yield 87%
171f, R® = cyclopentyl, yield 63%
1719, R® = cyclohexyl, yield 65%
171h, R® = 3-FCgHy, yield 59%

171i, R3 = 2-MeCgHy, yield 72%

172a, R® = 4-MeOCgH,,yield 53%
172b, R® = 3,4,5-(MeO);CgH,, vield 63%

@p&pl@

compounds in the PR/IMPDA cascade revealed the 173 174 175
L. .- o ield 66% ield 45% iel 9
preorganization of favorable transition structures stabilized by yie : vie yield 89%
intramolecular hydrogen bonds.””**
Scheme 46
162a, R = Ph, yield 86%
La(OTf)3 (10 mol%), H H 162b,R = 4-MSCGH4, yield 75%
HO_O Ns ( CgfaéN’ t ? = 162, R = 4-MeOCgHj, yield 76%
\[ j\ HN-NH ~R—=—BFs R 162d, R = 4-FC¢H,, yield 83%
o “oH HG  162e, R = 3-MeOCgH,, yield 83%
| 162 162f, R = 2-MeCgH,, yield 81%
162g, R = 2-naphthalen-2-yl, yield 84%
Ns 162h, R = cyclohexyl, yield 64%
HN HN_ 162i, R = phenethyl, yield 90%
NH N 162j, R = (benzyloxy)methyl, yield 61%
R%& N R%& 162k, R = (benzyloxy)ethyl, yield 66%
OH HNs OH N, 1621, R = TBDPSOC;Hg, yield 86%
160 161 162m, R = octyl, yield 82%
Bn o
HO o
Aldehyde \/< 0
or Ketone O7£ HO/\;)J\H HO\)J\ HO\)J\Bu (¢} OHC
OH HO HO
H
All | Ph’i CSH”—\\ : r ! P
ene I\ $ N
Ph Ph—\
Product . Ph‘§ N
roduc y -ﬁ. \ \ HO, H.
HO!" )- ’>\—‘Bu T
Bn HO HO
163 164 165 166 167 168 169
yield 88% ield 68% ield 56% ield 74% yield 66% yield 62% yield >53%, er 94:6
y y y
dr2:1 dr2.4:1 dr 2:1 dr 20:1 antilsyn 7:1,(R)/(S) 6:1
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Scheme 48
_OEt
g > R——B
B Br Br “OEt
0._0 o gy Mesitylene, O\\S 177 (10 mol %), PhMe, H, H
\[ j\ 3] 3AMS, 1t 2h N—NH © 0°C, 48-96 h "
0" "OH H,N-NH 0 R R R HO
OH 176 179
F.C CF EC oF 179a, R = Ph, yield 85%, er 93:7
3 3 3 3 179b, R = 4-MeOCgH,, yield 80%, er 91:9*
o 179¢, R = 4-FCgH,, yield 78%, er 93:7
o 179d, R = 2-CF4CgHy, yield 71%, er 93:7
179e, R = thien-3-yl, yield 70%, er 92:8
179f, R = naphthalen-2-yl, yield 85%, er 90:10
FaC CF3 179g, R = phenethyl, yield 72%, er 92:8
(S)-3,3',6,6'-(CF3)4-BINOL (177) (R)-3,3',6,6'-(CF3)4-BINOL (178) |  179h, R = (E)-4-styryl, yield 71%, er 90:10
179i, R = cyclohexyl, yield 63%, er 90:10
179j, R = hexyl, yield 73%, er 90:10
H 179k, R = (benzyloxy)methyl, yield 60%, er 90:10
:> 1791, R = (5,5-dimethyl-1,3-dioxan-2-yl)methyl,
HO P HO ; HG yield 70%, er 85:15
OZ EO Z E 179m, R = TBDMS, yield 62%, er 95:5
180 181 182 *20 mol% of 177, at -10 °C
yield 91%, er 90:10 yield 71%, dr 93:7 yield 68%, dr 91:9** **10 mol% of 178
Scheme 49
CF,4
:\_ /O
)
0N \Q o o
CH,Cly, g 148 (7 mol %), PhMe R H
4 O 3AMS, i, 2h N—-NH © {BUOH, rt, 24 -40 h ==
R HoN— NH o R— E———
H
183 184
Ph
184a, R = Ph, yield 83%, er 99:1 1849, R = thien-3-yl, yield 87%, er 99:1
oH 184b, R = 4-MeOCgHy, yield 88%, er 98:2  184h, R = pyridin-3-yl, yield 27%, er 98:2
184c, R = 4-FCgH,, yield 87%, er 99:1 184i, R = DMPS, yield 73%, er 98:2
OH 184d, R = 4-NO,CoHy, yield 87%, erog:2 845 R = (benzyloxymethy, yield 90%, er 96:2
184e, R = 2-BrCgH,, yield 60%, er 99:1 1841, R = oyelohaxyl yield 62% er 961
Ph 184f, R = naphthalen-2-yl, yield 89%, er98:2 = "~ Ly Shas
3,3'-Ph,-BINOL (148)

/N:>:—IHJ

185

yield 50%, er 99:1

Q

187
yield 79%, dr 99:1

_I _/

Me0—§ ‘>:

186
yield 85%, er 99:1

5.2. Petasis Reaction—Ring-Closing Metathesis Sequences

Schreiber and coworkers reported early examples of applying
the PR for the synthesis of skeletally and stereochemically
diverse small molecules.'”> More recently, Nielsen and
coworkers reported the synthesis of diverse scaffolds using a
PR—RCM sequence.'”* The functionalized a-hydroxy-hydra-
zides 224—228 with pairwise reactive diene substituents,
obtained from the three-component hydrazido—PR,""'**
were subjected to RCM using Grubbs II catalyst. Different
scaffolds 229—233 ranging from five-membered to seven-
membered ring systems were obtained in moderate to good
yield ranging from 58 to 80% (Scheme 58).

The four-component hydrazido—PR using trans-2-phenyl-
vinylboronic acids as both boronic acid components was used

to synthesize two different tricyclic dioxadiazaborocine
scaffolds depending on the RCM sequence strategy.'”® The
allyl substrate 234, which was obtained through a three-
component hydrazido—PR,'®" was first treated with Grubbs II
catalyst to form RCM product 235 and then with (E)-
styrylboronic acid to give pyrrolooxadiazaborole 236. Alter-
natively, the four-component hydrazido—PR product 237 was
formed prior to treatment with the Grubbs II catalyst, thus
providing RCM product 238 (Scheme 59).

A PR—RCM sequence was employed for the synthesis of
highly functionalized pyrrolinols 240 featuring a Grubbs-II-
catalyzed ring-closing metathesis reaction of the Petasis
products 239 synthesized from tert-butyldiphenylsilyl-pro-
tected a-hydroxyl aldehydes, substituted allylamines, and
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Scheme 50
RZ O Ar
a) CH,Cly, 3AMS, rt, 2 h ,
NG RS i b) 148 or 51 (7 mol %), PhMe, 0=$=0
Z"07 1BUOH, rtor 50 °C, 24 - 48 h r2 N
O, Ar R*
Sy R’ NG
H,N—NH 0 R? R*
188
Ar: 2-nitro-4-trifluoromethylphenyl or 2-nitrophenyl
- ArSO,H
-N
o |
OH H
2I
OH RR1 N
R® "R*
Br
(R)-3,3- th-BINOL (148) (R)-3,3"-Br,-BINOL (51) 189-193

Catalyst 148:

RIS
190

190a, R' = Ph, yield 83%, er 98:2

190b, R" = 4-FCgHy, yield 75%, er 97:3
190c, R" = 3-MeOCg4Hy, yield 89%, er 97:3
190d, R = 2-BrCgH,, yield 60%, er 96:4

189 yield 88%, er 97:3

RITNANY"XX

191~

191a, R = Ph, yield 83%, er 97:3

191b, R = 4-FCgH,, yield 65%, er 97:3
191¢, R' = 4-MeOCgHy, yield 81%, er 98:2
191d, R" = 2-NO,CgH,, yield 79%, er 98:2

190e, R = naphthalen-1-yl, yield 85%, er 95:5 191e, R' = 2-MeOCgH, yield 81%, er 99:1

190f, R" = thien-2-yl, yield 73%, er 99:1
190g, R' = 4-methylpent-3-en-1-yl,
yield 80%, er 85:15

191f, R' = thien-2-yl, yield 73%, er 99:1
191g, R = (E)-styryl, yield 54%, er 98:2*

Catalyst 51:
Ph/\/M 192 yield 53%, er 99:1*
Bz 193a, R" = Cy4Hys, R% = Ph, yield 97%, er 96:4
R1M 193b, R = iSO-prOpyI,RZ = Ph, yield 82%, er 98:2
193 193¢, R' = CF;, R? = Ph, yield 85%, er 97:3

193d, R' = 4-MeOCgH,4, R? = Ph, yield 86%, er 98:2
193e, R' = 4-BrCgHy, R2 =

Ph, yield 87%, er 98:2

193f, R" = 3,5-(CF3),CgH4, R% = Ph, yield 87%, er 98:2
193g, R' = 2-MeOCgH,, R? = Ph, yield 99%, er 98:2

193h, R" = naphthalen-2-yl, R? =

Ph, yield 87%, er 95:5

193i, R" = Ph, R? = ethyl, yield 75%, er 96:4

193j, R'=Ph, R? =

fluoromethyl, yield 77%, er 93:7

193k, R' = 4-MeOCgH,, R? = 4-FCgH,, yield 85%, er 98:2

*14% of catalyst was used.

(E)-styrylboronic acid with excellent diastereoselectivity and
retained enantiomeric purity. A sequential ring expansion step
of the pyrrolinol 240 through aziridinium intermediate 241
provided mono-, di-, or trisubstituted piperidines 242 in
excellent enantiomeric gurlty and good to excellent yield of up
to 99% (Scheme 60).!

Enantiomerically pure cyclic amino esters were obtained by
the allylation of Petasis products 243, which were obtained in
high diastereoselectivity from the PR of glyoxylic acid, (S)-1-
phenylethylamine, and allylboronic acid. The pure diaster-
eoisomer could be isolated after esterification and then
allylated, albeit with partial epimerization occurring to give
inseparatable diastereoisomers 244, lowering the de value to
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~60%. RCM of 244 catalyzed by Grubbs second-generation
catalyst in the presence of 0.5 equiv of Ti(OEt), as the Lewis
acid to suppress “poisoning effect” toward the Grubbs catalyst
by the nucleophilic nitrogen of 244 gave the chromato-

graphically separatable cyclic amino esters 245 (Scheme
61).'

5.3. Petasis Reaction—Intramolecular Cyclization Cascade
and Sequence

A three-component PR of glyoxal, arylboronic acids, and cyclic
amino alcohols including (S)-pyrrolidin-2-ylmethanol and
piperidin-2-ylmethanol was reported for the synthesis of
bicyclic pyrrolo[2,1-c][1,4]oxazin-3-ols 246 with good yields
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Scheme 51
1) MeOH, rt
2) MeCN, reflux HO
0 194 195
4
Ry Ji j 195a, R' = allyl, R? = H, yield 65%*
HO™ ~O 195b, R' = Bn, R? = H, yield 77%*
— 195¢, R" = allyl, R> = CH,NHBoc, yield 97%
(,DH *With the isolation of the Petasis product
B
HO o R2 H
~ YNt
MeOH, reflux, 72 h oH - 196a, R = 4-MeOCgHy, yield 72%
G 196b, R = tBuO, yield 72%*
HO
196
Bn. H
NN r2 1) CHCl, 20°C, 16 h B NR
R H o%\l/ 2) MeCN, reflux, 16 h ~ Bn—N ﬁ Boc
N OH H 1 2 .
Boc o /) HO 197a, R' = Me, R* = H, yield 75%*
R2 197b, R" = Me, R? = allyl,yield 31%*
,B-OH 197
HO
* Yield over four steps including two steps to synthesize (5-Boc-aminomethyl)furan-2-boronic acid from
(5-formylfur-2-yl)boronic acid
Scheme 52

e o

1) CH,Cly, 1t, 16 h
2) THF, reflux, 16 h

1) NMO, K;0s0,,
acetone/H,0, rt, 3 h
2) NalO4 MeOH/H,0,
rt, 1-2 h

R2NH;,
CH,Cl, 0°C, 1.16 h

202a, R' =
202b, R" =
202c, R' =
202d, R" =

H, R? = Me, yield 86%
H, R? = MeOC,Hy, yield >95%
F, R?= Cy, yield 80%
F, R2= iPr, yield 82%

200
(R20H), DBAD, PPhg,
THF or CH,Cl, 10 °C,
30 min, thenrt, 16 h

199
NaBH(OAC);

R!

201a, R' = H, R?= H, yield >95%
201b, R' = H, R? = Ph, yield >95%
201c, R' = F, R? = pyrid-3-yl,

yield 87%

but low dr values. When thien-2-ylboronic acid and 3-
pyridylboronic acid were applied, none of the expected
products were isolated, but electron-poor 3,5-difluorophenyl-
boronic acid did lead to a 37% vyield of the desired material
246h (Scheme 62). The synthesized compounds were tested
for their insecticidal activity against armyworm and their

. . 168
nematicidal activity.

A series of secondary amines, 2-(benzylamino)phenols 247,
obtained via the condensation of 2-aminophenols and
benzaldehydes were used as the amine component in a PR
involving glyoxal and phenylboronic acids. Bicyclic compounds
248, with the trans-2-hydroxy-1,4-benzoxazine products being
the major isomer, were obtained in variable yields and with
variable dr values (Scheme 63).'®” The same type of trans-2-
hydroxy-1,4-benzoxazines was obtained through a pyridinium
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Scheme 53
O Bn HO, °
~ /\/ B”@
o] N N\
§)kOH H HO
1) CHyCl, 0°Cto 1t, 1 h;
2) RNH, TBTU, DIPEA, 15 min;
3) THF or MeCH, reflux, overnight
H 1a) NMO, K;0s0,, acetone/H;0, rt, 3 h H 1) MsCl, EtzN, THF, 0 °C, 10 min H
: 1b) NalO4, MeOH/H,0, 1t, 1 h E 2) NaH, THF, reflux, 1h_ /77N
Bn—N e 2) NaBH,4, MeOH, Bn—N 5 N\ 3) ArOH, Cs,COg3, H o \OAr
H 0°C to rt, 30 min H DMP, 100 °C, 16 h N
o) o OH (0] \
NHR NHR 504 R
203 1) MsCl, Et3N, THF,
) MsCl, Et3N, , 205a, Ar = Ph, R =Cy,
0 °C, THF, 10 min yield 63%
H 2) NaH, THF, reflux, 1 h 205b, Ar = Ph, R = MeOC,H,,
: 3) potassium phthalimide, 205 ylel_d 54°/C0 -c
Bn—N "N\ 0 DMP, 90 °C, 16 h ¢ Ar =37 CeHa, R = CaHo,
o N yield 42%
H 205d, Ar = 3-MeOCgH,, R = iPr,
o N O 206a, R = Cy, yieln_i 53% yield 64%
: 206b, R = C4Ho, yield 48% 205e, Ar = 6-methylpyridin-3-yl,
206¢, R = jPr, yield 68 % R = cyclopropyl, yield 28%
Scheme 54
RlN/\/ R H
H 1) MeOH, rt Grubbs |l catalyst (10 mol%)
oH 2) MeCN, reflux g2 _1MHCIin Et;0, CHyCly, reflux
_B
HO 0 R2
| 207 208
OH

207d, R' = 2,4-(MeO),CgH3, R?
yield 72%

207e, R' = Me, R% = CH,NHBoc, yield 74%

207a, R" = allyl, R? = H, yield 91%
207b, R" = allyl, R? = CH,NHBog, yield 88%
207c, R' = Bn, R? = CH,NHBoc, yield 84%

208a, R' = allyl, R? = H, yield 62%

208b, R' = allyl, R? = CH,NHBog, yield 76%

208¢c, R' = Bn, R? = CH,NHBoc, yield 72%

208d, R' = 2,4-(Me0),CqH3, R? = CH,NHBoc,
yield 76%*

208e, R' = Me, R? = CH,NHBoc, yield 65%

*Condition: Grubbs Il (10 mol%), toluene, reflux

= CH,NHBoc,

Bn. A~~~
~ N 1) CH,Clp, 20 °C, 16 h Boc
( 2) K,CO3, Mel, acetone, H 1 mol% Grubbs I, CH,Cl,,
N = 20°C,16 h : 20 °C, 16 h then 1 mol% .
Boc /) ' Bn—N NBoc
(0] 3) MeCN, reflux, 16 h Grubbs Il, CH,Cly, reflux, 5 h
B MeO /N _
o, ,°7OH | Bn

209, yield 44%*

MeO
210, yield 83%

* Yield over four steps including two steps to synthesize (5-Boc-aminomethyl)furan-2-boronic acid

from (5-formylfuran-2-yl)boronic acid

p-toluene-sulfonate-catalyzed PR with a reduced reaction time
of 3 h in refluxing methanol."”’

A three-component PR was used for the synthesis of
imidazo[1,2-a]pyridine-3-ols 250 using 2-aminopyridine,
glyoxylic acid, and arylboronic acid with microwave irradiation
at 160 °C. This transformation involved the formation of the
Petasis product 249 as an intermediate undergoing intra-
molecular nucleophilic cyclization, followed by dihydroxylation
and aromatization to yield the imidazo[1,2-a]pyridine-3-ols in
moderate to good yield (Scheme 64). The Petasis product 249
could also be successfully isolated in good yield following an
altle7rlnative method relying on heating at 80 °C in DMF for 1
h.

A Petasis/lactamization cascade reaction of 2-aminobenza-
mides was reported for the synthesis of 1,4-benzodiazepine-

3,5-diones, thus constituting an alternative synthesis of
compounds of the similar scaffold from 2-aminobenzamides
via the Passerini reaction.'’”'”® 2-Amiobenzamides, formed
from isatoic anhydride and amines, were reacted with glyoxalic
acid to form an imine intermediate that was coordinated with
an arylboronic acid to facilitate a rate-limiting transfer of the
boronate substituent to provide the Petasis product 251, which
underwent intramolecular amidation to give cyclized com-
pound 252 in yields ranging from 60 to 78% (Scheme 65). The
presence of MSs accelerated the reaction attributed to the
facile formation of the imine intermediate.'”

Rozwadowska and coworkers reported the synthesis of
tetrahydroisoquinolines throu_gh a PR—Pomeranz—Fritsch—
Bobbitt cyclization sequence.'”'”” Petasis products 253 were
synthesized from glyoxylic acid, aminoacetaldehyde acetal, and
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Scheme 55
o H oH 1) acryloyl chloride o tfo OH
1JJ\ N , EtN,THF, -78 °C I
R H R® 2)toluene, reflux | R! H’ R2
ZNe) o
RS — 3
211 22 1}
213a,R' = H, R? = H, R® = H, yield 59% (rac.)
213b, R' = 4-MeO, R? = TBSOCH,, R® = H, yield 76% (rac.)
213¢, R' = 2-1, R = H, R® = H, yield 41% (rac.)
213d, R' = 2-NO,, R? = H, R® = H, yield 44% (rac.)
213e, R' = 4-MeO, R? = H, R® = Me, yield 53% (rac.)
213f, R' = 4-MeO, R? = H, R® = H, yield 59% (rac.)
213g, R' = 4-MeO, R? = H, R® = BocNHCH,, yield 59% (rac.)
214a, R? = allyl, yield 57% (rac.)
214b, R? = H, yield 58% (rac.)
216a, R" = heptyl, yield 60% (rac.)
216b, R" = pyridin-3-yl, yield 25% (rac.)
Scheme 56

MeO
H (0] OH
N. =
N/\/J: j/ toluene,
o H HO o

reflux,
16 h

_—

=

OH QH
B. o -B
HO HO
W

218 Ph 219 Ph
yield 76% (rac.)

3,4-dimethoxyphenylboronic acid. The solvent and reaction
temperature were observed to affect the diastereoselective
outcome of the reaction. Both the Petasis products and the N-
deprotected products could be subjected to the acidic
conditions required for the Pomeranz—Fritsch—Bobbitt
cyclization, thus generating tetrahydroisoquinoline acids 254
in generally excellent yield. The use of chiral amino-
acetaldehyde acetals led to enantiomerically pure isoquinoline
acids 254 (Scheme 66)."7°

Hulme and coworkers reported a PR—nucleophilic cycliza-
tion sequence to synthesize quinoxalines 256 from substituted
glyoxaldehydes. Using mainly the mono-Boc-protected ben-
zene-1,2-diamine, the PR revealed a broad scope by using a
diverse set of glycolaldehyde and boronic acids with diverse
electronic and steric properties. However, the highly hindered
2,4,6-trimethylphenyl glycoaldehyde failed to yield the
expected products. The obtained Petasis products 255 were
subject to acid-mediated Boc deprotection and intramolecular
nucleophilic cyclization to give quinoxalines 256 in mostly
good to excellent yield (Scheme 67)."7"

Trabocchi and coworkers reported a PR—intramolecular
acetalization/lactonization cascade reaction to access a series
of highly functionalized morpholines using glycolaldehyde,
styrylboronic acid, and either glycine-derived amino acetalde-
hydes or benzylated threonine derivatives. The use of
dimethoxy ethylamino derivative of threonine led to
diastereoselective synthesis of PR product 257b, which was
used to exploit the following cyclization steps. Acetalization
under different conditions led to morpholine acetals 258 and
259, whereas the treatment of 257b with TBAF led to lactone
260, which could be further acetalized to give a bicyclic
morpholine (Scheme 68)."”*

Norsikian and Beau reported a PR for the synthesis of amino
alcohol 263 from diallylamine, a-hydroxy aldehyde 261, and
boronic acid 262. Amino alcohol 263 was deallylated and
acetyl-protected to give amide 264, which was cyclized to give
oxazoline 265 catalyzed by FeCl;. The ring opening of
oxazoline 265 in the presence of trimethylsilyl azide, followed
by saponification and amino-iminomethanesulfonic acid

DOI: 10.1021/acs.chemrev.9b00214
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Scheme 57
0P~ R!  CHCL/HFIP H
én MW, 120 °C, XN NNF
\/\N/\/ 30 min R3WR1 —> R3 OH

H : H

HO, RS R2 OH ;
B Vi R R!
HO ’\\’( 220 221
R2
1) TSOH, CH,Cl, " H OTs R3 H
221a-c. 2) but-3-en-2-one, Grubbs II 0 N 0]
2216 cat., MW, 120 °C, 30 min +NH , >\\
221h, R A = |— R H
or 221i R OH Y o
222 223
H NN 221a, R' = butyl, R? = methyl, R® = H, yield 91%
221b, R' = jso-propyl, R? = methyl, R® = H, yield 71%
R OH  221¢, R" = Ph, R2 = methyl, R® = H, yield 75%
R? H . 2214, R' = butyl, R? = H, R® = (R)-hydroxymethyl, yield 94%
R

221f yield 73%*
* D-Ribose as the aldehyde component; ** D-Flucose as the dehyde component

2219 yield 64%**

221e, R" = propyl, R? = H, R = (R)-hydroxymethyl, yield 78%

221h, R" = butyl, yield 83%
221i, R" = iso-propyl, yield 66%
221j, R = Ph, yield 86%

substitution gave the guanidine 266 as a zanamivir analog
(Scheme 69).'”°

5.4. PR—Suzuki Sequence and Suzuki—PR Sequence

Carboni and coworkers reported several studies using alkenyl
boronic esters or 1,2-diboronic esters for the synthesis of
functionalized heterocycles.**™'** A PR using 1-alkene-1,2-
diboronic esters was reported in a PR—Suzuki coupling
sequence. The Petasis product obtained from (Z)-1-alkene-
1,2-diboronic esters, secondary amines, and glyoxylic acid was
directly esterified to form the product (E)-y-boronated amino
esters 267 by treating with diazomethane solution in diethyl
ether. The reactions with secondary amines all led to the
methylated Petasis product in moderate to good yield with
high diastereoselectivity, whereas the sterically hindered (S)-N-
benzyl-a-methylbenzylamine led to the corresponding product
with poor diastereoselectivity. Benzylamine failed to give the
expected product. Suzuki coupling reactions were tested with
the second boronate moiety of the obtained amino esters 267
to give further substituted @,f-unsaturated amino esters 268
(Scheme 70)."** The same group recently reported a Suzuki
coupling—intermolecular PR sequence together with a Suzuki
coupling—intramolecular PR sequence using the same type of
1-alkene-1,2-diboronic esters. The Suzuki coupling led to the
regioselective formation of a single (E)-stereoisomer of
boronate 269, which reacted with secondary amines to give
the Petasis product 270. Boronate 269 with an appropriately
positioned aldehyde moiety, that is, at the 2-position of the
phenyl group, was used as the dual aldehyde and boronic
component for the Petasis cyclization reaction to give 1-amino-
1H-indenes 271 in good yield ranging from 66 to 92%
(Scheme 71).'** These two studies illustrated the divergent
synthesis of the same substituted a,f-unsaturated amino esters

11275

from common 1,2-bis(boronates) substrates via two reverse-
combinations of the PR and the Suzuki coupling reaction.

5.5. Other Petasis Cascade or Sequence Reactions

Inspired by previous studies on amine-promoted aldehyde
functionalization and single-electron-transfer (SET)-promoted
formylation,'*~"*” Wang and coworkers reported a transition-
metal-free formylation of boronic acids via a Petasis-type
addition between glyoxylic acid, arylboronic acids, and
secondary amines following by SET-promoted decarboxylation
and hydrolysis. On the basis of the proposed rapid exergonic
process of SET from tetrahydroquinoline and indoline to
oxygen, in situ formed Petasis products 272 underwent
oxygen-promoted oxidative decarboxylation to form the
iminium ion species 273, and hydrolysis hereof yielded
aldehydes 274—279 with the concomitant release of the
tetrahydroquinoline as a catalyst."**'®* The substrate test
revealed the wide scope toward boronic acids of different
electron-density properties. Arylaldehydes and biologically
relevant heteroaromatic aldehydes were obtained in moderate
to good yield. This Petasis oxidation cascade reaction poses as
an orthogonal formylation approach to palladium-catalyzed
formylation that employs aryl bromides and iodides as
substrates, such as 276 and 277 (Scheme 72). Using indoline
as the amine component and styrylboronic acid as the boronic
component, enals 280—283 were obtained in comparative
yields (Scheme 73)."**

A PR—-Ugi sequence reactions was performed on an
automated continuous-flow microreactor system.189 An in-
dividual PR using either glyoxylic acid or salicylaldehyde was
performed in a silicon microreactor first before being
combined with the Ugi reaction in serially connected
microreactors using glyoxylic acid under optimized conditions
to give amide 284 (Scheme 74). Kinetic analysis was
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Scheme 58
O Bn OH
Iil z Bn
NT Grubbs Il (10 mol%),
|'Q2 toluene 65°C, 2 h @
MeO NN
224 Ph 0
229, yield 67% (rac.)
O H
N/N X Ph Grubbs 1l (10 mol%),
H \E\/ toluene 65°C, 2 h OH
MeO OH
225 230, yield 77% (rac.)
o R® OH |
I 0 H oH
TN R N, _~_OH  Grubbs Il (10 mol%),
1 N .
R2 R® H C toluene, 65°C 2h
224-228 MeO
226 231, yield 58% (rac.)
i Bn Grubbs Il (10 mol%), j\ Bn  OH
Ph N/N\(\/Ph CH,Clj, rt, overnight Ph ,\i“j)
=
7 Son
227 232, yield 80%
| (0]
(0] OH Grubbs 1l (10 mol%),
)J\ : CH,Cl rt, overnight
Ph "
233, yield 70% (rac.)
Scheme 59
1) Grubbs Il catalyst O 2) (HO),B
OMe (10 mol%) N ) \/\Ph +N
CH,Cly, reflux, 1h N "'H CH,Cly, reflux, 21h O- B‘
MeO HO /
Ph
235 236 Yield 73% (rac.)
NH OH |
L 1) (HOYB A~p,, — | 2) Grubbs Il catalyst
] N—X\: (10 mol%)
CH,Clj, reflux, 20 min MeO y X CH20|2 reflux 5h /)
234 °
=
237 Ph 238 yield 90% (rac)

performed to determine rate-limiting steps and activation
energies and to evaluate the proposed mechanism based on
data collected through this continuous-flow PR—Ugi sequence
reaction.

6. APPLICATION IN THE SYNTHESIS OF NATURAL
PRODUCTS

One of the earliest and most widely used applications of the
PR was for the synthesis of @-amino acids or #-amino alcohols

as building blocks for further synthetic or biological

190,191

studies, as demonstrated by many early examples for

the synthesis of iminocyclitols, sialic acids,>®

. . 1.36,193—196
dine alkaloids.>*'?*~"?

6.1. Polyhydroxy Alkaloids

and pyrrolizi-

Pyne and coworkers reported the PR-based synthesis of diverse
polyhydroxylated alkaloids,"”” among which was a 10-step total
synthesis of calystegine B4 alkaloids.'”® Different from a
previous zinc-mediated tandem reaction with a RCM-—
hydroboration—oxidation sequence,'”” a PR of benzylamine,
(E)-styrylboronic acid, and (—)-p-lyxose was used for the
synthesis of aminotetrol 285, which was converted to the RCM
substrate 286 to give oxidation—RCM or RCM-—oxidation
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Scheme 60
Tf,0,
/ 3 TBAF, Grubbs Il catalyst __R! proton sponge Y
e / _EtOH_ CH,Cly, reflux g3, /| CHCl, 15 °C | T iA A=H
R ay i
4 R2 N H OH 4
TBDPS R4 R2 'T‘ R4 o R
R?
239" 240 > ggzo o 241
>
o de l Nucleophile
240a, R' = Me, R? = H, R® = H, R* = Bn, yield 58%* s
240b, R" = j-Pr, R? = H, R® = H, R* = Bn, yield 49%* AR
240c, R' = hydroxymethyl, R? = H, R® = H, R* = Bn, yield 50%*,** RS
240d, R" = Me, R? = Bn, R® = H, R* = H, yield 52%* R2 '?‘4 R
240e, R' = Me, R? = H, R® = Bn, R* = H, yield 35%* R
*Two-step yield. 242
**Unprotected hydroxyaldehyde was used, no TBAF treatment.
Scheme 61
(0] . COOH Grubbs' Il catalyst COOR COOR
o CH,CI A WCOOR (5 mol%), Ti(OEt),, W
QLOH . 24 b \/D\l o \/E pn  CHClrt24h
HN.__Ph e
: oH 243 244 (R,S)-245 (S,S)—245
B
A" 0H 245a, R = Me, total yield 63%
245b, R = Et, total yield 91%
Scheme 62 product 287, and the remaining steps of deprotection and

n cyclization gave calystegine B4 288 with an overall yield of 3.4
Fx or 4.7% (Scheme 75). This study exemplifies the synthesis of
N

0 n HO ethanol/H,0 (1:10), 108
H EW>ﬂ B Ar r, 24 h calystegine alkaloids starting from monosaccharides.
A 240
H N g Ar)\/o Conduramine oligomers, aminocyclohexenetriols in which
© 246 OH an amino group is present, are common fragments included in

246a, n = 1, Ar = 4-methoxyphenyl, yield 90%, dr 5.5:1
246b, n = 1, Ar = 2-methoxyphenyl, yield 86%, dr 2.6:1

246¢, n

246d, n =

several natural products. The synthesis of conduramines has
been achieved via different approaches.””® Norsikian, Beau,

1, Ar = 3,4-methylenedioxyphenyl, yield 83%, dr 2.8:1 and coworkers reported the synthesis of conduramine Al 292

1, Ar = 4-methylphenyl, yield 70%, dr 3.2:1

246e, n = 1, Ar = Ph, yield 69%, dr 3.0:1

246f, n = 1, Ar = 4-chlorophenyl, yield 73%, dr 3.8:1
24649, n = 1, Ar = 4-fluorophenyl, yield 75%, dr 3.1:1

and C4 296 using a PR of biallylamine and in-house-prepared
highly functionalized boronic acids. Starting from multiple
protected D-ribofuranose 299, the boronic acid 300 was

246h, n = 1, Ar = 3,5-difluorophenyl, yield 37%, dr 2.9:1 prepared and used as the dual aldehyde and boronic
246i, n =1, Ar = thien-2-yl, trace
246j, n =1, Ar = pyrid-3-yl, trace

246k, n = 2, Ar = 4-methoxyphenyl, yield 93%, dr 2.1:1

component for the lengthy PR. An acidic treatment to remove
all protecting groups was needed to proceed to the PR with

2461, n = 2, Ar = 2-methylenedioxyphenyl, yield 86%, dr 2.4:1 diallylamine to give Petasis product 291 as a single

246m, n = 2, Ar = 3,4-methylenedioxy, yield 90%, dr 2.0:1
246n, n = 2, Ar = 4-methylphenyl, yield 82%, dr 2.1:1

2460, n = 2, Ar = Ph, yield 81%, dr 2.1:1

246p, n = 2, Ar = 4-chlorophenyl, yield 79%, dr 2.4:1
246q, n = 2, Ar = 4-fluorophenyl, yield 90%, dr 2.4:1

diastereomer in 72% yield. A final palladium-catalyzed
deallylation step yielded ent-conduramine Al 292. Compara-
tively, starting from multiple protected D-ribofuranoside 293,
boronic acid 294 was used as the dual aldehyde and boronic

Scheme 63

RS
0}
H 2
TP e LI % o

3©_ / _rt24h 24 h \@
O L
OH

248

248a, R" = H, R? = 4-methoxy, R® = methyl, yield 76%, dr 19:1
248b, R" = methyl, R? = 4-methoxy, R® = H, yield 89%, dr 43:7
248c¢, R = chloro, R? = 4-methoxy, R® = H, yield 70%, dr 22:3
248d, R" = methyl, R? = 4-bromo, R3 = H, yield 72%, dr 9:1
248e, R' = methyl, R? = 4-bromo, R® = methyl, yield 86%, dr 97:3
248f, R" = H, R% = 2-nitro, R® = H, yield 56%, dr 83:17

2489, R" = H, R? = 2-nitro, R® = methyl, yield 46%, dr 9:1

248h, R" = methyl, R? = 3-nitro, R® = H, yield 64%, dr 17:3

248i, R" = methyl, R? = 3-nitro, R® = methyl, yield 38%, dr 19:1
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Scheme 64
R1
_~_OH | DMF, 160 °C, N
oY _ MW, 30 min -
0 N~ "NH
HC)\ N R2
/
HO R 250
250a, R" = 6-methyl, R? = 4-methoxy, yield 80%  250j, R' = 6-methyl, R? = 3,4-dimethyl, yield 65%
250b, R' = 8-methyl, R = 4-methoxy, yield 85% 250k, R' = 6-methyl, R? = 4-trifluoromethoxy, yield 61%
250c, R = 5-methyl, R? = 4-methoxy, yield 66%  250I, R' = 6-methyl, R? = H, yield 60%
250d, R' = H, R% = 4-methoxy, yield 48% 250m, R' = 6-methyl, R? = 3,4-ethylenedioxy, yield 69%
250e, R = 8-bromo, R? = 4-methoxy, yield 40% 250n, R' = 6-methyl, R? = 4-chloro, yield 51%*
250f, R = 6-bromo, R? = 4-methoxy, yield 48% 2500, R' = 6-methyl, R? = 4-bromo, yield 55%*
250g, R' = 7-chloro, R% = 4-methoxy, yield 53% 250p, R' = 6-methyl, R? = 4-fluoro, yield 54%*
250h, R" = 6-methyl, R? = 3-methoxy, yield 78%  250q, R" = 6-methyl, R? = 3-fluoro, yield 45%*
250i, R' = 6-methyl, R? = 2,5-dimethoxy, yield 67% * MW condition: HFIP, 120 °C, 30 min
Scheme 65
o) O (e}
O 1 1 ,R1
|__oH N R N N
H CH,Cly,, 4AMS H 0
o) NH, rt, 36 h NH N
OH OH H
/
e
OH R2 % R2
251 252
252a, R" = phenyl, R? = H, yield 72%
252b, R" = phenyl, R? = methoxy, yield 78%
252¢, R" = 4-methylbenzyl, R? = H, yield 62%
252d, R" = 4-chlorobenzyl, R? = H, yield 65%
252e, R' = 4-fluorobenzyl, R? = H, yield 60%
252f, R" = 4-fluorobenzyl, R? = methoxy, yield 68%
2529, R' = 3,4-dimethoxyphenethyl, R? = H, yield 69%
252h, R" = butyl, R? = fluoro, yield 62%
Scheme 66
o OH OMe
oM I|3 OMe MeO OMe
OH € HO™ CH20|2, rt, 72 h
H)H]/ HE/\/ \©i - N\R
0 OMe OMe e
COOH

1. H, Pd(OH), MeOH, 24 h  MeO

2a. 20% HCI, rt, 72 h j@@
NH
MeO v

2b. H, Pd/C, 24 h
COOH

254

253
253a, R = 1-phenylethyl, yield 90%, dr 7:3
253b, R = 1-(naphthalen-1-yl)ethyl, yield 83%, dr 79:21
253¢, R' = 1,2,3,4-tetrahydronaphthalen-1-yl,
quantitive yield, dr 14:11
253d, R = 2,3-dihydro-1H-inden-1-yl,
quantitive yield, dr 13: 87

* When chiral aminoacetaldehyde acetals were used as the amine component,
and the products were enantiomerically enriched by crystallization.

component for the PR with diallylamine to yield allyl-protected
conduramine 295 as a single diasteroisomer in 60%. Condur-
amine C4 296 was obtained after a final palladium-catalyzed
deallylation step. It was proposed that the six-membered
transition state of tetracoordinated borate intermediates
involving the B-hydroxyl group of the aldehyde contributed
to the exclusive anti-stereoselectivity of -amino alcohol
products formed in this PR.*’" A separate PR—RCM sequence
was applied for the synthesis of both enantiomers of
conduramine E 300 and 304. p-Galactose and D-mannose
were used for the synthesis of the corresponding carbonyl
components 297 and 301 for a following three-component PR
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with (E)-styrylboronic acid and tert-butylamine to form Petasis
products 298 and 302, respectively. A subsequent Boc
protection and intramolecular oxazolidinone-ring formation
and a following RCM gave key oxazolidinone intermediates
299 and 303, which were hydrolyzed and tert-butyl-
deprotected to yield conduramine E 300 and 304, respectively
(Scheme 76).2%%

Pyne and coworkers reported various synthetic studies for
the synthesis of polyhydroxylated monocyclic alkaloids as well
as their application as starting materials to access more
complex alkaloids.'*>'%'9%20372%5 polyhydroxylated pyrroli-
dine alkaloids dihydroxymethyl—dihydroxypyrrolidine
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Scheme 67
(0] R?
RAK&O . R%o
Mw, 120°C, 20% TFAIDCE  R2 N._R®
R2 NH, 15min R NH t18h =
X —er LA
R2 NHBoc R? NHBoc
Flz3 255 256
HO’B\OH 255a, R' = 4-fluorophenyl, R? = H, R® = 4-methylphenyl, yield 57%
255b, R = 4-trifluoromethylphenyl, R? = H, R® = 4-methylphenyl, yield 49%
255¢, R' = Ph, R? = H, R® = 3-fluorophenyl, yield 48%
255d, R = 4-trifluoromethylphenyl, R? = H, R® = naphth-2-yl, yield 71%
255e, R' = Ph, R? = H, R® = (E)-styryl, yield 39%
255f, R' = Ph, R? = H, R® = 2-methoxyphenyl, yield 63%
255g, R' = Ph, R? = H, R® = 2,4,6-trifluorophenyl, yield 83%
255h, R = 4-trifluromethylphenyl, R? = H, R® = 3-trifluoromethylphenyl, yield 87%
255i, R' = 4-trifluoropemthylphenyl, R = methyl, R® = naphth-2-yl, yield 45%
255j, R" = Ph, R% = methyl, R® = 2,4,6-trifluorophenyl, yield 24%
255k, R' = 2,4 6-trimethylphenyl, R% = H, R® = 2-methoxyphenyl, yield 0%
2551, R" = 2,4,6-trimethylphenyl, R? = H, R® = 4-methylphenyl, yield 0%
Scheme 68
0._OMe
PTSA, 4A MS, A)i j/
O. _OH 110 °C, 30 sec. Ph™ X N
LTy ooy
HO Y 258 O OTBS
OTBS
OTBS ) . O._OMe
EtCll—(i). OHCFI::’6(ﬁ.1), o o SOCl,, MeOH, A/[ j/
R\H (0] ’ N 257b reflux, 2 h Ph X N
OMe do'\"e MeO\H/'\‘/
OH
Ph Ph 259 O OH
B. 257a, R = Bn,
Ph”"""0H yield 91%, dr 5:1+ | 15AF THF: 00
257b, R = C,Hy(OMe),, L— "2 LU
yield 75%, dr 3:1 Ph™ XX N* "t
MeO\H OH
*Condition: EtOH, rt, 16 h. 260 OMe
Scheme 69
o | OH CH,Cly, 120 °C, MW, 15 min
~B._~~__COOiPr or \
H™ Y H | Ho \/>/ CH,CI/HFIP (9:1), 80°C, 12h —
OH HN MeO OMe Ty
261 262

263 yield 95%

H
COOIPr O._COOLi
FeCl 6H,0 |
N —>  AcHN”
AcHN )\—o HN.__NH
264 265 yield 76% 266 NH,

(DMDP) 307 and 1,4-dideoxy-1,4-imino-p-arabinitol (DAB)
308 were found in diverse plant species. Bouillon and Pyne
reported a synthesis of DMDP and DAB from L-xylose over
seven and eight steps with an overall yield of 35 and 22%,
respectively. The PR was used as a key step for the synthesis of
the amino diol 305 from benzyl-protected L-xylofuranose,
benzylamine, and (E)-styrylboronic acid as a single diaster-
eomer in 76% yield. Subsequent transformations including
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intramolecular S\2 cyclization yielded the pyrrolidine 306, and
ozonolysis of the styryl double bond afforded DMDP 307. The
synthesis of DAB 308 was achieved by the serendipitous loss of
the C-S substituent via fragmentation during the ozonolysis
step and final hydrogenolysis to remove all benzyl protecting
groups (Scheme 77).2%°

Pyne and coworkers reported several synthetic studies using
the PR as a key step to obtain a-amino alcohols for the
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Scheme 70
(e} R'
R?2 _R! \
HO%H “N” 1) HFIP, 1t, 8 h MeOOC.__N._, ArBr, PdCl,(dppf) MeOOC.__R'
H  2) CHyN, diethyl ether K3sPO4 THF/H,O
o BPin PinB\;[Rll —_— Ar\;LR‘t
PinB. _~ R4 R3 267 R3 268
R® 267a, R® = butyl, R* = H, R' = morpholino, yield 69%
267b, R® = butyl, R* = H, R' = dibenzylamino, yield 50%
267c, R® = butyl, R* = H, R' = 4-(pyrid-4-yl)piperazin-1-yl, yield 57%
267d, R® = butyl, R* = H, R' = 4-Boc-piperazin-1-yl, yield 63%
267e, R® = butyl, R* = H, R' = (S)-benzyl(1-phenylethyl)amino, yield 69%, dr 58:42
267f, R® = butyl, R* = H, R' = benzylamine, yield 0%
267g, R3 = TMSCH,, R* = H, R' = morpholino, yield 60%
267h, R® = TMSCH,, R* = H, R' = benzylmethylamino, yield 53%
267i, R®=Ph,R*=H,R'= morpholino, yield 53%
267j, R® = Ph, R* = H, R' = dibenzylamino, yield 54%
267k, R® = Et, R* = Et, R' = morpholino, yield 0%
Scheme 71
3 1) RZ=H , glyoxylic acid, 3
BPin ArBr, PdCly(dppf) R amine, HFIP, rt R
PinB. K3POy4, THF/H,0 R? 2) CH,N,, diethyl ether R'
.- o
16 PinB._~ MeOOC %
R 269 Rt 270
270a,R' = butyl, R3=H,R' = morpholino, yield 60%
R2 = CHO 270b, R" = butyl, R®= H, R’ = diallylamino, yield 66%
amine, HFIP,  270¢ R' = butyl, R3 = 4-methyl, R' = morpholino, yield 48%
m8h 270d, R" = butyl, R® = 4-methoxy, R' = morpholino, yield 51%
R' 270e, R" = butyl, R® = H, R' = 4-phenylpiperazin-1-yl, yield 62%
R* 270f, R' = Bn, R® = 4-methyl, R' = morpholino, yield 62%
R1 270g, R" = cyclohexylmethyl, R® = 4-methoxy,
R® R' = morpholino, yield 61%
271
22 examples, yields 66-92% selected examples:
271a, R" = morpholino, R" = butyl, R* = H, R® = H, yield 92%
271b, R" = morpholino, R" = butyl, R* = methoxy, R® = H, yield 73%
271¢, R" = morpholino, R = butyl, R* = methoxy, R® = methoxy, yield 71%
271d, R' = 4-phenylpiperazin-1-yl, R" = butyl, R* = methoxy, R® = methoxy, yield 82%
271e, R" = diallylamino, R" = butyl, R* = methoxy, R® = methoxy, yield 78%
271f, R = benzylmethylamino, R = butyl, R* = methoxy, R® = methoxy, yield 82%
271g, R" = propargylamino, R = cyclohexyl, R* = methoxy, R® = methoxy, yield 80%
271h, R" = morpholino, R" = Bn, R* = methoxy, R® = H, yield 76%
271i, R" = propargylamino, R' = TMS, R* = H, R® = H, yield 75%
Scheme 72
Q CHZCN, 1t, 24 -36 h @fj 0, (Air) @Cj H,0 Ar
OH Ar e N 2 N z P
JoQI) y ez o Iy e
0 N HO™"oH A/K{(OH Ar/kH
274-279
272 o 273 37 examples,

274 yield 63% 275 yield 58% 276 yield 77%

yields 50-81%

Br
277 yield 77% 278 yield 81% 279 yield 68%

synthesis of different types of polyhydroxylated alkaloids. A PR
of a-hydroxy aldehyde 309, enantiomerically pure allylamine
310, and (E)-styrylboronic acid gave the amino alcohol 311 or
312, which was used as the precursor to synthesize
hyacinthacine-B-type compound 313 or 314 (Scheme 78).'"°
A very recent PR of protected L-xylose derivative 315, a-
methylallyl amine, and (E)-styrylboronic acid to obtain the

amino diol 316 was used as a key step for the total synthesis of
a series of polyhydroxyated alkaloids, including hyacinthacine
Cs 317 and 318 with a bicyclic hexahydro-1H-pyrrolizine core
(Scheme 79).>°7*°% A disparity of chirality at the 5-, 6-, and 7-
positions on the B-ring of the core was revealed between
previously reported hyacinthacines and ones synthesized in this
study, judged by spectroscopic analysis and crystal structures of
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Scheme 73
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Scheme 74
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Scheme 75
OBn
H Ph BnO 0B
OO \h, EtOH, OH OH <O8n
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OH HO™ " OH OH HN. / N\
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OBn OH
BnO, OBn HO, OH
—_— \ — \
BocBnN 0 “IOH
287 288

key precursors. Seven obtained hyacinthacine Cy compounds
were then evaluated as weak to moderate a-glycosidase
inhibitors (9.9 to 130 uM).*"’

6.2. Loline Alkaloid

The loline alkaloids, which incorporate a tricyclic ring system
with a strained ethereal bridge, four contiguous stereogenic
centers, and two basic nitrogen atoms (including one
heterocyclic nitrogen atom),””” have been the subject of
many synthetic works.”'" A two-component Petasis-like step
was used to synthesize the loline alkaloid scaffold 322. The
diastereoselective addition of tetramethylpentanediol boro-
nates to the N-acyliminium ion species, which was derived
from dihydroxypyrrolidine 319, gave vinylpyrrolidinol 320. Six
following steps, including a tethered aminohydroxylation, led
to the formation of pyrrolooxazinone 321, from which the N-
Boc norlodine 322 was obtained as the loline alkaloid scaffold
in another five steps (Scheme 80)."

6.3. Sialic Acid

Legionaminic acids, analogs of N-acetylneuraminic acid, are
diamino monosaccharides belonging to the family of non-
ulosonic acids and are key virulence factors in Legionnaires’
disease.”'” Seeberger and coworkers reported a stereoselective
synthesis of orthogonally protected legionaminic acids via
chelation-controlled organometallic additions and the PR
starting from D-threonine, which was used as the precursor
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for the synthesis of the aldehyde compound 323. The PR of a-
hydroxyl aldehyde 323, (E)-styrylboronic acid, and monoallyl-
amine gave aminol 324 in 76% yield and with high
antidiastereoselectivity (dr > 19:1). Pd-catalyzed deallylation
and chemoselective acetylation gave an N-acetate compound
that was used for the subsequent synthesis of orthogonally
protected legionaminic acid 325, which was used for the
further synthesis of a linker-equipped legionaminic acid 326
(Scheme 81).”"* A recent study reported the total biosynthesis
of the same type of legionaminic acid acetylated at the S- and
7-positions.”

7. CONCLUSIONS

The PR has proved to be a powerful MCR to achieve
synthetically interesting transformations and access biologically
interesting molecules. The year 2018 marks the 25th
anniversary of the initial report of this three-component
condensation of carbonyls, amines, and boronates. This
Review revealed the breadth of the synthetic application and
the recent progress in employing the PR through a systematic
overview of examples published in the past 8 years.

The two common limitations of the PR, especially in early
examples, were usually that only activated aldehydes or
aldehydes bearing a suitable boron-directing group could be
successfully applied and only reactive boronic acids, such as
electron-rich heteroaryl or vinylboronic acids, could lead to
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Scheme 76
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desired Petasis products in satisfactory yield. The reactivity of
the PR has been greatly explored in different frontiers, as
demonstrated by illustrated recent examples, which not only
addressed the two limitations but also significantly expanded
the utility of the PR in organic synthesis, medicinal chemistry,
and chemical biology. Carbonyl components with or without a
directing group, amines of both high and poor nucleophilic-
ities, and boronic acid or boronates of aryl, allyl, alkynyl, and
allenyl nature have all been successfully applied for the
production of desired Petasis products, mostly being
substituted amino acids, f-amino alcohols, and aminophenols;
Although being catalyst-free is a valued feature of the classic
type of PR, the presence of chiral catalyst leads to the
formation of functionalized Petasis products with excellent
diastereoselectivity and enantioselectivity. The four-compo-
nent PR, usually discovered through serendipitous manners,
enabled the equipping of an additional functional handle.
Petasis-type reactions including not only the common two-
component type but also the newly reported traceless type
greatly diversified the chemotypes accessible through PRs.
More excitingly, the combination of the PR with the Diels—
Alder reaction, ROM/RCM reaction, metal-catalyzed coupling,
or other types of intramolecular cyclization in either a cascade
or sequence manner made it possible to furnish a wide range of
natural-product-like compounds that have a high content of
sp>-hybridized carbon atoms and a rich count of stereogenic
centers. Not surprisingly, PRs have been successfully applied
for the synthesis of polyhydroxy alkaloids and biologically
active compounds that show varied biological activities.
Given the many inherent merits of the PR such as but not
limited to the easy access of reaction substrates, the minimal
protection of functional moieties, the mild and robust reaction
condition, the easy and friendly operation, and the rapid access
to structural diversity, we expect that the interest around the
exploration of PR-based transformations and the application of
Petasis products will remain and will probably intensify in the

coming years from both a chemical and a biochemical
perspective. The substrate scope will be further expanded to
include noncanonical or previously nonreactive carbonyls,
amines, and boronic acids. Asymmetric PRs using a pool of
newly tested chiral catalysts will follow. Additional components
are likely to be incorporated in the polycomponent PR as well
as the Petasis-type reaction of new substrate variants. A
secondary transformation based on Petasis products and
combination strategies involving the PR is expected to be an
appealing area because most these natural-product-leading
cascade and sequence reactions have mainly been reported in
the past 5 years. Thus advances in PRs will attract sustaining
interest from not only synthetic chemists but also researchers
in developing biologically active structural diverse molecules as
biological probes or potential therapeutics.
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ABBREVIATIONS USED

Ac acetyl

BINOL  1,1'-bi-2-naphthol

Bpin boronic acid pinacol ester
Bn benzyl

Bt benzotriazole

i-Bu iso-butyl

Bz benzoyl

Boc tert-butyloxycarbonyl
Cbz carboxybenzyl

DFT density functional theory
de diastereomeric excess

dr diastereomeric ratio

ee enantiomeric excess

Et ethyl

HFIP 1,1,1,3,3,3-hexafluoroisopropanol

IMDA intramolecular Diels—Alder reaction
Me methyl

Ms methanesulfonyl

MS molecular sieves

MW microwave

NMR nuclear magnetic resonance

Ns p-nitrobenzenesulfonyl

Ph phenyl

i-Pr iso-propyl

PFB Pomeranz—Fritsch—Bobbitt cyclization
PR Petasis reaction

RCM ring-closing metathesis
ROM ring-opening metathesis

SET single electron transfer
Sx nucleophilic substitution
TBHP  tert-butyl hydroperoxide
TFA trifluoroacetic acid

TE-FVIla tissue factor/factor VIla

REFERENCES

(1) Domling, A.; Wang, W.; Wang, K. Chemistry and Biology Of
Multicomponent Reactions. Chem. Rev. 2012, 112, 3083—3135.

(2) Rotstein, B. H.; Zaretsky, S; Rai, V.; Yudin, A. K. Small
Heterocycles in Multicomponent Reactions. Chem. Rev. 2014, 114,
8323—8359.

(3) Cioc, R. C; Ruijter, E;; Orru, R. V. A. Multicomponent
Reactions: Advanced Tools for Sustainable Organic Synthesis. Green
Chem. 2014, 16, 2958—2975.

(4) Biginelli, P. Ueber Aldehyduramide des Acetessigathers. Ber.
Dtsch. Chem. Ges. 1891, 24, 1317—1319.

(5) Hantzsch, A. Condensationsprodukte aus Aldehydammoniak
und ketonartigen Verbindungen. Ber. Disch. Chem. Ges. 1881, 14,
1637—1638.

(6) Mannich, C.; Krosche, W. Ueber ein Kondensationsprodukt aus
Formaldehyd, Ammoniak und Antipyrin. Arch. Pharm. 1912, 250,
647—667.

(7) Passerini, M; Simone, L.; Isonitriles, I. Compound of p-
Isonitrileazobenzene with Acetone and Acetic Acid. Gazz. Chim. Ital.
1921, SI, 126—129.

(8) Povarov, L. S. af-Unsaturated Ethers and Their Analogues in
Reactions of Diene Synthesis. Russ. Chem. Rev. 1967, 36, 656—670.

(9) Strecker, A. Ueber einen neuen aus Aldehyd - Ammoniak und
Blausdure entstehenden Korper. Justus Liebigs Ann. Chem. 1854, 91,
349-3S1.

(10) Ugi, I; Meyr, R.; Fetzer, U,; Steinbriickner, C. Versuche mit
Isonitrilen. Angew. Chem. 1959, 71, 386.

(11) Domling, A.; Ugi, I. Multicomponent Reactions with
Isocyanides. Angew. Chem., Int. Ed. 2000, 39, 3168—3210.

DOI: 10.1021/acs.chemrev.9b00214
Chem. Rev. 2019, 119, 11245—-11290


http://dx.doi.org/10.1021/acs.chemrev.9b00214

Chemical Reviews

(12) Petasis, N. A.; Akritopoulou, I. The Boronic Acid Mannich
Reaction: A New Method for the Synthesis of Geometrically Pure
Allylamines. Tetrahedron Lett. 1993, 34, 583—586.

(13) Arend, M.; Westermann, B.; Risch, N. Modern Variants of the
Mannich Reaction. Angew. Chem., Int. Ed. 1998, 37, 1044—1070.

(14) Petasis, N. A,; Bzowej, E. L Titanium-Mediated Carbonyl
Olefinations. 1. Methylenations of Carbonyl Compounds with
Dimethyltitanocene. J. Am. Chem. Soc. 1990, 112, 6392—6394.

(15) Petasis, N. A.; Lu, S.-P. Stereocontrolled Synthesis of
Substituted Tetrahydropyrans from 1,3-Dioxan-4-ones. Tetrahedron
Lett. 1996, 37, 141—144.

(16) Candeias, N. R.; Montalbano, F.; Cal, P. M. S. D.; Gois, P. M.
P. Boronic Acids and Esters in the Petasis-Borono Mannich
Multicomponent Reaction. Chem. Rev. 2010, 110, 6169—6193.

(17) Wu, P.; Nielsen, T. E. Petasis Three-Component Reactions for
the Synthesis of Diverse Heterocyclic Scaffolds. Drug Discovery Today:
Technol. 2018, 29, 27-33.

(18) Gerry, C. J.; Schreiber, S. L. Chemical Probes and Drug Leads
from Advances in Synthetic Planning and Methodology. Nat. Rev.
Drug Discovery 2018, 17, 333—352.

(19) Richter, J. M.; Cheney, D. L.; Bates, J. A.; Wei, A,; Luettgen, J.
M.,; Rendina, A. R;; Harper, T. M,; Narayanan, R; Wong, P. C;
Seiffert, D.; et al. Design and Synthesis of Novel Meta-Linked
Phenylglycine Macrocyclic FVIIa Inhibitors. ACS Med. Chem. Lett.
2017, 8, 67—72.

(20) Bursavich, M. G.; Harrison, B. A;; Acharya, R; Costa, D. E;
Freeman, E. A.; Hodgdon, H. E.; Hrdlicka, L. A.; Jin, H.; Kapadnis, S.;
Moffit, J. S.; et al. Design, Synthesis, and Evaluation of a Novel Series
of Oxadiazine Gamma Secretase Modulators for Familial Alzheimer’s
Disease. J. Med. Chem. 2017, 60, 2383—2400.

(21) Neto, i.; Andrade, J.; Fernandes, A. S.; Pinto Reis, C.; Salunke,
J. K; Priimagi, A.; Candeias, N. R;; Rijo, P. Multicomponent Petasis-
borono Mannich Preparation of Alkylaminophenols and Antimicro-
bial Activity Studies. ChemMedChem 2016, 11, 2015—2023.

(22) Verbitskiy, E. V.; Slepukhin, P. A; Kravchenko, M. A;
Skornyakov, S. N.; Evstigneeva, N. Y. P.; Kungurov, N. V,;
Zil'Berberg, N. Y. V,; Rusinov, G. L.; Chupakhin, O. N.; Charushin,
V. N. Synthesis, Antimycobacterial and Antifungal Evaluation of Some
New 1-Ethyl-S-(Hetero)Aryl-6-Styryl-1,6-Dihydropyrazine-2,3-Dicar-
bonitriles. Bioorg. Med. Chem. Lett. 2015, 25, 524—528.

(23) Koroluk, K. J; Jackson, D. A.; Dicks, A. P. The Petasis
Reaction: Microscale Synthesis of a Tertiary Amine Antifungal
Analog. J. Chem. Educ. 2012, 89, 796—798.

(24) Glunz, P. W.; Zhang, X,; Zou, Y.; Delucca, I; Nirschl, A. H;
Cheng, X.; Weigelt, C. A.; Cheney, D. L.; Wei, A.; Anumula, R.; et al.
Nonbenzamidine Acylsulfonamide Tissue Factor—Factor VIIa In-
hibitors. Bioorg. Med. Chem. Lett. 2013, 23, 5244—5248.

(25) Petasis, N. A. Multicomponent Reactions with Organoboron
Compounds. Multicomponent Reactions 2005, 199.

(26) Batey, R. A. Nucleophilic Addition Reactions of Aryl and
Alkenylboronic Acids and Their Derivatives to Imines and Iminium
Tons. Boronic Acids 2006, 279.

(27) Ramadhar, T. R;; Batey, R. A. Boronic Acids 2011, 427.

(28) Guerrera, C. A;; Ryder, T. R. In Boron Reagents in Synthesis;
American Chemical Society, 2016; Vol. 1236, pp 275-311.

(29) Pyne, S. G.; Tang, M. Organic Reactions 2013, 211.

(30) Syamala, M. Recent Progress in Three-Component Reactions.
An Update. Org. Prep. Proced. Int. 2009, 41, 1—68.

(31) de Graaff, C.; Ruijter, E.; Orru, R. V. A. Recent Developments
in Asymmetric Multicomponent Reactions. Chem. Soc. Rev. 2012, 41,
3969—4009.

(32) Pellissier, H. Stereocontrolled Domino Reactions. Chem. Rev.
2013, 113, 442—524.

(33) Cannillo, A; Norsikian, S.; Retailleau, P.; Dau, M. E. T. H,;
Torga, B. I; Beau, J. M. Fast Synthesis of Complex Enantiopure
Heterocyclic Scaffolds by a Tandem Sequence of Simple Trans-
formations on a-Hydroxyaldehydes. Chem. - Eur. ]. 2013, 19, 9127—
9131.

(34) Cannillo, A.; Norsikian, S.; Tran Huu Dau, M.-E.; Retailleau,
P.; Torga, B. L; Beau, J. M. From Enantiopure Hydroxyaldehydes to
Complex Heterocyclic Scaffolds: Development of Domino Petasis/
Diels-Alder and Cross-Metathesis/Michael Addition Reactions. Chem.
- Eur. ]. 2014, 20, 12133—12143.

(35) Norsikian, S.; Beretta, M.; Cannillo, A.; Auvray, M.; Martin, A.;
Retailleau, P.; Iorga, B. I; Beau, J.-M. Stereoselective Synthesis of 1,2-
trans-Diamines Using the Three-Component Borono-Mannich
Condensation — Reaction Scope and Mechanistic Insights. Eur. J.
Org. Chem. 2017, 2017, 1940—1951.

(36) Davis, A. S.; Pyne, S. G.; Skelton, B. W.; White, A. H. Synthesis
of Putative Uniflorine A. J. Org. Chem. 2004, 69, 3139—3143.

(37) Frauenlob, R; Garcia, C.; Bradshaw, G. A.; Burke, H. M,;
Bergin, E. A Copper-Catalyzed Petasis Reaction for the Synthesis of
Tertiary Amines and Amino Esters. J. Org. Chem. 2012, 77, 4445—
4449.

(38) Souza, R. Y.; Bataglion, G. A.; Ferreira, D. A. C.; Gatto, C. C,;
Eberlin, M. N.; Neto, B. A. D. Insights on the Petasis Borono—
Mannich Multicomponent Reaction Mechanism. RSC Adv. 2015, S,
76337—-76341.

(39) Shevchuk, M.; Sorochinsky, A.; Khilya, V.; Romanenko, V.;
Kukhar, V. Utilization of Aminophosphonates in the Petasis Boronic
Acid Mannich Reaction. Synlett 2010, 2010, 73—76.

(40) Shevchuk, M. V.; Metelitsa, L. A.; Charochkina, L. L.;
Mogilevich, S. E.; Rusanov, E. B.; Sorochinsky, A. E.; Khilya, V. P,;
Romanenko, V. D.; Kukhar, V. P. Synthesis of N-
(Phosphonomethyl)Glycine Derivatives and Studies of Their
Immunotropic Activity. Russ. Chem. Bull. 2011, 60, 712—712.

(41) Liepouri, F.; Bernasconi, G, Petasis, N. A. Component-
Selective and Stereocontrolled One-Step Three-Component Reaction
among Aldehydes, Amines, and Allenyl Boronic Acids or Allenyl
Pinacolboronates. Org. Lett. 2015, 17, 1628—1631.

(42) Thaima, T.; Pyne, S. G. Regioselective and Diastereoselective
Borono-Mannich Reactions with Pinacol Allenylboronate. Org. Lett.
2015, 17, 778—781.

(43) Prasad Reddy, B.; Govardhana Reddy, P.; Kumar, D. P.; Reddy,
B. N.; Shankar, M. V. Rapid Synthesis of Alkylaminophenols via the
Petasis Borono—Mannich Reaction Using Protonated Trititanate
Nanotubes as Robust Solid—Acid Catalysts. RSC Adv. 2016, 6,
14682—14691.

(44) Cornier, P. G; Delpiccolo, C. M.; Boggian, D. B.; Mata, E. G.
Solid-Phase Petasis Multicomponent Reaction for the Generation of
p-Lactams 3-Substituted with Non-Proteinogenic @-Amino Acids.
Tetrahedron Lett. 2013, 54, 4742—4745.

(45) Mieczkowski, A.; Jurczak, J. A Traceless Solid-Supported
Synthesis of Novel Pyrazinediazepinedione Derivatives. Tetrahedron
2010, 66, 2514—2519.

(46) Mieczkowski, A.; Kozmifski, W.; Jurczak, J. A Traceless, Solid-
Supported Synthesis of f-Turn Mimetics Based on the
Hexahydropyrazino[1,2-a]Pyrazine-1,2-Dione Scaffold. Synthesis
2010, 2010, 221-232.

(47) Nielsen, S. D.; Smith, G.; Begtrup, M.; Kristensen, J. L.
Amination of Aryl Iodides Using a Fluorous-Tagged Ammonia
Equivalent. Eur. J. Org. Chem. 2010, 2010, 3704—3710.

(48) Nielsen, S. D.; Smith, G. P.; Begtrup, M.; Kristensen, J. L.
Synthesis of N-Alkylated Amino Acids Using Fluorous-Tagged
Hydroxylamines. Tetrahedron 2011, 67, 5261—5267.

(49) Ricardo, M. G.; Llanes, D.; Wessjohann, L. A.; Rivera, D. G.
Introducing the Petasis Reaction for Late-Stage Multicomponent
Diversification, Labeling, and Stapling of Peptides. Angew. Chem., Int.
Ed. 2019, 58, 2700—2704.

(50) Batalha, I L; Roque, A. C. A. Petasis-Ugi Ligands: New
Affinity Tools for the Enrichment of Phosphorylated Peptides. J.
Chromatogr. B: Anal. Technol. Biomed. Life Sci. 2016, 1031, 86—93.

(51) Zhang, X.; Jiang, W.; Jacutin-Porte, S.; Glunz, P. W.; Zou, Y,;
Cheng, X,; Nirschl, A. H.; Wurtz, N. R,; Luettgen, J. M.; Rendina, A.
R. Design and Synthesis of Phenylpyrrolidine Phenylglycinamides As
Highly Potent and Selective TF-FVIIa Inhibitors. ACS Med. Chem.
Lett. 2014, 5, 188—192.

DOI: 10.1021/acs.chemrev.9b00214
Chem. Rev. 2019, 119, 11245—-11290


http://dx.doi.org/10.1021/acs.chemrev.9b00214

Chemical Reviews

(52) Zhang, X.; Glunz, P. W,; Johnson, J. A,; Jiang, W.; Jacutin-
Porte, S.; Ladziata, V.; Zou, Y.; Phillips, M. S;; Wurtz, N. R;
Parkhurst, B.; et al. Discovery of a Highly Potent, Selective, and Orally
Bioavailable Macrocyclic Inhibitor of Blood Coagulation Factor
VIIa—Tissue Factor Complex. J. Med. Chem. 2016, 59, 7125—7137.

(53) Glunz, P. W.; Mueller, L.; Cheney, D. L.; Ladziata, V.; Zou, Y.;
Waurtz, N. R;; Wei, A;; Wong, P. C; Wexler, R. R;; Priestley, E. S.
Atropisomer Control in Macrocyclic Factor VIIa Inhibitors. J. Med.
Chem. 2016, 59, 4007—4018.

(54) Priestley, E. S.; Cheney, D. L.; DeLucca, I; Wei, A.; Luettgen, J.
M.,; Rendina, A. R; Wong, P. C,; Wexler, R. R. Structure-Based
Design of Macrocyclic Coagulation Factor VIIa Inhibitors. J. Med.
Chem. 2015, 58, 6225—6236.

(55) Hong, Z; Liu, L; Hsu, C.-C; Wong, C.-H. Three-Step
Synthesis of Sialic Acids and Derivatives. Angew. Chem., Int. Ed. 2006,
45, 7417-7421.

(56) Tao, C. Z; Zhang, Z. T.; Wy, ]J. W,; Li, R. H; Cao, Z. L.
Synthesis of Unnatural N-Glycosyl a-Amino Acids via Petasis
Reaction. Chin. Chem. Lett. 2014, 25, 532—534.

(57) Zhang, J.; Yun, F.; Xie, R.;; Cheng, C.; Chen, G.; Li, J.; Tang, P.;
Yuan, Q. Petasis Three-Component Reaction Accelerated by
Trifluoroacetic Acid: Synthesis of Indoline-Derived Glycines.
Tetrahedron Lett. 2016, 57, 3916—3919.

(58) Kurotobi, K; Miyauchi, M,; Takakura, K; Murafuji, T.;
Sugihara, Y. Direct Introduction of a Boryl Substituent into the 2-
Position of Azulene: Application of the Miyaura and Smith Methods
to Azulene. Eur. J. Org. Chem. 2003, 2003, 3663—3665.

(59) Murafuji, T.; Tasaki, Y.; Fujinaga, M.; Tao, K;; Kamijo, S.;
Ishiguro, K. Blue Amino Acids Derived from Azulen-1-ylboronic Acid
Pinacol Ester via the Petasis Reaction. Synthesis 2017, 49, 1037—1042.

(60) Brandt, J. R; Salerno, F.; Fuchter, M. J. The Added Value of
Small-Molecule Chirality in Technological Applications. Nat. Rev.
Chem. 2017, 1, 0045—0045.

(61) Shen, Y.; Chen, C.-F. Helicenes: Synthesis and Applications.
Chem. Rev. 2012, 112, 1463—1535.

(62) Hellou, N.; Macé, A.; Martin, C.; Dorcet, V.; Roisnel, T.; Jean,
M.; Vanthuyne, N.; Berrée, F.; Carboni, B.; Crassous, J. Synthesis of
Carbo[6]helicene Derivatives Grafted with Amino or Aminoester
Substituents from Enantiopure [6]Helicenyl Boronates. J. Org. Chem.
2018, 83, 484—490.

(63) Beisel, T.; Manolikakes, G. Palladium-Catalyzed Enantiose-
lective Three-Component Synthesis of a-Substituted Amines. Org.
Lett. 2015, 17, 3162—31685.

(64) Diehl, A. M.; Ouadoudi, O.; Andreadou, E.; Manolikakes, G.
Sulfonamides as Amine Component in the Petasis-Borono Mannich
Reaction: A Concise Synthesis of a-Aryl- and a-Alkenylglycine
Derivatives-. Synthesis 2018, 50, 3936—3946.

(65) Chihara, K; Kishikawa, N.; Ohyama, K; Nakashima, K;
Kuroda, N. Determination of Glyoxylic Acid in Urine by Liquid
Chromatography with Fluorescence Detection, Using a Novel
Derivatization Procedure Based on the Petasis Reaction. Anal.
Bioanal. Chem. 2012, 403, 2765—2770.

(66) El-Maghrabey, M.; Mine, M.; Kishikawa, N.; Ohyama, K;
Kuroda, N. A Novel Dual Labeling Approach Enables Converting
Fluorescence Labeling Reagents into Fluorogenic Ones via
Introduction of Purification Tags. Application to Determination of
Glyoxylic Acid in Serum. Talanta 2018, 180, 323—328.

(67) Neogi, S.; Roy, A.; Naskar, D. One-Pot Synthesis of New Fused
4,5-Bridged 1,2,5-Triazepine-3,6-Diones, 1,2,5-Triazepine-3,7-Diones
Heterocycles by Petasis Reaction. J. Comb. Chem. 2010, 12, 75—83.

(68) Neogi, S.;; Roy, A; Naskar, D. One-Pot Synthesis of New
Substituted 1,2,3,4-Tetrahydrocarbazoles via Petasis Reaction. J.
Comb. Chem. 2010, 12, 617—629.

(69) Churches, Q. I; Stewart, H. E.; Cohen, S. B.; Shroder, A,;
Turner, P.; Hutton, C. A. Stereoselectivity of the Petasis Reaction
with Various Chiral Amines and Styrenylboronic Acids. Pure Appl.
Chem. 2008, 80, 687—694.

(70) Churches, Q. L; Johnson, J. K; Fifer, N. L.; Hutton, C. A.
Anomalies in the Stereoselectivity of the Petasis Reaction Using
Styrenyl Boronic Acids. Aust. J. Chem. 2011, 64, 62—67.

(71) Churches, Q. I; White, J. M.; Hutton, C. A. Synthesis of f,y-
Dihydroxyhomotyrosines by a Tandem Petasis—Asymmetric Dihy-
droxylation Approach. Org. Lett. 2011, 13, 2900—2903.

(72) Li, Y; Xu, M. H. Lewis Acid Promoted Highly Diaster-
eoselective Petasis Borono-Mannich Reaction: Efficient Synthesis of
Optically Active f,y-Unsaturated a-Amino Acids. Org. Lett. 2012, 14,
2062—2065.

(73) Chacko, P.; Shivashankar, K. Synthesis of Aminomethylphenol
Derivatives via Magnetic Nano Fe304 Catalyzed One Pot Petasis
Borono-Mannich Reaction. J. Chem. Sci. 2018, 130, 154—154.

(74) Beisel, T.; Diehl, A. M.; Manolikakes, G. Palladium-Catalyzed
Enantioselective Three-Component Synthesis of a-Arylglycines. Org.
Lett. 2016, 18, 4116—4119.

(75) Yun, F.; Cheng, C; Li, J.; Tang, P.; Yuan, Q. The Discovery of
Ultrasound Irradiation as a Useful Tool for Accelerating Petasis
Three-component Reaction: Synthesis of alpha-Arylglycines. Curr.
Org. Synth. 2018, 15, 256—266.

(76) Kulkarni, A. M.; Pandit, K. S.; Chavan, P. V.; Desai, U. V.;
Wadgaonkar, P. P. Cobalt Ferrite Nanoparticles: a Magnetically
Separable and Reusable Catalyst for Petasis-Borono—Mannich
Reaction. RSC Adv. 2015, 5, 70586—70594.

(77) Reddy, S. R. S.; Reddy, B. R. P,; Reddy, P. V. G. Chitosan:
Highly Efficient, Green and Reusable Biopolymer Catalyst for the
Synthesis of Alkylaminophenols via Petasis borono-Mannich Re-
action. Tetrahedron Lett. 2015, 56, 4984—4989.

(78) Kumar, P.; Griffiths, K.; Lymperopoulou, S.; Kostakis, G. E.
Tetranuclear Zn2Ln2 Coordination Clusters as Catalysts in the
Petasis Borono-Mannich Multicomponent Reaction. RSC Adv. 2016,
6, 79180—79184.

(79) Doan, P.; Karjalainen, A.; Chandraseelan, J. G.; Sandberg, O.;
Yli-Harja, O.; Rosholm, T.; Franzen, R.; Candeias, N. R.; Kandhavelu,
M. Synthesis and Biological Screening for Cytotoxic Activity of N-
Substituted Indolines and Morpholines. Eur. J. Med. Chem. 2016, 120,
296—-303.

(80) Shi, X.; Hebrault, D.; Humora, M.; Kiesman, W. F.; Peng, H,;
Talreja, T.; Wang, Z.; Xin, Z. Acceleration of Petasis Reactions of
Salicylaldehyde Derivatives with Molecular Sieves. J. Org. Chem. 2012,
77, 1154—1160.

(81) Shi, X; Kiesman, W. F; Levina, A; Xin, Z. Catalytic
Asymmetric Petasis Reactions of Vinylboronates. J. Org. Chem.
2013, 78, 9415—9423.

(82) Norsikian, S.; Beretta, M.; Cannillo, A.; Martin, A.; Retailleau,
P.; Beau, J. M. Synthesis of Enantioenriched 1,2-trans-Diamines Using
the Borono-Mannich Reaction with N-Protected a-Amino Aldehydes.
Chem. Commun. 2015, 51, 9991—9994.

(83) Candeias, N. R;; Cal, P. M. S. D.; André, V.; Duarte, M. T.;
Veiros, L. F.; Gois, P. M. P. Water as the Reaction Medium for
Multicomponent Reactions Based on Boronic Acids. Tetrahedron
2010, 66, 2736—2745.

(84) Candeias, N. R;; Paterna, R; Cal, P. M. S. D.; Gois, P. M. P. A
Sustainable Protocol for the Aqueous Multicomponent Petasis
Borono—Mannich Reaction. J. Chem. Educ. 2012, 89, 799—802.

(85) Erb, W.; Albini, M.; Rouden, J.; Blanchet, J. Sequential One-Pot
Access to Molecular Diversity through Aniline Aqueous Borylation. J.
Org. Chem. 2014, 79, 10568—10580.

(86) Peng, H.; Talreja, T.; Xin, Z.; Cuervo, J. H,; Kumaravel, G;
Humora, M. J; Xu, L; Rohde, E,; Gan, L; Jung, M.-y,; et al
Discovery of BIIB042, a Potent, Selective, and Orally Bioavailable y-
Secretase Modulator. ACS Med. Chem. Lett. 2011, 2, 786—791.

(87) Rydzewska, A.; Olender, A.; Mucha, A.; Kafarski, P. Diethyl
Boronobenzylphosphonates as Substrates in Petasis Reaction.
Phosphorus, Sulfur Silicon Relat. Elem. 2016, 2017, 107—117.

(88) Reddy, B. N; Rani, C. R;; Reddy, S. M.; Pathak, M. An Efficient
and Green La(OTf)3 Catalyzed Petasis Borono—Mannich Reaction
for the Synthesis of Tertiary Amines. Res. Chem. Intermed. 2016, 42,
7533—7549.

DOI: 10.1021/acs.chemrev.9b00214
Chem. Rev. 2019, 119, 11245—-11290


http://dx.doi.org/10.1021/acs.chemrev.9b00214

Chemical Reviews

(89) Fodor, A.; Hell, Z.; Pirault-Roy, L. Catalytic Activity of Metal-
Doped Porous Materials in the Salicylaldehyde Petasis-Borono
Mannich Reaction. Monatsh. Chem. 2016, 147, 749—753.

(90) He, X;; Tao, J.; Hu, X.;; Wang, H.; Shang, Y. FeCl3-Mediated
One-Pot Domino Reactions for the Synthesis of 9-Aryl/9-
Arylethynyl-2,3,4,9-Tetrahydro-1H-Xanthen-1-Ones from Propargylic
Amines/Diaryl Amines and 1,3-Cyclohexanediones. J. Org. Chem.
2016, 81, 2062—2069.

(91) Dandia, A.; Bansal, S.; Sharma, R.; Rathore, K. S.; Parewa, V.
Microwave-Assisted Nanocatalysis: A CuO NPs/rGO Composite as
an Efficient and Recyclable Catalyst for the Petasis-Borono—Mannich
Reaction. RSC Adv. 2018, 8, 30280—30288.

(92) Hosseinzadeh, R; Lasemi, Z.; Oloub, M.; Pooryousef, M. A
Green Protocol for the One-Pot Multicomponent Petasis Boronic
Mannich Reaction using Ball Milling. J. Iran. Chem. Soc. 2017, 14,
347-35S.

(93) Karjalainen, A.; Doan, P.; Chandraseelan, J. C.; Sandberg, O.;
Yli-Harja, O.; Candeias, N. R; Kandhavelu, M. Synthesis of Phenol-
derivatives and Biological Screening for Anticancer Activity. Anti-
Cancer Agents Med. Chem. 2018, 17, 1710—1720.

(94) Rimpildinen, T.; Andrade, J.; Nunes, A; Ntungwe, E;
Fernandes, A. S.; Vale, J. R;; Rodrigues, J.; Gomes, J. P,; Rijo, P;
Candeias, N. R. Aminobenzylated 4-Nitrophenols as Antibacterial
Agents Obtained from S-Nitrosalicylaldehyde through a Petasis
Borono—Mannich Reaction. ACS Omega 2018, 3, 16191—16202.

(95) Pandey, V.; Wang, B.; Mohan, C. D.; Raquib, A. R.; Rangappa,
S.; Srinivasa, V.; Fuchs, J. E.; Girish, K. S.; Zhu, T.; Bender, A.; et al.
Discovery of a Small-Molecule Inhibitor of Specific Serine Residue
BAD Phosphorylation. Proc. Natl. Acad. Sci. U. S. A. 2018, 11§,
E10505—E10514.

(96) Yang, D.; Zhao, D.; Mao, L.; Wang, L.; Wang, R. Copper/
DIPEA-Catalyzed, Aldehyde-Induced Tandem Decarboxylation—
Coupling of Natural a-Amino Acids and Phosphites or Secondary
Phosphine Oxides. J. Org. Chem. 2011, 76, 6426—6431.

(97) Kaboudin, B.; Karami, L.; Kato, J.-y.; Aoyama, H.; Yokomatsu,
T. A Catalyst-Free, Three-Component Decarboxylative Coupling of
Amino Acids with Aldehydes and H-Dialkylphosphites for the
Synthesis of a-Aminophosphonates. Tetrahedron Lett. 2013, 54,
4872—4875.

(98) Zuo, Z.; MacMillan, D. W. C. Decarboxylative Arylation of a-
Amino Acids via Photoredox Catalysis: A One-Step Conversion of
Biomass to Drug Pharmacophore. J. Am. Chem. Soc. 2014, 136, 5257—
5260.

(99) Kaboudin, B.; Zangooei, A; Kazemi, F.; Yokomatsu, T.
Catalyst-Free Petasis-Type Reaction: Three-Component Decarbox-
ylative Coupling of Boronic Acids with Proline and Salicylaldehyde
for the Synthesis of Alkylaminophenols. Tetrahedron Lett. 2018, S9,
1046—1049.

(100) Han, W. Y; Wu, Z. J; Zhang, X. M; Yuan, W. C.
Enantioselective Organocatalytic Three-Component Petasis Reaction
among Salicylaldehydes, Amines, and Organoboronic Acids. Org. Lett.
2012, 14, 976—979.

(101) Le Quement, S. T.; Flagstad, T.; Mikkelsen, R. J. T.; Hansen,
M. R; Givskov, M. C,; Nielsen, T. E. Petasis Three-Component
Coupling Reactions of Hydrazides for the Synthesis of Oxadiazolones
and Oxazolidinones. Org. Lett. 2012, 14, 640—643.

(102) Flagstad, T.; Hansen, M. R;; Le Quement, S. T.; Givskov, M.;
Nielsen, T. E. Combining the Petasis 3-Component Reaction with
Multiple Modes of Cyclization: A Build/Couple/Pair Strategy for the
Synthesis of Densely Functionalized Small Molecules. ACS Comb. Sci.
2015, 17, 19-23.

(103) Kumagai, N.; Muncipinto, G.; Schreiber, S. L. Short Synthesis
of Skeletally and Stereochemically Diverse Small Molecules by
Coupling Petasis Condensation Reactions to Cyclization Reactions.
Angew. Chem., Int. Ed. 2006, 45, 3635—3638.

(104) Ascic, E;; Le Quement, S. T.; Ishoey, M.; Daugaard, M,;
Nielsen, T. E. Build/Couple/Pair Strategy Combining the Petasis 3-
Component Reaction with Ru-Catalyzed Ring-Closing Metathesis
and Isomerization. ACS Comb. Sci. 2012, 14, 253—257.

(105) Mandai, H.; Suga, S.; Yamada, H.; Shimowaki, K.; Mitsudo, K.
An Efficient Petasis Boronic—Mannich Reaction of Chiral Lactol
Derivatives Prepared from D-Araboascorbic Acid. Synthesis 2014, 46,
2672—2681.

(106) Lou, S.; Schaus, S. E. Asymmetric Petasis Reactions Catalyzed
by Chiral Biphenols. . Am. Chem. Soc. 2008, 130, 6922—6923.

(107) Bishop, J. A;; Lou, S.; Schaus, S. E. Enantioselective Addition
of Boronates to Acyl Imines Catalyzed by Chiral Biphenols. Angew.
Chem,, Int. Ed. 2009, 48, 4337—4340.

(108) Lou, S; Mogquist, P. N.; Schaus, S. E. Asymmetric
Allylboration of Acyl Imines Catalyzed by Chiral Diols. J. Am.
Chem. Soc. 2007, 129, 15398—15404.

(109) Muncipinto, G.; Moquist, P. N.; Schreiber, S. L.; Schaus, S. E.
Catalytic Diastereoselective Petasis Reactions. Angew. Chem., Int. Ed.
2011, 50, 8172—817S.

(110) Muncipinto, G.; Kaya, T.; Wilson, J. A; Kumagai, N;
Clemons, P. A, Schreiber, S. L. Expanding Stereochemical and
Skeletal Diversity Using Petasis Reactions and 1,3-Dipolar Cyclo-
additions. Org. Lett. 2010, 12, 5230—5233.

(111) Han, W. Y,; Zuo, J; Zhang, X. M,; Yuan, W. C.
Enantioselective Petasis Reaction Among Salicylaldehydes, Amines,
and Organoboronic Acids Catalyzed by BINOL. Tetrahedron 2013,
69, 537—541.

(112) Tian, D.; Li, C; Gu, G; Peng, H,; Zhang, X; Tang, W.
Stereospecific Nucleophilic Substitution with Arylboronic Acids as
Nucleophiles in the Presence of a CONH Group. Angew. Chem., Int.
Ed. 2018, 57, 7176—7180.

(113) Petasis, N. A.; Butkevich, A. N. Synthesis of 2H-Chromenes
and 1,2-Dihydroquinolines from Aryl Aldehydes, Amines, and
Alkenylboron Compounds. J. Organomet. Chem. 2009, 694, 1747—
1753.

(114) Mandai, H.; Murota, K; Sakai, T. An Improved Protocol for
Petasis Reaction of 2-Pyridinecarbaldehydes. Tetrahedron Lett. 2010,
S1, 4779—4782.

(115) Mandai, H; Suga, S; Murota, K. Studies on the Petasis
Reaction of 2-Pyridinecarbaldehyde Derivatives and Its Products.
Heterocycles 2012, 85, 1655—1669.

(116) Ding, T.; Duan, Y.; Li, H.; Zhao, B.; Yang, J. An Efficient HCI
Promoted Petasis Reaction of 2-Pyridinecarbaldehydes, Amines and
1,2-Oxborol-2(SH)-ols. Tetrahedron Lett. 2018, 59, 2502—250S.

(117) Wang, J; Li, P.; Shen, Q.; Song, G. Concise Synthesis of
Aromatic Tertiary Amines via a Double Petasis—Borono Mannich
Reaction of Aromatic Amines, Formaldehyde, and Organoboronic
Acids. Tetrahedron Lett. 2014, 55, 3888—3891.

(118) Beisel, T.; Manolikakes, G. A Lewis Acid Palladium(II)-
Catalyzed Three-Component Synthesis of a-Substituted Amides. Org.
Lett. 2013, 15, 6046—6049.

(119) Heine, N. B; Kaldas, S. J; Belding, L.; Shmatova, O,;
Dudding, T.; Nenajdenko, V. G.; Studer, A.; Yudin, A. K. Synthesis of
Chiral Piperazinones Using Amphoteric Aziridine Aldehyde Dimers
and Functionalized Isocyanides. J. Org. Chem. 2016, 81, 5209—5216.

(120) Zaretsky, S.; Adachi, S.; Rotstein, B. H.; Hickey, J. L.; Scully,
C. C. G,; St. Denis, J. D.; Courtemanche, R.; Yu, J. C. Y.,; Chung, B. K.
W.; Yudin, A. K. Stereocontrolled Disruption of the Ugi Reaction
toward the Production of Chiral Piperazinones: Substrate Scope and
Process Development. J. Org. Chem. 2014, 79, 9948—9957.

(121) Baktharaman, S.; Afagh, N.; Vandersteen, A.; Yudin, A. K.
Unprotected Vinyl Aziridines: Facile Synthesis and Cascade Trans-
formations. Org. Lett. 2010, 12, 240—243.

(122) Hili, R;; Yudin, A. K. Amphoteric Amino Aldehydes Reroute
the Aza-Michael Reaction. J. Am. Chem. Soc. 2009, 131, 16404—
16406.

(123) Liew, S. K; He, Z.; St. Denis, J. D; Yudin, A. K.
Stereocontrolled Synthesis of 1,2- and 1,3-Diamine Building Blocks
from Aziridine Aldehyde Dimers. J. Org. Chem. 2013, 78, 11637—
1164S.

(124) Yamaoka, Y.; Miyabe, H.; Takemoto, Y. Catalytic
Enantioselective Petasis-Type Reaction of Quinolines Catalyzed by

DOI: 10.1021/acs.chemrev.9b00214
Chem. Rev. 2019, 119, 11245—-11290


http://dx.doi.org/10.1021/acs.chemrev.9b00214

Chemical Reviews

a Newly Designed Thiourea Catalyst. J. Am. Chem. Soc. 2007, 129,
6686—6687.

(125) Inokuma, T.; Suzuki, Y.; Sakaeda, T.; Takemoto, Y. Synthesis
of Optically Active N-Aryl Amino Acid Derivatives through the
Asymmetric Petasis Reaction Catalyzed by a Novel Hydroxy-Thiourea
Catalyst. Chem. - Asian J. 2011, 6, 2902—2906.

(126) Rosholm, T.; Gois, P. M. P.; Franzen, R;; Candeias, N. R.
Glycerol as an Efficient Medium for the Petasis Borono-Mannich
Reaction. ChemistryOpen 2015, 4, 39—46.

(127) Montalbano, F.; Candeias, N. R; Veiros, L. F.; André, V.;
Duarte, M. T.; Bronze, M. R.; Moreira, R.; Gois, P. M. P. Four-
Component Assembly of Chiral N—B Heterocycles with a Natural
Product-Like Framework. Org. Lett. 2012, 14, 988—991.

(128) Flagstad, T.; Petersen, M. T.; Nielsen, T. E. A Four-
Component Reaction for the Synthesis of Dioxadiazaborocines.
Angew. Chem., Int. Ed. 2015, 54, 8395—8397.

(129) Wang, J.; Shen, Q.; Li, P.; Peng, Y.; Song, G. Synthesis of
Tertiary Propargylamines via a Rationally Designed Multicomponent
Reaction of Primary Amines, Formaldehyde, Arylboronic acids and
Alkynes. Org. Biomol. Chem. 2014, 12, 5597—5600.

(130) Wang, J.; Shen, Q.; Zhang, J; Song, G. Metal-Free
Multicomponent Coupling Reaction of Aliphatic Amines, Form-
aldehyde, Organoboronic Acids, and Propiolic Acids for the Synthesis
of Diverse Propargylamines. Tetrahedron Lett. 2015, 56, 903—906.

(131) Feng, H,; Jia, H.,; Sun, Z. Mild and Catalyst-Free Petasis/
Decarboxylative Domino Reaction: Chemoselective Synthesis of N-
Benzyl Propargylamines. J. Org. Chem. 2014, 79, 11812—11818.

(132) Lauder, K; Toscani, A.; Scalacci, N.; Castagnolo, D. Synthesis
and Reactivity of Propargylamines in Organic Chemistry. Chem. Rev.
2017, 117, 14091—14200.

(133) Wu, P.; Petersen, M. A.; Cohrt, A. E.; Petersen, R; Morgentin,
R.; Lemoine, H.; Roche, C.; Willaume, A.; Clausen, M. H.; Nielsen, T.
E. A Metal-Catalyzed Enyne-Cyclization Step for the Synthesis of Bi-
and Tricyclic Scaffolds Amenable to Molecular Library Production.
Org. Biomol. Chem. 2016, 14, 6947—6950.

(134) Peshkov, V. A,; Pereshivko, O. P.; Van der Eycken, E. V. A
Walk around the A3-Coupling. Chem. Soc. Rev. 2012, 41, 3790—3807.

(135) Zhang, J.-Y.; Huang, X,; Shen, Q.-Y.; Wang, J.-Y.; Song, G.-H.
Room Temperature Multicomponent Synthesis of Diverse Propargyl-
amines Using Magnetic CuFe204 Nanoparticle as an Efficient and
Reusable Catalyst. Chin. Chem. Lett. 2018, 29, 197—200.

(136) Bos, M.; Riguet, E. Synthesis of Chiral y-Lactones by One-Pot
Sequential Enantioselective Organocatalytic Michael Addition of
Boronic Acids and Diastereoselective Intramolecular Passerini
Reaction. J. Org. Chem. 2014, 79, 10881—10889.

(137) Wu, P.; Nielsen, T. E. Scaffold Diversity from N-Acyliminium
Tons. Chem. Rev. 2017, 117, 7811—7856.

(138) Batey, R. A,; MacKay, D. B.; Santhakumar, V. Alkenyl and
Aryl BoronatesMild Nucleophiles for the Stereoselective Formation of
Functionalized N-Heterocycles. J. Am. Chem. Soc. 1999, 121, 5075—
5076.

(139) Morgan, I. R; Yazici, A; Pyne, S. G. Diastereoselective
Borono-Mannich Reactions on Cyclic N-Acyliminium Ions. Tetrahe-
dron 2008, 64, 1409—1419.

(140) Graham, T.J. A; Shields, J. D.; Doyle, A. G. Transition Metal-
Catalyzed Cross Coupling with N-Acyliminium Ions Derived from
Quinolines and Isoquinolines. Chem. Sci. 2011, 2, 980—984.

(141) Mizuta, S.; Onomura, O. Diastereoselective Addition to N-
Acyliminium Ions with Aryl- and Alkenyl Boronic Acids via a Petasis-
Type Reaction. RSC Adv. 2012, 2, 2266—2269.

(142) Wu, P; Petersen, M. A.; Cohrt, A. E.; Petersen, R.; Clausen,
M. H.; Nielsen, T. E. Reductive Cyclization and Petasis-Like Reaction
for the Synthesis of Functionalized y-Lactams. Eur. J. Org. Chem.
2018, 2015, 2346—2350.

(143) Wu, P.; Petersen, M. A.; Petersen, R.; Rasmussen, M. O.;
Bonnet, K; Nielsen, T. E.; Clausen, M. H. Synthesis of (Arylamido)-
pyrrolidinone Libraries through Ritter-Type Cascade Reactions of
Dihydroxylactams. Eur. J. Org. Chem. 2018, 2015, 5633—5639.

(144) Bering, L.; Antonchick, A. P. Regioselective Metal-Free Cross-
Coupling of Quinoline N-Oxides with Boronic Acids. Org. Lett. 2018,
17, 3134—3137.

(145) Carrera, D. E. The Acid Promoted Petasis Reaction of
Organotrifluoroborates with Imines and Enamines. Chem. Commun.
2017, 53, 11185—11188.

(146) Verbitskiy, E. V.; Toporova, M. S.; Kodess, M. L; Ezhikova, M.
A,; Isenov, M. L.; Pervova, M. G.; Kravchenko, M. A.; Medvinskiy, L.
D.; Skornyakov, S. N.; Rusinov, G. L. Synthesis, X-Ray Crystal
Structure and Antimycobacterial Activity of Enantiomerically Pure 1-
Ethyl-2,3-Dicyano-S-(Het)Aryl-6-Hetaryl-1,6-Dihydropyrazines. AR-
KIVOC 2014, 2014, 247-270.

(147) Fang, G.-H,; Yan, Z.J; Yang, J; Deng, M.-Z. The First
Preparation of 4-Substituted 1,2-Oxaborol-2(SH)-ols and their
Palladium-Catalyzed Cross-Coupling with Aryl Halides to Prepare
Stereodefined- 2,3-Disubstituted Allyl Alcohols. Synthesis 2006, 2006,
1148—-1154.

(148) Cui, C. X,; Li, H; Yang, X. J; Yang, J.; Li, X. Q. One-Pot
Synthesis of Functionalized 2,5-Dihydrofurans via an Amine-
Promoted Petasis Borono—Mannich Reaction. Org. Lett. 2013, 15,
5944—-5947.

(149) Mupparapu, N.; Battini, N.; Battula, S.; Khan, S;
Vishwakarma, R. A.; Ahmed, Q. N. Aminocatalytic Cross-Coupling
Approach via Iminium Ions to Different C-C Bonds. Chem. - Eur. ].
2015, 21, 2954—2960.

(150) Liu, J.; Yuan, G. The Modified-Mannich Reaction:
Conversion of Arylboronic Acids and Subsequent Coupling with
Paraformaldehyde and Amines toward the One-Pot Synthesis of
Mannich Bases and Benzoxazines. Tetrahedron Lett. 2017, 58, 1470—
1473.

(151) Sugiyama, S.; Imai, S.; Ishii, K. Diastereoselective
Amidoallylation of Glyoxylic Acid with Chiral tert-Butanesulfinamide
and Allylboronic Acid Pinacol Esters: Efficient Synthesis of Optically
Active y,0-Unsaturated a-Amino Acids. Tetrahedron: Asymmetry 2013,
24, 1069—1074.

(152) Yang, X; Cao, Z.-H.; Zhou, Y.; Cheng, F.; Lin, Z.-W.; Ou, Z,;
Yuan, Y.; Huang, Y.-Y. Petasis-Type gem-Difluoroallylation Reactions
Assisted by the Neighboring Hydroxyl Group in Amines. Org. Lett.
2018, 20, 2585—2589.

(153) Kuznetsov, N. Y.; Tikhov, R. M.; Strelkova, T. V.; Bubnov, Y.
N. Dimethylamine Adducts of Allylic Triorganoboranes as Effective
Reagents for Petasis-Type Homoallylation of Primary Amines with
Formaldehyde. Org. Biomol. Chem. 2018, 16, 7115=7119.

(154) Jiang, Y.; Schaus, S. E. Asymmetric Petasis Borono-Mannich
Allylation Reactions Catalyzed by Chiral Biphenols. Angew. Chem., Int.
Ed. 2017, 56, 1544—1548.

(155) Lin, Z.-W.; Zhou, Y.; Zhao, Z.-N.; Zhao, Y.; Liu, J.; Huang, Y.-
Y. 1,2-Amino Alcohol-Dependent Petasis Allylboration for Racemic
and Chiral Homoallylamines. Org. Chem. Front. 2019, 6, 751—758.

(156) Morin, M. S. T.; Lu, Y.; Black, D. A; Arndtsen, B. A. Copper-
Catalyzed Petasis-Type Reaction: A General Route to a-Substituted
Amides from Imines, Acid Chlorides, and Organoboron Reagents. J.
Org. Chem. 2012, 77, 2013—2017.

(157) Mundal, D. A,; Lutz, K. E.; Thomson, R. J. A Direct Synthesis
of Allenes by a Traceless Petasis Reaction. J. Am. Chem. Soc. 2012,
134, 5782—578S.

(158) Myers, A. G.; Zheng, B. New and Stereospecific Synthesis of
Allenes in a Single Step from Propargylic Alcohols. J. Am. Chem. Soc.
1996, 118, 4492—4493.

(159) Diagne, A. B; Li, S.; Perkowski, G. A.; Mrksich, M.; Thomson,
R. J. SAMDI Mass Spectrometry-Enabled High-Throughput Opti-
mization of a Traceless Petasis Reaction. ACS Comb. Sci. 2018, 17,
658—662.

(160) Jiang, Y.; Diagne, A. B.; Thomson, R. J; Schaus, S. E.
Enantioselective Synthesis of Allenes by Catalytic Traceless Petasis
Reactions. J. Am. Chem. Soc. 2017, 139, 1998—2005.

(161) Jiang, Y.; Thomson, R. J.; Schaus, S. E. Asymmetric Traceless
Petasis Borono-Mannich Reactions of Enals: Reductive Transposition
of Allylic Diazenes. Angew. Chem., Int. Ed. 2017, 56, 16631—16635.

DOI: 10.1021/acs.chemrev.9b00214
Chem. Rev. 2019, 119, 11245—-11290


http://dx.doi.org/10.1021/acs.chemrev.9b00214

Chemical Reviews

(162) Ishoey, M.; Petersen, R. G.; Petersen, M. A.; Wu, P.; Clausen,
M. H.; Nielsen, T. E. Diastereoselective Synthesis of Novel
Heterocyclic Scaffolds through Tandem Petasis 3-Component/
Intramolecular Diels-Alder and ROM-RCM Reactions. Chem.
Commun. 2017, 53, 9410—9413.

(163) Flagstad, T.; Azevedo, C. M. G.; Troelsen, N. S.; Min, G. K;
Macé, Y.; Willaume, A; Guilleux, R; Velay, M.; Bonnet, K;
Morgentin, R.; et al. Generation of a Heteropolycyclic and sp3-Rich
Scaffold for Library Synthesis from a Highly Diastereoselective
Petasis/Diels—Alder and ROM—RCM Reaction Sequence. Eur. J. Org.
Chem. 2019, 2019, 1061—-1076.

(164) Flagstad, T.; Min, G.; Bonnet, K.;; Morgentin, R.; Roche, D.;
Clausen, M. H.; Nielsen, T. E. Synthesis of sp3-Rich Scaffolds for
Molecular Libraries through Complexity-Generating Cascade Reac-
tions. Org. Biomol. Chem. 2016, 14, 4943—4946.

(165) Flagstad, T.; Azevedo, C. M. G.; Min, G.; Willaume, A;
Morgentin, R.; Nielsen, T. E.; Clausen, M. H. Petasis/Diels—Alder/
Cyclization Cascade Reactions for the Generation of Scaffolds with
Multiple Stereogenic Centers and Orthogonal Handles for Library
Production. Eur. J. Org. Chem. 2018, 2018, 5023—5029.

(166) Jarvis, S. B. D.; Charette, A. B. Synthesis of Enantiopure
Substituted Piperidines via an Aziridinium Ring Expansion. Org. Lett.
2011, 13, 3830—3833.

(167) Morozova, V. A.; Beletskaya, L. P.; Titanyuk, I. D. Synthesis of
Enantiopure Cyclic Amino Acid Derivatives via a Sequential
Diastereoselective Petasis Reaction/Ring Closing Olefin Metathesis
Process. Tetrahedron: Asymmetry 2017, 28, 349—354.

(168) Wang, J.; Xu, B.; Si, S.; Li, H.; Song, G. A Simple and Efficient
Synthesis of Fused Morpholine Pyrrolidines/Piperidines with
Potential Insecticidal Activities. Mol. Diversity 2014, 18, 887—893.

(169) Chouguiat, L.; Boulcina, R;; Carboni, B.; Demonceau, A;
Debache, A. A New and Efficient One-Pot Synthesis of 2-Hydroxy-
1,4-Dihydrobenzoxazines via a Three-Component Petasis Reaction.
Tetrahedron Lett. 2014, 5SS, 5124—5128.

(170) Mahdjoub, S.; Derabli, C.; Boulcina, R; Kirsch, G.; Debache,
A. Design and Synthesis of Novel 2-Hydroxy-1,4-benzoxazine
Derivatives through Three-Component Petasis Reaction Catalysed
by Pyridinium Toluene-Sulphonate. J. Chem. Res. 2016, 40, 449—452.

(171) Wang, Y.; Saha, B;; Li, F.; Frett, B.; Li, H. Y. An Expeditious
Approach to Access 2-Arylimidazo[1,2-a]Pyridin-3-ol from 2-Amino
Pyridine through a Novel Petasis Based Cascade Reaction.
Tetrahedron Lett. 2014, 55, 1281—1284.

(172) Mahdavi, M.; Asadi, M.; Saeedi, M.; Rezaei, Z.; Moghbel, H,;
Foroumadi, A.; Shafiee, A. Synthesis of Novel 1,4-Benzodiazepine-3,5-
dione Derivatives: Reaction of 2-Aminobenzamides under Bargellini
Reaction Conditions. Synlett 2012, 23, 2521-2525.

(173) Noushini, S; Mahdavi, M.; Firoozpour, L.; Moghimi, S.;
Shafiee, A.; Foroumadi, A. Efficient Multi-Component Synthesis of
1,4-Benzodiazepine-3,5-Diones: a Petasis-Based Approach. Tetrahe-
dron 2018, 71, 6272—6275.

(174) Rozwadowska, M. D.; Chrzanowska, M.; Grajewska, A.
Synthesis of Calycotomine and N-Methylcalycotomine Using a
Petasis Reaction — Pomeranz-Fritsch-Bobbitt Cyclization Sequence.
Heterocycles 2012, 86, 1119—1127.

(175) Chrzanowska, M.; Grajewska, A.; Meissner, Z.; Rozwadowska,
M.; Wiatrowska, I. A Concise Synthesis of Tetrahydroisoquinoline-1-
Carboxylic Acids Using a Petasis Reaction and Pomeranz—Fritsch—
Bobbitt Cyclization Sequence. Tetrahedron 2012, 68, 3092—3097.

(176) Bulyszko, I; Chrzanowska, M.; Grajewska, A.; Rozwadowska,
M. D. Synthesis of (+)-6,7-Dimethoxy-1,2,3,4-Tetrahydroisoquino-
line-1-Carboxylic Acid, a Diastereoselective Approach. Eur. J. Org.
Chem. 2015, 2015, 383—388.

(177) Ayaz, M.; Dietrich, J.; Hulme, C. A Novel Route to Synthesize
Libraries of Quinoxalines via Petasis Methodology in Two Synthetic
Operations. Tetrahedron Lett. 2011, 52, 4821—4823.

(178) Lenci, E.; Rossi, A.; Menchi, G.; Trabocchi, A. Short Synthesis
of Polyfunctional sp3-Rich Threonine-Derived Morpholine Scaffolds.
Org. Biomol. Chem. 2017, 1S, 9710—9717.

(179) Soulé, J. F.; Mathieu, A.; Norsikian, S.; Beau, J. M. Coupling
the Petasis Condensation to an Iron(III) Chloride-Promoted Cascade
Provides a Short Synthesis of Relenza Congeners. Org. Lett. 2010, 12,
5322-5325.

(180) Tripoteau, F.; Verdelet, T.; Hercouet, A; Carreaux, F;
Carboni, B. Boron- and Silicon-Substituted [3]-1-Heterodendralenes
as Versatile Building Blocks for the Rapid Construction of Polycyclic
Architectures. Chem. - Eur. J. 2011, 17, 13670—13675.

(181) Macé, A,; Tripoteau, F.; Zhao, Q.; Gayon, E.; Vrancken, E.;
Campagne, J.-M.; Carboni, B. Tandem Reactions Involving 1-Silyl-3-
Boryl-2-Alkenes. New Access to (Z)-1-Fluoro-1-Alkenes, Allyl
Fluorides, and Diversely a-Substituted Allylboronates. Org. Lett.
2013, 15, 906—909.

(182) Jayaram, V.; Sridhar, T.; Sharma, G. V. M,; Berrée, F;
Carboni, B. Synthesis of 1-Amino-1H-Indenes via a Sequential
Suzuki—Miyaura Coupling/Petasis Condensation Sequence. J. Org.
Chem. 2017, 82, 1803—1811.

(183) Jayaram, V.; Sridhar, T.; Sharma, G. V. M, Berrée, F;
Carboni, B. Synthesis of Polysubstituted Isoquinolines and Related
Fused Pyridines from Alkenyl Boronic Esters via a Copper-Catalyzed
Azidation/Aza-Wittig Condensation Sequence. J. Org. Chem. 2018,
83, 843—853.

(184) Sridhar, T.; Berrée, F.; Sharma, G. V. M.; Carboni, B. Regio-
and Stereocontrolled Access to y-Boronated Unsaturated Amino
Esters and Derivatives from (Z)-Alkenyl 1,2-Bis(Boronates). J. Org.
Chem. 2014, 79, 783—789.

(185) Huang, H.; Li, X;; Yu, C.; Zhang, Y.; Mariano, P. S.; Wang, W.
Visible-Light-Promoted Nickel- and Organic-Dye-Cocatalyzed For-
mylation Reaction of Aryl Halides and Triflates and Vinyl Bromides
with Diethoxyacetic Acid as a Formyl Equivalent. Angew. Chem., Int.
Ed. 2017, 56, 1500—1505.

(186) Yu, C.; Huang, H; Li, X;; Zhang, Y.; Li, H.; Wang, W. Aniline-
Promoted Cyclization—Replacement Cascade Reactions of 2-
Hydroxycinnamaldehydes with Various Carbonic Nucleophiles
through In Situ Formed N,O-Acetals. Chem. - Eur. ]J. 2016, 22,
9240—-9246.

(187) Zhang, S.-L.; Xie, H.-X; Zhy, J.; Li, H,; Zhang, X.-S.; Li, J;
Wang, W. Organocatalytic Enantioselective f-Functionalization of
Aldehydes by Oxidation of Enamines and Their Application in
Cascade Reactions. Nat. Commun. 2011, 2, 211-211.

(188) Huang, H; Yu, C.; Li, X;; Zhang, Y.; Zhang, Y.; Chen, X;
Mariano, P. S; Xie, H,; Wang, W. Synthesis of Aldehydes by
Organocatalytic Formylation Reactions of Boronic Acids with
Glyoxylic Acid. Angew. Chem., Int. Ed. 2017, 56, 8201—8205.

(189) Heublein, N.; Moore, J. S.; Smith, C. D.; Jensen, K. F.
Investigation of Petasis and Ugi Reactions in Series in an Automated
Microreactor System. RSC Adv. 2014, 4, 63627—63631.

(190) Petasis, N. A.; Zavialov, L. A. A New and Practical Synthesis of
a-Amino Acids from Alkenyl Boronic Acids. J. Am. Chem. Soc. 1997,
119, 445—446.

(191) Petasis, N. A.; Zavialov, I. A. Highly Stereocontrolled One-
Step Synthesis of anti-f-Amino Alcohols from Organoboronic Acids,
Amines, and a-Hydroxy Aldehydes. J. Am. Chem. Soc. 1998, 120,
11798—-11799.

(192) Hong, Z.; Liu, L.; Sugiyama, M.; Fu, Y.; Wong, C.-H. Concise
Synthesis of Iminocyclitols via Petasis-Type Aminocyclization. J. Am.
Chem. Soc. 2009, 131, 8352—8353.

(193) Au, C. W. G; Pyne, S. G. Asymmetric Synthesis of anti-1,2-
Amino Alcohols via the Borono-Mannich Reaction: A Formal
Synthesis of (—)-Swainsonine. J. Org. Chem. 2006, 71, 7097—7099.

(194) Ritthiwigrom, T.; Pyne, S. G. Synthesis of (+)-Uniflorine A: A
Structural Reassignment and a Configurational Assignment. Org. Lett.
2008, 10, 2769—2771.

(195) Ritthiwigrom, T.; Willis, A. C.; Pyne, S. G. Total Synthesis of
Uniflorine A, Casuarine, Australine, 3-epi-Australine, and 3,7-Di-epi-
australine from a Common Precursor. J. Org. Chem. 2010, 75, 815—
824.

DOI: 10.1021/acs.chemrev.9b00214
Chem. Rev. 2019, 119, 11245—-11290


http://dx.doi.org/10.1021/acs.chemrev.9b00214

Chemical Reviews

(196) Au, C. W. G; Nash, R. J; Pyne, S. G. Synthesis of
Hyacinthacine B3 and Purported Hyacinthacine B7. Chem. Commun.
2010, 46, 713—715.

(197) Pyne, S. G.; Davis, A. S; Ritthiwigrom, T.; Au, C. W. G,;
Savaspun, K.; Wotherspoon, M. The Boronic Acid Mannich Reaction
in Alkaloid Synthesis. Pure Appl. Chem. 2012, 85, 1215—1228.

(198) Moosophon, P.; Baird, M. C.; Kanokmedhakul, S.; Pyne, S. G.
Total Synthesis of Calystegine B4. Eur. J. Org. Chem. 2010, 2010,
3337—3344.

(199) Skaanderup, P. R;; Madsen, R. A Short Synthetic Route to the
Calystegine Alkaloids. J. Org. Chem. 2003, 68, 2115—2122.

(200) Myeong, L-S.; Kim, J.-S.; Lee, Y.-T.; Kang, J.-C.; Park, S.-H;
Jung, C.; Ham, W.-H. Asymmetric Total Synthesis of (—)-Condur-
amine A-1 via a Chiral syn,anti-Oxazine. Tetrahedron: Asymmetry
2016, 27, 823—828.

(201) Norsikian, S.; Soulé, J. F.; Cannillo, A.; Guillot, R.; Tran Huu
Dau, M.-E.;; Beau, J. M. Remarkable Stereoselectivity in Intra-
molecular Borono-Mannich Reactions: Synthesis of Conduramines.
Org. Lett. 2012, 14, 544—547.

(202) Ghosal, P.; Shaw, A. K. A Chiron Approach to Aminocytitols
by Petasis-Borono-Mannich Reaction: Formal Synthesis of (+)-Con-
duramine E and (—)-Conduramine E. J. Org. Chem. 2012, 77, 7627—
7632.

(203) Jiangseubchatveera, N.; Bouillon, M. E.; Liawruangrath, B.;
Liawruangrath, S.; Nash, R. J; Pyne, S. G. Concise Synthesis of
(—)-Steviamine and Analogues and Their Glycosidase Inhibitory
Activities. Org. Biomol. Chem. 2013, 11, 3826—3833.

(204) Davis, A. S.; Ritthiwigrom, T.; Pyne, S. G. Synthetic and
Spectroscopic Studies on the Structures of Uniflorines A and B:
Structural Revision to 1,2,6,7-Tetrahydroxy-3-Hydroxymethylpyrroli-
zidine Alkaloids. Tetrahedron 2008, 64, 4868—4879.

(205) Machan, T.; Davis, A. S.; Liawruangrath, B.; Pyne, S. G.
Synthesis of Castanospermine. Tetrahedron 2008, 64, 2725—2732.

(206) Bouillon, M. E.; Pyne, S. G. Diastereoselective Concise
Syntheses of the Polyhydroxylated Alkaloids DMDP and DAB.
Tetrahedron Lett. 2014, 55, 475—478.

(207) Carroll, A. W.; Savaspun, K.; Willis, A. C.; Hoshino, M.; Kato,
A,; Pyne, S. G. Total Synthesis of Natural Hyacinthacine CS and Six
Related Hyacinthacine CS Epimers. . Org. Chem. 2018, 83, 5558—
5576.

(208) Ritthiwigrom, T.; Au, C. W. G;; Pyne, S. G. Structure,
Biological Activities and Synthesis of Hyacinthacine Alkaloids and
Their Stereoisomers. Curr. Org. Synth. 2012, 9, 583—612.

(209) Schardl, C. L.; Grossman, R. B.; Nagabhyru, P.; Faulkner, J.
R; Mallik, U. P. Loline Alkaloids: Currencies of Mutualism.
Phytochemistry 2007, 68, 980—996.

(210) Cakmak, M.; Mayer, P.; Trauner, D. An Efficient Synthesis of
Loline Alkaloids. Nat. Chem. 2011, 3, 543—543.

(211) Miller, K. E;; Wright, A. J.; Olesen, M. K;; Hovey, M. T,;
Scheerer, J. R. Stereoselective Synthesis of (+)-Loline Alkaloid
Skeleton. J. Org. Chem. 2015, 80, 1569—1576.

(212) Knirel, Y. A; Rietschel, E. T.; Marre, R.; Zahringer, U. The
Structure of the O-Specific Chain of Legionella Pneumophila
Serogroup 1 Lipopolysaccharide. Eur. J. Biochem. 1994, 221, 239—
24S.

(213) Matthies, S.; Stallforth, P.; Seeberger, P. H. Total Synthesis of
Legionaminic Acid as Basis for Serological Studies. J. Am. Chem. Soc.
2015, 137, 2848—2851.

(214) Hassan, M. L; Lundgren, B. R;; Chaumun, M.; Whitfield, D.
M,; Clark, B.; Schoenhofen, I. C.; Boddy, C. N. Total Biosynthesis of
Legionaminic Acid, a Bacterial Sialic Acid Analogue. Angew. Chem.,
Int. Ed. 2016, 55, 12018—12021.

11290

DOI: 10.1021/acs.chemrev.9b00214
Chem. Rev. 2019, 119, 11245—-11290


http://dx.doi.org/10.1021/acs.chemrev.9b00214

