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ABSTRACT: Organoboron acids are stable, organic-soluble Lewis acids with
potential application as catalysts for a wide variety of chemical reactions. In this
review, we summarize the utility of boronic and borinic acids, as well as boric acid, as
catalysts for organic transformations. Typically, the catalytic processes exploit the
Lewis acidity of trivalent boron, enabling the reversible formation of a covalent bond
with oxygen. Our focus is on recent developments in the catalysis of dehydration,
carbonyl condensation, acylation, alkylation, and cycloaddition reactions. We
conclude that organoboron acids have a highly favorable prospectus as the source
of new catalysts.

Boronic acids have become ubiquitous reagents in organic
chemistry due to their application in cross-coupling

reactions.1−3 Apart from their roles as synthetic reagents,4,5

boronic acids and other organoboron species can act as
catalysts due to the unique electronic properties of boron.
Modification of the carbon substituents and complexation to
nucleophilic species can dramatically alter the electronics of
the boron center. In addition, the metal-like ability of boron to
transition between ionization states and to form complexes
with ligands allows for various activation modes. Organoboron
species are especially attractive as catalysts in accordance with
the principles of green chemistry.6,7 They typically have low
toxicity, and their unique chemoselectivity can obviate the
need for orthogonal protecting group strategies. Moreover,
boric acid itself is often effective as a catalyst in an aqueous
solution, avoiding the need for organic solvents. In the past
decade or so, Hall8−10 and Taylor11,12 have published scholarly
reviews on organoboron acids as catalysts. In this Perspective,
we focus on recent advances in the context of historical
precedents.
Boron has been used as a catalyst for organic reactions in all

of its oxidation states (Figure 1). The highest oxidation state,
boric acid, can be used as a simple and inexpensive Lewis acid
promoter. Boronic acids, which are widely available, electroni-
cally tunable, and easily modified by complexation, have found
the broadest application in catalysis, both as free boronic acids
and in complexes. Borinic acids, with two carbon substituents
and a single hydroxy group, have unique complexation

behavior relative to other organoboron species and have
found particular application as regioselective catalysts in polyol
systems. Boranes, which have three carbon substituents on
boron, have been used extensively as Lewis acids in organic
chemistry13,14 and will not be discussed here. Nor will more
exotic boron species, such as borylenes15 and boron cations,16

which display interesting reactivity, especially in their metal-
lomimetic behavior.17 In considering emergent organoboron
acid catalysts, we adhere to the IUPAC definition of “catalyst”
as “a substance that increases the rate of a reaction without
modifying the overall standard Gibbs energy change in the
reaction.”18 Thus, reactions in which an organoboron species is
present in stoichiometric or even superstoichiometric amounts
but lowers the activation barrier and is not consumed are
included in our discussion.
Lewis acids have found broad utility as catalysts for organic

reactions.19,20 Despite the presence of potentially acidic
hydroxy groups, organoboron species act almost exclusively
as Lewis acids.21 Traditional Brønsted acidity can also be
accessible,22 though these instances are rare and have not
found application in catalysis. Rather, hydrogen bonding or
Lewis acid assisted Brønsted acidity of water or hydroxy groups
can be an active mode of catalysis where more common Lewis
acid−base complexes are not favored.23 Catalysis by organo-
boron species generally relies on the complexation of the
substrate to boron as a Lewis acid−base complex. Thus, several
general reaction classes are popular targets for organoboron
catalysis: dehydration, carbonyl condensation, acylation,
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Figure 1. Structures of the various oxidation states of organoboron
derivatives. R1, R2, R3 = alkyl, aryl, vinyl, alkynyl.
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alkylation, and cycloaddition (Figure 2). We highlight
examples from these five reaction classes, showing the
structures of key intermediates when particularly illustrative.

■ DEHYDRATION
The propensity for organoboron acids to bind to alcohols and
diols allows them to activate these compounds for the loss of
water, leading to cyclizations and other rearrangements. A
practical application is in the dehydration of biomass-derived
hexose carbohydrates, typically glucose or fructose, to furanic
compounds such as 5-hydroxymethylfurfural (HMF). Several
groups have reported on the boric acid promoted conversion
of glucose to HMF. These reactions generally take place in
ionic liquid solvents,29,30 which are hygroscopic salts that
promote dehydration. The reaction can also occur in an
aqueous solution with the assistance of salt additives.31 Higher
yields can be obtained by the addition of transition-metal
Lewis acids as cocatalysts.32,33 In all cases, however, yields are
relatively low and limited by significant side reactions, typically
nonspecific condensation reactions that lead to polymeric
byproducts (e.g., humins). Glucose can also be converted to
HMF using electron-poor arylboronic acids, either in ionic
liquids34 or in organic solvents;35,36 these reactions typically
give higher selectivity (Scheme 1). Boronic acids are, however,
more expensive than boric acid.
Arylboronic acids can also be employed to promote the

intramolecular condensation of vicinal dicarboxylic acids to
form the corresponding anhydride.37,38 Simple arylboronic
acids give a low yield in this reaction, but the use of ortho-
dialkylaminomethyl-substituted arylboronic acids leads to a

high yield of the desired anhydride (Scheme 2). The authors
attribute the increased efficacy to Lewis acid−Brønsted base

catalysis simultaneously activating one carboxylic acid as an
electrophilic covalent Lewis acid−base complex while activat-
ing the other carboxylic acid as a nucleophile through
deprotonation by the amine. Steric bulk prevents the formation
of less active N→ B chelated species. Boric acid itself catalyzes
the direct condensation of benzene-1,2-diamines with carbox-
ylic acids to produce various substituted benzimidazoles
(Scheme 3). The reactions are, however, somewhat slow,

and the yields are variable.39 Boric acid has also been shown to
effectively promote the condensation of ninhydrin with 1,6-
diamino-2-oxo-4-phenyl-1,2-dihydropyridine-3,5-dicarboni-
triles to form highly substituted 1,2,4-triazolopyridinones with
interesting near-infrared emission spectra (Scheme 4).40

Diaryl borinic acids bearing strong electron-withdrawing
groups, typically fluoro groups, have been found to be effective
for the selective dehydration of β-hydroxy carbonyl com-
pounds produced from Mukaiyama aldol reactions.24 The
borinic acid proved effective at promoting the dehydration
where standard Brønsted acids failed to give the desired

Figure 2. Representative reactions that are catalyzed by organoboron acids: dehydration,24 carbonyl condensation,25 acylation,26 alkylation,27 and
cycloaddition.28 R1, R2 = alkyl, aryl, vinyl, alkynyl, hydroxy.

Scheme 1. Boronic Acid Catalyzed Dehydration of Biomass-
Derived Glucose to 5-Hydroxymethylfurfural36

Scheme 2. Catalysis of Anhydride Formation by an ortho-
Dialkylaminomethyl-Substituted Phenylboronic Acid37,38

Scheme 3. Boric Acid Catalyzed Formation of
Benzimidazoles from Diamines and Carboxylic Acids39
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product. Borinic acids were also advantageous over more
traditional Lewis acids due to their low sensitivity to water.
Interestingly, the catalyst selectively promoted dehydration of
the anti aldol product to produce the E enone, leaving the syn
aldol unreacted (Scheme 5; Figure 2), allowing for separations
of a diastereomeric mixture.

■ CARBONYL CONDENSATION
Reactions traditionally accelerated by Lewis acid catalysts are
prime targets for boronic acid catalysis. Carbonyl compounds
undergo a wide variety of canonical condensation reactions
that are promoted by Lewis acids, ranging from simple imine
or oxime formation to more complicated multicomponent
reactions such as the Mannich reaction.19,20 The dynamic
covalent adducts formed by organoboron species can lead to
highly organized transition states, affording diastereoselective
or enantioselective processes with versatile carbon−carbon
bond formation.
Lewis acid activation of a carbonyl group by a boronic acid

can be assured through intramolecular coordination. Schmidt
and Stress reported that in 2-formylphenylboronic acid,
formation of an oxime with the aldehyde was dramatically
accelerated by the presence of the boronic acid (Scheme 6).41

They applied this reaction as a method for bioorthogonal

conjugation that was efficacious even in human serum, though
some oxidative instability of the boronic acid was evident.
Similarly, Rao and Philipp42 reported the catalytic effect of
boric and arylboronic acids on the hydrolysis of salicylaldehyde
imines through the formation of a borate ester with the phenol
and subsequent stabilization of the hemiaminal intermediate
(Scheme 7).

Boron enolates have a long history in the asymmetric aldol
reaction, giving predictable stereochemical outcomes through
the stoichiometric reaction of a carbonyl group with a borane
Lewis acid to form the boron enolate.43 The use of
organoboron acids in catalytic aldol reactions is an obvious
extension of the useful reactivity of boron enolates and has
seen development, though traditional Lewis acids are
significantly more effective. Aldol-type condensations of
aldehydes and ketones to form α,β-unsaturated carbonyl
groups are catalyzed by boric acid as reported by Offenhauer
and Nelsen in 1968.44 Their reaction gave a low yield and
required azeotropic removal of water but did suggest the
formation of the expected enol borate ester.
Aminoboronic acids have shown promise as aldol catalysts

through a dual-activation mechanism, combining Lewis acid
activation from the boron with base activation or enamine
formation from the amine. Whiting and co-workers reported
on the ability of the N-butyl-1-benzimidazole-2-phenylboronic
acid hydroxide complex to catalyze aldol addition and
condensation reactions in water between aldehydes and either
acetone or hydroxyacetone.25 They proposed that the reaction
proceeds through a boron enolate (or enediol in the case of
hydroxyacetone) and activation of the aldehyde by a hydrogen
bond to the benzimidazole nitrogen (Scheme 8; Figure 2). The
reaction gave syn diastereoselectivity due to the organized
transition state and a steric clash between the aldehyde aryl
group and the boronate complex. The presence of the
benzimidazole was crucial for catalytic activity; phenylboronic
acid showed no activity, even with the addition of exogenous
benzimidazole. The Whiting group reported that chiral

Scheme 4. Boric Acid Catalyzed Synthesis of a 1,2,4-
Triazolopyridinone40

Scheme 5. Stereoselective Catalysis of the Dehydration of
an Anti Aldol Reaction Product by a Borinic Acid24

Scheme 6. Boronic Acid Accelerated Formation of Oximes
for Bioconjugation41

Scheme 7. Hydrolysis of a Salicylaldehyde Imine, Catalyzed
by Boric Acid or a Boronic Acid through the Stabilization of
a Hemiaminal Intermediate42

Scheme 8. Catalysis of an Aldol Reaction by a
Benzimidazole-Substituted Phenylboronic Acid25
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homoboroproline could combine the enamine catalysis of
classical proline catalyst systems with the Lewis acid catalysis
of boronic acid systems to give high yields of the aldol addition
product and significant enantioselectivity (Scheme 9).45

Enantioselectivity was enhanced by forming a boronic ester
in situ with a chiral diol, most effectively diisopropyl tartrate,
though the stereoselectivity was found to derive solely from the
stereochemistry of the homoboroproline with no effect from
the stereochemistry of the boronic ester.
The Taylor group reported a highly efficient boron-catalyzed

aldol reaction of pyruvic acids and aldehydes in water to
produce isotetronic acids (Scheme 10).46 This reaction takes

particular advantage of the bidentate binding of pyruvic acids
to the organoboron catalyst, which is known to bind tightly
and quickly even in an aqueous solution. Both arylboronic and
arylborinic acids proved to be effective at promoting the
reaction of substituted pyruvic acids with aldehydes at only 5%
catalyst loading, though borinic acids gave a higher yield.
Notably, the specific binding of the catalyst to the pyruvic acid
allows for the use of enolizable aldehydes without homoaldol
coupling of the aldehyde. Chiral amine boronates showed
some potential for enantioselectivity, but further optimization
is required to obtain synthetically useful results.
Similar to aldol reactions, multicomponent condensation

reactions are a ripe target for catalysis by organoboron
compounds. Boric acid has been shown to be an effective
catalyst for several multicomponent reactions. In an ionic
liquid, boric acid silica promoted a three-component Mannich
reaction under mild conditions, providing a variety of β-amino
carbonyl compounds.47 A Biginelli reaction using boric acid in
glacial acetic acid gave increased yields and decreased reaction
times relative to more traditional acid catalysts, likely reflecting
the ability of the boric acid to complex the 1,3-dicarbonyl and
promote enolization (Scheme 11).48 Zheng and co-workers
used boric acid in PEG-400 to promote a one-pot series of
unselective aldol, Michael, and Friedel−Crafts reactions
between aromatic aldehydes and ketones, producing a small
library of flavonoid and triarylmethane compounds.49 This

work highlights the variety of reactions that can be catalyzed by
boric acid under mild conditions.
Boric acid is particularly interesting as a catalyst in aqueous

systems and has been applied to several multicomponent
reactions in this context to generate molecular complexity.
Boric acid in water can provide pronounced increases in
reaction rate, apart from its advantages as a green catalyst. In a
three-component Ugi reaction, boric acid accelerated the rate
more efficiently than did transition-metal salts, producing high
yields of several 2-arylamino-2-phenylacetamide derivatives
under mild conditions, with water proving essential for the
catalytic activity (Scheme 12).50 The authors did not provide a

rationale for this effect. Similar results were obtained for a
three-component synthesis of 2-amino-3,5-dicarbonitrile-6-
thio-pyridines51 (Scheme 13) and a four-component synthesis

of pyranopyrazole derivatives (Scheme 14).52 In an interesting
variation, Mukhopadhyay and co-workers reported that the

Scheme 9. Aldol Addition through Combined Enamine−
Boronic Acid Catalysis by Homoboroproline45

Scheme 10. Catalysis of Isotetronic Acid Synthesis by a
Borinic Acid46

Scheme 11. Boric Acid Catalyzed Biginelli Reaction for the
Production of 3,4-Dihydropyirimidin-2(1H)-ones48

Scheme 12. Catalysis of a Three-Component Ugi Reaction
by Boric Acid in Water50

Scheme 13. Boric Acid Catalyzed Synthesis of a
Thiopyridine via a Three-Component Condensation51

Scheme 14. Solvent-Free Four-Component Condensation
Catalyzed by Boric Acid and Water52
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addition of a small amount of glycerol, thereby forming a boric
acid ester, enhanced the activity of boric acid in a three-
component Mannich reaction, an effect they attribute to the
increased acidity of the complex compared to free boric acid.53

Boronic acids have also been used to promote multi-
component reactions using the same principles that make boric
acid an effective catalyst. Carboni, Debache, and co-workers
reported that phenylboronic acid is an effective catalyst for
Biginelli54 and Hantzsch55 reactions and a three-component
synthesis of tetrahydrobenzo[b]pyrans (Scheme 15).56 In

stoichiometric quantities, boronic acids and esters can
participate in Petasis-type Mannich reactions, which result in
transfer of a carbon substituent from the boron to the iminium
carbon from a boronate ester intermediate.57 The highly Lewis
acidic pentafluorophenylboronic acid effectively promotes the
three-component reaction of indoles, thiols, and glyoxylic acids
to produce α-sulfanyl-substituted indole-3-acetic acids with
relatively low catalyst loading (Scheme 16).58 Kinetic analyses

indicated that the indole reacted rapidly with the glyoxylic acid
to form an α-hydroxy acid intermediate even in the absence of
catalyst, but product formation from this intermediate was
slow without the boronic acid. Computational investigations
suggested that the boronic acid complexed with the hydroxy
group and worked in tandem with an intramolecular hydrogen
bond from the carboxylic acid to promote loss of the hydroxy
group and ultimate substitution with the thiol.

■ ACYLATION
Perhaps the most highly developed area of boronic acid
catalysis is their use in esterification and amidation reactions.
Typically, these reactions proceed through a mixed anhydride
between the boronic acid and the carboxylic acid component,
activating the carboxylic acid toward nucleophilic attack. The
regiospecificity of the complex formation can allow for site-
selective acylation reactions under mild conditions, particularly
in contexts where formation of a bidentate complex is possible.
The use of organoboron compounds is particularly attractive
compared to other amidation and esterification protocols, as

the boron complex with the carboxylic acid acts as a catalytic
activating group, obviating the need for traditional stoichio-
metric activation chemistry and thereby affording high atom
efficiency.
Early work showed that boric acid in combination with

sulfuric acid could promote the esterification of phenols59 and
that various organoboranes could promote amide formation
under mild conditions.60 In 1996, the Yamamoto group
published on the use of 3,4,5-trifluorophenylboronic acid as a
powerful amidation catalyst, providing near quantitative yields
of several sterically bulky amides and lactams using only 1%
catalyst combined with azeotropic removal of water.61 The
authors also report activity of the system for some esterification
reactions, albeit with low yields. Further, they applied their
catalyst system to the synthesis of polyamides by direct
condensation of diamines and dicarboxylic acids or amino
acids, though in some instances with higher catalyst loading.62

In 2001, the Wang group reported that N-methylpyridinium-3-
boronic acid salts could also catalyze amidations under the
Yamamoto protocol (Scheme 17) and developed an

immobilized version of the catalyst, which produced high
yields for a number of amidations but resulted in complete
racemization upon formation of a simple dipeptide.63

In 2004, Houston and co-workers showed that α-
hydroxycarboxylic acids could be esterified selectively in the
presence of other carboxylic acids by using catalytic boric acid
in alcoholic solvent (Scheme 18).64 Though limited to small

alcohols, the boric acid catalyzed procedure provided a unique
and mild way to esterify the α-hydroxy acid in compounds
such as citric acid while leaving other carboxylic acids intact.
Since these reports, a number of groups have developed the

use of boric acid,65−73 borinic acids,74−77 or boronic acids78−93

as catalysts for esterification and amidation reactions, including
applications in peptide synthesis,75,84,94 the total synthesis of
natural products,92 and the synthesis of active pharmaceutical
ingredients.66 A few noteworthy examples are highlighted here,
focusing on unique catalyst systems and mechanistic analyses.

Scheme 15. Catalysis of a Three-Component Synthesis of a
Tetrahydrobenzo[b]pyran by Phenylboronic Acid56

Scheme 16. Catalysis of a Three-Component Condensation
by Pentafluorophenylboronic Acid58

Scheme 17. Arylboronic Acid Catalysts Reported by
Yamamoto62 and Wang63 for the Formation of Amide
Bonds

Scheme 18. Boric Acid Catalyzed Selective Esterification of
an α-Hydroxycarboxylic Acid64

The Journal of Organic Chemistry pubs.acs.org/joc Perspective

https://doi.org/10.1021/acs.joc.2c01695
J. Org. Chem. 2024, 89, 2069−2089

2073

https://pubs.acs.org/doi/10.1021/acs.joc.2c01695?fig=sch15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01695?fig=sch15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01695?fig=sch16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01695?fig=sch16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01695?fig=sch17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01695?fig=sch17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01695?fig=sch18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01695?fig=sch18&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.2c01695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The mechanism of acylation reactions catalyzed by boronic
acids is generally proposed to proceed through complexation
of the carboxylic acid with the boronic acid to form an
acyloxyboronic acid intermediate (Figure 3).61 Theoretical

investigations by Fu and co-workers agreed with this
mechanism, showing that the formation of the acyloxyboronic
acid intermediate was facile under mild conditions (Figure
3A).81 Nucleophilic attack on the carbonyl group then
proceeds through a relatively low barrier, but the breakdown
of the tetrahedral intermediate to form the amide product and
release the boronic acid has a high barrier and limits the
reaction rate. The removal of water from the reaction by the
use of molecular sieves (MS) or azeotropic distillation, as is
standard in these reactions, promoted this step. The addition
of bulky ortho substituents to the arylboronic acid catalyst
reduces conjugation from the phenyl ring to the boron p
orbital and increased reaction rates. The reaction might also
proceed through a bis(acyloxy)boronic acid intermediate, but
its reaction barriers were higher, and Fu and co-workers
suggested that the mono(acyloxy) intermediate is the relevant
species.81 In contrast, experimental work by the Ishihara group
with 2,4-bis(trifluoromethyl)phenylboronic acid suggested that
a 2:2 mixed anhydride of the carboxylic acid and the catalyst is
the only species active toward amidation and that the ortho-
trifluoromethyl group is vital to prevent interaction of the
amine with the boron rather than the carboxylic acid (Figure
3B).86 Premixing of the carboxylic acid and catalyst under
dehydrating conditions proved necessary in this instance, and
in situ IR spectra were consistent with the formation of a 2:2
complex. Mechanistic studies by Whiting and co-workers95 had
previously highlighted the importance of boronic acid
anhydrides and supported the formation of the 2:2 complex
(Figure 3C). The relevant mechanism in a given acylation
reaction could depend on the particular catalyst used, though
all proceed through formation of the acyloxyboronic acid.
The Shimada group has developed the use of unique

diboronic acid anhydrides as powerful amidation catalysts for
β-hydroxy acids (Scheme 19), allowing for exceptionally low

catalyst loading relative to other boron species.89,94 The
intramolecular diboronic anhydride is thought to allow for
bidentate coordination of the carboxylic acid, leading to
stronger activation and faster reaction rates, and the catalyst is
directed by formation of a covalent complex with the β-
hydroxy group, positioning the carboxylic acid for activation.
The optimal catalyst proved effective with as little as 0.01%
loading and, notably, did not require dehydrative conditions.
Sheppard and co-workers developed the use of borate esters,

particularly B(OCH2CF3)3, for the amidation of a wide variety
of protected and unprotected amino acid derivatives (Scheme
20).96−98 As with most other boron amidation catalyst systems,

the reaction required dehydrative conditions, typically Dean−
Stark, to obtain high yields. The reaction conditions proved
effective for a variety of carboxylic acids and amines, though
some more difficult reactions resulted in racemization, and
they were able to perform multiple sequential amidations in a
single pot. Further optimization of the solvent showed tert-
butyl acetate to be superior to toluene, as it forms a lower
temperature azeotrope with high water content, enhancing
catalyst stability, and increases the solubility of polar reactants
relative to toluene. This solvent allowed for gram-scale
reactions with high process efficiency.98

Hall and co-workers reported one of the only boron-
catalyzed amidation systems that is active at room temper-
ature.26 They found that ortho-halophenylboronic acids,
particularly the iodo derivative, efficiently catalyze amide
formation with the aid of molecular sieves in dichloromethane
(Scheme 21). Notably, the reaction does not require an excess
of either amine or carboxylic acid, and the mild conditions
generally prevent racemization even for sensitive substrates.

Figure 3. Key intermediates proposed by (A) Ishihara,61 (B)
Ishihara,86 and (C) Whiting95 in the activation of carboxylic acids
toward nucleophilic attack through complexation with arylboronic
acids to form an acyloxy boronic acid.

Scheme 19. Catalytic Amidation of a β-Hydroxycarboxylic
Acid Using a Diboronic Acid Anhydride89

Scheme 20. Borate Ester Catalyzed Amidation98

Scheme 21. Boronic Acid Catalyzed Amidation26
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Catalysis was enhanced by the addition of electron-donating
groups para to the iodo substituent, suggesting a hydrogen
bond at the iodo group in the key transition state.80 Al-Zoubi
and co-workers developed this scaffold further, adding an
electron-rich aryl group ortho to the iodide to increase the
reaction rate further.91

Historically, the site-selective reactivity of carbohydrates and
their derivatives has required a lengthy series of orthogonal
protecting group strategies, as the multiple hydroxy groups in
these systems are difficult to differentiate.99 Boron compounds
have a well-known propensity for binding to cis-1,2
diols,100−102 and this complexation alters the electronics of
the bound oxygen atoms due to the low electronegativity of
boron (χ = 2.04) compared to hydrogen (χ = 2.20), as well as
conjugation of the oxygen lone pairs with the vacant boron p
orbital. Boron acids thus have great potential for selective
reactions in carbohydrate systems. The Taylor group has
developed the use of diarylborinic acids as catalysts for site-
selective monoacylation of unprotected carbohydrates with
acyl chlorides (Scheme 22).74 Analogous to known reactions

using tin reagents, complexation of the borinic acid activated
the bound oxygen atoms as nucleophiles (Figure 4), with

selectivities based on dipole−dipole interactions along with
steric interference to favor one of the two bound oxygen
atoms. These reaction conditions have also been applied to
polymerization reactions to produce sugar-based polyesters103

and to the site-selective formation of sulfate esters104 and
sulfamate esters105 of sugars. Boronic acids displayed
significantly reduced catalytic activity and selectivity in these
reactions. Borinic acids solely form anionic complexes with
diols due to the presence of two carbon substituents on boron
(Figure 4); the anionic complex is likely essential for the
increased nucleophilicity of the oxygen atoms. Though the
formal negative charge is drawn on boron, the oxygen atoms
bear that charge due to the low electronegativity of boron. As

hydrogen has greater electronegativity than boron, the hydroxy
groups in the starting material have less electron density on
oxygen than the borinate complex and are thus less
nucleophilic. In a neutral boronic acid−diol complex, the
boron maintains an empty p orbital that is partially filled by
donation from the oxygen lone pairs, resulting in less electron
density on oxygen than on the uncomplexed hydroxy groups.
Shimada and co-workers achieved similar selectivity with

lower catalyst loading for the selective carbohydrate acylation
using 4-methoxy-2-(N-methylimidazol-2-yl)phenylboronic acid
as the catalyst (Scheme 23).88 The ortho-imidazolyl substituent

on the catalyst coordinated internally to the boronic acid to
form zwitterionic complexes, resulting in similar activation to
the borinic acid systems. The reduced activity of boronic acid
complexes was used to advantage by Taylor and co-workers90

to allow for site-selective esterification of sugar alcohols.
Formation of diol−boronic acid complexes acted as protecting
groups in situ, leaving a single hydroxy group available for
reaction. The boronic acid ester also served to increase the
solubility of the sugar alcohols in nonpolar solvents.
Borinic acids also display interesting reactivity that enables

the formylating transamidation of DMF with amines (Scheme
24).76 Combining 2-chlorophenylborinic acid and catalytic

acetic acid formed an acylated borinic acid, which could
activate DMF or formamide through a Lewis acid−base
complex toward attack by an exogenous amine. The reaction
proceeded under mild conditions and allowed for formylation
of chiral substrates without racemization. The resulting
formamides could also be converted in a single pot to
isocyanides in reasonable yields.
Hall and co-workers reported high yields of amides through

another mode of activation by boronic acids, catalyzing a
Beckmann rearrangement.85 In situ formation of the perfluor-
opinacol boronate ester of 2-(methoxycarbonyl)phenylboronic
acid produced the active catalyst, which underwent trans-
esterification of the carboxy ester with an oxime. Coordination
of the boron to the carbonyl group promoted the Beckmann
rearrangement by stabilizing the carboxylate leaving group in

Scheme 22. Borinic Acid Catalyzed Site-Selective
Monoacylation of a Carbohydrate74

Figure 4. Activation of oxygen atoms as nucleophiles by complexation
with a borinic acid. Complexation of a diol with a boronic acid leads
to a neutral complex and no additional electron density on the oxygen
atoms. The anionic complex formed with a borinic acid leads to an
increase in electron density on oxygen and its activation as a
nucleophile.

Scheme 23. Boronic Acid Catalyzed Site-Selective
Monoacylation of a Carbohydrate88

Scheme 24. Borinic Acid Catalyzed Formylating
Transamidation with DMF76
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the key rearrangement step, producing an acyl imidate that was
hydrolyzed by solvent or another molecule of oxime to release
the amide (Scheme 25). The boronic acid played a role in both

the transesterification and rearrangement steps by coordination
to the carbonyl oxygen as an internal Lewis acid, lowering the
barrier for the rate-limiting transesterification and increasing
the leaving-group ability of the benzoyl unit. This example is
an especially interesting advance in boronic acid catalysis,
highlighting the mild conditions and multiple modes of
activation available with these catalyst systems.

■ ALKYLATION
Activation modes already discussed for acylations and
dehydrations have also been applied to alkylation reactions.
A popular reaction mode is the boron-mediated deoxygenation
of activated alcohols to produce carbocations, which can then
undergo Friedel−Crafts alkylations with arenes. McCubbin
and co-workers developed the use of pentafluorophenylboronic
acid as a catalyst for Friedel−Crafts alkylations of electron-rich
arenes using π-activated alcohols, including allylic,106 ben-
zylic,107 and propargylic108 alcohols (Scheme 26). The

reactions proceeded best with alcohols that are most able to
stabilize a carbocation, with electron-rich benzylic alcohols
being superior electrophiles, indicating the likely formation of
an SN1-type intermediate. Notably, many of these reactions
proceed well at room temperature, forming water as the only
byproduct, and often outperform similar reactions catalyzed by
traditional metal Lewis acids. The Hall group has reported
several variations on this reaction, all of which rely on highly
electron-deficient boronic acids to promote the desired
dehydration, allowing for alkylation of unactivated arenes
under mild conditions.109−112 Of particular note is their use of
ferroceniumboronic acid hexafluoroantimonate as a catalyst for
production of unsymmetrical diarylmethanes from benzylic
alcohols and electron-rich arenes;111 the ionic nature of the
catalyst results in the formation of an ion pair between the
carbocation and the hexafluoroantimonate counterion, accel-
erating the reaction by stabilizing the carbocation intermediate
(Scheme 27). The boronic acid catalysts generally allow for a
broader substrate scope than do other Lewis acids.

Apart from conveying Lewis acidity, boronic acids can be
applied as strong Brønsted acids through internal coordination
of the ortho-carboxylic acid in pinacol esters of 2-
carboxyphenylboronic acid. This approach was applied to the
alkylation of indoles with nitrostyrenes (Scheme 28).113 The
same reaction has been reported using boric acid as a catalyst
in water, though the authors do not propose a mechanism for
the transformation.114

Electron-poor arylboronic acids have shown promise as
catalysts for dehydrative C−O and C−C bond formation from
activated alcohols. Pentafluorophenylboronic acid in con-
junction with oxalic acid as a cocatalyst efficiently catalyzes
the etherification of secondary benzylic alcohols with alkyl
alcohols through an SN1 pathway (Scheme 29).

115 The authors

proposed that complexation of the boronic acid with oxalic
acid in situ produces a strong Brønsted acid, which catalyzes
the dehydration of the benzylic alcohol, producing an ion pair
between the carbocation and the boronate complex. Reaction
with an alkyl alcohol produces the product ester. The same
catalyst system also allowed for the formation of C−C bonds
from benzylic alcohols and 1,3-dicarbonyl compounds or allyl
silanes116 through a similar mechanism.
Boronic acid mediated carbocation formation was also

reported in the dimerization of allylic alcohols reported by the

Scheme 25. Boronic Acid Catalyzed Beckmann
Rearrangement85

Scheme 26. Boronic Acid Catalyzed Friedel−Crafts
Alkylation106

Scheme 27. Synthesis of Asymmetric Diarylmethanes,
Catalyzed by Ferroceniumboronic Acid111

Scheme 28. Indole Addition to Nitroolefins through Boron-
Assisted Brønsted Acidity113

Scheme 29. Boronic Acid Catalyzed Dehydrative
Etherification.115
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Michaelis group (Scheme 30).117 In this case, the phenyl-
boronic acid acts as a template to organize the allylic alcohols

as boronic esters. Catalytic triflic acid or copper(II) then
activates one alcohol in tandem with the boronic acid, inducing
formation of a cation that reacts rapidly with the other
molecule of allylic alcohol, forming a 1,3-diol with high
diastereoselectivity.
Beyond carbocation reactions, boronic acids have been

applied to both C−C and C−O bond formation. The Kürti
group118 developed the combination of an electron-poor
arylboronic acid catalyst and allylboronic esters as nucleophilic
species in the allylation of oximes, though they do not propose
a mechanistic role for the catalyst (Scheme 31). Wu, Wu, Zou,

and co-workers reported on an ether interchange reaction of
methoxynitroarenes catalyzed by various organoboron spe-
cies.119 They proposed a boron-mediated nucleophilic
aromatic substitution mechanism to explain the observed
reactivity, resulting in the exchange of an alkoxy group on the
boron for the methoxy group on the arene (Scheme 32). Dixon

and co-workers reported on a carbocyclization of ketoesters to
a pendant terminal alkyne through the boronic acid catalyzed
enolization of the ketoester and subsequent ene reaction to
produce a variety of five-membered rings (Scheme 33).120

Lewis acids have significant application in ring-opening
reactions, and boron catalysts have been applied to the
selective opening of epoxides and cyclopropanes. Saidi and co-
workers found a combination of boric acid and glycerol to be
effective for catalyzing the regioselective opening of epoxides
with anilines.27 Wang and co-workers reported that 3,4,5-
trifluorophenylboronic acid effectively catalyzed the selective
C-3 aminolysis of 3,4-epoxy alcohols through a highly

organized transition state, involving simultaneous coordination
of the alcohol and amine by the boronic acid to form a
chairlike structure, resulting in both enantio- and diaster-
eoselectivity (Scheme 34).121 They expanded this reaction to

thiol nucleophiles, finding 3-nitrophenylboronic acid to be the
optimal catalyst with these nucleophiles but proposing a similar
transition state. Taylor and co-workers reported a similar
reaction catalyzed by borinic acids to open 3,4-epoxy alcohols
with amine and thiol nucleophiles122 and reported more
recently a variant with nitrogen-containing heterocycles.123

Mattson and co-workers developed urea−boronic acids as
strong hydrogen bond-donating catalysts for the opening of
nitrocyclopropane rings, with internal coordination between
the boronate and the urea oxygen resulting in stronger
hydrogen-bonding capability and higher catalytic activity than
more traditional urea catalysts (Scheme 35).124,125

Given the ability of boron acids to bind carbohydrates
selectively combined with their ability to activate hydroxy
groups as both nucleophiles and electrophiles, glycosylation
reactions and other selective alkylations of carbohydrates and
similar compounds using organoboron acids have seen
significant development. As with the acylation of carbohy-
drates, the phenylborinic acid systems developed by Taylor
and co-workers can be applied to the site-selective alkylation of
diols126 and carbohydrate derivatives127 and for regioselective
glycosylations.128−130 These reactions rely on the activation of

Scheme 30. Boron-Templated Acid-Catalyzed Dimerization
of Allylic Alcohols117

Scheme 31. Boronic Acid Catalyzed Allylation of an
Oxime118

Scheme 32. Ether Exchange of Methoxynitroarenes
Promoted by Phenylboronic Acid Pinacol Ester119

Scheme 33. Ene Carbocyclization of Pendant Alkynes,
Catalyzed by a Boronic Acid120

Scheme 34. Boronic Acid Catalyzed Site-Selective Epoxide
Aminolysis121

Scheme 35. Catalysis of Nitrocyclopropane Ring-Opening
by a Urea-Substituted Arylboronic Acid125
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hydroxy groups on the carbohydrate as nucleophiles by
coordination with the borinic or boronic acid (Figure 4).
Similar borinic acid catalysts were applied by Takemoto and
co-workers to the stereoselective synthesis of disacchar-
ides.131,132 The stereochemistry of the glycosidic linkage was
controlled by both the stereochemistry of the glycosyl donor
and the cis diol activated by the borinic acid. Notably, the more
electrophilic borinic acid used in this case was also capable of
producing an acidic proton upon complexation with the diol
moiety that could activate glycosyl donors. In related polyol
systems, Niu and co-workers used the ability of borinic acids to
activate alkyl alcohols as nucleophiles combined with copper-
catalyzed activation of propargylic alcohols to achieve
enantioselective propargylation of polyols along with high
enantioselectivities determined by the copper ligand.133 As
expected, the borinic acid catalyst selectively activated 1,2- and
1,3-diols with high functional group tolerance, though only
relatively simple substrates were reported. Hall and co-workers
reported on the optimization of a BINOL-derived boroxar-
ophenanthrene catalyst for the desymmetrization of 2-
substituted 1,3-propanediols (Scheme 36).134 Activation of

the alcohol oxygen proceeded through the formation of a
tetrahedral boronate complex. Stereoselectivity was achieved
by the addition of sterically bulky substituents to the
boroxarophenanthrene scaffold to block the formation of the
undesired stereoisomer.
The nucleophilic activation of alcohols in sugars can be

achieved by combining a boronic acid and a Lewis base, which
promotes the formation of a tetrahedral boronate com-
plex.135,136 Intramolecular complexation of a Lewis base in
the ortho-imidazolylphenylboronic acids applied by Shimada
and co-workers to acylations88 of carbohydrates also proved
effective for glycosylation (Scheme 37).137 Compared with
borinic acids, this system required a lower catalyst loading and
worked with unprotected carbohydrates to yield regioselective
glycosylation products. The system allows for kinetic

resolution of carbohydrate mixtures based on the affinity of
the boronic acid for cis diols; carbohydrates with fewer cis diols
react more slowly. Boronic acids have also been applied by
Toshima138 and by Takahashi139 to effect regio- and
stereoselective glycosylations with various glycosyl donors,
using 1,2-anhydrosugars as the glycosyl acceptor and 4-
nitrophenylboronic acid as the catalyst (Scheme 38). The
electron-deficient boronic acid complexes to both the donor
and acceptor, activating the acceptor as an oxonium cation and
activating the donor as a nucleophile by forming an anionic
tetrahedral complex. The stereochemistry of the resulting
glycoside is controlled by the stereochemistry of the acceptor
at C2, and the regiochemistry is controlled by stereochemistry
of the donor. The system can be applied to synthesis of
oligosaccharides, as well as synthesis of glycosides of natural
products using mono alcohols as the glycosyl donor and a
borinic acid catalyst. To achieve C-glycosidation of unpro-
tected carbohydrates, Tanaka utilized a combined catalytic
system of boric acid and pyrolidine.140 The coordination of a
carbohydrate to boric acid is proposed to promote the opening
of the pyranose ring, and the pyrrolidine activates both the
aldehyde and the ketone nucleophile to promote the desired C-
glycosidation, albeit in modest yields (Scheme 39).
The hydrophobicity of organoboron acids can also be

leveraged for catalytic effect. Manhas and Taylor90 reported on
the utility of boronic acids as phase-transfer catalysts in Fischer
glycosidations, allowing the reaction to be run in a nonpolar
solvent (Scheme 40). In addition to enhancing the reaction
rate, the formation of the boronic acid−sugar complex
selectively promoted conversion to either the furanoside or
the pyranoside, depending on the sugar structure, and allowed
for selective functionalization from mixtures of sugars.
Boron acids have been applied to Michael additions to form

carbon−heteroatom bonds with α,β-unsaturated carbonyl
compounds, with particular attention directed toward the
aza-Michael addition. Initial reports demonstrated that boric
acid in water could effectively catalyze the aza-Michael
addition of aliphatic amines (Scheme 41).141 The reaction
produced high yields but was limited to aliphatic amines and
relatively unsubstituted α,β-unsaturated acceptors. More
recently, 3-borono-BINOL was shown to catalyze an
enantioselective aza-Michael addition of hydroxamic acid to
quinone imine ketals, producing densely functionalized bridged
cyclohexanes (Scheme 42).142 The catalyst in this case appears
to form a 2:1 complex with the hydroxamic acid, forming a
dioxazaborole and a boronate hemiester. This complex is
proposed to activate and direct the quinone by hydrogen
bonding, resulting in high enantioselectivity. Takemoto has
developed hybrid thiourea−boronic acid catalysts for the aza-

Scheme 36. Boronic Acid Catalyzed Desymmetrization of a
2-Aryl-1,3-propanediol134

Scheme 37. Catalysis of O-Glycosylation by an Imidazole-Substituted Phenylboronic Acid137
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Michael addition (Scheme 43).143−145 These bifunctional
catalysts form ordered complexes through both hydrogen
bonding and complexation of the carboxylic acid substrate to
the boronic acid to activate and deliver the amine nucleophile
selectively to a single face of the alkene.146 Similar
enantioselective Michael addition through hydrogen-bond
direction of the nucleophile was reported by Toste and co-
workers for desymmetrization of para-quinols using a
combination of an arylboronic acid catalyst and a chiral
phosphoric acid.147 A combination of hydrogen bonding and
Lewis acidity from arylboronic acids has also been applied to
the reductive alkylation of quinolines with aldehydes, using a
Hantzsch ester as the reductant (Scheme 44).148 The boronic
acid was proposed to activate both the quinoline and Hantzsch
ester by hydrogen bonding to promote reduction to the
tetrahydroquinoline, followed by Lewis acid activation of the

aldehyde to promote reductive amination with the aldehyde,
again highlighting the multiple modes of activation available to
boronic acids.
Recently, the Ishihara Group reported the enantioselective

1,4-addition of cycloalkanones to α,β-unsaturated carboxylic
acids using the combination of a catalytic chiral secondary
amine and an arylboronic acid (Scheme 45).149 They proposed
that the boronic acid activates the carboxylic acid by forming

Scheme 38. Catalysis of O-Glycosylation by an p-Nitrophenylboronic Acid138

Scheme 39. Catalysis of C-Glycosidation by Boric Acid and Pyrrolidine140

Scheme 40. Phase-Transfer Catalysis of O-Glycosidation by Phenylboronic Acid90

Scheme 41. Boric Acid Catalyzed Aza-Michael Addition141

Scheme 42. Catalysis of an Enantioselective Aza-Michael Addition by a BINOL Boronic Acid142

Scheme 43. Catalysis of an Asymmetric Aza-Michael
Addition by a Thiourea-Substituted Phenylboronic Acid143
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an acyloxy boron complex and the chiral amine activates the
ketone as the enamine, leading to high yields of the alkylated
species at relatively high ee, though diastereoselectivity was
often poor due to facile racemization. Notably, the complex-
ation of the boronic acid to the carboxylic acid prevents
deactivation upon carboxylate formation, and using a sterically
hindered amine prevents the formation of the amide with the
activated carboxylic acid. Still, the reaction was quite slow.
Recently, Taylor and co-workers reported the ability of

diphenylborinic acid in tandem with simple amine cocatalysts
to promote the regioselective N-alkylation of a variety of azole
heterocycles (Scheme 46).150 Interestingly, though the

reaction proceeded well with several classes of electrophilic
alkenes and epoxides, the use of other electronically similar
electrophilic alkenes abolished regioselectivity. Though the
origins of the loss of selectivity are unclear, these data indicate
that the precise nature of the electrophile can have a profound
impact.

■ CYCLOADDITION
Though not used extensively, boronic acids have demonstrated
efficacy in the catalysis of cycloaddition reactions through both
Lewis acid activation of reactants and hydrogen-bond-
mediated reaction-templating, which allow for selective
reactivity. The Hall group has developed the use of ortho-
substituted arylboronic acids to promote the reactivity of
unsaturated carboxylic acids (Scheme 47). For the reaction of
2-alkynoic acids as dienophiles in [4 + 2] cycloadditions, 2-

bromophenylboronic acid was found to be the optimal catalyst,
likely lowering the LUMO energy through formation of a
mixed anhydride with the alkynoic acid and the boronic
acid.151 This strategy allowed for the formation of cycloadducts
in high yields. Similar LUMO-lowering activity was observed
using 2-nitrophenylboronic acid to activate 2-alkynoic and 2-
alkenoic acids toward [3 + 2] cycloadditions with azides, nitrile
oxides, and nitrones (Scheme 48; Figure 2).28 More recently,

Zheng and co-workers reported that 3,5-bis(trifluoromethyl)-
phenylboronic acid promotes the [4 + 3] cycloaddition of 1,3-
dienes and hydroxymethyl-substituted benzofurans, benzothio-
phenes, and benzopyrroles (Scheme 49).152 They proposed
that the boronic acid promotes the heterolytic cleavage of the
hydroxy C−O bond of the benzofuran through the formation
of a borate ester and that the resulting stabilized cation
undergoes a cycloaddition with the diene to produce the
desired seven-membered ring under mild conditions. In the
solid state, boronic acids have been used to template reactants
through hydrogen bonding, heteroatom coordination, or the
formation of borate esters to allow for selective and high-
yielding [2 + 2] cycloadditions upon irradiation.153,154 Thus,
boronic acids present a relatively untapped stratagem for
cycloaddition catalysis.

■ OTHER REACTIVITY
Boronic acids and their derivatives have also found application
in other reaction classes through modes of activation similar to
those described above. Perhaps the most widely known
organoboron derivatives in catalysis are the oxazaborolidine
catalysts used in the Corey−Bakshi−Shibata reduction, which
can induce asymmetry.155−158 These catalysts, which are easily
accessed by the condensation of arylboronic acids and amino
alcohols, can provide versatile systems for asymmetric catalysis.
Here, we focus on lesser known examples of catalysis by
organoboron acids of other reaction classes, specifically,
epoxide ring-opening, aziridination, chemoselective oxidation
and reduction, CO2 activation, silylation, reactions with
alkenes and alkynes, and C−H activation.
Epoxide Ring-Opening. Similar to the aminolysis of

epoxy alcohols described above, Taylor and co-workers have
described the use of arylborinic acids to effect several

Scheme 44. Boronic Acid Catalyzed Reductive Alkylation of
a Quinoline148

Scheme 45. Enantioselective 1,4-Addition Reaction,
Catalyzed by a Boronic Acid and Chiral Amine.149

Scheme 46. Borinic Acid Catalyzed Regioselective N-
Alkylation of an Azole Heterocycle150

Scheme 47. Boronic Acid Catalyzed [4 + 2]
Cycloaddition151

Scheme 48. Boronic Acid Catalyzed [3 + 2] Cycloaddition28
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regioselective epoxide ring-openings in 2,3- and 3,4-epoxy
alcohols with halide nucleophiles,159 acyl or sulfonyl chlorides
to effect chloroacylations and chlorosulfonations,160,161 and a
semipinacol rearrangement through tandem catalysis with an
iodide salt, all of which generally proceed with nearly complete
diastereoselectivity (Scheme 50).162 Coordination of the
borinic acid to the alcohol appears to result in an organized
transition state that allows for the regioselective reaction of the
nucleophile.
Aziridination. In an interesting example, Maruoka163

deployed the in situ coordination of 2-carboxyphenylboronic
acid with chiral diols to produce a chiral carboxylic acid
catalyst for the aziridination of N-benzyl imines with
diazoacetamides (Scheme 51). Internal coordination of the
boron increased the acidity of the carboxylic acid allowing the
reaction to proceed; weaker acids were insufficient. This
catalyst system was able to promote the aziridination of several
substituted imines in moderate to high yields and generally
high enantioselectivity. Notably, this system enables the

assembly of a chiral Brønsted acid catalyst based without
reliance on axial chirality (Figure 5).

Chemoselective Oxidation and Reduction. Organo-
boron acids have been used to catalyze selective oxidation or
reduction reactions. Onomura164 utilized the coordination of
boronic acids to 1,2-diols as an activation mode to oxidize a
diol selectively to an α-hydroxy ketone without overoxidation,
utilizing either electrochemical oxidation or a chemical oxidant
(Scheme 52) . Yamamoto165 repor ted that b i s -
(pentafluorophenyl)borinic acid was an effective catalyst for

Scheme 49. Boronic Acid Catalyzed [4 + 3] Cycloaddition152

Scheme 50. Borinic Acid Catalyzed Epoxide Ring-Opening with (A) a Halide,159 (B) a Sulfonyl or Acyl Chloride,160,161 and
(C) a Semipinacol Rearrangement162

Scheme 51. Boronic Acid Catalyzed Asymmetric
Aziridination of an Imine163

Figure 5. Strategy for the in situ formation of a chiral Brønsted acid
from 2-carboxyphenylboronic acid and a chiral diol.163 Internal
coordination of the carboxylic acid to the boronic acid increases the
Brønsted acidity.

Scheme 52. Boronic Acid Catalyzed Oxidation of a 1,2-Diol
to an α-Hydroxy Ketone164
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the Oppenauer oxidation of allylic and benzylic alcohols, using
pivaldehyde as the hydride acceptor (Scheme 53). The highly

electron-deficient catalyst was prone to degradation during the
reaction due to hydrolysis of the borinic acid to the
corresponding boronic acid, which was catalytically inert.
This shortcoming was remedied by the addition of MgSO4(s)
to the reaction mixture as a drying agent. Boric acid has been
used to activate hydrogen peroxide as an oxidant in the
oxidation of sulfides to sulfoxides or sulfones166 and oxidation
of arylboronic acids to phenols,167 as well as to promote
oxidation of bromide to tribromide for bromination
reactions.168 In a particularly notable example, Taylor and
co-workers reported on the use of a boronic acid for the site-
selective photocatalytic oxidation of carbohydrates to ketosu-
gars (Scheme 54).169 The use of 2-carboxyphenylboronic acid

was critical for these transformations due to its high oxidative
stability.170 Mannose configured sugars, which were expected
to give exclusive C-2 oxidation due to the kinetic preference for
oxidation at an axial OH group in the boronate complex,
instead yielded C-3 oxidation along with epimerization at C-2.
Mechanistic experiments indicated the reaction likely pro-
ceeded through oxidation at C-2, followed by isomerization via
the enediol. The isomerization could be reduced by replacing
quinuclidine with a less basic hydrogen transfer catalyst,
though the procedure requires further optimization.
Several interesting reduction reactions have been reported

with boronic acids. Beller and co-workers reported that
benzothiophene boronic acids were effective catalysts for the
chemoselective reduction of tertiary, secondary, and primary
amides by hydrosilylation using phenylsilane (Scheme 55).171

Other reducible functional groups, including nitro, cyano, and
ester moieties, were untouched by this system. Data from
mechanistic studies were inconsistent with direct activation of
the amide carbonyl group by complexation to the boron.
Instead, the data suggest activation by a hydrogen bond,
though that explanation does not explain the observed changes

in the boronic acid structure observed by NMR spectroscopy.
Yu and Wang showed that arylboronic acids can promote the
reduction of aldehydes with tributyltin hydride; however,
attempts to use the boronic acid in substoichiometric amounts
resulted in poor yields, likely due to preferential complexation
with the reaction product, and the reaction failed with ketones
(Scheme 56).172 With α,β-unsaturated aldehydes, exclusive

1,2-reduction was apparent. Yu and Wang proposed direct
activation of the aldehyde as a Lewis acid−base complex,
though they could not explain why boronate esters of the
catalyst failed to promote the reaction. Borinic acids were
employed by Blanchet and co-workers with silane reductants
for the metal-free reduction of phosphine oxides, sulfoxides,
and amine N-oxides (Scheme 57).173 Analysis of the

mechanism indicated that the active catalyst was a borohydride
derived from the borinic acid and the silane. Finally, simple
boric acid has been used to promote the reduction of
quinolines using Hantzsch esters through coordination of the
quinoline nitrogen to the boron.174

CO2 Activation. Among the many catalysts developed for
the reductive functionalization of CO2, a few boronic acids
have shown utility. Li and co-workers reported that sodium
phenylboronate salts in combination with a silane can catalyze
the reductive formylation of amines with carbon dioxide
(Scheme 58).175 The authors suggested that the catalyst acts
through electrostatic interactions with the silane to promote
the formation of silyl formates with CO2, which then react with

Scheme 53. Borinic Acid Catalyzed Oppenauer Oxidation of
an Alcohol165

Scheme 54. Boronic Acid Catalyzed Site-Selective
Photochemical Oxidation of an Unprotected
Carbohydrate169

Scheme 55. Boronic Acid Catalyzed Reduction of an Amide
with a Silane171

Scheme 56. Boronic Acid Promoted Selective Reduction of
Aldehydes172

Scheme 57. Borinic Acid Catalyzed Reduction of Phosphine
Oxides, Sulfoxides, and Amine N-Oxides173
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amines to produce the formamide product. Wang and Zhang
reported that 2,6-dimethylphenylboronic acid in conjunction
with tetrabutylammonium iodide could catalyze the reaction of
simple epoxides with carbon dioxide to form cyclic carbonates
in water (Scheme 59).176 NMR spectroscopy and DFT

calculations suggest that the boronic acid activates the epoxide
and CO2 by hydrogen bonding through the Brønsted acidity of
the boronic acid, allowing for its high catalytic efficiency
despite its low Lewis acidity in water.
Silylation. Building on their work on site-selective

functionalization of carbohydrates, the Taylor group developed
a methodology that combines a boronic acid and amine to
promote site-selective silylation of pyranosides (Scheme
60).177 Here, borinic acids proved to have low activity, and

electron-deficient arylboronic acids proved to be most
effective. The addition of an amine base and triphenylphos-
phine oxide promoted the formation of a tetrahedral boronate
complex with the pyranoside, activating a hydroxy group as a
nucleophile and promoting its reaction with a chlorosilane.
Rostami and co-workers reported that boric acid is a useful
promoter of the formation and deprotection of trimethylsilyl
alcohols (Scheme 61).178 Trimethylsilane-protected alcohols
could be obtained with a mixture of hexamethyldisilazane and
boric acid in acetonitrile under mild conditions. Catalytic boric
acid in water could then hydrolyze the trimethylsilane ethers
back to the parent alcohols, likely through simple acid
hydrolysis.
Reactions with Alkenes and Alkynes. A few reports

highlight the promotion of reactions of alkenes and alkynes by

organoboron acids. Organ and co-workers showed that the
hydrostannylation of internal alkynes promoted by triethylbor-
ane does not proceed through a radical mechanism (as was
believed previously) but is instead catalyzed by the borinic and
boronic acid oxidation products of the borane and can be
promoted by boric acid and boronic acids with the
involvement of atmospheric oxygen gas (Scheme 62).179

Mechanistic investigations suggested both radical and charged
intermediates but are still ambiguous as to the nature of boron
catalysis.

C−H Functionalization. Apart from its effects on the
electronics of the oxygen, the complexation of boron acids to
diols also affects the bond strength of the C−H bonds of the
diol and can lead to stereoselective C−H activation. Taylor
and co-workers reported that the combination of a diary-
lborinic acid and an iridium photocatalyst along with
quinuclidine as a hydrogen-transfer agent allowed for the
formation of spiro-fused butyrolactones from the reaction of
carbohydrates and methyl acrylate (Scheme 63).180 These

conditions consistently resulted in reaction at the equatorial
C−H bond of cis 1,2-diols, with increased yields and reaction
rates relative to the uncatalyzed process and other reported
catalysts, though the reaction proved inefficient with other
vinyl donors and some carbohydrate scaffolds were relatively
unreactive. Density-functional theory calculations indicated
that the formation of the borinic acid complex resulted in a
small but significant reduction in the bond strength of the
C−H bonds alpha to the complexed oxygen atoms (Figure 6),
as well as a pronounced kinetic preference for C−H
abstraction at the reactive carbon. Using the same photo-
catalyst and quinuclidine but with an electron-deficient

Scheme 58. Catalysis of the Reductive Formylation of an
Amine with Carbon Dioxide by a Sodium Phenylboronate
Salt175

Scheme 59. Boronic Acid Catalyzed Synthesis of a Cyclic
Carbonate from an Epoxide and CO2

176

Scheme 60. Boronic Acid Catalyzed Site-Selective Silylation
of a Pyranoside177

Scheme 61. Boric Acid Catalyzed Trimethylsilylation and
Deprotection of an Alcohol178

Scheme 62. Hydrostannylation of an Alkyne, Promoted by
Boric Acid179

Scheme 63. Photocatalytic Alkylation of a Carbohydrate,
Directed by a Borinic Acid180
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arylboronic acid cocatalyst, Taylor and co-workers were able to
convert functionalized furanoside sugars to the corresponding
ketodeoxy sugars (Scheme 64).181 This reaction was relatively

limited in scope, requiring a cis 2,3-diol, a trans relationship
between the anomeric substituent and the C-2 hydroxy group
and a limited selection of protecting groups at the 5 position,
but showed exquisite site-selectivity for the resulting ketone.

■ CONCLUSIONS AND PERSPECTIVES
Boric, boronic, and borinic acids provide useful and highly
versatile catalytic platforms. They benefit from mild but
tunable Lewis acidity, reversible complexation with Lewis bases
such as alcohols, the ability to transition between neutral and
anionic states, and strong hydrogen-bonding capabilities. As
complements to transition-metal catalysts, organoboron acids
present a multitude of opportunities for further development.
Often, organoboron acid catalysis entails the use of boron as

a simple Lewis acid, enabling reactivity that can also be
catalyzed by more traditional Lewis acids. Here, organoboron
acids can provide a clear advantage in the “greenness” of the
reaction, producing limited byproducts with low toxicity.
Access to unique or enhanced reactivity relative to more
traditional catalysts is, however, less certain.
Many of the reaction types discussed herein merit further

development. The same reactivity provided by organoboron
acids can often be achievable by other means and with broader
substrate scope. Moreover, boron-catalyzed reactions can
require high, sometimes superstoichiometric, catalyst loading,
indicating poor catalyst turnover and making scale-up
problematic. Catalyst deactivation by the binding of the
reaction product can be a substantial challenge. Those
reactions that allow for the lowest catalyst loadings, such as
amidation reactions, convert a starting material with high
affinity for boron (e.g., a carboxylic acid) into a product with
low affinity (e.g., an amide), deterring catalyst deactivation.

Organoboron acids are most promising as catalysts of
reactions that take advantage of their propensity to form
reversible complexes with oxygen atoms. These complexes can
lead to both electrophilic activation (in mono alcohols,
carboxylic acids, and other carbonyl compounds) and
nucleophilic activation (in anionic complex with mono- and
diols). Particularly promising is the trend toward combining
organoboron acids with other catalysts, taking advantage of the
specific complexes formed by boron to provide regio- and
stereoselectivity for other catalytic systems. The further
development of organoboron acids to increase known
reactivity, allowing for lower catalyst loading and milder
reaction conditions, as well as the discovery of reactivity
unique to organoboron acids will increase the prospects of
organoboron acid catalysts for widespread adoption.
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Figure 6. Change in C−H bond energies in rhamnopyranosides upon
formation of a complex with diphenylborinic acid.180 Data were
calculated in the gas phase with the B97-D3/Def2-TZVP level of
theory.

Scheme 64. Photocatalytic Oxidation of a Furanoside,
Directed by a Boronic Acid181
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