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The use of transition metals to catalyse the addition of hydridoboranes to unsaturated organic mole-
cules was initially realised several decades ago. Although this area of chemistry received considerable
attention at the time, interest in this reaction and its use in organic synthesis waned for several years.
Like a phoenix rising from the ashes, this amazing catalytic reaction has grown to include the use of
earth-abundant metal catalysts and a much wider range of organic substrates. Indeed, it is now
commonly utilised as a diagnostic tool to assess the reactivity and catalytic ability of newly generated
transition metal and main group complexes. As this field is progressing so rapidly, this review highlights
some important advances up to the end of 2021 and into early 2022. Excluded from this review are
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‘hydroboration’ reactions using diboron sources.

1 Introduction

The hydroboration reaction is the addition of a boron-hydrogen
bond to an unsaturated organic group and was first reported
by H. C. Brown in 1956." The pioneering work of Brown on
organoborane chemistry resulted in his receipt of the Nobel
Prize in 1979. The importance of the hydroboration reaction
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Scheme 1 Derivatization of organoboranes.

owes largely to the incredible synthetic versatility of organo-
boranes. Indeed, organoboranes can be readily transformed into
several other functionalities with relative ease and in high yields
(Scheme 1). While early efforts focused on converting the result-
ing organoboranes to the corresponding alcohol, the develop-
ment of other transformations, in particular the carbon-carbon
bond formation arising from the Suzuki-Miyaura cross-coupling
reaction, has made the preparation of organoboranes even more
important in organic synthesis.

Addition of boron hydride reagents to unsaturated organic
functionalities usually occurs in a cis-fashion. Borane, BH;,
which exists as a dimer or Lewis base adduct in solution, is
found to react rapidly with unhindered alkenes, adding a B-H
bond across the carbon—-carbon double bonds of three alkenes,
generating a trialkyl borane. Reactions with hindered sub-
strates occur more slowly and, in the case of unsymmetrical

Jennifer completed her BSc degree
at Mount Allison University as a
Wild Toad in 2010 and her PhD
degree in 2015 at Dalhousie
University under the supervision
of Dr Alison Thompson. She was
then recruited by Dr Victor A.
Snieckus to become a post-
doctoral fellow at Queen’s
i University and remained there

until late 2018. Jennifer has
4 since returned to work with the

Wild Toads as a research

associate. Her current research
focus is on the modification of natural products for medicinal
and industrial use.

Jennifer A. Melanson

8878 | Chem. Soc. Rev, 2022, 51, 8877-8922

View Article Online

Chem Soc Rev

DME, rt, 1 h
+ MeyS-BH; —— " " 12 BH

85-89% yield

Scheme 2 Preparation of 9-borabicyclo[3.3.1lnonane dimer.2~’

alkenes, the boryl group (BR;) ends up on the less-substituted
carbon atom. Though this regioselectivity is largely a steric
effect, it is also electronically favoured, as the more electro-
negative hydrogen atom is added to the more substituted
carbon of the alkene. One illustrative example of a hydroboration
with a BHj3-Lewis base adduct is the preparation of a very
commonly used hydroborating agent, 9-borabicyclo[3.3.1]Jnonane
(9-BBN, Scheme 2).>”

While borane and many dialkyl boranes often react rapidly
with alkenes at temperatures as low as —80 °C, other boranes,
particularly bulky polyhedral boranes and more electron-rich
boranes, react much more sluggishly. The reaction of poly-
hedral boranes with acetylene is believed to proceed via an
initial hydroboration step, however the elevated reaction tem-
peratures required for this addition resulted in several products
arising from competing rearrangement reactions. The first
reported transition metal-catalysed hydroboration investi-
gated the addition of 2-butyne with BsHy, using the bimetallic
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Scheme 3 Hydroboration of dimethylacetylene using a polyhedral borane (bridging hydrides between each equatorial boron atom are excluded for

clarity).®

alkyne-bridged dimer dimethylacetylene dicobalthexacarbonyl.
The catalytic reaction was desirable in this case because in the
absence of catalyst, the elevated temperatures required for the
reaction resulted in cage fragmentation and other undesired
products. Although turnover numbers for the catalyst were
quite low, the transition metal-catalysed hydroboration reac-
tion takes place at 75 °C in the presence of 10 mol% catalyst
and afforded the desired product in 22% yield.® Subsequent
thermolysis of this product gave higher yields of corresponding
carborane products than reactions involving the direct thermo-
lysis of BsHy and dimethylacetylene (Scheme 3).
Intramolecular hydroboration of the alkenyl borane product
was previously proposed as the first step of the thermolysis
reaction, whereupon subsequent rearrangement gave pre-
dominantly two alkyl-substituted CBsH, carborane products.
The same reaction was subsequently examined using different
alkynes and with Ir(CO)(CI)(PPh;), as the catalyst precursor.’
While moderately successful, hydroborations using the iridium
catalyst were ultimately limited by the complex’s poor solubility
and eventual deactivation. The authors concluded that while
the iridium catalyst was more active for terminal alkynes, the
cobalt catalyst was more active for internal alkynes and gave
products with the opposite regioselectivity in reactions using
propyne (Scheme 4), implying that the catalytic cycles for
the two systems were significantly different. Alkyne insertions
of related carboranes catalysed by analogous alkyne-bridged
dinuclear cobalt carbonyl complexes were also reported.'
Olefin insertion into a rhodium-bound carborane has been
observed, and catalytic turnover was noted in the presence of
excess carborane."’ Subsequent work improved activity for
catalytic hydroborations of alkynes and alkenes involving poly-
hedral boranes and carboranes.">">*> Hydroborations of alkynes
and alkenes with borazine and related compounds have been

studied in detail.’*>° Due to prohibitive costs, reactions
H g H
B N\ H B
//\B\H —= Mm% Bl/’k\B . //,\B'H
- - “H _rZ N
H'B\/B/\B~H 75°C Sg— H-BZ)_—B-H
H K\' A
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[M] x Time Conv (%) linear/branched
I(CO)CI)(PPhs), 03 4h 8 95:5
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Scheme 4 Hydroboration of propyne using a polyhedral borane (bridging
hydrides between each equatorial boron atom are excluded for clarity).’
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involving these boranes are generally not synthetically useful
and thus will not be comprehensively covered in this review.

Another borane that is much less reactive than most dialkyl
borane reagents is catecholborane (HBcat; cat = 1,2-0,CsH,),
which is significantly more electron-rich than dialkyl boranes
due to m-dative interactions between the neighbouring oxygen
atoms and the boron center. First prepared in 1975 from the
reaction of catechol with THF-BHj;, catecholborane requires
elevated temperatures (70 °C and up) to react with alkynes and
alkenes.*! This borane is known to decompose at elevated
temperatures or in the presence of nucleophiles,® to give
a variety of boron-containing species, including a diboron
species containing a bridging catecholato group (B,cat;), Lewis
base adducts of BH;, and salts of the tetracoordinate anion
Beat, .

The first publication to describe the transition metal-
catalysed hydroboration of alkenes and alkynes with catechol-
borane came from Minnig and N&th in 1985.*° With low
loadings of Wilkinson’s catalyst, RhCl(PPh;);, excellent yields
and selectivities were observed in hydroborations at room
temperature. Perhaps most interestingly, the authors found
that the RhCl(PPh;);-catalysed hydroboration of 5-hexen-2-one
offered complementary chemoselectivity to the uncatalysed
reaction, with the catalysed hydroboration occurring selectively
at the less-reactive alkene moiety. The catalytic protocol offered
high yields and selectivities using mild reaction conditions.
Since then, many studies of catalysed hydroboration reactions
employing catecholborane have been reported. Other boron
reagents have also been developed for catalytic hydroborations,
with the majority of them having heteroatom-substituted (N, O,
S) ancillary groups.®*? One example is pinacolborane (HBpin;
pin = 1,2-0,C,Me,),*® which is a close relative of HBcat that
yields more stable hydroboration products and, in some cases,
offers complementary selectivity to catecholborane. Organo-
boron products derived from pinacolborane are of singular
interest in organic synthesis as most are relatively stable to
air, water, and chromatography, and therefore isolation of
these valuable compounds is considerably easier than their
reactive catecholato equivalents. Following the initial disclo-
sure by Ménnig and No6th, a number of reports emerged
seeking to expand the substrate scope and elucidate the
mechanism of these reactions. Particular attention has been
paid to hydroborations yielding products with selectivities that
are complementary to those observed in uncatalysed hydro-
borations. There have been many advances in transition metal-
catalysed hydroborations in the nearly four decades that have

Chem. Soc. Rev,, 2022, 51, 8877-8922 | 8879
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passed since the Ménnig and N&th publication, including the
development of increasingly active and selective catalysts,
enantioselective catalysts, and new hydroboration reagents.
Recent efforts have also expanded the scope to immobilized
(and reusable) catalysts as well as the use of more affordable
earth-abundant transition metals.

This review will cover the development of the homogeneous
transition metal-catalysed hydroboration reaction up to early
2022 using mono-boron hydrides, as well as the use of the
resulting products in organic synthesis. A number of reviews
have been published on catalytic hydroborations, however
they are now dated, or only cover a subset of catalytic hydro-
borations.”’~** This field of chemistry has had a resurgence in
recent years and we hope to represent some of the major
advances in this area.

2 Mechanisms
2.1 General

As previously mentioned, uncatalysed hydroboration reactions
proceed in a concerted syn-fashion with boron adding to the
less substituted carbon, while the more electronegative hydro-
gen atom adds to the more substituted carbon atom, which can
better stabilize a partial carbocation transition state. The reac-
tion is believed to proceed via an initial coordination of the
alkene unit to the Lewis-acidic empty p-type orbital of the
boron atom, which is followed by a four-centered transition
state (Scheme 5), resulting in syn-addition. The same selectivity
trends are observed in additions of boranes to carbonyls and
imines, with the more electropositive boron atom adding to the
more electronegative heteroatom.

2.2 Oxidative addition

The generally accepted catalytic cycle for the rhodium-catalysed
hydroboration varies only slightly from that proposed by
Minnig and N6th in their landmark report, and a mechanism
previously proposed for rhodium-catalysed hydroboration of
olefins with polyhedral boranes (Scheme 6). The catalytic hydro-
boration reaction proceeds through the rhodium(ur) compound
RhCI(H)(Bcat)(PPh;),, which was prepared independently,®® gen-
erated from the stoichiometric reaction of catecholborane with
RhCI(PPh;); (the tri-isopropylphosphine analog of this com-
pound was later characterized crystallographically®®). Olefin
coordination occurs next, followed by insertion of the alkene
into the rhodium hydrogen bond. Finally, reductive elimination
liberates the alkyl borane and regenerates the active catalyst.
Interestingly, some reports have suggested that insertion of the
alkene into the rhodium-boron bond may be favoured in certain
circumstances. Among the clearest evidence for the feasibility of

Q 5— &+ 5
H—(B)Q HyB< H B
t R = R
RV — o+ &—

Scheme 5 Typical hydroboration of an alkene without a catalyst.
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Scheme 6 Proposed catalytic cycle for the rhodium-catalysed hydro-
boration of alkenes.

this pathway is the fact that vinylboronate esters are often
observed in hydroborations of monosubstituted aryl alkenes.®®
These products presumably arise from insertion of the alkene
into the rhodium-boron bond, followed by B-hydride elimination.
As hydrogen is a byproduct of this reaction, hydrogenation
products are also frequently observed. Stoichiometric insertion
reactions of ketones, imines, and alkenes into a rhodium-boron
bond have been performed.®®

A computational study later suggested that insertion of the
alkene into the rhodium-hydride bond is more facile, however
this leads to a more difficult reductive elimination step; inser-
tion into the rhodium-boron bond is more thermodynamically
uphill, but leads to a more favourable reductive elimination
step.®” Several theoretical studies have examined the potential
mechanism of the rhodium-catalysed hydroboration. Among
the most notable is the aforementioned study, which found
that the most stable conformation has the hydride and the
boryl group trans-disposed to one another in the octahedral
rhodium(ur) intermediate, with both groups cis to the coordi-
nated alkene (Scheme 6, bottom).®” The study concluded that
associative and dissociative mechanisms for olefin coordina-
tion, followed by hydride or boryl migration, are all viable.
Earlier studies focused exclusively on either the associative®®
or dissociative®® pathways. A study on related NHC-RhCI
hydroboration catalysis suggested that with those catalysts
the formation of the terminal hydroboration product proceeds
through boryl migration as steric effects disfavour hydride
migration.”®

While regioselectivity trends for simple alkyl-substituted
alkenes are normally similar for catalysed and uncatalysed
hydroboration reactions, differences have been observed in
some cases with aryl alkenes. For uncatalysed hydroboration
reactions of monosubstituted terminal aryl alkenes, the boryl
group traditionally adds to the terminal carbon. Initial results

This journal is © The Royal Society of Chemistry 2022
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from the analogous catalytic hydroboration reactions were
conflicting, as in many cases, the rhodium catalysed hydro-
boration of aryl alkenes using HBcat generally yielded the
unexpected branched products, where the boryl group has
added to the internal carbon. This selectivity is rationalized
by insertion of the alkene into the rhodium-hydride bond to
yield a relatively stabilized benzylic rhodium intermediate,
whereupon a subsequent reductive elimination step would gene-
rate the branched product.

Studies were conducted utilizing DBcat in the catalysed
hydroboration of 1-decene or styrene with Wilkinson’s
catalyst.”" The authors found that while the deuterium label
appeared cleanly on the carbon o to the alcohol in the hydro-
boration and subsequent oxidation of styrene, the label was
scrambled between the 1- and 2-positions of 1-decanol. This
result implies that the reversibility of individual steps in the
catalytic cycle can be substrate dependent. Likewise, a deuter-
ium labelling study with a rhodium-catalysed hydroboration of
styrene using DBpin demonstrated deuterium scrambling
between the benzylic and terminal carbons, suggesting that
reversibility within the catalytic cycle can also be borane- and/or
catalyst-dependent.””

2.3 trans-Hydroboration of alkynes

Alkynes have been reported to undergo trans-hydroboration
using rhodium or iridium catalysts to give (Z)-alkenyl boro-
nates. In the initial report of this reactivity, it was suggested
that the reaction proceeds through initial oxidative addition of
the terminal C-H bond.”® Hydride migration from the metal
then leads to a vinylidene complex, which oxidatively adds
the B-H bond of the borane (Scheme 7). A stereospecific 1,2-
migration of the boryl group leads to the metal-alkyl-hydride
complex, which can then reductively eliminate the ¢rans-hydro-
borated product. The key to promoting the trans-hydroboration
product is the presence of triethylamine, which hinders the
competitive oxidative addition of a B-H bond (instead of the
alkynyl C-H bond).

H H
pinB R -
M]
M =Rh, Ir
H
R /H
H —
\ / [M] —R
M] Bpin

\ )

H H —
(==
Bpin R\_{

HBpin

Scheme 7 Proposed mechanism for the
hydroboration of terminal alkynes.”

rhodium-catalysed trans-
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Scheme 8 Proposed mechanism for the ruthenium-catalysed trans-
hydroboration of internal alkynes.”>”*

Similarly, a ruthenium complex has been shown to be capable
of trans-hydroboration of internal alkynes. This is proposed
to proceed through a metallacyclopropene intermediate
(Scheme 8).”*”> Steric bulk is thought to play a key role in
promoting the rotation about the carbon-carbon bond, as the
same reactions using RuCp (Cp = cyclopentadienyl) catalyst
precursors showed greatly reduced stereoselectivity.

2.4 o¢-Bond metathesis

While many transition metal-catalysed hydroboration reactions
utilize late transition metals, there are also hydroboration
reactions using early transition metal catalysts. Noteworthy
reports of catalysis by trivalent lanthanides,”®”® niobium,”®
titanium,”3% 82 788387 and, more recently, scandium®®
have been reported. Although some reactions are found to be
plagued by the metal-catalysed formation of BHj;, *%** which
can then act as a catalyst for the hydroboration of the substrate
with the original borane, or add to the substrate itself, two other
mechanisms are implicated in these reactions. Most suggested
mechanisms involved the initial formation of a transition metal
hydride by reaction of HBcat with the catalyst precursor. Subse-
quent insertion of an alkene or alkyne results in a transition metal-
alkyl or transition metal-alkenyl species, respectively. Metathesis
with HBcat yields the organoborane product and regenerates the
transition metal hydride (Scheme 9).

Hartwig and co-workers found that reactions catalysed by
Ti(u) precursors proceed through alternate pathways that differ
slightly for alkenes and alkynes.®*> Cp,Ti(CO), was found to be
an active catalyst for the hydroboration of alkynes. The cycle
begins with displacement of one CO ligand for the alkyne
substrate, followed by displacement of the second CO by HBcat
(Scheme 10). Elimination of the product from the titanium

zirconium

Chem. Soc. Rev,, 2022, 51, 8877-8922 | 8881
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Scheme 9 Proposed general mechanism for hydroboration via c-bond
metathesis.
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Scheme 10 Proposed mechanism for Ti(i)-catalysed hydroboration of
alkynes.®2

alkyne-borane/p-borylvinyl-hydride resonance hybrid and coor-
dination of CO restarts the catalytic cycle.

Hydroboration of alkenes catalysed by dimethyltitanocene
was found to proceed through the titanium(u) bis(catechol-
borane) complex (Scheme 11).®* The reaction proceeds through
the substitution of one equivalent of HBcat for the alkene
substrate. Elimination of the product from the resulting tita-
nium alkene-borane/f-borylalkyl-hydride resonance hybrid and
coordination of HBcat regenerates the active catalyst.

A computational study of nickel-catalysed hydroboration of
CO, revealed that the transformation can be broken down into
three separate hydride transfer steps (Scheme 12).°° The first
involves insertion of CO, into the metal-hydride bond in the
catalyst precursor. Metathesis with HBcat results in the for-
mation of HCO,Bcat and regeneration of the nickel hydride.
Insertion of HCO,Bcat into the nickel hydride bond generates
Ni(O,CH,Bcat). Reaction with another equivalent of catechol-
borane produces CH,O, catBOBcat, and the nickel hydride
catalyst precursor. Insertion of formaldehyde into the nickel-
hydride bond yields a nickel methoxide complex, which reacts
with a third equivalent of catecholborane, releasing CH;OBcat
and the nickel hydride catalyst precursor. The reaction mixture

8882 | Chem. Soc. Rev,, 2022, 51, 8877-8922
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Scheme 12 Proposed mechanism for the copper-catalysed hydrobora-
tion of CO,.%*

can be quenched with water to complete the transformation of
CO, to methanol. Further experimental study of the system
revealed that bulky groups on the phosphorus atom of the
pincer ligand results in faster reactions. The use of 9-BBN as the
boron source results in a similar reaction, but at a slower rate,
while using HBpin resulted in the formation of HCO,Bpin
which did not react further. The use of BH; (from H;B-SMe,)
results in the formation of a catalytically inactive nickel(u)
borohydride complex.®>*> The catalytic cycle proposed for the
copper-catalysed reduction of CO, with pinacolborane closely
resembles the first hydride transfer in the nickel-catalysed
reaction. As is the case with the nickel catalysed reduction with
HBpin, the pinacolated borylformate in this case does not react
further (Scheme 13).%*

3 Stereochemistry

The potential for hydroborations to create chiral centers was
seen from the seminal paper by Minnig and N6th.*® In the
following years, chiral boranes and catalysts have been exami-
ned for their potential use in enantioselective hydroboration

This journal is © The Royal Society of Chemistry 2022
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Scheme 13 Hydroboration of CO, catalysed by a nickel hydride species.®®
reactions. Appropriate ligand choice has the potential to pro- 1. [Rh(COD)][BF4¥n L (1 mol %) OH
vide asymmetric induction with only a catalytic amount of the Ph”X\ + HBcat (12 equiv) S G, A2 > ph
chiral reagent needed. 2. NaOH/Hz0,
3.1 Chiral boranes
Hydroboration reactions using chiral boranes have been per-
formed with rhodium catalysts and aryl alkenes as substrates.
The hydroboration of aryl alkenes using these boranes were L
examined, catalysed by chiral and achiral catalysts.”* The most R' R® n_ Conv(%) Yield(%) er  Config
promising result is a 88: 12 enantiomeric ratio obtained using a i 2 98 74 550450 (R)

. . . Me H 1 98 5 535465 (S)
rhodium/dppf catalyst systc?m and a pseudoephedrlne-'df:rlved e i & &2 660450 (5
borane. However, the reaction only showed 82% selectivity for B H 2 98 80 655345  (S)
the a-alcohol upon oxidation (Scheme 14). The relatively poor Bh  H 2 98 57 530470 ()

. . . . . Me Me 2 98 73 710290  (S)
select.wlty, along w.1th. the cost of using a. stoichiometric amount S % B B (S
of chiral reagent limits the utility of this approach. The use of Bn  Bn 2 98 80 535465 (R)

some chiral catalysts with these chiral boranes showed no
improvement in enantioselectivity.

3.2 Catecholborane-monodentate ligands

Monodentate ligands have not been studied to the same extent
as their bidentate counterparts in the catalytic hydroboration
reaction. In 2005, a series of a-chiral monophosphine ligands
were prepared and used with a cationic rhodium(i) precursor
for the catalytic hydroboration of styrene with HBcat.>® Conver-
sions and yields were generally good, however, only relatively
modest enantioselectivity was achieved (Scheme 15).

3.3 Catecholborane-bidentate ligands

Bidentate ligands have been quite popular in catalytic hydro-
boration reactions. The stronger binding and greater tunability
when compared to monodentate ligands make them the
ligands of choice in the enantioselective hydroboration of many
substrates. Several transition metal starting materials contain
labile ligands that can be readily substituted by a bidentate
ligand. Thus, the catalyst precursor is often prepared in situ,
prior to addition of the substrate and borane.

The branched product of styrene hydroboration, which can
be transformed into a secondary alcohol upon oxidation, is
chiral, offering the opportunity for asymmetric induction. This
potential was realized quite early, as initial reports of styrene

/ 1. [Rh(nbd)(dppf][SO;CF ] (1 mol %) "
/@/\ \[N THF, 1t, 1=12 h /©/'\
+ BH
MeO Ph“. o’ 2.H,0, MeO
) 82% branched
(1.4 equiv) 88.0:12.0 er

Scheme 14 Rhodium-catalysed hydroboration of 4-methoxystyrene
with a chiral borane.®*
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Scheme 15 Rhodium-catalysed asymmetric hydroboration of styrene
using a chiral phosphine ligand.®®

1. [Rh(COD),J[BF JJ1.1 (R)-BINAP (1 mol %)

HBcat (1.1 equiv) OH
DME, 6 h, ~78 °C : OH
P X PNt PR N
2. NaOH/H,0, 64% yield, >99:1 branched/linear

98.1:1.9 er (R)

Scheme 16 Asymmetric hydroboration of styrene catalysed by a cationic
rhodium()/BINAP catalyst.*®

hydroboration®®™° included a cationic rhodium/binap catalyst

system that was found to offer enantiomeric ratios of up to
98:2 at —78 °C (Scheme 16).°°

Other ligands found to offer highly enantioselective catalyst
systems in combination with a rhodium(1) catalyst precursor
include QUINAP derivatives,'®°%* ferrocene-based diphos-
phine,'” and P,N ligands (Fig. 1)."°*'°> A dendrimer version
of JOSIPHOS also gave an active catalyst on combination with
[Rh(COD),][BF,], with similar enantioselectivity to the hetero-
geneous analog, but poorer regioselectivity.'’® Heterogeneous
analogs of BINAP'*'*® and QUINAP'*”'*° have been success-
fully prepared and achieved good selectivities in rhodium-
catalysed hydroboration reactions. As with their homogeneous
analogs, QUINAP outperformed BINAP significantly in asym-
metric induction. Both systems could be reused 4 times without
appreciable loss in catalytic activity or selectivity. In terms of
enantioselectivity, this methodology outperformed previously
reported systems derived from zeolite-supported N,N- and
P,N-ligands.""*'"*

A variety of substituted aryl alkenes were explored in the
initial study of the cationic Rh-BINAP catalyst system, finding
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Fig. 1 Commonly used chiral ligands in asymmetric hydroboration reactions.

that electron-rich aryl alkenes underwent hydroboration with
greater enantioselectivities than their electron-poor counter-
parts. The same study also found that asymmetric induction
was poorer for o- and B-substituted aryl alkenes, which is likely
at least partly due to the sluggish nature of these reactions
which necessitates higher reaction temperatures than mono-
substituted aryl alkenes.®

3.4 Pinacolborane-monodentate ligands

Pinacolborane was introduced as a hydroboration reagent in
1992."> While some alkenes and alkynes can undergo hydro-
boration with pinacolborane in the absence of a catalyst, it
tends to be less reactive than HBcat and thus could offer some
advantages in terms of selectivity. However, hydroboration
reactions of aryl alkenes with HBpin tend to proceed with lower
selectivity for the branched isomer than their catecholborane
counterparts®® and can give significant amounts of vinylboro-
nate esters from dehydrogenative borylation.'?

TADDOL-derived phosphite and phosphoramidite ligands
have been successfully utilized with rhodium catalysts in the
asymmetric hydroboration of aryl alkenes with HBpin."**'** Up
to 98:2 er’s are achieved along with high yields, however the
ligands providing the highest enantioselectivities of the
branched product offer only modest regioselectivity, with sig-
nificant amount of the linear product also being generated
(Scheme 17). Conversion and selectivity for the branched iso-
mer was good in the hydroboration of ortho-substituted aryl
alkenes, however enantioselectivity was poor.'"®

1. [RhCI(NBD)Jy/1.1 L (1 mol %)

Ar” Xy + HBpin (1.2 equiv) DME, i, 17 h - /gi + Ar/\/OH
2. NaOH/H,0, Ar
branched linear

Ar Yield (%) branched/linear

Ph 96 82:18 98.0:2.0

4-FCH, 95 72:28  97.5:225

4-CICgH, 95 77:23 97.0:3.0

4-MeCgH, 91 60:40 96.5:3.5

P Ph 4-MeOCgH, 9% 6733 97.0:30

L 4-CF;3CeH, 92 62:38  95.0:5.0

Scheme 17 Rhodium-catalysed asymmetric hydroboration using a chiral
TADDOL-derived phosphoramidite ligand.*®
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9 Bpin s
A+ HBpin (1.2 equiv) [Rh(CO?ﬁ?:};;(: mol %}, Ar)\ + Ar/\/Bpln
branched linear
Ar Yield (%) branched/linear er
Ph 87 83:17 92.0:8.0
Q/(PC 4-MeCgHj 39 82:18 94.0:6.0
] Y2
Fe PPh, 4-CICgH, 90 72:28 90.0:10.0
@ 4-BrCqH, 87 83:17 92.0:8.0
4-MeOCgH,y 69 83:17 88.0:12.0
L 2-naphthyl 67 95:5 93.0:7.0
83 95:5 94.0:6.0
MeO
92.0:8.0

OO 51 91:9
MeO

NO,

Scheme 18 Asymmetric hydroboration of styrene derivatives using a
rhodium(1)/JOSIPHOS catalyst system.*®

3.5 Pinacolborane-bidentate ligands

While hydroboration reactions using an iridium complex
derived from [IrCI(COD)], and dppb gave >99% selectivity for
the linear isomer, the branched isomer was obtained with 96%
selectivity using a cationic complex derived from [Rh(COD],-
[BF4] and dppb.''® The same study found that asymmetric
hydroboration reactions of aryl alkenes using a cationic rho-
dium/JOSIPHOS system gave er’s from 88:12 to 94:6 and
selectivity for the branched isomer of 72-95% (Scheme 18).

A study using a Rh-(R)}-QUINAP system found that while
catalysed hydroboration reactions of aryl alkenes provided
similar good yields, regioselectivities, and enantioselectivity,
the use of a Rh-(R)-BINAP system showed poorer and inverse
enantioselectivity, along with lower yields and regioselectivities.""”
A supramolecular catalyst comprised of a zinc complex bearing
pendant TADDOL-derived phosphites and [Rh(nbd),][BF,] pro-
vided excellent regioselectivities and yields in the hydroboration
of meta-substituted aryl alkenes.'"

In recently developed chemistry, copper(i) diphosphine cata-
lysts have been reported that give highly regio- and enantio-
selective hydroboration of aryl alkenes with HBpin."”° A
computational study found that bidentate phosphines accelerate
the reaction by destabilizing intermediates involving aryl alkene
coordination to a copper(1)-hydride complex and the ensuing
copper(i) alkyl complex."*" A later publication detailed a more
reactive catalyst system, capable of the asymmetric hydroboration
of electron-rich and B-substituted aryl alkenes (Scheme 19)."*®

CuCl/2 NaO'BuiL (3 mol %) Bpin

R
toluene, rt Ph

PhNR + HBpin (1.2 equiv)

Bu R Time (h) Conv (%)  Yield (%) or

. OMe n-pentyl 24 100 87 >99.5:0.5
{ = Me(O)COCH, 12 100 84 995:05

o pi ®s J» Ph 24 100 % 99.50.5

o P B Pr 24 100 89 99505
¢ O Bu 48 100 % 99.0:1.0

o OMe

u

2
L

Scheme 19 Asymmetric hydroboration of trans-substituted aryl alkenes
using a chiral bidentate phosphine ligand.'®
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4 Scope
4.1 Aliphatic alkenes

Catalytic hydroboration reactions of simple alkyl-substituted
alkenes have traditionally received relatively little attention,
mainly because these reactions generally result in the same
achiral linear products accessible through uncatalysed hydro-
boration reactions. Several systems have shown the capability
of carrying out the hydroboration reaction to mono-substituted
aliphatic alkenes, with selectivities favouring the terminal
hydroboration product. Given the utility of pinacol boronate
esters, reactions using HBpin have received considerable recent
attention, particularly focusing on the use of first row transition
metals for this transformation.’**'?* Where catalytic hydro-
boration reactions of mono-substituted alkenes initially drew
attention, many focused on alkenes bearing other reducible or
directing functionalities. For example, the addition of HBcat to
terminal alkenes using RhCI(PPh;); can be carried out in the
presence of ketone and nitrile groups (Scheme 20).** In a
similar fashion, the chemoselective addition of HBcat to the
terminal alkene in 3-vinyl cyclohexene proceeded with excellent
conversion at room temperature.*

Catalytic hydroboration reactions of ethylene are not com-
mon in the literature but have been investigated, using ruthe-
nium catalysts and HBpin or HBcat;'*>'*® and the rhodium
catalysed hydroboration using N-alkylborazines.*® In the case of
the ruthenium catalysed hydroboration reactions, the vinyl-
boronate ester product is also observed depending on the solvent
used. Bromoethylene undergoes hydroboration with HBcat at
room temperature in the presence of Wilkinson’s catalyst,
whereupon the branched product was isolated exclusively.'*’

A number of allylic sulfones have been subjected to catalytic
hydroboration with HBcat using Wilkinson’s catalyst.">* The
authors noted selectivity that strongly favoured the branched
isomer (~90:10), regardless of the sulfone substituent.
Although the product distribution in the uncatalysed reaction
with BH;-THF also favoured the branched product, selectivity
was greatly improved in the catalytic reaction suggesting com-
plexation of the sulfone group to the rhodium center may serve
to direct the hydroboration reaction (Scheme 21).

The synthesis of diborylalkanes from terminal aliphatic
alkenes has been reported using a zirconium(iv) alkoxide
catalyst.*® The reaction proceeds through initial dehydrogena-
tive borylation, followed by hydroboration of the boryl alkene.
Catalytic hydroboration of allyl benzene with HBcat has been

_Bcat

HBcat b

0°C.2h \/\/%\
—
o 75.8% yield
M)J\
_Bcat
Bcat o
HB +
o2 l\/\/”\ M)\
RhCI(PPh,), (5 mol %)

0°C,2h

53.8% yield, 83:17 chemoselectivity

Scheme 20 Hydroboration of 5-hexen-2-one by HBcat in the absence
of a catalyst (top) and using Wilkinson's catalyst (bottom).>®
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1. HBcat (3 equiv)
RhCI(PPhj), (3 mol %)
THF, rt,24 h
2. NaOH/H,0,

Rsoy N7

2

RSOZ/Y + RSOy "oH
OH

54-88% yield (9 examples)
~90:10 branched/linear

Scheme 21 Rhodium-catalysed hydroboration of allylic sulfones.*?*

investigated using several rhodium catalysts."”® While the
linear hydroboration product is predominant with the three
catalyst precursors utilized, significant amounts of benzylic
and branched products were also observed (Scheme 22). The
benzylic (1-boryl-1-aryl) product is formed as a result of alkene
isomerization at the metal center towards the thermodynami-
cally favourable aryl alkene, which subsequently undergoes
hydroboration favouring the branched isomer (Scheme 22, o).
A more recent publication highlights a cobalt catalyst capable
for this transformation, showing isomerization of chains up to
12 carbon atoms long to selectively form the a-arylboronate
ester.”*® A nickel(n) catalyst has been found to provide excellent
selectivity for the terminal hydroboration product with
pinacolborane.'?"

Teskey and co-workers have reported a photoswitchable
cobalt(1)-hydride system which effects the hydroboration of
terminal alkenes under visible light irradiation, while selec-
tively effecting isomerization in the dark (only in the presence
of pinacolborane and without subsequent hydroboration).™*?
Iridium-catalysed hydroboration of alkenes bearing pendant
amides have been studied. It was found that [Ir(COD)(PCy;)-
(py)I[PFs] catalysed the hydroboration of monosubstituted
B,y-unsaturated amides with a regioselectivity slightly favouring
the branched isomer.'** Under identical conditions, 1-hexene
gave almost exclusively the linear product suggesting that the
amide group was directing the addition of the borane in these
reactions.

Enamines can undergo highly selective hydroboration reac-
tions that are catalyst and borane dependent. For instance,
9-vinylcarbazole was efficiently hydroborated by HBcat using
Rh(acac)(dppb) to selectively generate the branched product,
whereas using the same catalyst with HBpin selectively gave the
terminal borylated product."** The hydroboration of 1-vinyl-2-
pyrrolidinone catalysed by Rh(acac)(dppb) proceeded efficiently
with high selectivity for the linear hydroboration product
(Scheme 23). Uncatalysed reactions with HBcat were compli-
cated by partial reduction of the carbonyl group, and catalysed
reactions gave significant amounts of dehydrogenative borylation.

A recent study has shown that judicious selection of rho-
dium catalyst and reaction conditions can provide the linear or
branched isomers resulting from the hydroboration of vinyl-
phosphine. This builds on previous work showing relatively low
activity and selectivity for rhodium-catalysed hydroborations
of the same substrate. Silyl enols can also undergo rhodium-
catalysed asymmetric hydroboration in good yield and enantio-
selectivity.'*® Terminal alkenes can also be selectively hydroborated
under appropriate conditions in the presence of internal

Chem. Soc. Rev,, 2022, 51, 8877-8922 | 8885
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1. HBcat (1.5 equiv),
[Rh] (2 mol %)
THF, rt, 30 min
2. NaOH/H,0,

[Rh] (2 mol %)

Y
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P +
©/\/\ m

p o

YIBlo

RhCI(PPh,),

Rh(dppb)(n3-2-Me-allyl)

[Rh(COD)dppb][BF 4])

Scheme 22 Catalytic hydroboration of allyl benzene 1?°

Rh(acac)(dppb) (1 mol %)
THF, rt, 18 h

&O + HBpin (1.1 equiv)

N

\

“’J\Bpin

99:1 linear:branched

Bpin

Scheme 23 Rhodium-catalysed hydroboration of
dinone 3*

1-vinyl-2-pyrroli-

alkenes,**'3713% 1 1-disubstituted alkenes,"®® ketone,**'*® and

cyano®*'*® groups. Pendant alkene groups have been hydro-
borated to functionalize a polymer.'*°

4.2 1,1-Disubstituted aliphatic alkenes

As is the case with most monosubstituted aliphatic alkenes, the
terminal alkylboronate ester tends to be preferentially gener-
ated in catalytic hydroboration reactions of 1,1-disubstituted
aliphatic alkenes. This regioselectivity is often even higher than
with the monosubstituted aliphatic alkenes due to increased
steric crowding, which also results in more sluggish reactions.
Although the terminal carbon atom bearing the boron group in
the product is not chiral, in the case of unsymmetrical 1,1-
disubstituted alkenes a chiral center is created at the internal
carbon. As such, a number of studies have looked at asym-
metric hydroboration of 1,1-disubstituted alkenes.

In the early days of transition metal-catalysed hydroboration
reactions, allylic alcohol,””*?*13%1417149 and amine'4*1°*151
derivatives drew extensive attention as substrates as it was
noted that these reactions produced predominantly syn isomers
while uncatalysed variants gave the anti diol products on
oxidation (Scheme 24).

In a similar fashion, 1-methylidine-4-cyclohexane derivatives
undergo hydroboration/oxidation giving good diastereoselectivity
in favour of the syn isomers, using RhCl(PPh;); or [RhCl(COD)],/4
PPh; as catalyst precursors (Scheme 25).'%>'5?

OH

)Y + HBcat (3 equiv)

nPr

1. RhCI(PPhy); (5 mol %)
THF, t, 8 h
2. pH 7.00 buffer, H,0,

OH
)\ﬁ * /'\/\
OH ~" OH
r:rPr
anti

nPr
syn
79% yield, 81:19 syn:anti

Scheme 24 Rhodium-catalysed hydroboration of an allylic alcohol.**®
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70:9:21
65:33:2
75:16:9

1. RhCI(PPhj)3/PPh; (3 mol %)

THF, 24 b, 1t CH,OH wCH,OH
+
R R

2. EtOH/NaOH/H,0,
syn

g + HBcat (3 equiv)
R

anti

R syn/anti Yield (%)

Me 81:19 920
Bu 86:14 91
Ph 92:8 94
Phs  76:24 84

Scheme 25 Rhodium-catalysed hydroboration of 1-methylidine-4-cyclo-
hexane derivatives.*>

1. [RhCI(COD)},/2 (R,R)-DIOP (1 mol %)
THF, -5 °C
2.NaOH, H,0,

lBu/\/OH
84.5:15.5 er
2,3,3-trimethylbut-1-ene

/K + HBcat (2 equiv)
Bu

Scheme 26 Asymmetric hydroboration of
using a rhodium() phosphine catalyst.*>*

Chiral catalysts have been employed to induce chirality in
hydroborations of 2,3,3-trimethylbut-1-ene, albeit with rela-
tively modest enantioselectivity. Optimal conditions employed
2 equivalents of (R,R)}-DIOP as a ligand with 1 mol%
[RhC](COD)], at —5 °C in THF, achieving 84.5:15.5 er favouring
the R-isomer (Scheme 26).">*

1,1-Disubstituted aliphatic alkenes have been selectively
reduced using hydridoboronate esters in the presence of a
trisubstituted alkene,"*>'?”'>>1%7 even in cases containing
ester and amide functionalities."*”"*® Interestingly, RhCI(PPh;),-
catalysed hydroboration of 2,2-disubstituted-1-methylidene cyclo-
propanes gave ring-opened borylated products bearing a terminal
monosubstituted alkene."® Similarly, vinylcyclopropanes under-
went ring-opening upon iron-catalysed hydroboration to give
homoallylic organoboronic esters. As with other substrates, much
recent attention has focused on the use of iron and cobalt as
catalysts for the hydroboration of 1,1-disubstituted aliphatic
alkenes.'®”'>71%161 A recent report highlights the ability of a
polystyrene-supported copper catalyst is effective for the efficient
hydroboration of a 1,1-disubstituted alkene."®>

4.3 1,2-Disubstituted aliphatic alkenes

Regioselectivity is frequently problematic in the catalysed
hydroboration of 1,2-disubstituted aliphatic alkenes. In addition
to normal regioselectivity issues present in other substrates,
competitive isomerization can lead to the formation of linear

This journal is © The Royal Society of Chemistry 2022
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77,86,122,135,141,160,163-169 g0 recent work has sho

products.
that these linear products of isomerization and subsequent
hydroboration can be produced quite selectively,'3%166:168-175
A zirconium(wv) catalyst has been shown to enable the isomeriza-
tion, dehydrogenative borylation, and hydroboration of
internal alkynes, generating 1,1-diborylalkanes from internal
alkenes."® Frequently, to avoid isomerization, cyclic substrates
were used. In particular, norbornene and derivatives have
been investigated extensively as substrates in catalytic
hydroborations.33,35,76,77,86,977100,125,146,1547157,163,1767189 Transi-
tion metal-catalysed hydroborations are selective for giving the
exo-hydroboration products. Several chiral ligands have also
been used for the asymmetric hydroboration of these sub-
strates, however many chiral rhodium complexes offered only
modest levels of enantioselectivity.”” 10 134153:163,179 gygtems
containing copper,'*® cobalt,">’” or rhodium catalyst precursors
have all shown promise in asymmetric hydroborations of these
substrates (Scheme 27)."*°

Norbornene has been a frequently examined substrate in
catalytic asymmetric hydroboration reactions. In an initial
study, BINAP was found to provide the best enantioselectivity
for this reaction (Scheme 28).°® It was subsequently discovered
that bis-aminophosphine ligands could also provide reasonable
yields and enantioselectivities for the hydroboration of
norbornene.®*

Closely related meso-bicyclic hydrazines can also undergo
asymmetric hydroboration, with er’s up to 93:7. The resulting
alcohols are of great interest and can be reduced to diamino-
cyclopentane species (Scheme 29).'7® Interestingly, enantio-
selectivity for the iridium catalysed reaction is opposite to that
observed with the rhodium analogs.'*°

Allylic alcohol derivatives have been substrates of interest
due to the reversed regioselectivity observed in catalytic hydro-
borations versus uncatalysed hydroborations. Electronic effects
cause hydroboration selective for the boron atom adding to
the carbon o to the alcohol in uncatalysed hydroborations
while steric effects dominate the catalytic process resulting

E E
@b + HBpin (1.2 equiv) @li
Bpin

thlophene -2-carboxylate

Pth E  Temp.(°C) VYield (%)  er
<% ., o 20 88 98515
I Fe 2 NBoc 40 85 >99.5:0.5
= @

CH, 50 88 95050
Scheme 27 Copper-catalysed hydroboration of norbornene derivatives.*2°

Ab + HBcat (1.2 equiv) Aﬁm

CgDg, 5 °C, 71.5:28.5 er
Scheme 28 Asymmetric hydroboration of norbornene.®®

154,179

CuTC/ L (3 mol %)
— s
toluene, 24 h

1. [RhCI(COD)]/
2 (R)-BINAP (1 mol %), 72 h
2. EtOH/NaOH/H,0

THF, -25 °C, 82.0:18.0 er
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1. [RhCI(COD)],/ 2 L (1 mol %)
' DME, -50 °C, 30 mi .
Bnozc/ﬂb +HBcat 2 equiv) —o— - = S0 MN Bnozc/ﬂb/o'_‘
BnO,CN 2. EtOH/NaOH/H,0 BnO,CN

o

90% vyield, 92.0:8.0 er

PPh, PPh,
L
1. Hy/Pt BnOzCHN\O,NHCOZBn
B ——
2. PhCOCl, Py Tt

74% yield, 92.0:8.0 er

Scheme 29 Asymmetric hydroboration of meso-bicyclic hydrazines.*’®

in selectivity favouring the ¢rans-1,3-disubstituted product
(Scheme 30).'*>™°>19L192 An extra carbon atom between the
alkoxide group and the alkene double bond results in generally
poorer selectivity,'”"**® frequently favouring the cis-1,3-di-
substituted product.

1,2-Disubstituted'®* alkenes bearing pendant amide groups
have also been examined extensively as substrates in metal-
catalysed hydroboration reactions.'**'3>19>19¢ g v Alkenyl
amides generally show strong regioselectivity favouring the
boryl group in the PB-position, though Zhang, Zu, and co-
workers have reported an iridium-catalysed protocol which
strongly favours the y-boryl hydroboration product.'®” Judi-
cious ligand selection also allows for excellent enantioselec-
tivity in these reactions."®>'°® Similarly, y,5-alkenyl amides
underwent highly selective asymmetric hydroboration incor-
porating the boryl group in the y-position.'® Cyclic alkenes
bearing exocyclic amide groups have similarly shown potential
for highly regio- and enantioselective metal-catalysed hydro-
borations."**"*>'%® Similarly, 2,4,6-trichlorobenzoate substitu-
ents have been utilized as directing groups in the asymmetric
copper-catalysed hydroboration of internal alkenes.*°

Z-Alkenes bearing a halogen substituent undergo hydro-
boration with catecholborane catalysed by RhCI(PPh;)s, with
the boryl moiety being regioselectively added to the carbon
bearing the halogen atom.'” Cyclopropenes undergo catalytic
hydroboration reactions with selectivities favouring addition of
the boryl group trans to the larger group. Methyl esters serve as
directing groups, with the boryl group adding on the same face
as the methyl ester (Scheme 31).'9>%*

A platinum-coordinated 4-(3-cyclohexen-1-yl)pyridine was
submitted to RhCl(PPh;);-catalysed hydroboration using catechol-
borane.>®® Regioselectivity was, perhaps not surprisingly, quite
poor as there is little steric or electronic differentiation between
the two carbon atoms.

4.4 Trisubstituted alkenes

Among the most challenging substrates for catalytic hydrobora-
tions are trisubstituted alkenes. Many attempts at catalytic
hydroboration reactions are plagued by low conversions'®®
and competitive substrate isomerization.””"'>%169166:167 [gomer-
ization can be highly selective, resulting in the formation of a
terminal alkene, which subsequently undergoes hydroboration,
forming alternative hydroboration products (Scheme 32)."”®
A zirconium(iv) system was used to generate the corresponding
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OR OR OR OR OR
1. RhCI(PPhj3); (3 mol %) OH OH
+ HBcat (3 equiv) it TIHF wp o 121h » + + 5
2. NaOH/H,O -
Ao “OH OH
1 ,3anﬁ 1 v3syn 1 -2anti 1 ’25}’"

R Yield (%) 1,301 ,3syn/1 2antil ,23yn

H 84 72:9:18:1

Bn 87 72:13:7:8

Si('Bu)Me, 79 86:11:2:1

Scheme 30 Rhodium-catalysed hydroborations of cyclic allylic alcohol derivatives.}*?

[RhCI(COD)l,/  pinB pinB
2 (R)-BINAP (3 mol % P COOMB
> + HBpin 4L - o
COOMS THF, 11, 0.3 h COOMe

96% yield, >99:1 (syn/anti),
97.0:3.0 er (1S, 2R)

Scheme 31 Rhodium-catalysed asymmetric hydroboration of a cyclo-
propene derivative. 124201

O/\ + HBpin (1 equiv)

LCoMe (1 mol %;

neat, rt, 24 h

O/\/Bpin

74% yield, >98% conversion

Mes—N N—Mes

L

Scheme 32 Cobalt-catalysed hydroboration of a trisubstituted alkene.?’*

1,1-diborylalkane product through isomerization and subse-
quent dehydrogenative borylation.'*®

Trisubstituted allylic amides undergo catalytic hydrobora-
tions using a variety of rhodium-based catalysts and pinacol-
borane.'?>?%*** The amide directing group, combined with

1. [Rh(nbd),][BF4}/2.1 L (1.0 mol %)
10% norbornene, THF, rt,24 h

steric effects, results in hydroboration selective for the boryl
group P to the amide (Scheme 33).>%

The utilization of oxime®*®> and phosphonate®***%” directing
groups has allowed for the asymmetric hydroboration of trisub-
stituted alkenes with the boryl group selectively adding to the
disubstituted carbon, resulting in the formation of chiral
tertiary boronic esters (Scheme 34). Substrates with an aryl
group®®® instead of an alkyl group®®” gem- to the directing group
provided complimentary enantioselectivity.

A recent publication cites the in situ formation of HBpin and
a cobalt-catalysed hydroboration of a 1,2,2-trisubstituted aryl
alkene as a key step in the synthesis of 1,1,1-tris(boronates)
from the reaction of monosubstituted aryl alkenes with B,pin,
(Scheme 35).2°® Cobalt(u) hydrides appended to bipy-type func-
tionalities in metal-organic frameworks (MOFs) proved to be
effective in the hydroboration of 2-methyl-2-butene, in addition
to other mono- and di-substituted alkenes, as well as ketones
and aldehydes, albeit with relatively long reaction times in all
cases.”®

4.5 Tetrasubstituted alkenes

There are several examples of hydroboration reactions of
2,3-dimethylbut-2-ene. To the best of our knowledge, the most
selective hydroboration of this substrate was the first one
reported in 1992 by Baker, Marder, and co-workers (Scheme 36)."*
While several of the catalysts examined were inactive for the reaction,

(o] OH

R!
PhHN

o
R1
PhHN N + HBpin (2 equiv)

R2
Ar_Ar

o) Q

>< P—OPh

o d

Ar Ar

L1, Ar = 4-MeCgH,
L2, Ar = 4-BuCgH,
L3, Ar = 3,5-Me,CgH,

2. H,0,/NaOH R?
R! R2 L Yield(%) er
Ph(CH,);, Me L1 81 97525
Ph(CHy)), Me L2 79 96535
Me(CH,); Me L3 80  98.0:2.0
Me iPr L2 80 97525
Me cy L2 82 96535

Scheme 33  Asymmetric amide-directed hydroboration of trisubstituted alkenes.?%*
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DG\/(\/ + Hepin _ (RN THF, 2h
——————————
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Ar Ar

Ar = 3,5-Me,CqHs

DG [Rh] T Yield (%) er
-0-NCMe, [Rh(nbd),][BF 4] (2 mol %), L1 (R=H, 4.1 mol %) 40°C 84 955
P(O)(OEt),  [Rh(COD)CI], (0.3 mol %), L2 (R=Me, 0.5 mol %), AgBF, (0.5 mol %) rt 82  99:1

Scheme 34 Oxime-2% and phosphonate-2°%2%7 directed asymmetric hydroboration of trisubstituted alkenes.

LCoCl,/2 NaHBEt; (2 mol %)

A+ Bypiny (2 equiv) > A C(Bpin),

pentane, rt, 12 h

up to 97% vyield

Scheme 35 Cobalt-catalysed synthesis of tris(ooronates).2%®

.Bcat
\(‘\ + HBcat (1.5 equiv) [Rh] (2 mol %), THF, rt }—l

[Rh] Time (h) Conv (%)
RhCI(PPh3)s 100 0
[Rh(COD)dippe][OTf* 100 0
[Rh(COD)dippe][BF4]* 100 82
Rh(dippe)(n®-2-Me-allyl) 80 >99
Rh(dppb)(n3-2-Me-aIIyI) 24 >99

*Reactions were also done in CD,Cl,

Scheme 36 Rhodium-catalysed hydroboration of 2,3-dimethylbut-2-
129
ene.

two rhodium bisphosphine 1*-2-methylallyl catalyst precursors pro-
vided nearly quantitative yield of the hydroboration product at room
temperature, albeit with extended reaction times. More recent
attempts to hydroborate the same substrate have been plagued by
alkene isomerization.'®"'%%17

4.6 Dienes

Dienes have also been found to present problems in terms of
selectivity. Hydroboration of the terminal alkene occurs in
hydroborations using dialkylboranes, leaving the other n-bond
unaltered. Good selectivity for 1,2-hydroboration is observed
using Pd(0), Pd(u), and Rh(i) catalyst precursors (Scheme 37).>'°
In a similar fashion, an Ir(i) system was found to catalyse
the 3,4-hydroboration of 2-substituted 1,3-dienes, giving the
terminal hydroboration product.***

Another report has also highlighted the 1,2-hydroboration of
the terminal double bond of dienes using a CuCl/diphosphine
catalyst system."'® Using 2.5 equivalents of catecholborane and
a variety of Rh(i) catalyst precursors the bis-hydroboration of
1-phenylbutadiene was achieved in moderate yields and with
facial selectivity (Scheme 38).>'*

This journal is © The Royal Society of Chemistry 2022

1. [M] (1.5 mol %), CgHg, 1t, 16 h
2. PhCHO (1.1 equiv), 0°C, 3 h

R! R2
H (1.1 equiv) + HBcat

2 OH
R' R2 ™M Yield (%)
H H Pd(PPh,), 81
H Me Pd(PPh,), 89
H Me PdCL,(PPh,), 81
H Me Pd(OAc), 24
H Me RhCI(PPhs), 2
H Me RhCI(CO)(PPh;), 19
H  -(CH,),CH=C(CH;), Pd(PPh,), 77
Me Me Pd(PPhy), 81
Scheme 37 Catalytic hydroboration of dienes.?'°
1. RhCI(PPh3); (1 mol %) OH OH OH OH
A+ HBoat (25 equiv) —ooHe 130 o ~*en
PR e 2. NaOH/H,0; .
anti syn

73% yield, 10:1 (antil/syn)

Scheme 38 Rhodium-catalysed bis-hydroboration of dienes.?*?

Chemo- and regioselectivity are often issues in Ni(u) and
Co(u) diphosphine-catalysed hydroborations using catechol-
borane, giving significant amounts of products resulting from
differing regioselectivity in 1,2-hydroborations and also pro-
ducts of 1,4-hydroboration.>*>'® Improved selectivity for 1,4-
hydroboration is observed using Ni(0)>'”7**' and Fe(u)*"***?
catalyst precursors (Scheme 39).>"?

Rajanbabu and co-workers reported divergent selectivity
depending on ligand choice in cobalt() catalytic hydroboration
of dienes (Scheme 40).>*> The best achiral system for 1,4-
hydroboration of 2-substituted 1,3-dienes came from the
in situ generation of a cobalt(i) dppp complex. Chiral systems
derived from bulky 2-oxazolyl-phenyldi(aryl)phosphine ligands
(with chirality built into the oxazolyl fragment) were found to
provide good regio- and enantioselectivities (up to 94:6 er) in
this transformation. A computational study from Liu, Jiang,
and Chen found that the dppp ligand donates strongly and
provides steric bulk, while the narrower bite angle of dppe
alongside the reduced bulk and electron donating ability of
(2-oxazolyl)-phenyldiphenylphosphine alter the reaction pathway
to favour 1,4-addition.>** A CuCl/diphosphine-based catalyst sys-
tem was found to be quite selective for the 1,4-hydroboration of
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LFeCl, (5 mol %) Bpin Bpin
NaHBEt; (12.5 mol %) )\)/ /\/\I/
ArMP’“R + HBpin (1.04 equiv) o )
Et,O, 1t, 3 h
PhP Ar R EE:EZ(diene) Yield (%) 1/2
Ph Me 62:38 74 8812
Ph n-CsHyq 27:73 85 8317
4-FCgH, Me 49:51 88  88:12
2-furyl Me 47:53 62 955

Scheme 39

PAr,
L R
> Bpin

70-98% yield

CoCl,L/1 Zn (S mol %) or
CoCl,(dppe)/2 MAO (5 mol %)

\/& HBpin
Et,0, 0.25-3 h

S 7 Bpin

78% vyield

CoCly(dppp)/2 MAO (5 mol %)

Scheme 40 Cobalt-catalysed hydroboration of dienes.?%

9

CuCl/L (1 mol %), NaO'Bu (6 mol %)
THF, rt, 2 h
HBpin (2 equiv) 81% yield
Ph o~ A Ph __~
CuCl/L (1 mol %), NaO'Bu (6 mol %) Bpin
PAr, PAr, toluene, 60 °C, 1 h 82% yield

990
LAr = 3,5-('Bu),CeH,

Scheme 41 Copper-catalysed hydroboration of dienes.?2

1,3-cyclohexadiene and the 1,2-hydroboration of 1-phenylbuta-
diene (Scheme 41).>*°

4.7 Enynes

Enynes have been shown to exhibit a wide variety of reactivity in
catalytic hydroboration reactions. In many cases, hydrobora-
tion occurs selectively at the more reactive terminal alkyne
functionality. Regioselectivity for the cis-hydroboration of the
terminal alkyne in conjugated enynes has been found to be
excellent with a catalyst system based on Schwartz’s reagent,
triethylamine, and pinacolborane (Scheme 42).%>%?*” Selectivity

8890 | Chem. Soc. Rev., 2022, 51, 8877-8922

Iron-catalysed hydroboration of 1,4-di-substituted 1,3-dienes.?*

Cp,ZrHCI/NEt; (10 mol %)
neat, 12 h, 60 °C

Q—: + HBpin (2 equiv)

Scheme 42 Zirconium-catalysed hydroboration of terminal alkynes.

90% yield
236,237

OTBDPS - [RhCI(COD)],/4 PryP (1.5 mol %), OTBDPS
+ >
= B 5 NEt, 0-CoHyy, 1, 4 N -
\\ Bpin
(1.2 equiv) 78% yield

Scheme 43 Selective trans-hydroboration of the alkyne functionality of

an enynezm

for the linear borylated product is reduced somewhat using a
NiCl,/dppe catalyst system.>*®

trans-Hydroboration reactions have also been demonstrated
using catecholborane and a palladium(0)/1,4-azoborine-based
phosphine ligand system.*****° As previously discussed for
simple terminal alkynes, trans-hydroboration of a terminal
alkyne functionality of an enyne is also possible using a
rhodium(i) tri-isopropyl phosphine/triethylamine catalyst system
with pinacolborane.”® This reaction has seen some practical appli-
cations with enynes in synthetic chemistry (Scheme 43).>%"%%?

In reactivity analogous to that observed with conjugated
dienes, 1,4-hydroborations of enynes generatesing allenes with
the boryl group tending to add to the end of what was the
alkynyl moiety.>*® This can be achieved using Pd(0)>'****>3¢
and, more recently, enantioselective reactions using Cu(u)

catalyst precursors (Scheme 44),>37>%8

B
Vi _  Cu(OAc),IL (5mol %) Me,,, i
+ HBpin (2 equiv) THE 7L 151 H*™
“Ph

/(?..

PH \_\

P
Phv

Scheme 44 Copper-catalysed hydroboration of enynes.24®

Ph 80% yield, 98:2 er
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o 1. [Rh(COD),|[SbF¢J/(S)-BINAP (5 mol %) RS
Ruf—— & DCE, 30°C, 4 h L 3
/ + HBcat (2 equiv) ’ ’ > RIE R
RWE 2. NaOH/H,0, .
ER, R2, R®  Yield (%) dr er
C(COMe), H, Me 98 94:6 -
C(CH,0Bn), H, Me 78 946  94.0:6.0
NTs H, Me 81 82:18 96.0:4.0
C(CO,Me), H, Ph 84 96:4 87.5:12.5
[¢) —(CHy)s— Me 88 57143 91.5:8.5
Scheme 45 Rhodium-catalysed cyclization of 1,6-enynes via hydroboration.?*°
Ph HBpin (1.5 equiv) 1. HBpin (2 equiv) Ph
CoCl, (3 mol % 9
" ™~Bpin oCl, (3 mol %) L [Co] (5 mol %) S H
o (RR)}-QUINOX-P (4 mol %)  —==—Ph  NaBHE, (15 mol %) o
toluene, 1t, 12 h o] toluene, rt, 5 h
85% yield \\ 2. H202, NaOH, Et20 HO
99.5:0.5 er = 72% vyield
= N O
N P< ip ,\Il |
X tBu [Co] = \ N—Co—N
(R,R)-QUINOX-P = P i 72
N |i,/ . Cl cl Bn
Me Pr

Scheme 46 Cobalt-catalysed cyclization of enyne derivatives via hydroboration.

1,6-Enynes can undergo hydroboration resulting in ring-
closing carbon-carbon bond formation, first reported in 2006,
using a rhodium(i) catalyst precursor (Scheme 45).**° The
authors propose that the reaction must proceed via n*-coor-
dination of the enyne to the cationic rhodium(um) intermediate
after the initial B-H oxidative addition, followed by either
insertion of the alkyne into the Rh-B bond or insertion of the
alkene into the Rh-H bond followed by insertion of the other
unsaturated functionality into the resulting Rh-C bond form-
ing the 5-membered ring. Reductive elimination yields the
cyclic product.

More recent work has shown the ability of the simple
cobalt(u) catalyst precursor Co(acac), in combination with
chiral phosphine ligands to promote the reductive cyclization
of 1,6-*>**! and 1,7-enynes.>** Depending on the nature of the
substrate, vinyl boronate ester or alkyl boronate esters can be
generated. A similar cyclization of 1,6-enynes was also reported,
using a bulky cobalt(u) catalyst precursor in combination with
NaHBEt;.>** This protocol offered complementary regioselec-
tivity to that found with the Co(acac),/(R,R)-Quinox-P combi-
nation with some substrates (Scheme 46). Similar reactivity has
since been observed with Ni(m)*** and Fe(n)*** catalysts. 1,5-Ynones
have been cyclized with Cu(i) catalysts and trimethylamine-borane
as the boron source.>"®

4.8 Allenes

While less extensively studied than many other substrates,
allenes have proven to be interesting substrates in transition
metal-catalysed hydroborations as the utilization of different

This journal is © The Royal Society of Chemistry 2022

241,243

ligands under identical conditions can offer products with
different regioselectivities.”*>*** This is particularly true of
Pt(0) catalyst precursors (Scheme 47).>*”

Rhodium(1)-based catalysts were found to be less effective in
the reaction, providing low yields and little regioselectivity.>*”
Recently, copper(1) catalysts have proven to be effective in the
hydroboration of allenes, with strong selectivity for the linear
hydroboration product. The remaining double bond exists as a
mixture of E- and Z-isomers, generally favouring the E-isomer
(Scheme 48).>*> More recent work has unearthed a cobalt-based
protocol which yields primarily the Z-isomer on the terminal
end of the allene,*® a metal-dependant regio-divergent proto-
col that selectively installs the boron moiety on the central
carbon of the allene using either a nickel- or cobalt-catalyst,>*°
and a chromium-based protocol which yields boronated
(E,Z)-skipped dienes through tandem dimerization and hydro-
boration.>*°

4.9 Monosubstituted aryl alkenes

From the very early days of transition metal-catalysed hydro-
borations, styrene and derivatives have been of great interest.
In the absence of a catalyst, the reaction is highly selective for
the linear hydroboration product. In 1989, it was reported that
some cationic rhodium(i) phosphine complexes were able to
catalyse hydroborations using catecholborane that are highly
selective for the branched borylated product.”® Over the next
few years contradicting reports of the selectivity of hydroborations
using Wilkinson’s catalyst (RhC](PPh;);) and catecholborane were
published.”®****' Soon thereafter, these contrasting results were
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Pt(dba), /2 P(Bu); (3 mol %)
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n-Bu \:/—Bpin

n-Bu toluene, 50 °C, 2 h
d _
\=— = + HBpin (1.5 equiv) —— vegisld
n-Bu
Pt(dba), /2 P(2,4,6-(Me0);CgH,); (3 mol %) —
toluene, 50 °C, 2 h Bpin
58% yield
Scheme 47 Platinum-catalysed hydroboration of allenes.?*”
R3__Bpin
CuCliL (1 mol %)
Nas . . NaO'Bu (6 mol %) R! Bpin + R _—
1 -~ "R 7
R\( + HBpin (1.2 equiv) dioxane, rt, 2 h Y\r
R? R3 R?
R2 E Z
R? R2 R3 Yield (%) EIZ
Ph(CH,), H H 74 91:9
FiC CI\/ \/C' CFy TBSO(CH,); H H 7 8ot
Ph,C 0 cPh, (n-CgHy3)(Me)H)C H H 70 98:2
N Ph(CH,),CMe, H H 78 1000
FsC CF, Ph H H 60  100:0
t 4-MeOCgH, H H 68 100:0
4-CICgH, H H 58 100:0
~(CH,)s~ H 66 -
Ph H n-Pr 52 100:0
Scheme 48 Copper()-catalysed hydroboration of allenes.?
Bcat

X Bcat
/©/\ + HBcat(1.1equiv) [Rh](2mol %), THF, rt * /©/\/
MeO MeO MeO

[Rh]

Branched/Linear

Rh(dppe)(n3-2-Me-allyl)
[Rh(dppb)(COD)][BF 4]

Rh(dippe)(n®-Bcat,)
RhCI(P(iPr):,)z(Nz)

Scheme 49 Rhodium-catalysed hydroboration of 4-methoxystyrene.*?

explained by the partial oxidation of the rhodium(i) catalyst
in some cases."**'*! Selectivity for either the branched or linear
products is achievable, depending on catalyst selection
(Scheme 49)."*°

The frequently observed selectivity for the branched isomer
is rationalized by the preferential formation of a benzylic inter-
mediate following insertion of the alkene into the rhodium-
hydrogen bond. Further evidence for this assertion comes from
the results of the hydroborations of ortho-substituted aryl alkenes.
While regioselectivity in the rhodium-catalysed hydroboration of
2,4-dimethylstyrene is quite high at 95-97%, this number drops
significantly in the hydroboration of 2,4,6-trimethylstyrene to 63%
due to the steric constraint that destabilizes the planar benzylic
intermediate in this substrate.>>> Rhodium-BABAR-phos complexes
were found to be remarkably stable, however regioselectivity in the
catalysed hydroboration of aryl alkenes was relatively poor.>>*?>*

Iridium-catalysed reactions tend to produce the linear
isomer,?>116:117,156,185,255°238 1t hag been suggested that this

8892 | Chem. Soc. Rev, 2022, 51, 8877-8922

>99:1
>99:1
>99:1

5:95

may be due to olefin insertion first into the M-B bond, as
opposed to initial insertion into the M-H bond, as is the case
with many rhodium catalysts. The readily available ruthenium-
based catalyst [Ru(p-cymene)Cl,], was also found to provide
terminal-selective hydroboration of vinyl arenes.>*®

In recent years, first row transition metals have been utilized
in this reaction. Many of these initially provided poor selectivity
or selectivity for the linear isomer. Metals utilized included
cobalt, 232697264 jron 297267 and manganese.>*®?*  More
recently, earth-abundant catalysts providing branched selectiv-
ity in the hydroboration of vinyl arenes have been developed,
including nickel,>”®*”" cobalt,"*"*”> and iron.>’>*’* These
developments are covered in a 2019 review.>’> This has been
extended to heterogeneous catalysis using a cobalt(u) coordina-
tion polymer.>”®

Catecholborane could be added to a platinum complex of
2-vinylpyridine using RhCI(PPh;); as a catalyst, but the regio-
selectivity observed under these reaction conditions was poor.>’>

This journal is © The Royal Society of Chemistry 2022
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Each hydroboration isomer accounted for 45% of the product
mixture, while dehydrogenative borylation and hydrogenation
products were also observed.

Heterogeneous catalyst systems based on rhodium() catalyst
precursors in combination with silica bearing diphenylpho-
sphine groups showed good regioselectivity for the branched
isomer in the hydroboration of aryl alkenes with catecholborane,
particularly when Rh(acac)(COE), was used as the rhodium(i)
source.””” Only a slight decrease in activity was observed over 3
runs. The synthesis of diborylalkanes from terminal aryl alkenes
has been effected in a zirconium(iv)-catalysed dehydrogenative
borylation-hydroboration sequence.'?*

4.10 1,1-Disubstituted aryl alkenes

Like their aliphatic counterparts, hydroborations of 1,1-di-
substituted aryl alkenes are more sluggish than their mono-
substituted analogs. An early study discovered that selectivity in
the rhodium-catalysed hydroboration of 2-phenylpropene with
catecholborane could be altered by the choice of catalyst.®® The
combination of [MCI(COE),], (M = Rh, Ir) with one equivalent
of PPh; per M was found to give >98% selectivity for the linear
product while using Rh(acac)(dppb) as the catalyst results in
95% selectivity for the tertiary product (Scheme 50).

Selective formation of the tertiary product is relatively rare
and unique to some rhodium-based systems.?®'>%15238,278,279
Most hydroboration catalysts based on rhodium,
156,163,167,280,281 iridium,zm*zss cobalt,157,160—162 lanthanum,zs“
samarium,’” nickel,"®" iron,"*”**®?%> and copper®*® selectively
provide the linear product. Chiral cobalt'®**”*®% and iron
catalyst®®® precursors gave good activity and enantioselectivity
in this transformation. Asymmetric cobalt-catalysed hydrobora-
tions of 1-aryl-1-silyl alkenes have drawn interest as the second
part of a hydrosilylation/hydroboration sequence, starting with
the hydrosilylation of a terminal alkyne.”®*">°* Substrates that
are bulkier®® or more electron-poor>’® than 2-phenylpropene
also showed increased selectivity for the linear hydroboration
product in rhodium-catalysed reactions. The copper catalysed

65,97-100,129,154,

View Article Online

Review Article

hydroboration of a 1-phenyl-1-borylalkene gave the tertiary
diborylated product (Scheme 51).%%

Recent work has demonstrated the ability of amide and
oxime ether groups to direct asymmetric hydroborations using
HBpin and chiral Rh catalysts. Interestingly, while a phospho-
nate group provided regioselectivity for the quaternary isomer
when the substrate’s aromatic group is unsubstituted or had
meta- or para-substituents, the use of ortho-substituted aryl
groups led to an inversion in regioselectivity and a significant
loss of asymmetric induction (Scheme 52).>°° Oxime ether
directing groups were found to promote differing regioselec-
tivity in catalytic asymmetric hydroborations of the same sub-
strate, depending on the ligand utilized.>**

4.11 1,2-Disubstituted aryl alkenes

Rhodium-catalysed hydroborations of trans-3-phenyl-2-propene,
cis-3-phenyl-2-propene, indene, and other 1-aryl-2-alkyl alkenes
generally proceed with the boryl group adding o to the aro-
matic ring. As with monosubstituted aromatic alkenes, this
selectivity is rationalized through the formation of a rhodium-
benzyl intermediate.

Some 1,2-disubstituted aryl alkenes, including indene and
dihydronaphthalene and their derivatives are commonly used
substrates in asymmetric hydroboration reactions. Rhodium
catalysts with QUINAP-type ligands are among the most effec-
tive ligands for these transformations, achieving excellent er’s
at room temperature (Scheme 53).100:101,108,252,295-301

Recent work has demonstrated the potential of cobalt cata-
lysts with amide ligands in the asymmetric hydroboration of
1,2-disubstituted aryl alkenes, with enantiomeric ratios up to
>99:1 (Scheme 54).°* The reaction is thought to proceed
through a benzylic intermediate similar to that found in the
case of many rhodium catalysts.

Later work by Takacs showed that the use of amide,*** or
phosphonate®*® directing groups in the substrate, in rhodium-
catalysed hydroborations with bulky chiral TADDOL-based
ligands led to highly regio- and enantioselective hydroborations

[Rh] (2 mol %), THF, 1t, 1 h "Beat s
+ HBcat (1.1 equiv) > +
[Rh] Branched/Linear/Hydrogenation
Rh(acac)(dppb) 95:5:0
0.5 [RhCI(COE),],/2 PPh, 0:98:2
Scheme 50 Rhodium-catalysed hydroboration of 2-phenylpropene.®®
PPh, PPh,
i CuCl/I1.1L @3 | % me:"Bpm -
/\\ + HBpin (1.2 equiv) BEVIsLL (S mol 7v), ph/k
Ph NaO'Bu (3 mol %), toluene, rt, 24 h
81% yield
L

Scheme 51 Catalytic hydroboration of a 1-phenyl-1-borylalkene %*
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o
12 examples g \/‘\
[0 artho.subatiiitad A EtO—, ~¥Bpin
no ortho-substituted Ar Eto/ Ar
64-85% yield, 88:12-97:3 er

o
||\)]\ [RhCI(COD), (0.5 mol %), AgBF, (1 mol %)
_P
Eto—/ -

L(1mol %), 1t,3h

fi/@ o

Ar Ar

Bpin

0
I
B0~ "pr

EtO
Ar = 2-MeCgH, 82% yield, 78:22 er

Ar = 2-MeOC¢H, 80% yield, 74:26 er

Scheme 52 Phosphonate-directed rhodium-catalysed hydroborations of 1,1-disubstituted aryl alkenes.2%®

Meo /©/'\/ /@/Y
1. [LRh(COD)|[BF] (1 mol %)

THF,2h,0°C
2. EtOH/NaOH/H,0,

1. [LRh(COD)[BF] (1 mol %)
THF, 2 h, 1t
2. EtOH/NaOH/H,0,

89% conversion, 88:12 a:R-alcohol, 98.5:1.5 er

C - G

100% conversion, >99:1 a:R-alcohol, 99.75:0.25 er

HBcat —

N
44

XN
o™

L

Scheme 53 Rhodium-catalysed hydroboration of trans-1-methoxy-(1-

propenyl)benzene (top) and indene (bottom).2%°

Co(OAc), (1.0-2.5 mol %) Bpin
AR+ HBpin L(230mal%) SR
' Et,0,t, 18 h d
R =H, alkyl 31 examples
o 63-99% yield
N 91:9->99.5:0.5 er
| H
N
N“ “NPh
/
L Bd

Scheme 54 Cobalt-catalysed o-selective hydroborations of trans-1,2-
disubstituted aryl alkenes.?*

of 1,2-disubstituted aryl alkenes. A zirconium(wv) catalyst has
demonstrated the isomerization, dehydrogenative borylation,
and hydroboration of ¢trans-f-methylstyrene, generating the 1,1-
diborylalkane."*®

4.12 Terminal alkynes

A variety of catalysts have found use in the cis-hydroboration of

terminal alkynes®** including nickel,'®"*!*3% palladium,*°¢~3®
rhodium,

182,183,309-313 ruthenium,su iron,267,3157317
titanium, 322 gold,***
and molybdenum. However, the most popular catalyst
system for this transformation has been the combination of
pinacolborane with a catalytic amount of Schwartz’s reagent
(Scheme 55, top®).8378532733¢ Wwhile rates and selectivities are
frequently acceptable in the absence of triethylamine, the additive
was found to improve the results in some cases.”****"3% Ag
discussed in the enyne section, the system provides generally good

copp er’318—320
81,82,321 iridium,38‘39

scandium,*** silver,**?

325,326
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HBpin (0.5 equiv) P X BPin
Cp,ZrHCI (5 mol %), CH,Cl, 97% E
Ph——=— 0°Cit, 161 75% yield
HBpin (1.05 equiv) —
[RhCI(COD)], /4 Cy,P (1.5 mol %)  Fh Bpin
Et;N (5 equiv), c-CgHyp, 1t, 1-2 h 97% Z
67% yield

Scheme 55 cis- and trans-hydroborations of phenylacetylene by
zirconium® and rhodium”? catalysts.

yields and excellent selectivity for cis-hydroboration of the terminal
alkyne functionality, with the boryl group being added to the
terminal carbon. In competition experiments, using a gold(r) catalyst,
terminal alkynes were hydroborated preferentially over alkenes.*”

In many cases, the hydroboration of terminal alkynes
catalysed by rhodium(r) complexes was found to produce a
mixture of products containing the ¢rans-hydroboration
product,3%129:304,309:314,347 Byilding on these results, a protocol
developed for trans-selective hydroboration using
rhodium®*® or iridium catalysts (Scheme 55, bottom).”® Since
its development, this protocol has seen some use in syn-
thetic chemistry.”***°7%** Ruthenium,*¢%3%935%3% copper,®”
cobalt,**®**° and iron catalysts have since also been
shown to be capable of the same transformation. It should be
noted that in many cases, the reaction proceeds through initial
migration of the alkynyl proton (see Section 2.3 trans-
Hydroboration of alkynes).*'**¢>

Dehydrogenative borylation (replacing the terminal hydro-
gen atom with a boryl group) is another possible outcome for
transition metal-catalysed reactions of boranes with terminal
alkynes, this has been achieved in high selectivity with a
copper(1) catalyst system.*®* See Section 4.13 Internal alkynes
for reactions involving the dehydrogenative borylation of
terminal alkynes followed by hydroboration.

Copper(i)-based hydroboration catalyst systems have found
use in multi-step catalytic reactions, including a sequential
hydroboration-hydrocupration-palladium catalysed cross-coupling
reaction, resulting in the dihydrofunctionalization of terminal
alkynes (Scheme 56).%*

Gade and co-workers found that cobalt(i) complexes could
catalyse o-selective hydroborations of terminal alkynes
(Scheme 57).%°® The use of similar N,N,N-pincer cobalt(i) com-
plexes and HBpin to achieve this Markovnikov-type selectivity

was

360,361
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IPrCu0'Bu (20 mol %)
Pd,(dba); (1.25 mol %)

Ar
B
// N I r XPhos (5 mol %) _ R
R Ar HBpin (3 equiv) Bpin
KO'Bu (2 equiv)

35 examples
65-93% vyield

toluene, 45 °C,6 h

Scheme 56 One
reaction.>64

pot  hydroboration-hydrocupration-cross-coupling

8
72N “ron
/ A
N-Co” “SiMe,
\ N Ph
% j/ Bpin
0.5 mol %
/// + HBpin (2 equiv) o~ (0.5mol%) /&
R toluene/hexane (1:5), rt, 15 h R
up to 99%

regioselectivity

Scheme 57 Cobalt-catalysed a-selective hydroboration of terminal
alkynes 3¢®

o Bpin
Bn + HBpin (2.2 equiv) CuCli.2 L (5 mol %) Bn
NaOBu (15 mol %), toluene, rt, 24 h Bpin
PPh, PPh,
83% yield

U0
L

Scheme 58 Copper-catalysed bis-hydroboration of a terminal alkyne.2%3

was later mechanistically explored by Chen and co-workers,
whereby they suggest that the reaction proceeds by alkyne
coordination with a cobalt hydride intermediate, followed by
alkyne insertion and c-bond metathesis with HBpin to provide
the a-selective product.®®®

As hydroborations of 1,2-disubstituted alkenes are well
established, in some cases terminal alkynes can be hydroborated
twice to achieve geminal substitution on the terminal carbon.
Copper,”” cobalt,®®” platinum,**® and rhodium®>~>%* catalysts
have been shown to demonstrate this reactivity (Scheme 58).>%*%7°

Recently, onium salt-stabilized nanocatalysts of Ru, Ir, Rh,
and Pt were effective in the hydroboration of phenylacetylene in
supercritical carbon dioxide. These reactions were quite selec-
tive for cis-hydroboration, though conversions were often not
quantitative and reusing the catalyst led to a decrease in
activity.””* Separate studies have looked specifically at ruthe-
nium catalysts in ionic liquids (with or without supercritical
C0,),*”* in supercritical CO,,*”* or in polyethylene glycol,>”
finding good selectivity through multiple catalytic cycles.

4.13 Internal alkynes

A variety of catalysts have been used for the hydroboration of
internal alkynes. In addition to rhodium catalysts,**>**>*7> this

This journal is © The Royal Society of Chemistry 2022
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reactivity has also been demonstrated using titanium,®"*>
zirconium,® nickel,>'*?% palladium,****”® copper,3?%341377-381
ruthenium,***2% manganese,*®** molybdenum,** cobalt,
iron, 3731331638738 platinum,**® and iridium®®?** catalysts.
A recent report has highlighted the ability of cobalt centers
appended to a MOF to effect the transformation (albeit quite
slowly).>%

Alkynes with alkyl and o-ester substituents undergo copper(1)-
catalysed hydroborations with pinacolborane adding in a cis-
fashion with the boryl group preferentially adding to the carbon
bearing the ester group.’’”?”’® Catalytic hydroborations of
thioalkynes generally proceed with the boryl group adding to
the carbon bearing the alkyl group.***?”® Conversely, a more
recent report has shown the inverse regioselectivity can be
strongly favoured using a copper(1) catalyst and pinacolborane
(Scheme 59).3*°

A ruthenium system was found to catalyse the preferential
trans-hydroboration of internal alkynes, including macrocyclic
examples (Scheme 60).”* While providing some functional
group tolerance, problems with the ruthenium-catalysed
trans-hydroboration protocol were encountered with conju-
gated enynes, terminal alkynes and small cyclic substrates,
which were either non-reactive, showed poor selectivity, or
underwent polymerization. A recent report has demonstrated
the trans-selective hydroboration of ynamides using a carbene-
BH; adduct and ZnEt, as a catalyst.**°

Simple unsymmetrical internal alkynes undergo hydrobora-
tion with the boryl group being preferentially added to the
carbon bearing the smaller substituent, but selectivities are
often relatively poor. Alkynes with aryl and alkyl substituents
are catalytically hydroborated with the boryl group typically
adding preferentially to the carbon bearing the aryl group. The
most regioselective and general protocols for unsymmetrical
alkynes use pinacolborane and copper(i) catalysts.®”**”® Addi-
tionally, one of these systems even functions in the presence of
air (Scheme 61).>”°

Bis-hydroboration of diphenylacetylene with catecholborane
and rhodium catalysts has also been examined, although
selectivity is relatively low, with a maximum of 68% selectivity
for the diol following oxidative workup.*’> Shi and co-workers

385,386

have reported an elegant intramolecular hydroboration
HBcat (1.1 equiv) R'S R
NiCl,(dppe) (3 mol %), CgHg, tt, 5 h .
Bceat

RS R —— 63-93% yield

1
HBpin (2 equiv) RS R

CuCl/L/2 NaO'Bu (10 mol %), toluene, rt i B>

pinl

PPh, PPh, 73-89% yield

CO0
L

Scheme 59 Catalytic hydroborations of thioalkynes using nickel>°*372

(top) and copper®2° (bottom) catalyst systems.
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Bpin
R—== R & HEphEsqui) [Cp*Ru(NCMe);][PFg] (5 mol %) __ 4 /:<
CHCh R Bpin R R
trans cis
R Time (h) trans/cis Yield (%)
n-Bu 1 97:3 89
BnO(CH,), 25 >08:2 83
TsO(CH,), 25 >98:2 73
THPO(CH,), 2 >84:16 61
4-CICgH,CO,(CH,), 2.3 >08:2 94
4-MeOCgH,CO,(CH,), 1 >08:2 75
Br(CH,)s 95:5 85
MeO(Me)NCO(CH,), 5 >96:4 75
BUO,CN(Bn)(CH,), 23 >92:8 82
3-NCCgH,4O(CH,)43 4 91:9 87
2-thiophenyl 72 84:16 59
20 95:5 75
Scheme 60 Ruthenium-catalysed trans-hydroborations of internal alkynes.”*
— . _ LCuCl, NaOH (12 mol %) i Ay P
Ar———R + HBpin (1.5 equiv) > +
CPME, 60 °C, 20 h pinB Bpin
o B
Ar R mol % Cu Conv. o/f  Yield (%)
Ph Me 2 75 85:15 70
Ph SiMe; 3 90 97:3 87
4-BrCqH, n-Bu AN R N
Ph NHTs 2 70 75:25 65 ~
3-pyridyl n-Bu 2 99 98:2 99 L
4-MeO,CCgH, Cy 2 99  99:1 99
2-thiophenyl n-Bu 2 80 99:1 78

Scheme 61 Copper-catalysed a-selective hydroboration of internal aryl alkynes.®”®

ipr O

N

CyZP—Au—N:”] [oTf

Pr N
H

_ ipr
Ph——-—\ (5 mol %) Ph—/
NH -
H—B/(H)CN DCE, 80 °C, 72 h NC(H)B —'IIHZ
85% yield
Scheme 62 Intramolecular gold-catalysed hydroboration of internal

alkynes. >t

catalysed by gold(r) complexes in the synthesis of cyclic amine
boranes (Scheme 62).>°" This methodology would later be
modified to incorporate the catalyst in a porous organic
polymer®**? and to include the analogous intramolecular reac-
tions with terminal alkynes.***

8896 | Chem. Soc. Rev., 2022, 51, 8877-8922

Engle and co-workers demonstrated a stepwise reaction
involving dehydrogenative hydroboration of terminal alkynes
with HBdan (HBdan = 1,8-diaminonaphthylatoborane), fol-
lowed by hydroboration with pinacolborane to generate the
1,1-bis-boryl alkene product.’*** 1,2-Bis-boryl alkene products
are also accessible: Weber and co-workers reacted a bench-
stable manganese(1) alkyl complex and HBpin with terminal
alkynes to provide trans-1,2-bis-boryl alkene products,**® and
Lai and Ozerov produced the cis-1,2-bis-boryl products using a
Ir/CO/tBuNC system.>” A protocol by Ingleson and co-workers
employing pinacolborane and a zinc-hydride catalyst was
shown to perform dehydrogenative borylation and subsequent
bis-hydroboration of terminal alkynes, generating 1,1,1-tri-
borylalkanes.**® Notably, the final step of the reaction demon-
strates that the hydroboration of the bis-borylalkene requires
the addition of catalytic THF-BHj; to proceed. Iridium-catalysed
hydroboration of a 2-borylalkyne serves as part of the prepara-
tion of triboryl alkenes from terminal alkynes (Scheme 63).>%°

This journal is © The Royal Society of Chemistry 2022
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Scheme 63 Iridium-catalysed preparation of triborylalkenes.3%®

/R [CPRuU(MeCN);][PFg] i’
= ) ) 9 Bpin
PhMe,Si + HBpin (2 equiv) ——10mol%) PhMeZSi)ﬁ/ g

CH,Cly, t, 12 h |

14 examples, 56-99% yield

Scheme 64 Ruthenium-catalysed gem-hydroboration of a silylalkyne.*°®

Initial dehydrogenative borylation of terminal alkyl or aryl
alkynes generates the boryl alkyne, which undergoes hydro-
boration and subsequent dehydrogenative borylation to give
the triboryl alkene. The synthesis of multiboronate esters
by catalytic hydroboration has been recently included in a
review.*”°

Another multi-step, one-pot reaction proceeds via alkyne
hydroboration followed by asymmetric hydrogenation, genera-
ting chiral alkylboronate esters.**® One-pot hydrosilylation and
asymmetric hydroboration has also been achieved, producing
chiral gem-(borylsilyl)alkanes.*® A ruthenium-catalysed gem-
inal hydroboration of silyl alkynes was reported by Chung, Wu,
Sun, and co-workers (Scheme 64).°°® Silyl migration via a
ruthenium carbene intermediate is proposed to allow this
transformation. Hydrosilylation of alkynylboranes was found
to provide the same products, supporting the proposed migra-
tion from a a-boryl-a-silyl intermediate.

4.14 Aldehydes

In the early days of catalytic hydroborations, reactions employ-
ing simple aldehydes did not spark much interest. This is likely
because the regioselectivity is fixed, with the boryl group
adding to the oxygen atom, and the transformation is readily
achieved using conventional reagents in the absence of cata-
lysts. Despite this, there is a recent increase of reports on
the reaction. A number of catalysts promote the addition of
pinacolborane to simple aryl or alkyl aldehydes, including a

titanocene(u) catalyst,’*’ titanium(v),***> hafnium,**® ruthe-
nium,****%* silver,**® rhenium,*®” manganese,*°® nickel,***"**
zine,"'>**® palladium,*** iron,"*****° and copper.**"*** Using

[Ru(p-cymene)Cl,],, aldehydes could undergo hydroboration
selectively in the presence of ketone or ester function-
alities.’®® A titanium(iv) amide was also found to be highly
selective for hydroboration of aldehydes over their corres-
ponding methyl ketones.*®®> Notably, while both copper(i) and
copper(u) catalysts have been reported, the copper(u) catalyst
exhibits greater chemoselectivity for aldehydes over ketones.**>
A report has highlighted the potential of zirconium amide

This journal is © The Royal Society of Chemistry 2022
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compounds as homogeneous and heterogeneous catalysts
appended to mesoporous silica nanoparticles.*>® Catalytic
reactions involving catecholborane addition to aldehydes are
relatively rare, likely due to the relatively rapid uncatalysed
reaction, noted in a publication examining rhodium-catalysed
addition of catecholborane to carbonyls.***

Reusable options for heterogeneous

catalysis include

iron(n)*>* and cobalt(u)**® coordination polymers, Fe,O; nano-
particles,**” along with Co(u)**® or Ti(iv)**° sites in MOFs.
4.15 Ketones

As ketones are a more challenging substrate in the absence of a
catalyst, the potential for catalysis and asymmetric catalysis
with catechol- or pinacolborane is attractive. In many cases for
the hydroboration of carbonyls, the catalyst functions mainly as
a Lewis acid, activating the carbonyl carbon for nucleophilic
attack by the hydride of the borane reagent. A number of
different transition metals have been used to catalyse this
reaction,”® including rhodium,*****' titanium,*"*0>432-138
molybdenum,**®  silver,’*®  cobalt,
palladium’414,443 Zinc’412,413,4447450
iron’415,418—420,439,440,451,452 nicke manganese’
coppet, and yttrium.****>* Chiral diols combined with
titanium(v) complexes provide up to 99:1 enantiomeric ratios
in the hydroboration of simple ketones with catechol-
borane.*?>*3%43343% The most effective zinc-catalysed hydro-
boration with catecholborane involves the use of bulky
iminooxazoline, which provided er’s of at least 92.5:7.5 for
most ketones examined.**” Hydroborations with pinacolborane
can be catalysed by chiral iron and cobalt catalysts, providing
excellent enantioselectivity (Scheme 65).**>*>® Heterogeneous
and homogeneous zirconium amide catalysts were also effec-
tive for the catalytic hydroboration of ketones.*>* Other hetero-
geneous systems are also capable of catalysing the
hydroboration of ketones including Co(u) sites in MOFs**®
and coordination polymers,**® iron(u) sites in MOFs**”*>® and
coordination polymers,*****® Fe,O; nanoparticles,**” a manga-
nese coordination polymer,*®® and Ti(iv) sites in a MOF.**°

Using an excess of catecholborane, to protect the alcohol,
B-hydroxyketones can be hydroborated in a diastereoselective
fashion using Wilkinson’s catalyst RhCl(PPhj3);, producing cis-
1,3-diols (Scheme 66).**"

Chen and co-workers have reported reduction of the
a-ketone functionality in o-ketoamides, catalysed by chiral
oxido-vanadium(v) complexes.*®* Fascinatingly, enantioselec-
tivity was found to be nearly reversed depending on the use

hafnium,** 169,439-442

ruthenium,***

1,409,410 408,440,453
b

421,422

o] OH

1. LCoCl,/NaHBE, (2.5 mol %), s
)., * HBpin (1.2 equiv) THF, t, 2h _ E;Q)n
2.H,0
| ™ n Solvent Yield (%) er

A0 1 THF 92 99505

ro ‘\) 2 EL,0 87  >99.50.5

N N : .5:0.

A 3 THF 99 99505
g Bu

Scheme 65 Cobalt-catalysed asymmetric hydroboration of cyclic ketones.**°
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Temp (°C) Yield (%) cis/trans
-10 76 92:8
-35 86 95:5

Scheme 66 Diastereoselective rhodium-catalysed hydroboration of a
B-hydroxyketone. #!

of pinacolborane or catecholborane. The same systems were
also used in the hydroboration of B-ketoamides with pinacol-
borane to achieve moderate to high enantioselectivity.*®®

4.16 o,p-Unsaturated carbonyls

Catalytic hydroborations of a,B-unsaturated ketones, esters,
and amides can occur in a 1,4-fashion.’®® Quenching with an
aqueous buffer solution gives the reduced ketone (Scheme 67).
Addition of pinacolborane to cyclohexen-2-one catalysed by
a titanocene(r) complex occurs selectively at the ketone, leaving the
carbon-carbon double bond intact.*®" Several other catalyst sys-
tems have been shown to hydroborate the carbonyl groups while
maintaining the carbon-carbon double bond.*"” Protocols for
asymmetric hydroboration of the ketone groups of o,B-unsaturated
ketones have been developed using a copper(1)/(R)-DBTM-SEGPHOS
system,*®® a manganese(i) pincer catalyst precursor,’®” a cobalt(m)/
chiral 8-oxazoline iminoquinoline system,**® and a nickel(0)/chiral
bidentate oxazoline-based ligand system (Scheme 68).*"
Hydroboration of substituted cyclohexenone substrates by
catecholborane, catalysed by a chiral rhodium complex, has
been shown to produce moderate yields of the product of
alkene hydroboration with low enantioselectivity."®** Optimiza-
tion of a cationic rhodium phosphine catalyst precursor gave
good yields and high enantioselectivity for the alkene reduction
product of o,B-unsaturated amides.’®®> Selection of Z- or
E-alkene and the appropriate chiral ligand allowed for the syn-
thesis of all diastereomers of a product with two vicinal chiral
centers created by the hydroboration reaction (Scheme 69).

(o] (o]
ﬁOBn + HBcat (2.2 equiv) HLOBH

82% Yield
Scheme 67 Rhodium-catalysed 1,4-hydroboration of an o, 3-unsaturated
ester.%0

1. RhCI(PPhs); (2 mol %),
THF,-20°C,12h
2. pH 7.0 phosphate buffer

RZ 0O 1. Ni(COD),/1.2 L (2 mol %), HBpin (1.2 equiv) RZ  OH
R‘J\/U\Rs DABCO (1.5 equiv), toluene, —25 °C, 40 min R NS R3
2.NHF 29 examples,

82-99% yield,
95.0:50 -> 99.5:0.5 er

G

N o

N/K(

By
“By

Scheme 68 Nickel-catalysed hydroboration of the ketone group of an
o,B-unsaturated ketone.*6!
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I

Scheme 69 Rhodium-catalysed asymmetric hydroboration of E- and
Z-alkene isomers of o,B-unsaturated amides. 462

Teskey and co-workers recently reported the photo-controlled
hydroboration of unsaturated carbonyls, providing differing
regioselectivity depending on whether the reaction was con-
ducted in presence or absence of light (Scheme 70).*%°

Copper(1) catalysts have been employed in the hydroboration
of unsaturated carbonyls. For example, the addition of diethyl-
borane to an a,B-unsaturated ketone was carried out as part of a
one pot hydroboration/aldol cascade reaction (Scheme 71).*”°
The use of borane instead of silane resulted in improved
selectivity for the syn-product when acyclic enones are used
and for anti-products in cyclic enones. A similar procedure has
been employed involving the 1,4-hydroboration of unsaturated
esters and addition to ketimines.*”® Achiral systems were able
to provide good diastereoselectivity, and excellent enantioselec-
tivity was obtained with a chiral ligand.

A similar protocol was developed for the asymmetric hydro-
boration of coumarin derivatives using chiral copper(i) catalysts
(Scheme 72).*' Upon quenching with water, the reduced
ketones are obtained in high er’s (over 95:5).

The aldol cycloreduction of certain enone-ketone substrates
with pinacolborane catalysed by a rhodium(i) complex results
in carbon-carbon bond formation, closing a 5- or 6-membered
ring (Scheme 73).*”* While with some substrates the same
reaction can be accomplished with catecholborane without
the need for a catalyst, the use of pinacolborane and a rhodium
catalyst increased the yield in the case of a phenyl-substituted
substrate. The near-racemic mixture implies the ring closing
step occurs via a boron-enolate intermediate as opposed to a
rhodium-enolate.

Yun and co-workers have reported the synthesis of chiral
B-hydroxy pinacolboronates by asymmetric hydroboration of
a,B-unsaturated aldehydes.”’> The reaction proceeds through
initial 1,2-reduction of the aldehyde, followed by the asym-
metric hydroboration of the aryl alkene product (Scheme 74).

Gade and co-workers have developed asymmetric hydrobora-
tion of N,N-disubstituted o-amino ketones and chloroalkyl

This journal is © The Royal Society of Chemistry 2022
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Scheme 70 Photoswitchable cobalt-catalysed hydroboration of ,p-unsaturated ketones.*®
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@/\/CHO
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Mo (1.5 equiv) o
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84% yield
Scheme 71 One-pot hydroboration-aldol cascade reaction.*”®
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Scheme 72 Asymmetric hydroboration of coumarin derivatives.*”*
- 1. CuCl/1.1 L (5 mol %), NaO'Bu (10 mol %) oH
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Scheme 73  Bis-hydroboration of an o,p-unsaturated aldehyde.*”?

le,,

o HO
HBoim (1 equyy RN (8 ol %), THF. t, 18 h
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o pini(12 equv) 2. MeOH o
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RhCI(PPhs), 22 =
1/2 [Rh(COD)CI],/2.2 (R-BINAP) 32 530470

Scheme 74 Rhodium-catalysed aldol cycloreduction of an enone-
ketone.**
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ketones. Use of basic conditions with o-, -, y-chloroketones,
and chloro keto ethers caused the hydroboration products to
cyclize and produce chiral heterocyclic compounds in good
yields (Scheme 75).*”> A manganese analogue of this iron

catalyst precursor was also found to be effective for the asym-
metric hydroboration of ketones.*¢”*””

4.17 Esters, amides, acyl silanes, carboxylic acids, and
carbonates

Ethyl acetate has been shown to undergo catalytic hydrobora-
tion with 2 equivalents of catecholborane using molybdenum

Chem. Soc. Rev., 2022, 51, 8877-8922 | 8899
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Scheme 75 Generation of chiral heterocyclic compounds via hydro-
boration.*”®

o [Mn] (0.1 mol %),
I+ HBpin (3 equiv) NaO'BU (0.3 M0l %) 5 Rogpin + MeOBpin
RO™ "OR neat, 90 °C, 8 h

3
/ B\
[Mn] = \\Si,N, I PPh2
P” | YCO
e Ph,CO

Scheme 76 Manganese-catalysed hydroboration of carbonates.*”®

catalysts, resulting in the formation of EtOBcat and presum-
ably, the loss of MeOBcat.**>**° In a similar fashion,
manganese®’®*’®*”® and ruthenium®®***" catalysts were able
to reduce carboxylic acids to generate the equivalent alkylbor-
onate and O(Bpin),. One of the manganese systems was also
found to reduce carbonates, resulting in the loss of MeOBpin
and the formation of alkylboronic acid esters (Scheme 76).*”°

The same catalyst system was also found to be effective for
the reduction of carboxylic acids, generating the corresponding
boron-protected alcohol, O(Bpin),, and hydrogen (Scheme 77).*”®
Similarly, a vanadium(m) catalyst was able to promote the deoxy-
genation of esters and carboxamides.”®* The deoxygenation of
amides can be achieved using yttrium,*®® zirconium,*®* and
manganese’® catalysts, and a zinc catalyst was also found to
selectively reduce an isocyanate group to a N-boryl formamide, a
N-,0-bis(boryl)hemiaminal, or a N-borylmethylamine using 1, 2, or
3 equivalents of HBpin respectively.**® Deoxygenative reduction of
amides through use of hydroboration, as well as other methods, has
been recently reviewed.*®”

Riant, Leyssens, and co-workers have demonstrated the
asymmetric reduction of acylsilanes to generate the corres-
ponding chiral o-hydroxysilanes using a copper(u)-phosphine
catalyst and pinacolborane.*®®

A nickel(n) iminophosphinite pincer complex has been
utilized in the catalytic reduction of primary and secondary

o [Mn] (0.2 mol %),

o
RJJ\OH + HBpin (3 equiv) NaO'Bu (0.5 mol %
neat, 115 °C, 20 h

\\
"
N f B
~%i-Ni | \PPh,
P”'| “CO
PPhZCO

R”0Bpin + O(Bpin), + H,

[Mn] =

Scheme 77 Manganese-catalysed hydroboration of carboxylic acids.*”®
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amides to their corresponding boryl amines.*'® Hydroboration
of esters was complicated by intramolecular boryl group trans-
fer from the initially reduced carbonyl group to the alkoxy
group, generating aldehydes in addition to boryl ethers. The
hydroboration of N-methylsuccinimide proceeded cleanly with
the addition of pinacolborane to just one carbonyl group.

4.18 Thioketones

There is one paper describing the rhodium-catalysed hydro-
boration of thiocarbonyls, forming the expected thioboronate
esters and generating trace amounts of borane degradation
products and thiols.*®® Nonetheless, yields were improved
when compared to the uncatalysed hydroboration of the same
substrate with 9-BBN.

4.19 Nitriles

Uncatalysed addition of HBpin to nitriles proceeds slowly,
adding one equivalent of borane.*”® The monohydroboration
can also be effected more efficiently using 9-BBN and a ruthe-
nium catalyst.”®" It has been demonstrated that several moly-
bdenum imido complexes could catalyse the addition of two
equivalents of catecholborane to a variety of nitriles
(Scheme 78)**°*2° and that a molybdenum nitride could even
convert N, to ammonia.’®> Titanium(iv) amidophosphine-
borane complexes were found to add two equivalents of pina-
colborane to nitriles.*** Under their reaction conditions,
ketones, alkenes, and alkynes underwent hydroboration selec-
tively over nitriles. More recent publications highlight the
ability of ruthenium,’***** osmium,*®> manganese,*”**8>:9
nickel,®” cobalt,'>**%%4% silver,>**® a MOF-based cobalt system,**°
iron,>*" and an iron-indium®” catalyst system to catalyse nitrile
bis-hydroboration. In one case the diborylamines were shown to
subsequently react with aldehydes in situ, providing an elegant
route from nitriles to aldimines.**® The iron-indium system was
also found to catalyse the addition of one equivalent each of HBpin
and of silane to acetonitrile, forming a borylsilylamine.’** This
chemistry has been recently reviewed.**

4.20 Imines

The catalytic hydroboration of aldimines and 2-methyl-2-thia-
zoline using gold(1) precursors has been reported.’®® In the
hydroboration of aldimines, gold species were found to be
more active than RhCI(PPh;);. For 2-methyl-2-thiazoline, selec-
tivity for the N-borylamine hydroboration product was much
higher with gold than with rhodium and was complementary to

[Mo] (5 mol %),

CeDe. 1t, 12 h N(Bcat),
R—=N + HBcat (2 equiv) &
H.. | PMes R
o
v ~
Me,P “ PMe, R Conv. (%)
Mol = o, ipr Me 100
Ph 100

Scheme 78 Molybdenum-catalysed bis-hydroboration of nitriles.32%326
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Scheme 80 Rhodium-catalysed hydroboration of an allyl imine.>*

MeO
88% conversion (12% other isomers)
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)\Ph

Scheme 81 Rhodium-catalysed hydroboration/borylation of an imine %%

the uncatalysed hydroboration, which generates only the
adduct in a stoichiometric reaction or the ring-opened product
with excess catecholborane (Scheme 79).

A series of allyl imines react with two equivalents of HBcat in
the presence of various rhodium catalysts forming a mixture of
products that favour the terminal hydroboration of the alkene
and the imine (Scheme 80).%** The same study also reported the
hydroboration of an aldimine derived from 2-thiophene-
carboxaldehyde. A ruthenium(u) dimer was found to catalyse
the hydroboration of aldimines.***

Rhodium-catalysed addition of 4-tert-butylcatecholborane
(HBcat') to ketimines gives substrate-dependent mixtures of
products arising from multiple hydroborations and B-hydride
eliminations (Scheme 81).>°

Many more reports have since emerged, often accompanying
studies of hydroborations of carbonyl groups. These include
catalysis using nickel,**®*'* rhenium,*®” a cobalt coordination
polymer,**® rhodium,*** ruthenium,***>°” iron,*" and zinc.**°
Most tend to focus on benzylic aldimines, with only isolated
examples of the catalysed hydroboration of imines derived from
acetophenone*** and benzophenone.*®® More recently, Gade
and co-workers presented a broadly applicable method for the
asymmetric hydroboration of N-alkyl imines using an iron
catalyst (See Scheme 102 for an example).’*® Eisen, Tamm,
and co-workers have demonstrated the mono-hydroboration of
carbodiimides using a hafnium(v) catalyst.**®

This journal is © The Royal Society of Chemistry 2022
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4.21 Pyridines

Pyridines can undergo hydroboration with pinacolborane cat-
alysed by rhodium(i) complexes.’®® Careful selection of the
phosphine ligand provides the 1,2- or 1,4-addition product in
good conversion, although the generation of 1,4-addition pro-
duct was plagued by the formation of unidentified byproducts
(Scheme 82). Since this initial report several publications
have emerged detailing pyridine hydroboration. Selective 1,2-
hydroborations of pyridines and related compounds have been
catalysed by zinc,”"*'* iron,”™ and nickel,”"* though selec-
tivity and activity can suffer with ortho-substituted pyridines.

[RhCI(COD)],/ =
2 PCy; (1 mol %l |
50°C, 16 h N
Bpin
I S ) ) CeDs 95% conversion
> (10 equiv) + HBpin —— 80% yield
N 98% 1,2-hydroboration
[RhCI(COD)}y/
2 PPh, (1 mol %) [
50°C,16 h f}l
Bpin
80% conversion
23% yield

99% 1,4-hydroboration

Scheme 82 Rhodium-catalysed hydroboration of pyridine.>°°
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A report has also emerged detailing organolanthanide-
catalysed 1,2-hydroborations of pyridine derivatives.”*® Selec-
tive 1,4-hydroborations of pyridines have also been catalysed by
ruthenium,’*® nickel,”'” zinc,**° and trivalent zirconium or
hafnium-based MOFs.>'® A heterobimetallic iron-copper pro-
tocol was found to have enhanced activity and selectivity for the
1,4-hydroboration product when compared to the analogous
copper-only reactions.”*%>2°

4.22 Carbon dioxide

Recent interest in chemistry involving the reduction of carbon
dioxide has led researchers to look into the hydroboration
reaction.>*! The first transition metal-catalysed catalytic hydro-
boration of carbon dioxide was reported in 2010. A nickel(n)
pincer complex catalyses the reaction of CO, with 3 equivalents
of catecholborane (Scheme 83).>'° The reaction is performed
under 1 atm of CO, and in the presence of 500 equivalents of
catecholborane, relative to the catalyst. An exceptional turnover
frequency of 495 per hour was observed. Since then, several
closely related Ni-POCOP systems were also found to be effec-
tive in this transformation.?**>*® A related nickel system con-
taining a P-Si-P pincer ligand catalysed the reduction of CO,
with HBpin, although it yielded only 13% of the desired
MeOBpin product.’”” Another P-Si-P pincer ligand system
was used with nickel to produce H,C(OBpin), in good
selectivity.'”* Hazari and co-workers found that selectivity could
be altered through the choice of nickel or palladium-based
catalyst, ligand, borane, and reaction conditions.’*® Guan and
co-workers also reported a palladium-POCOP catalyst system
capable of the efficient and selective reduction of CO, to
MeOBcat and O(Bcat),.”*’

A copper(1) catalyst system capable of reducing carbon
dioxide with HBpin to generate HCO,Bpin, which could be
protonated or used in situ as a formylation reagent for primary
amines and some secondary amines (Scheme 84) was reported.”

CO, (1 atm) + HBoat (500 equiv) — 1 (1 €MV oy OBcat + catBOBoat
CeDg. t, 1h
99% conversion of HBcat
!
‘BuzP—Ni—Fl"Buz
: I
[Ni] = o} o

Scheme 83 Nickel-catalysed hydroboration of CO,.5%°

LCuO'Bu (10 mol %)
THF,35°C,24 h

fPr Pr
N N
ately
iPr iPr
L

One pot hydroboration—amination reaction of CO,.%*

CO, (1 atm) + HBpin (2.0 equiv)

Scheme 84
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A heterogeneous analogue of this system was shown to be active
for the same reaction.”® The catalyst for this system is a MOF
which incorporated cationic copper(r) centers and can be readily
reused, albeit with slightly diminishing performance. More
recently, copper(i) systems based on tripodal phosphine ligands
have been employed in the catalytic hydroboration of CO, using 9-
BBN giving mixtures of CH,(O-BBN),, MeO-BBN, and HCO,BBN
in varying selectivity.”*"*** A heterobimetallic copper/gold system
was also found capable of reducing CO, using 9-BBN, with good
selectivity for the boryl formate derivative, but relatively low
turnover numbers.**?

Ruthenium complexes have also shown catalytic activity in
the reduction of carbon dioxide. The first example came in
2012,°** and is a somewhat unique case in that it is proposed to
proceed via initial insertion of CO, into a ruthenium-phos-
phorus bond and subsequent hydroboration of the pendant
carbon-oxygen bond by HBpin. Reaction with a second equiva-
lent of HBpin affords pinBOBpin and CH;OBpin. The reaction
was found to be quite sluggish (0.1 turnovers per hour),
however 9 turnovers can be achieved in 96 hours at 50 °C. A
zinc hydridotriphenylborate catalyst supported by a macro-
cyclic polyamine has been demonstrated to have similar reac-
tivity, generating a 1:1 mixture of pinBOBpin and CH;OBpin
through the hydroboration of CO, over 16 hours with 10 mol%
catalyst.**°

The catalytic hydroboration of CO, using other ruthenium
complexes has also been reported.>*® While pinacolborane was
generally completely consumed during the reaction, mixtures
of boron-containing products were consistently observed
(Scheme 85). It was later confirmed that formaldehyde reacts
with borylformate to give pinBOCH,0COH.>*® Complete con-
sumption of the borylformate product and a larger conversion
to pinBOCH,OCOH was observed upon changing the PCy;
ligands to P(c-CsHo); ligands.”®” Formaldehyde could be
trapped as its corresponding imine in up to 74% yield through
the addition of 2,6-diisopropylaniline. A Density Functional
Theory (DFT) study of this transformation suggested a ruthe-
nium dihydride carbonyl complex (generated through deoxy-
genation of CO,) as the catalytically active complex responsible
for the formation of the C, species.’*®

A cationic ruthenium pincer complex in tandem with an
alkali metal salt was found to be capable of the transformation
of CO, to HCO,Bpin in selectivity as high as 76%.°*° The
complex was found to be inactive in the absence of the salt,
which is proposed to coordinate to HBpin, activating it for

HNR'R2 (1 equiv)
NEt; (1.5 equiv)
THF,65°C,45h H

o

PR

81-98% yield
7 examples

H” “OBpin ONR'R?
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CgDg, 70 °C, 5 h (or it, 22 d)

Scheme 85 Ruthenium-catalysed hydroboration of CO,.5*®

addition to a pendant CO bond in a ruthenium formate
intermediate. It was later reported that zinc hydride catalysts
were also capable of the selective generation of HCO,Bpin from
C0,.°*° In contrast, the use of HBcat generated MeOBcat, while
the use of 9-BBN produced a mixture of H,C(BBN), and
MeOBBN.

In an interesting case of ligand-based catalysis, Song and co-
workers have demonstrated the ability of ruthenium and zinc
diazafluorenyl ligands to add pinacolborane and catechol-
borane to carbon dioxide.>** A computational study suggested
that the reaction proceeds through a hydride-shuttle mecha-
nism, in which the metal is essentially a spectator while
reactivity takes place at the diazafluorenyl C-H bond.***

Palladium catalysts have also shown promise in this trans-
formation. In an elegant study examining the carboxylation of
alkynes, a palladium(u) pincer complex was found to be an
incredibly active catalyst for the selective reduction of CO, to
HCO,Bpin, with turnover numbers of up to 63500 being
observed.®”® A molybdenum system was able to catalyse the
reduction of CO, to H;COBpin and O(Bpin), using HBpin.’**
Upon quenching with water, a 58% yield of methanol was
obtained. Several Mn(r) catalysts have also been shown to
selectively generate methoxyboranes upon hydroboration of
CO,"*** and the reaction mechanism for this has been
elucidated using DFT calculations.>*®

Using Ni and Pd catalysts, Hazari and co-workers studied the
effect of varying experimental conditions on the nature of
products obtained from the hydroboration of CO, with various
boranes.**® The authors were able to selectively form products
of two (HCO,BR,), four (H,C(OBR,),), and six (MeOBR;) elec-
tron reductions of CO, using the same catalyst. Lewis acid
additives were found to promote greater reduction of CO,.
Likewise, utilization of catecholborane was found to promote
further reduction of CO,, possibly due to its stronger Lewis
acidity (compared to HBpin) and reduced steric bulk (compared
to 9-BBN).

Bis-hydroboration of CO, using HBpin, HBcat, or 9-BBN,
and an iron catalyst has been reported.*****” Most interest-
ingly, they found that the bis-boryl species R,B-O-CH,-O-BR,
are excellent methylene transfer reagents, allowing for the
formation of new C-N, C-O, C-C, C=C, and C=N bonds in
two-step, one pot protocols. In one such case, L-erythrulose was
prepared from CO, in a chemo-enzymatic cascade.>*® A cobalt
catalyst derived from Co(acac); and Na(HBEt;) was found to
reduce CO, with a variety of boranes, giving mixtures of
products.”*® With Me,S-BH; for example, (MeOBO); is selec-
tively generated.

The nature of products from the reduction of CO, using a
copper catalyst system and HBpin could be altered through
the nature of a heterobimetallic Cu/M catalyst system.”°

This journal is © The Royal Society of Chemistry 2022
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While some catalyst systems generated HCO,Bpin, others gave
primarily HOBpin or O(Bpin),. The authors propose that while
copper reduces CO, to HCO,Bpin, the other metal can catalyse
further reduction, resulting in the loss of a carbonyl oxygen as
O(Bpin),.

Iridium CNP pincer complexes were able to selectively
generate HCO,Bpin and MeOBcat (and O(Bcat),) through the
hydroboration of CO, with the respective boranes.>*' Rates
were enhanced with the addition of water, prompting the
authors to suggest that water plays a role in activating the
catalyst.

4.23 Sulfoxides and nitro compounds

In chemistry closely related to the reduction of CO,, which can
involve the loss of an oxygen atom as (RO),BOB(OR),, sulf-
oxides can be deoxygenated through transition metal-catalysed
hydroboration. The reaction was first reported using rhodium()
catalysts and catecholborane.>”* Good conversion could also be
achieved in the absence of a catalyst, but an excess of borane
was required. Subsequent studies showed that rhenium®3*>>*
and molybdenum®**~>*” catalysts could also provide the corres-
ponding thioethers in good yields. One advantage to molybde-
num and rhenium catalysts is that they are less active as
catalysts for the hydroboration of alkenes or alkynes. This
allows the selective deoxygenation of sulfoxides with these
functional groups (Scheme 86). In a similar fashion, the nitro
group in 4-nitroanisole could be reduced to the diboryl amine
using an excess of catecholborane and a rhodium(i) catalyst,>®
to the monoboryl amine using an excess of HBpin and a cobalt(n)
catalyst,” or to the amine using HBpin and chromium(0)
species.>®

4.24 Other

Partial hydroboration of the strained hydrocarbon quadricy-
clane has been reported to give norbornenol as part of a
mixture of products, with the dominant product being norbor-
nadiene, an isomer of quadricyclane (Scheme 87, top).’*' In a
similar fashion, biphenylene can undergo ring-opening
reduction using a variety of reducing agents including pinacol-
borane, formally cleaving a o-bond to form a borylated
2,2"-biphenyl species (Scheme 87, bottom).’®> Ring-opening
reductions can be performed on cyclopropanes.®®’

[:rs\%

89% Yield
553,554

o

Il
©/S\/

Scheme 86 Rhenium-catalysed deoxygenation of sulfoxides.

HReO, (5 mol %),
THF, rt, 5 min
—catBOBcat

+ HBcat (2 equiv)
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Scheme 87 Hydroboration of strained carbon—carbon bonds in quadricyclane (top)®®* and biphenylene (bottom).>62
oGt [Ru(p-cymene)CI],Cl, (2 mol %) inB___n-C,H
+ HBpin (2 equiv) 2772 + PIMBS G Mo7hs
neat, 135 °C, 24 h
81% conversion
Scheme 88 Ruthenium-catalysed cleavage of ethers.>%3
CN CN H l
Me Vo _ Me Bz N
) N g)H Ir(ppy)3 (3.5 mol %), 'Pr,NEt (2 equiv) e\«j
(8 equiv)- + [ > 3 hv, MeCN, rt, 48-72 h ®N
Me N\ Me /
CN ppy = 2-phenylpyridinato CN
58% yield
Scheme 89 Hydroboration of an electron-poor aromatic ring using a carbene—borane adduct and an iridium catalyst.>%*

Ring-opening reactions of epoxides have been demonstrated HBcat (20 equiv) H Beat
with iron(i)’®® and nickel(im)>®” catalyst precursors. While the RhCI(PPhy); (10 mol %) I
iron system is believed to break the C-O bond in a ligand- THF, i, 2h " e
assisted reaction, the nickel system isomerizes the epoxide to P— 100% conversion
the corresponding aldehyde, which then undergoes hydrobora- A’ —
tion. An yttrium complex was found to catalyse the cleavage of HsB BH,
Si-O bonds via a hydroboration, which proceeds through a H3B-SMe, (20 equiv) H—p
pinacolborane adduct of an yttrium alkoxide complex.’®® THF, i, 1h A’

A ruthenium catalyst has been shown to cleave C-O bonds in
ethers by hydroboration, under relatively harsh conditions
(Scheme 88).°%

Electron-poor aromatic rings were shown to undergo
1,4-hydroboration using a carbene-borane adduct and an
iridium(m) catalyst in the presence of ethyldiisopropylamine
and light (Scheme 89).°®* A number of other boranes (including
pinacolborane) and borane-Lewis base adducts were ineffective
in this transformation.

Phosphaalkenes were found to initially form adducts with
BHj;; however, when excess Me,S-BH; is added, the adduct
undergoes hydroboration (Scheme 90, bottom). Reaction of
catecholborane with phosphaalkenes catalysed by RhCI(PPh;);

8904 | Chem. Soc. Rev,, 2022, 51, 8877-8922

100% conversion

Scheme 90 Hydroboration of phosphaalkenes.>®°

gives the hydroboration product (Scheme 90, top).’* With a
1,2-disubstituted phosphaalkene, significant amounts of the
hydrolyzed reduction product is also observed.

5 Applications to synthesis

One of the major advantages of the hydroboration reaction is
the synthetic versatility of the organoborane product. Though
traditionally these products are converted to their corresponding

This journal is © The Royal Society of Chemistry 2022
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Pd(PPhs), (1.5 mol %)
CgHe: 1, 16 h

>—: + HBcat

Bcat
>: —/

View Article Online

Review Article

=

Scheme 91 Hydroboration as a step in the synthesis of a homoacetylenic alcohol.21°

CO,CH;

HsCO,C // HCO,0

Vi N

[(PPh)CuH]5/PPh, (6.25 mol %)
NEt, (20 mol %), THF, tt, 24 h

+ HBpin (2.5 equiv)

Scheme 92 Hydroboration-oxidative cyclization of a di-yne. >

[RuCp*Cl(p-SMe)],

(5 mol %)

NH,BF 4 (10 mol %),

+ HBpin (2 equiv)

Ph/

Bpin

PhCHO (excess)
60°C,2h OH
57% yield
Bpin CO,CH,4
— H;CO,C
CO,CHs N
1. (PPh;),PdCl, (12.5 mol %) \
NEt; (3.75 equiv), MeCOCH,CI
(3.75 equiv), THF/H,O
o 2. NH,CI o
o
40% yield
2 steps

Ph Ph
PR Ph

OH DCE, 60°C,4 h

Scheme 93 Hydroboration-homocoupling of a propargylic alcohol.>”°

alcohols via oxidative workup, the boryl group can be utilized to
install a variety of functional groups. In a one-pot fashion,
hydroboration products of dienes*'®*'® and enynes®'**** could
be added to aldehydes, giving homoallylic and homoacetylenic
alcohols respectively (Scheme 91).

Merlic and co-workers prepared a series of bis-vinylboronate
species that could undergo oxidative cyclization using
palladium(u) catalysts (Scheme 92).**!

A reductive coupling reaction involving propargylic alcohols,
catalysed by a ruthenium complex has been reported
(Scheme 93).°”° The reaction proceeds through initial formation
of a ruthenium-allylidene, which undergoes hydroboration with
HBpin. The authors hypothesize that trace oxygen generates a
radical while eliminating the boryl group. Deprotonation and
rearrangement of the radical leads to a ruthenium-alkyne radi-
cal, which couples with a second such molecule. The ensuing
species is protonated, cleaving the ruthenium-carbon bonds.

5.1 Reactions of boronate esters with organometallic reagents

5.1.1 Homologation. Protocols for the homologation of
organoboranes have existed for quite some time. Due to their
lesser Lewis acidity compared to organoboranes, organoboronate
esters require more reactive homologation reagents for the

This journal is © The Royal Society of Chemistry 2022

di meso

68% yield, di/meso 93:7

reaction. Nevertheless, using boronate esters for the reaction
offers some advantages, since only the carbon-boron bond can
insert the methylene fragment. Using boronate esters for the
reaction also allows for the direct homologation of asymmetric
boronate ester species following an asymmetric hydroboration.
Halomethyllithium reagents have proven to be effective in the
homologation of organoboronate esters. Using a procedure pre-
viously developed for homologation,””**”® pinacolboronates have
been used in the synthesis of chiral 2-arylpropionic acids
(Scheme 94), including Naproxen™ and Ibuprofen™ (see 5.2
Synthesis of natural products and medicinal compounds).>”*

Oxidation of the a-chloroboronate ester with basic hydrogen
peroxide provided the corresponding alcohol. An alternative
one carbon homologating agent, TMSCHN,, has also been
successfully used to homologate organoboronate esters.’””
The same reaction has been reported in the reverse order, a
one-pot methylenation-hydroboration reaction where a carbo-
nyl group is converted to a terminal alkene using TMSCHN,
under Rh-catalysis, then catecholborane is added to hydro-
borate the terminal alkene.””®

Multiple homologations occur when LiCH,Br or LiCH,I are
employed in the reaction,>”” thus LiCH,CI is the reagent of
choice for the homologation reaction. Multiple homologation

Chem. Soc. Rev., 2022, 51, 8877-8922 | 8905
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1. [Rh(COD),|[BF 4]/
(R-BINAP) (2 mol %), Bpin
DME -63 - -66 °C, 4 h
2. pinacol

n-BuLi (1.8 equiv),
CH,Cly/ THF,

Ar- X + HBcat =100°C-rt,oln

95-99% yield
95.0:5.0t0 98.5:1.5 er

C|2HC\ - pinB Cl
Bpin I
AI’)\ Ar
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L

Na,CIO,/Na,HPO, SO
e

pH 7.5 amylene Ar

74-87% yield
95.0:5.0t0 98.5:1.5 er

Scheme 94 A hydroboration-homologation-oxidation reaction sequence.>’*

(S)H (S} (S (S} (S} (S (S (S (SH
AT S S G Sl A S P

(R=Ph)

Bpin

R (S (R (S (RH (S} (R (S)H (R
. WIS . .

Ph
58% vyield (9 steps)

1:97:2 9-mer:10-mer:11-mer

Bpin

(R=Ph)
R

R (R (SH (S} (RM (R (S (S
m—»—»—»—»—»—»—»

Each step: Et,0, 1. -78°C, 1 h; 2. -42°C, 1 h; 3. rt, 1 h;
4. filtered through silica; *aqueous workup each 3 steps*

(R
—

Ph 44% yield (9 steps)

1:94:5 9-mer:10-mer:11-mer

45% yield (9 steps)
0:97:3 9-mer:10-mer:11-mer

Scheme 95 Multiple homologation reaction sequence, starting with the product of a chiral hydroboration.>’*

reactions using chiral lithium reagents have been employed to
elegantly generate extended chain asymmetric boronate esters
and alcohols.””* The study showed that the stepwise addition of
chiral lithium salts to a chiral biphenylboronate could generate
a tailor-made extended chain boronate ester, and the boronate
ester could then be readily converted to alcohols or protected
alcohols (Scheme 95).

A related carbon-carbon bond forming reaction was used to
prepare amino acid derivatives.”’® In this case the boronate
ester must first be converted to a more reactive 9-BBN deriva-
tive, prior to homologation and chiral protonation giving the
chiral imine ester compound.

5.1.2 Transmetallation. The exchange of boron for zinc
has been utilized to functionalize the chiral center of the

8906 | Chem. Soc. Rev.,, 2022, 51, 8877-8922

organoboronate hydroboration product.””® Following hydro-

boration, secondary boronate esters must first be alkylated
prior to transmetallation with diisopropylzinc, while primary
boronate esters can react directly with the zinc reagent.’*® Both
pathways preserve the stereochemistry of the hydroboration
reaction. Initially the copper(i)-mediated addition to alkyl
halides was used in tandem with the transmetallation reaction
(Scheme 96), but the straightforward preparation of organozinc
compounds also opens the door to other functionalization
as well.

Alkylmagnesium species are more nucleophilic and thus
potentially more synthetically useful than organozinc com-
pounds, thus there has been an effort to prepare them from
organoboronate esters. A method developed for the exchange of

This journal is © The Royal Society of Chemistry 2022
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Beat Zn(Pr) :
1. Et,BH CuCN-2 LiCl
(5 equiv) (1.5 equiv)
—_—
2. Zn(Pr,
; ( . )2 Br/\%
(5 equiv) (5 equnv) 54% yield

Scheme 96 Zinc transmetallation-alkylation reaction sequence of a
boronate ester.14°

CO,Et
Bpin MgCl
Br\)j\
CIMg(CH,),MgCl CO,Et
(2 equiv) (1.2-1.5 equiv) _
toluene/THF, rt, 12 h THF, —40 °C, 1-3 ho
71% yield

Scheme 97 Magnesium transmetallation-alkylation reaction sequence.*>®

magnesium for trialkyl boranes®®® was later modified to include
pinacolboronate esters.'*® These organomagnesium salts were
then used in palladium and copper catalysed cross-coupling
reactions, 1,2-addition reactions, and alkylations (Scheme 97).
5.1.3 Synthesis of amines. Organoboronate esters are not
sufficiently reactive to directly react with an amine, but the
boryl group can be readily replaced with an amine upon the
generation of a trialkylborane using dialkylzinc or Grignard
reagents. The most commonly used reagents for the transfor-
mation are H,NSO;H and CINHR (Scheme 98).>°*®*" Notably,
only the more favoured migration of the benzyl group occurs in
the case of the benzylic diethylborane. The stereochemistry is
preserved throughout the reaction. In an effort to generate the
tertiary amine, the use of Et,NCI provided a racemic product in
low yields. The reaction has been used as part of the synthesis
of Sertraline, a powerful antidepressant often prescribed for
depression, anxiety, and other mental conditions.”®?

View Article Online

Review Article

An alternative approach to the same reaction has been
published, where the boronate ester is first converted to the
RBCl, derivative through reaction with BCl;, prior to addition
of benzyl azide to generate the amine (Scheme 99).>%* A very
similar intramolecular amination was reported, where an organic
azide containing a pendant boronate ester group reacts following
the conversion of the boronate ester to a difluoroborane.’®*

Using rhodium-catalysed hydroboration, alkylboronate
esters were prepared and were found to be suitable radical
precursors for addition to methyl acrylate. In addition to a
protected cyclohexenol derivative (Scheme 100), (S)-(—)-limo-
nene and norbornene were suitable starting materials for the
multistep synthesis.'*®

5.2 Synthesis of natural products and medicinal compounds

The asymmetric hydroboration of aryl alkenes has been
exploited in the synthesis of Ibuprofen™ and Naproxen™, two
popular anti-inflammatory drugs. An asymmetric hydrobora-
tion, followed by homologation gave Ibuprofen™ in 74% overall
yield, with 96.5:3.5 er (Scheme 101).>”* A similar protocol gave
Naproxen™ (Scheme 101, right) in 66% yield with 94:6 er."'®
An attempt was made to use a stereoselective rhodium cata-
lysed hydroboration in the preparation of (+)-macbecin I, a
compound with antibiotic and antitumor properties, however
the predominant isomer was not the desired product.®®

In a similar fashion, the asymmetric hydroboration of
imines was used in the synthesis of (R)-Fendiline and
(R)-Tecalcet, compounds showing promise in the treatment of
coronary heart disease and hyperparathyroidism respectively
(Scheme 102).°%¢

5.2.1 Sertraline. Sertraline was prepared as the minor
component of a mixture of cis- and trans-isomers, following
kinetic resolution of the starting racemic dihydronaphthalene
starting material via asymmetric hydroboration (Scheme 103).%%>
The product was prepared using asymmetric hydroboration of
the enantiomerically enriched dihydronaphthalene followed by
amination.

5.2.2 Bafilomycin A. A simple rhodium-catalysed hydro-
boration of a terminal alkene was used to generate the terminal

Beat . BEt, NHCy
e X + HBcat _IRN((R-QUINAP)COD)IOTA (0.2 mol %) _ : ZnEt, (1.1 equiv) ° CINHCy (1.2 equiv) :
toluene, 2 h Ph” N 2h Ph Ph N
71% yield
3 steps
93.5:6.5 er

Scheme 98 Hydroboration—amination reaction sequence.**°

Bpin
H, (1 atm), Pd/C (10 mol %)
MeOH, rt, 1 h

Q,Bpin

1.BCl (5.0 equiv), it, 4h
2. BnN; (3.0 equiv), 0 °C—1t, 8 h

Q,NHBn

Ph Ph Ph
97% yield 63% vyield
>99:1 dr >99:1 dr

Scheme 99 Hydrogenation—amination of a vinyl boronate ester.58*

This journal is © The Royal Society of Chemistry 2022
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OTBDMS OTBDMS
HBcat _ CH,=CHCO,Me (5 equiv)
[RhCI(COD)],/4 PPhs (1 mol %), neat PTOC-OMe (3 equiv), CgHg, hv, 10 °C
Beat
OTBDMS OTBDMS
SPy Zn (10 equiv), AcOH
CO,Me CO,Me
69% yield 90% yield, 1:1 trans:cis
2 steps
Scheme 100 Addition of methyl acrylate to an alkylboronate ester (PTOC-OMe = N-methoxycarbonyloxypyridine-2-thione).*>>
pinB HOOC
=z CO,H
1. [Rh(COD),J[BF J/1.1 (S)-BINAP
+ HBcat (8mol %), DME, -63--66°C, 4 h 1. LICHCI, (1.75 equiv)
2. pinacol (2 equiv) 2. NaCIO,/NaH,PO, (aq) MeO
Naproxen™
96% yield 79% yield
98.5:3:9 08 96.5:3.5 er
Ibuprofen™

Scheme 101 Preparation of Ibuprofen™ from its corresponding styrene.>”

1. [Fe] (0.5 mol %), toluene/n-hexane, —40 °C - 1t, 14 h

N Ph : :
z \/\l/ + HBpin (2 equiv)

Ph

[Fe]=

N Ph
2.siica ¢ N\/\l/

Ph
7 N e
/’-\ A
NS SP":I"% (R)-Fendiline
\ N 98% yield
o 99.0:1.0 er

Scheme 102 Preparation of (R)-Fendiline via asymmetric hydroboration of an imine.>°®

boronate ester and then the corresponding alcohol as part of
the total synthesis of Bafilomycin A, a natural product isolated
from Streptomyces griseus which has shown antibacterial, anti-
fungal, and immunosuppressing properties.’®

5.2.3 (+)-Catalponol. A stereoselective palladium-catalysed
hydroboration of a 1,3-diene was used as the final step in a catalytic
asymmetric synthesis of (+)-catalponol, a natural product exhibiting
antitermitic activity isolated from Catalpa ovata (Scheme 104).°%°
Interestingly, conversion and selectivity in this reaction was
improved by using catecholborane instead of pinacolborane.

5.2.4 Lonomycin A. A diastereoselective hydroboration of
1,1-disubstituted alkenes was employed for the preparation of a
synthon of Lonomycin A (Scheme 105), a complex antibiotic with
23 stereogenic centers."”” The reaction, catalysed by Wilkinson’s
complex, proved to be highly diastereoselective and complemen-
tary to selectivity obtained in an uncatalysed variant using dis-
iamylborane. The rhodium-catalysed version gave the desired
isomer in 94:6 diastereoselectivity.

8908 | Chem. Soc. Rev., 2022, 51, 8877-8922

5.2.5 Pederin. Pederin, a compound isolated from beetles
of the genus Paederus, has been found to block mitosis,
inhibiting protein and DNA replication, and shows promise
in anticancer applications. A complete synthesis of pederin
incorporating a stereoselective 1,4-hydroboration of an N-acyl-
imidate as a key step has been published (Scheme 106).”*’
Other hydroboration procedures and hydrogenations that were
attempted failed to produce the desired diastereomer in good
selectivity.

5.2.6 (—)-Malyngolide. A potent antibacterial compound,
(—)-malyngolide, was prepared via a route which incorporated
a rare rhodium-catalysed hydroboration of an alkene using
9-BBN (Scheme 107).%®

5.2.7 (+)-Discodermolide. Several borylation steps form
part of a total synthesis of (+)-discodermolide (Fig. 2), a poly-
ketide with anticancer properties isolated from a deep-sea
sponge.””" A key step in the synthesis is a nickel-catalysed
hydroboration of a diene (Scheme 108). Several borylations

This journal is © The Royal Society of Chemistry 2022
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! ' 1. [(S-QUINAP)RhCOD][OTf] (1 mol %) ! I @©
+ HBcat (0.6 equiv) folusne; 162 > +
O 21,0, (aq) O
cl cl
cl cl <l
cl
99:1 er
NHMe NHMe
O‘ 1. [(S-QUINAP)RhCODJ[OTf] (10 mol %) .
CH,Cl,, 1t, 12 h O‘
. 2. styrene (5 equiv), t,2 h o
% Hicat (Soqulv) 3. dried in vacuo >
cl 4. ZnEt, (5.5 equiv), toluene, rt, 2 h O O
i 5, MeNHCI (6 equiv), H,0/Et,0,0°C -1, 1h ¢l cl
Cl cl
o8 ec Sertraline
29:71

Scheme 103 Preparation of sertraline, including kinetic resolution of the starting alkene through asymmetric hydroboration.>8?

(@)

o
= = -~“\\/k =
+ HB(OR), (2.2 equiv) Pdc'ﬁ:ﬁ‘?gg&?' L | +
SH

HB(OR), Conv. syn/anti
HBcat 86 89:11
HBpin 71 71:29

O
x
O
o

syn ((+)-Catalponol) anti

Scheme 104 Preparation of (+)-catalponol through hydroboration.>®®

¥ 1. RhCI(PPhs)s (35 mol %), B
© o o oMeo o THF, 1,8 h o 0O O OMeoO
OJLN A + HBcat (2-3 equiv) OJLN ; on >
'Y ! 2. H,0p THFEOHH,0,  }_J >

. " 62% yield,
94:6 dr

Scheme 105 Preparation of a synthon of Lonomycin A, the hydroboration—oxidation of an alkene.**’

--“‘\‘ﬂoMe

(e} OMe
MeO 7 K o _70 ° MeO
\[({LN . Y\OMe + HBoat (1.3 equiv) 1. RhCI(PPhg); (5 mol %), toluene, —70 °C, 15 h
o OMe 2. H,0

OMe
OTBDMS 70%yield ~ OTBDMS
91:9dr
Scheme 106 The hydroboration of an N-acyl imidate included in the synthesis of pederin.>®’
(o]
S 1. 9-BBN (3 equiv) — - wMe
RSO RhCI(PPh,), (4 mol %), THF, t_ 117°0 —_—

5 2. H,0,, NaOH, 50 °C - OH S

CoHyo 22 CoHig CoHig

90% yield (-)-Malyngolide

Scheme 107 Catalytic hydroboration of an alkene as part of the synthesis of (—)-malyngolide.>®®
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OH
(+)-Discodermolide
Fig. 2 (+)-Discodermolide.
1
1. Ni(COD),/5 PCy,
: X 9 ; _
+ HBpin (2'25:"’(')/")
TBSO  OTBS (1.04 equiv) " 2T2 TBSO  OTBS

3. 1,/PPh;, imidazole
92% vyield, 90:10 dr

Scheme 108 Hydroboration of a diene as a step in the preparation of an
intermediate in the preparation of (+)-discodermolide.??*

OH
=
|
i 1. [Ni(COD),)/PCyj (cat)
. + HBpin
TBDMSO™ o 2. H,0,/NaOH TBDMSO™ o
g H

83% yield

Scheme 109 Nickel-catalysed hydroboration-oxidation in the prepara-
tion of an intermediate en route to vitamin D3.%%°

using B,pin, were also used in the synthesis, as was an iridium-
catalysed hydroboration of a terminal alkene.

5.2.8 Vitamin D3. The nickel-catalysed 1,4-hydroboration
of dienes has been employed in the synthesis of a precursor for
a fragment of vitamin D3 (Scheme 109). This procedure shows
promise in the synthesis of analogues of these highly bioactive
molecules.””

6 Comparison with other methods
6.1 Other hydroborations

The uncatalysed hydroboration reaction has been mentioned
extensively in this chapter and is obviously closely related to the
transition metal-catalysed variant. The biggest downside to
the uncatalysed version is that more reactive boranes and/or
harsher reaction conditions are required in general, and the
selectivity can be somewhat limited. Catalysis by transition
metals can offer complementary and often superior selectivity,
and also asymmetric induction through the use of chiral
catalysts. Catalysis can allow for more stable boranes to be
used, facilitating isolation (for example, pinacolborane-derived
products are often stable to column chromatography).

Other catalysts have also been used in catalytic hydrobora-
tions, including lanthanides,”®””**>*°' magnesium®°>~>°¢ and,
more recently, frustrated Lewis pairs.’®’°*> While these
catalysts are effective and often quite selective, the lack of

8910 | Chem. Soc. Rev,, 2022, 51, 8877-8922
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participation from d-orbitals makes selectivity generally similar
to uncatalysed hydroborations.

Recent reviews have covered alkali and alkaline earth-
catalysed hydroborations,®”  organolanthanide- and organo-
actinide-catalysed hydroborations,®® and aluminum-catalysed
hydroborations.*®>

6.2 Reactions of B,(OR),

Recent years have seen a rapid expansion in the exploration of
the chemistry of B,(OR), reagents, in particular B,pin,. Among
the most relevant developments include transition metal-
catalysed diboration and boryl addition reactions. This area
has recently been reviewed.®*®

Diborations catalysed by zero-valent platinum complexes
tend to proceed via a catalytic cycle involving oxidative addition
of the B-B bond in a manner very similar to rhodium-catalysed
hydroborations.®®”"°%° Copper-catalysed diborations are also
common and the metathesis pathway is similar to that
proposed for copper-catalysed hydroborations.®'°®'*> The most
obvious difference between diboration and hydroboration is
the functionalization at two sites; in 1,2-diborations of simple
monosubstituted alkenes, a chiral center is always generated.
A comparison of asymmetric cationic rhodium-catalysed
generation of 1,2-diboryl alkenes from 1,2-diboration of alkenes
and from dihydroboration of alkynes found far superior selec-
tivity for the dihydroboration reaction.>”> Although diboration
reactions are somewhat new in comparison to hydroborations,
they have been studied quite extensively and good asymmetric
inductions have been achieved in some cases. For a more
detailed description and comparison of the syntheses of
multi(boronate) esters from diboration of hydroboration please
see recent reviews from Xia, Wu and co-workers,*”® and Salvado
and Fernandez.®"?

Boryl addition reactions can result in a formal hydrobora-
tion. These reactions involve the addition of an electrophilic
boryl group followed by quenching with a proton source, which
is often methanol. Thus, selectivity in these reactions can often
be complementary to that observed in hydroborations. For
example, the boryl addition to o,B-unsaturated carbonyls can
give the B-boryl carbonyl (Scheme 110).5*

6.3 Hydrosilylation

Silanes are like boranes in a number of ways, perhaps not
surprising given their diagonal relationship on the periodic
table. Like boranes, silanes possess an E-H bond that is
polarized towards the hydrogen atom. Similar catalyst systems

Ph Ph Ph
Pt(C,H,)(PPh
X (CaHa o 3)2 pinB H,O pinB
+ Bypin, 5 mol % |
fo) toluene, 80 °C, 12 h ) o)
|
Bpin
(1.1 equiv) 90% yield 100% vyield

Scheme 110 Platinum-catalysed diboration-protonation of an a,p-
unsaturated ketone.5'*
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to those used in hydroborations are frequently used in
hydrosilylations.®*>"*'” As is the case with hydroborations, side
reactions can occur, including dehydrogenative silylation and
hydrogenation. Complete regioselectivity and good asymmetric
induction have been elusive.®'?

7 Challenges and future directions

The main challenges of hydroboration reactivity include the
water sensitivity of reagents and products, competitive reac-
tions that reduce the yield of the desired products (e.g., dehy-
drogenative borylation),®*® and competing catalytic pathways
achieved by other boranes formed in situ.®***° Development of
methodology which reduces or prevents the occurrence of these
challenges would be a beneficial development to this field.
Future directions will include continued development of earth-
abundant catalysts for reactions with boron reagents, including
B,(OR), species as outlined in the comparison with other
methods section.
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