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Abstract: The study of main-group molecules that behave and react similarly to transition metal
(TM) complexes has attracted significant interest in the recent decades. Most notably, the
attractive idea of eliminating the all-too-often rare and costly metals from catalysis has
motivated efforts to develop main-group-element-mediated reactions. Main-group elements,
however, lack the electronic flexibility of many TM complexes that arise from combinations of
empty and filled d-orbitals and that seem ideally suited to bind and activate many substrates. In
this Review, we look at boron, an element which, despite its non-metal nature, low atomic
weight, and relative redox staticity has achieved great milestones in terms of TM-like reactivity.
We show how in inter-element cooperative systems, diboron molecules and hypovalent
complexes, the fifth element can acquire a truly metallomimetic character. As we discuss, this
character is particularly strikingly demonstrated by the reactivity of boron-based molecules with
Hz, CO, alkynes, alkenes and even with Na.

1.1. Introduction

The transition elements are defined by their d-orbital sub-shell which has the unique situation of
being partially filled." These d-orbitals, which are part of the valence shell of the transition
metals, have become the salient feature of their chemistry and give them a unique place in the
periodic table and in the realms of scientific interests and applications. In the most challenging
steps of many catalytic cycles, the interplay of electron density and electron-deficiency that is a
direct consequence of the partially filled d-shell enables complex processes that are not trivial
for other elements.? Their large range of oxidation states, the flexibility of their coordination
patterns and the reversibility of their transformations are predicated on this unique electronic
arrangement. It is thus unsurprising that transition metals, in materials and in molecular
complexes, are at the forefront of the catalytic sciences, which often focus on designing
precisely tuned arrangements of ligands and metal atoms in order to bind small molecules,
cleave bonds and couple building blocks in innumerable applications (Figure 1).2

However, the scarcity, high cost, toxicity and environmental issues associated with the
extraction and use of transition metals, as well as the fundamental scientific instinct of pushing
back the boundaries of knowledge, have sparked considerable interest in investigating the
possibility of hitherto transition-metal-exclusive reactions using purely main-group compounds.
This new field of chemistry, which we have termed ‘main-group metallomimetics’,* has gained



considerable traction in recent years and has led to the discovery of both conceptual reactions
and applicable catalytic reactions.

The design and preparation of main-group metallomimetics, however, is not trivial and relies on
the application of unusual strategies and the development of new concepts. At first glance, the
usual properties of main group elements would disqualify them from reacting in analogous ways
to transition metals: where many transition metals can access a range of oxidation states and
often can relatively freely transition from one to the other, main-group elements usually display a
strong affinity for one or two oxidation states and remain relatively redox-static. Furthermore, in
order to achieve their preferred oxidation state and to follow the empirical octet rule, main-group
elements tend to form complexes of invariable coordination numbers and of set geometries that
can be predicted using the VSEPR model. For main-group compounds, these geometries and
coordination numbers are often associated with clear nucleophilic or electrophilic properties,
which are in contrast with the electronic interplay possible with TM complexes.

The metallomimetic chemistry of the heavier main group elements has recently been reviewed
by Power.® However, the natural abundance and low toxicity of light main-group elements of the
second period make them especially attractive candidates for the design of metallomimetics.
Among these elements, boron is being increasingly found in atypical oxidation states and
molecular arrangements and deserves to be described independently on account of its unique
chemistry.

1.2. Definition of Metallomimetic Compounds and Scope of this Review

The reactivity of boron and of the other light main-group elements is limited by their rigid
electronic properties. For this reason, it is not common for complexes of boron to react with
substrates that interact preferably with a combination of filled and empty orbitals. Among the
reactions that are atypical for main-group compounds are: a) the fixation of small molecules that
bind to metal centers through o-donation and t-backbonding (e.g. CO, N2, n’-alkenes and
alkynes), and b) the cleavage of unactivated bonds (e.g. C-H and H> activation) (Figure 2).

Boron-containing systems that are capable of these reactions will be the focus of this review.
The unique strategies and concepts that enable boron to act in a manner reminiscent of the
reactivity of transition-metal catalysts is the core of the understanding of boron metallomimetics.
These approaches can be divided into three categories (Figure 2): in the first, the boron center
effects its metallomimetic reactivity through the cooperative action of another non-metal
element. This approach includes ambiphilic systems and the frustrated Lewis pair (FLP)®’
paradigm that has been formulated in the previous decade around boron-based catalysts.

The second class of metallomimetics is defined by the cooperative reactivity of more than one
boron center. This type of metallomimetic includes the unique reactivity of B-B single and
multiple bonds within diborane, diborenes, diboracumulenes and diborynes, as well as that of
unusual species that feature proximal boron centers. In many of these cases, one boron center
provides an empty orbital while either the B-B bond or another nucleophilic boron atom provides
the possibility of backdonation.



Finally, we will also outline the chemistry of metallomimetics that feature the reactivity of a
single boron atom as the active site; most often in an atypical oxidation state. In the most
striking of these cases, the complexes affect reactivity through the cooperation of empty and
filled boron-centered orbitals. While this class of reactive compounds is still emerging, recent
advances in the field of borylene chemistry have clearly demonstrated the ability of
mononuclear boron complexes to behave like transition metals.
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Figure 1. The Dewar-Chatt-Duncanson model of TM-based substrate activation
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Figure 2. Description of boron-based metallomimetics that are the topic of this Review.

Metallomimetic boron - FLPs

1.3. Introduction - FLP Activation

The partially filled d-subshell' of the transition metals (TMs) allows them to interact with
small molecules according to the Dewar-Chatt-Duncanson model.2? In a single-site TM species,
a combination of vacant and filled d-orbitals of appropriate symmetry activate a substrate
through interaction with its frontier molecular orbitals. These orbital interactions weaken bonds
within a substrate and facilitate reaction steps such as migration, insertion, as well as redox-
active processes such as oxidative addition and reductive elimination. In contrast, tricoordinate
boron(lll) compounds have only a single vacant p-orbital and no non-bonding electrons.
However, in combination with a second element possessing a filled non-bonding orbital,
reactivity that mimics transition metal centers can be achieved.

This approach underpins the chemistry of frustrated Lewis pairs (FLPs), a concept that
was introduced by Stephan and coworkers in 2007." FLPs are undoubtedly the most mature
field of boron metallomimetics; having emerged as a powerful tools for the activation of Hz, COo,



CO, N20, NO, SO,, Si-H, olefins, and alkynes. Since the chemistry of FLPs has been
extensively reviewed in recent literature,®”'"® it will be the scope of this section to explore
mechanistic themes of boron(lll)-based FLP transformations with small molecules including Ho,
olefins, alkynes, CO, and arene C-H bonds, and examine their relationship to analogous TM-
based transformations.

Within the FLP paradigm, one molecular component functions as the Lewis acid (LA),
and the other as the Lewis base (LB), which through steric encumberment or reduced electronic
overlap are prevented from strongly interacting with one another. Consequently, the reactivity of
both the Lewis acid (usually a borane) and the Lewis base (typically based on phosphorus,
nitrogen, carbon, or oxygen) is preserved in the reaction medium and can be simultaneously
applied to the substrate.'”'® Electron transfer (ET) is therefore achieved between the substrate
and via a vacant p-orbital on boron, in combination with a filled orbital on the organic base.

1.4. Dihydrogen

While early examples of ‘FLP-type’ reactivity utilizing bulky Lewis acids/bases had been
reported in prior literature,’®?" it was the seminal discovery of metallomimetic reversible H.
cleavage by Stephan and coworkers by an intramolecular perfluorophenylene-linked
phosphinoborane that proved to be the ignition point of the field.?? The reactivity with H, was
quickly extended to bimolecular systems.?®> The common avenues for H, activation in both FLP
systems and TM systems are presented below (Figure 3). In the case of unimolecular TM
systems, it is the combination of both vacant and filled d-orbitals of appropriate symmetry that
simultaneously withdraw electron density from a substrate HOMO; in this case the filled o-orbital
of Hz, and donate electron density to the corresponding LUMO; the o*-H2 orbital.* Another
common mechanism of substrate activation is bifunctional activation between a TM and a
ligand-centered base;?>?® particularly relevant in the context of hydrogenation of polar
substrates.?’?® Interestingly, even after a decade of computational examination, the exact
mechanism of H splitting via the prototypical B(CsFs)s/PtBus FLP is still a matter of some
contention.?® However, there is general agreement on the initial formation of an FLP ‘encounter
complex’;'®3%32 g pre-association of the Lewis acid and base substituents, which is primarily
supported by secondary bonding interactions. From this point, the proposed mechanisms differ.
According to the electric field (EF) picture,3*3%** rate-limiting insertion of the H, unit into the
‘reactive pocket’ of the encounter complex is followed by polarization of the H> moiety by the
electric field therein, whereupon facile scission of the Hz unit occurs with formation of the
phosphonium borohydride salt. No significant orbital interactions are present in the transition
state. According to the ET picture,' 8% the electric field induced within the encounter complex
is insufficient to split the H> moiety, and activation is supported via orbital interactions
sp*(P)—0*(Hz2) and o(H2)—p(B). The transition state features significant orbital interactions of
the FLP with the H> moiety. From this point, the mechanism of delivery of H, to the FLP partners
has been described as concerted but asynchronous,®® where the B-H bond is formed somewhat
before the P-H bond. Interestingly, while steric frustration is a primary tool to effect FLP
hydrogen activation in Lewis acid/base pairs, the energetic mismatch of molecular filled/vacant
orbitals within intramolecular systems can also be used to a similar end. For example, the
phosphinoborane (CesFs).B=PtBu,, which features a high lying B-P t-orbital and low lying B-P



r*-orbital, readily reacts with H, to afford the corresponding phosphionium borate zwitterion.>¢

Exceptionally, Yamashita and Nozaki have also reported the scission of H, by a boryllithium
species, where a nucleophilic boron center functions as the Lewis base in heterolytic H splitting
to form a borohydride and lithium hydride.*
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Figure 3. Interactions relevant to the activation of H, using both TMs (left) and the
B(CsFs)s/PtBus FLP (right).

While originally a fundamental curiosity, the metallomimetic behavior of FLPs was
cemented by their ability to catalytically deliver H2 to unsaturated polarized substrates, such as
imines, enamines, and silyl enol ethers,**** and later to more challenging substrates such as
ketones,**° and anilines/N-heterocycles,®* and has recently been comprehensively
reviewed.®® Such hydrogenations proceed via an ionic mechanism,***’ where proton and
hydride delivery to a substrate (which may also function as the FLP base if it is sufficiently
nucleophilic) occurs in a stepwise manner (Figure 4, left). Tuning the acidity/hydricity of the
captured H, was paramount in achieving efficient delivery of Hz, as while strongly Lewis acidic
and basic FLPs cleave H. most effectively, it is FLPs of reduced Lewis acidity/basicity that are
the most suitable to deliver a reactive proton or hydride to an unsaturated substrate.?>%% |n a
systematic study of imine hydrogenation catalysis by NHC-borenium cations,®' it was found that
a non-bulky and electron-poor NHC supporting ligand yielded the fastest FLP hydrogenation
catalyst, despite being significantly less Lewis acidic than B(CeFs)3. The activation of dihydrogen
by FLP systems is highly reminiscent of outer-sphere Noyori-type H; activation between a Lewis
acidic metal centre and a ligand-centered base,?*®® wherein similar unquenched acidity/basicity
of the system affords greatly accelerated heterolytic cleavage of H,, which is subsequently
delivered to unsaturated polar substrates in a concerted manner. Despite the stepwise delivery
of proton and hydride in FLP systems, some success in enantioselective imine hydrogenation
has been achieved via the use of chiral boranes in the activation of H..**"' However, this effort
is complicated by the ability of some highly Lewis acidic boranes to epimerize chiral amines.”
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Figure 4. FLP-based catalytic hydrogenation of imines (left) and alkenes (right).

The FLP hydrogenation of non-polar functionalities, such as olefins and polycyclic aromatic
species, was realized by the use of very weak and bulky bases, such as diarylamines, electron-
deficient phosphines, and ethers (Figure 4, right) in combination with B(CsFs)s,”>"" which
operates via a similar ionic mechanism described above.” While the H. cleavage step with such
systems is disfavored and can only be observed spectroscopically at —-80 °C, the conjugate
phosphonium salt formed upon reaction of the FLP system with hydrogen is now significantly
acidic to protonate certain olefins to form a transient carbocation. As such, a requirement for
catalytic turnover is that the carbocation formed is sufficiently long-lived that it may irreversibly
react with the borohydride. Stabilization of the intermediate carbocation was typically achieved
via hyperconjugation or delocalization with a neighboring 1-system, therefore limiting the
substrate scope to mostly conjugated and 1,1-geminally substituted olefins. Outer-sphere
delivery of H, has been proposed in the TM-catalyzed hydrogenation of the C=C bonds of
quinolines,’” however, to our knowledge has not been invoked for simple olefins.

Subsequently, Repo and coworkers® designed a linked amine-hydroborane FLP (1) for
the selective cis-hydrogenation of internal alkynes, utilizing a hydroboration - H, cleavage -
protodeboronation mechanism (Figure 5), which bears a clear analogy to the classic inner-
sphere TM hydrogenation mechanism.2"® This catalyst displays a high degree of
chemoselectivity towards internal alkynes, as upon hydroboration with an olefin, catalyst
degradation via loss of CsFsH was more favorable than alkane release. A similar reaction has
also been realized via a hydridoborane/silica-supported phosphine FLP.%® Additionally, Wang
and coworkers also have reported that the simple, highly Lewis acidic hydroborane HB(CeFs)-
can hydrogenate simple alkenes via a related hydroboration — hydrogenolysis mechanism,®
which will be discussed in more detail in section 4.1.
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Figure 5. Hydrogenation of internal alkenes catalyzed by an amino-borane FLP.

Overall, the wealth of FLP reactivity with H> has uncovered two main hydrogenation
mechanisms. Polar hydrogenations generally take place via a stepwise ‘outer-sphere’ (also
termed ‘ionic’) mechanism, which generally feature nucleophilic hydride delivery to an
unsaturated substrate. In contrast, non-polar hydrogenations can operate via an ‘inner-sphere’
mechanism, which involves insertion of an unsaturated substrate into a borohydride
(hydroboration), followed by protodeborylation or hydrogenolysis (vide infra). Such
transformations directly mirror the hydrogenation mechanisms that operate with TM systems.

1.5. Olefins

Olefins react stoichiometrically with P/B-based FLPs to form ethylene-bridged phosphonium
borate zwitterions (Figure 6, A).'*%® The transition states of such additions with phosphines have
been computed to involve concerted, but asynchronous, sp*(P)—1*(olefin) and T(olefin)—p(B)
orbital interactions,®® directly analogous to the Dewar-Chatt-Duncanson model of TM olefin
activation.®® Furthermore, such transformations bear strong mechanistic analogy to the TM-
catalyzed hydroamination reaction, where an external amine attacks a TM-activated olefin to
form a 2-aminoethyl ligand (outer-sphere mechanism), which can subsequently undergo further
reactivity (Figure 6, C).8®
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Figure 6. FLP- and TM-based activations of olefins.

Experimental evidence for the pre-interaction of olefins with the Lewis acidic unit prior to attack
of the basic partner has emerged: Stephan and coworkers have prepared a strongly Lewis
acidic borane bearing a pendant olefinic group (2), where NMR spectroscopic evidence of the
“van der Waals complex” of the olefin pre-coordinated to the borane was presented.?® It has
additionally been shown computationally that such van der Waals complexes are important
intermediates in FLP olefin capture with simple substrates, such as ethylene.®® While such
complexes are not true 1r-olefin complexes, and the activation they provide is very minimal, they
nevertheless provide a ‘pre-organization’ of the reaction partners toward olefin activation that is
essential for termolecular reactions. Subsequent addition of a nucleophile, such as a phosphine,
amine, or N-heterocyclic carbene, to the tethered-olefin van der Waals complex results in rapid
nucleophilic addition, with formation of either the five- or six-membered boracycle, depending on
the steric constraints of the incoming nucleophile (Figure 6, B).

1.6. Alkynes



With FLPs, internal alkynes form simple 1,2-addition products much akin to their reactivity with
olefins.®’ However, in contrast to alkenes, which form very weak van der Waals complexes with
Lewis acidic boranes, terminal alkynes have been determined computationally to form more
strongly bound (but still fairly weak) o-complexes with highly Lewis acidic boranes,**% which
activate the alkyne by acidifying the alkynyl C-H proton and withdrawing electron density from
the B-carbon (Figure 7). Such species have an electronic structure similar to that of vinyl cations
derived from electrophilic addition to alkynes.** In the absence of an external nucleophile,
reactions of terminal alkynes with strongly Lewis acidic perfluoroarylboranes typically proceed
via migration of the alkynyl hydrogen to the B-carbon, concomitant with activation of a B-C bond,
resulting in the formation of the 1,1-carboboration products (Figure 7).%%°" However, in the
presence of an FLP, diverging reactivity pathways with alkynes exist,®"**% which are influenced
by the steric and electronic properties of both the FLP and the substrate.

The FLP activation of terminal alkynes is postulated to proceed via the same activated alkyne-
borane o-complex, which can either undergo nucleophilic attack at the Lewis acidic B-carbon to
form the olefin-bridged zwitterionic salt, or be deprotonated by the external nucleophile to form a
bimolecular alkynylborate salt. The reaction pathway is directed by both the steric size and
basicity of the partner base, where more Brgnsted basic and bulky phosphines favor
deprotonation and formation of the alkynylborate product. The alkyne-borane activation o-
complex bears some resemblance to typical TM-alkyne t-complexes, which are known to
rearrange similarly to form vinylidene ligands.*
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Figure 7. Typical FLP and TM reactivity with alkynes.

Alkyne activation induced by strongly Lewis acidic boranes has led to the development of
stoichiometric C-C bond forming reactions with enamines and pyrroles,'® as well as catalytic
alkyne hydroamination,’"'%? a transformation which is catalyzed by numerous TM complexes
by similar mechanisms,'® as well as catalytic alkyne hydroboration.'*'"° Subsequent work by
the groups of Melen, Stephan, Paradies, and Hashmi has demonstrated that strongly Lewis
acidic boranes can be utilized to induce a wealth of intramolecular cyclization reactions involving
propargyl esters’'""'2 amides,'™® and related systems where an activated alkyne is attacked by
an internal nucleophile."'*'?® Such reactions in many cases mirror transformations accessible
typically via carbophillic Au or Pt catalysts.' An exemplary cyclization of a 1,5-enyne'" is



presented in Figure 8, which may be accessed via either boron- or gold-based catalysis.
Triphenylphosphine is also added in this case to act as a proton shuttle.
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Figure 8. FLP- and TM-catalyzed 1,5-enyne cyclization
1.7. Carbon Monoxide

TM complexes bind CO via withdrawal of electron density from a C-centered sp orbital, while
populating the C-O m*-orbital, resulting in a weakening of the CO bond and a decrease in the
CO vibrational frequency. Lewis acidic boranes, such as BH;,'® and HB(CsFs),,'*1?®
perfluoroalkylboranes''®" and electron deficient boroles'? are also known to form weakly
bound o-complexes with CO. However, as trivalent boron lacks non-bonding electrons to
populate the CO m*-orbital, such species display long B-C distances and typically have
increased CO vibrational frequencies with respect to free CO, due to the greater electrostatic
polarization of the C-O unit upon coordination to a borane.’® Nevertheless, borane-carbonyls
are susceptible to nucleophilic attack by external bases, such as NHs, at the carbonyl carbon
(Figure 9; A)."®10 Sych reactions follow a familiar mechanism, where withdrawal of electron
density via o-complexation acidifies the carbonyl carbon to accept electrons from an external
donor. While the prototypical B(CsFs)s/PtBus FLP does not react with CO, the ethylene-linked
phosphine-borane FLP systems of Erker and coworkers do capture CO to form five-membered
phosphonium formylborate complexes (Figure 9; B),"**'%® as do related B/N intermolecular
FLPs."™® Interestingly, X-ray structures revealed that the coordination of such species is
markedly unsymmetrical, with large B-C-O angles (=135°), long P-C distances (2.04-2.10 A),
and short C-O distances (1.17-1.19 A). Such features suggest a bonding environment
analogous to TM-carbonyl compounds, where the phosphine donates electron density into the
m*-orbital of a formal C-O triple bond. The IR stretching frequencies of such species are in the
range of 1757-1791 cm™, indicating strong activation relative to free CO. Trifunctional FLP
systems have also recently been applied in the capture of CO."™’
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Figure 9. CO capture and insertion with FLP systems.

Insertion reactions of CO into the B-C bonds of simple alkylboranes have long been known, and
have found application in the synthesis of alcohols, aldehydes, and ketones."*® Such reactions
are reminiscent of metallo-acyl intermediates derived from CO insertion into metal-alkyl
complexes relevant to hydroformylation catalysis.*® However, CO insertion reactions typically
do not proceed with simple hydridoboranes in the absence of additional reagents.'?®
Considering the relevance of such transformations to Fischer-Tropsch catalysis,*'*! efforts
were undertaken to apply an FLP approach to this problem. Stephan and coworkers have
demonstrated the use of a Hz>-derived borohydride as the base in a FLP system, leading to the
trapping of the CO by 1,1-insertion into the B-H bond (Figure 9; C), whereupon further
hydrogenation and insertion reactions involving the formylborate unit can occur.'?'* Similarly,
Erker and coworkers have demonstrated that CO-hydridoborane adducts also react with FLPs
with CO insertion into the B-H unit to yield formylborate complexes (Figure 9; D),'.128.145-147
which have also been used in further C-C- and C-N-bond-forming reactions.’® Despite the
demonstration of these stoichoimetric reductions, the catalytic use of CO as a feedstock in FLP
transformations has not yet been realized, likely due to the strong bonds often formed between
Lewis acidic boranes and oxygen-containing functional groups.

1.8. Arene C-H activation

The selective C-H functionalization of C-H bonds in arenes and alkanes is one of the most
challenging fields of transition metal catalysis. The last few decades have seen an explosion of
interest in developing different approaches to C-H bond activation. These investigations have



given rise to a whole field of research focused on the cleavage and functionalization of the C-H
bond by transition metals.

While stoichiometric C-H borylation reactions have been reported with a number of highly Lewis
acidic boranes and borenium ions,?" 49199160 these processes employ stoichiometric amounts of
highly reactive reagents through a Wheland-like mechanism. In a few cases, Friedel-Crafts-type
catalysis could be observed for the TM-free catalytic borylation of arenes, in mechanisms that
bear little similarity to TM chemistry.'%2154158.161163  Qimilar reactions are typically metal
catalyzed,'®*1% often by precious metals such as iridium or palladium, which act in tandem with
an internal base.

Nevertheless, here too can FLPs show their metallomimetic behavior. While select TM systems
can selectively cleave C-H bonds at a single atom, Fontaine and coworkers have shown a
similar process between proximal B and N atoms in ambiphilic amino-borane FLP complexes
such as 3."%¢'%7 |n this system, C-H bonds from heteroarenes are first activated at the FLP site
by simultaneous coordination to the boron centre and deprotonation of the arene C-H
functionality (Figure 10, TS),'®® followed by elimination of H,. This bond activation can be
followed by o-bond metathesis with pinacolborane, enabling a catalytic cycle for the borylation
of heteroaromatic C-H bonds under mild conditions. A bench-stable pre-catalyst activated by the
addition of pinacol borane has also been reported.’ Repo and co-workers later extended this
activation to include simple arenes and alkenes using a similar system, albeit in a stoichiometric
process.""°
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1.9. Summary

The combination of an electron-deficient borane with another atom that provides a non-bonding
electron pair of electrons can be used to effect many transformations typically exclusive to
transition metal systems, such as the activation and delivery of H2 to unsaturated substrates,
CO binding, alkyne hydroamination, and C-H functionalization. While often metals achieve
simultaneous donation and withdrawal of electrons from a substrate due to their single-site
behavior, the binary nature of many FLPs requires pre-organization of the reaction partners,
which may be in the form of a FLP ‘encounter complex’ (H.), or pre-association of the substrate
with one FLP component via formation of a van der Waals complex (olefins) or a o-complex
(CO, alkynes), followed by reaction of the activated complex with the other FLP partner.

2. Metallomimetic reactivity through two boron atoms

While catalytic breakthroughs have been achieved through inter-element cooperativity,
metallomimetic behavior can also be attained using only combinations of boron-based active
centers. In recent years, unusual dinuclear boron complexes have shown reactivity towards the



binding of alkynes, dihydrogen and carbon monoxide, in manners that are reminiscent of
transition metals.

2.1. Nonbonded boron centers

Boron-boron cooperative reactivity was convincingly demonstrated by Kinjo and coworkers in
the cases of 1,3,2,5- (4)"""""2 and 1,4,2,5-diazadiborinine (5)'"® complexes (Figure 11; A, B).
These aromatic compounds react with a variety of substrates (CO2, MeOTf, HBpin, Ar.PH, and
others) in a manner that suggests the presence of an unusually nucleophilic boron center.
Consequently, 4 and 5 possess similar ambiphilic cooperative properties that give rise to the
metallomimetic reactivity in FLP systems, and also have been observed to bind alkynes and
alkenes in an analogous manner. More recently, the same group showed activity of the related
compound 6 towards the cleavage of H, and NH; (Figure 11; C)."™ Similar reactivity towards
ethylene was also observed with NHC-diboranthracene adduct 7.7° Interestingly, the selective
‘side-on’ binding of dioxygen from dry air was observed. Notably, the metallomimetic behavior of
diboraanthracene complexes could be increased by two-electron reduction (Figure 11; D),"6177
where the reduced dilithiodiboraanthracenide 8-R (R = H, CCtBu) complexes were shown to
activate Hy, as well as the C-H bond of terminal alkenes (Figure 11; E).



Ph
89w
N CoHa
(A [
o B H
2 1@
Ph

R
NB@’T@ :
e [@N///B e% /NNB HeeR GQ\ /> CH,CHPh E
Ph
/

Ph

Ph
5

Ph

H
Ph N / Ph
N 2 N
O Ph J\@)\ P~ Ph

Mes H ph Mes Mes Ph Mes
6
Dipp~ N~Dipp
ID|pp
B
C2H4 N 0,
| —
=
B
2
ID|pp A + .
Dipp— N~ Dipp
7
2 Li*
R 2 Li* ex. HCCtBu
I R=H /
B -Hy
® o
— H, /
B —_—
I R = CCtBu \
R
8-R

2
Ph — Phi\ Ph
@
Me Mes



Figure 11. Activation of small molecules by non-bound boron centers.
2.2. Metallomimetic chemistry of B-B bonds

Early work on tetrachlorodiborane (B2Cls) demonstrated that this highly acidic and reactive
molecule could cleave molecular hydrogen at room temperature in the absence of a catalyst.'”®
The products of the reactions are BCl; and B2Hs. B2F4, B2Cls and B2Brs were also found to
spontaneously add to ethylene.'”®"®? Since then, the diboration of many unsaturated bonds
using diboranes has been established in the presence or absence of catalysts.'8*18

In recent years, departing from the chemistry of classical diborane(4) systems such as Bapiny,
Bocatz, B2(OMe)s and B2(NMez)s, unusual complexes featuring reactive B-B single and multiple
bonds have been the object of considerable interest. Employing simple tetraaryldiboranes,
Yamashita and coworkers'®® have demonstrated the facile cleavage of molecular hydrogen by
tetra(o-tolyl)diborane (9) under ambient conditions (Figure 12; A). Computational modeling of
the reaction shows that while the high Lewis acidity of the diboron reagents activates the H-H
bond, B-to-H interactions complete the bond cleavage. Thus, through the concerted action of
two boron atoms, TM-mimicking reactivity is enabled. These results give insight into previous
chemistry that used diboron reagents as precatalysts for the reduction of acenes under harsh
conditions.'®'8" Interestingly, 9 also reacts with carbon monoxide with initial insertion of CO into
the B-B bond, followed by subsequent rearrangement.'®® Typical alkyl and arylboranes are
usually relatively inert towards T-acceptor bases such as CO, because they lack the filled
orbitals that allow TM complexes to effect backbonding. In this case, however, the electron
density of the B-B bond appears to be accepted by CO, resulting in cleavage and metathesis to
give a boroxine and a C-H insertion product.

Proposing a similar mechanism as with tetra(o-tolyl)diborane, Wang et al. have recently
reported the cleavage of H, by the remarkably stable borylborenium complex 10 (Figure 12; B).
In this unsymmetrical diboron reagent, a positively-charged boron center is the HOMO of the
molecule, which can interact with the H-H o-bond. The other boron atom supplies electron
density to the antibonding orbitals of H."®® Similar reactivity towards H, was observed with the
cyclic B,B’-dimesityldithienodiborane 11 (Figure 12; C)."%°

An unusual diboron framework was also found to cooperatively enable the activation of a Csp3-H
bond of methyllithium.'" In this case the nucleophilic organolithium ensures the coordination of
a CHs; group to a boron center and the reduction of the redox-active complex. The other boron
atom, being proximal to the CHs group, activates the C-H bond via a o-complex while the
electron density from the B-B bond performs the cleavage.
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Figure 12. Reactivity of B-B single bonds towards H. and CO.

Molecules that feature B-B multiple bonds can display even more striking metallomimetic
chemistry. Possessing boron centers in a formally lower oxidation state, they often possess



orbitals that are ideally suited to the activation of small molecules and the breaking of relatively
inert bonds. The study of such species has been the subject of many reports, beginning with the
isolation of dianionic'®'*® and neutral diborenes'*'** and more recently with diboryne
complexes.'® As analogues of alkenes, diborenes possess a HOMO with B-B bonding of -
symmetry and a *(B-B) LUMO. However, the HOMO-LUMO gap is much smaller in diborenes
than in ethylenes, suggesting that reactivity involving the cooperative contribution of both empty
and filled orbitals is much more likely for the former. This confers a reactivity to diborene
complexes that far exceeds that of their carbon-based analogs. While many diborene reactions
are not formally metallomimetic — being not directly comparable with TM reactions — they most
often involve an interplay of the boron-based HOMO and LUMO. Similarly to alkenes, the B=B
bond in [(CsHsS)IMeB]. was found to be readily hydroborated.' In contrast to alkenes,
however, the same compound was found to react with elemental sulfur under mild conditions to
effect complete B-B bond cleavage.'® With the silylated derivative [{C4H3(SiMe3)S}IMeB]., more
selective reactivity was achieved with Sg and Se to give diboradithiirane complexes.'2%° For
their part, diborynes have been most commonly described as possessing a B-B triple bond,
being isoelectronic with alkynes, but again with a narrower HOMO-LUMO gap. Even more than
diborenes, diborynes species possess a rich reactivity, including interactions with chalcogens,
dichalcogenides,*%" ijsocyanides®? and acetone.?*®

In contrast to diborenes, the metallomimetic reactivity of diborynes is more clearly exemplified.
Indeed, [IDippB]. (IDipp = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) (12) reacts rapidly
with one equivalent of CO to give bridging adduct 13 (Figure 13, B).?** In this complex, a very
long C-O bond distance (1.249(2) A), as well as an IR band at 1926 cm™ indicate the strong -
overlap of the B-B orbitals into the antibonding orbital of carbon monoxide. The addition of an
excess of carbon monoxide to [IDippB]. led to the coupling of four equivalents of CO into
complex 14, an unprecedented reactivity mode for both boron compounds and for light main-
group elements.

Interestingly, when 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene (SIDipp)?**® and N-(2,6-
diisopropylphenyl)-2,2.4 4-tetramethylpyrrolidin-5-ylidene  (M*CAAC)**® analogues of NHC-
stabilized diborynes (15 and 18, respectively) were synthesized, it was found that the -
accepting capabilities of these ligands deplete the B-B triple bond HOMO and give rise to an
electron deficient diboracumulene-type structure, where the B-B bond order decreases with an
increased 1r-accepting character of the ligand (Figure 13, A). The reactivity of these complexes
with carbon monoxide reflects this change in properties. Instead of CO coupling, the addition of
excess CO to 18 selectively affords a bis-CO adduct (19). In this complex, the CO bond
distances (1.173(2) A) are notably shorter than in the case of 13, while the IR band is at a
similar wavenumber (1926 cm™). 18 also reacts with tBuNC to form a similar complex.?%? In
carbon monoxide chemistry, as in bonding and structure, 15 has intermediate reactivity between
12 and 18. While 16 — an analog of 19 — can be observed at —30 °C following the addition of CO
to 15, gradual conversion to the coupled product 17 takes place at room temperature.
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Figure 13. Diborynes, diboracumulenes and their reactivity with CO.

With molecular hydrogen, unsaturated NHC-stabilized diborynes and [SIDipp2B-.] were found to
be unreactive. However, 18, as well as the less bulky [SIDepB]. (SIDep = 1,3-bis(2,6-
diethylphenyl)imidazolin-2-ylidene), react spontaneously to give the corresponding trans-1,2-
dihydrodiborenes (Figure 14).2” The greater m-accepting character of CAAC and saturated
NHCs seems to be essential for this process, with excessive steric bulk — as in the case of
SIDipp — being detrimental. Interestingly, the 1-acidity of CAAC and the cumulene character of
18 makes each of its boron centers isoelectronic to donor-acceptor-stabilized borylene
complexes (see below), which explains their increased reactivity. The reaction of 18 with H is
complete within a day at room temperature, while it takes two days at 80 °C for [SIDepB]: to be
completely hydrogenated, showing the correlation between the Tr-acidity of the ligand and
reactivity. The mechanism of the reaction, involving the formation of a H>-B o-complex and



bond-cleaving backdonation from the B-B system electron is reminiscent of the ambiphilicity of
TM orbitals and the H. activation by diborane complexes.
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Figure 14. Reactivity of a diboracumulene with H2 and CO.

Notably, dihydrodiborene 20 is the only currently known example of a diborene that reacts with
carbon monoxide (Figure 14).2°® Upon treating compound 20 with CO, the formation of 21a and
21b was observed. These two complexes are isomers that depend on the transfer of a hydride
back and forth from a boron center to the "®*CAAC ligand, and that, while being in an equilibrium
in solution, could be crystallized independently. 21a and 21b are associated with IR CO
stretching bands at 1928 and 1962 cm™, respectively. A second equivalent of CO can react with
21 and insert into the B-B bond, forming compound 22, which also features CO complexation at
boron.

While 18 reacts selectively with one equivalent of dihydrogen,?® it was also found that its

coordination to one equivalent of " IMe (1,3,4,5-tetramethylimidazol-2-ylidene) — which breaks
the symmetry of the diboracumulene to give complex 23 — increases its reactivity (Figure 15). In
this bound state, 23 reacts rapidly with two equivalents of molecular hydrogen in a process that
completely cleaves the B-B bond. The products of the reaction are thus [M*CAAC(“IMe)BH]
(24) and [M*CAACBH;] (25). Computational analysis ascribes the increased reactivity of 23 to
the strong localization of the frontier orbitals on the dicoordinate boron center, suggesting a
borylene type structure. Compound 23 also reacts with carbon monoxide to form a strong
adduct (26) (Figure 15). The CO stretching frequency of v = 1912 cm™ in the resulting complex
suggests extremely strong B-to-CO backdonation. This backdonation is further supported by the
long C-O bond distance (1.170(2) A) as well as by computational modelling.
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Metallomimetic reactivity is also found in the interaction of phosphine-stabilized diborenes and
[(M* CAAC)B]. with alkynes. While organic alkenes and alkynes do not spontaneously undergo
[2+2] additions, transition-metal carbene complexes (featuring a M-C double bond), as well as
heavy main-group multiple bonds, undergo such metathesis reactions. In work from our
laboratories, diborene 27 and the diboracumulene 18%'° where shown to react with a range of
acetylenes (Figure 16). While the reaction with 27 is performed under photolytic conditions —
presumably in order to overcome symmetry constraints — and thus has precedence in
conventional alkene chemistry,'" the reaction of 18 with acetylene and propyne is possibly
spontaneous from the ground state. The products of the reaction differ based on the substrate,
presumably on steric grounds: while exposure of [(V*CAAC)B]; to acetylene leads to the
formation of neutral diborabenzene 28, a similar reaction with MeCCH leads to the complete
cleavage of the C-C triple bond and the formation of the cyclic diradicaloid 29. In both cases, an
initial [2+2] cycloaddition is expected to be the first step of the reaction. Such a process is
somewhat metallomimetic in nature because it involves the interaction of the alkyne HOMO with
a boron-centered orbital and the backdonation of a B-B orbital into the C-C m*. However, the
resulting diboracyclobutene 30 is unstable and can undergo a second [2+2] cycloaddition with
acetylene or a rearrangement to the thermodynamically stable 1,3 isomer.?'?2' The formation of
dimetallacyclohexadienes from alkynes is also a staple of TM chemistry.?'
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Figure 16. Reactivity of a diboracumulene with alkynes.
2.3 Summary

Metallomimetic chemistry can be attained by the cooperative action of two boron centers.
Interestingly, in certain molecules, two remote boron atoms can act together to activate small
molecules in a manner that is reminiscent of FLPs and of the ambiphilicity of TM complexes. In
such transformations, one of the boron atoms appears to be reacting as a nucleophile which,
combined a Lewis acidic boron center, achieves the side-on binding of alkene and alkynes and
the cleavage of H2 among others.

B-B single and multiple bonds are also found to be involved in a rich variety of TM-like reactivity.
The availability of the electron density from the B-B bond to be shared to substrates in -
backdonnation allows some diboranes, diborenes, diborynes and diboracumulenes to activate
CO, Hy, alkynes and other small molecules through TM-like electronic processes.

3. Metallomimetics centered around a single boron atom
3.1. Boron(lll) systems

A unique challenge is associated with obtaining transition-metal-like properties in
complexes that feature a single boron active site and that do not provide cooperative reactivity
from another heteroatom. In such cases, the combination of filled and empty orbitals that is
required for metallomimetic reactivity have to be provided by a single boron atom. However, a
single boron atom in its favored oxidation state (+3) is unlikely to be the center of both the
HOMO and LUMO of a molecule. In a few examples, this deficiency can be countered by the
use of highly Lewis acidic boranes, which have been shown to be sufficient for the activation of
nonpolar substrates such as dihydrogen under mild conditions. In these unique systems, the
high electrophilicity of the boron centers weakens the H-H bond sufficiently to enable a o-bond
metathesis with alkyl substituents that would otherwise require harsh conditions,'8:187.215216
Boranes that have been shown to be sufficiently acidic to activate dihydrogen in this manner
under mild conditions are pentafluoroaryl and pentaaryl boroles and their derivatives (Figure 17;



A, B),2"220 a5 well as HBAr", (Arf = 2,4 6-tris(trifluoromethyl)phenyl) or HB(CsFs). (Figure 17;
C).%" Interestingly, while the reactivity of HBAr", with hydrogen was only proven using H/D
exchange, the less bulky HB(CsFs)2 31 was recently found to act as a metal-free catalyst for the
hydrogenation of alkenes under mild conditions via an hydroboration — hydrogenolysis
mechanism (Figure 18).2* The authors further determined computationally that the o-bond
metathesis of H> occurs via donation of electron density of the o-orbital of H, to the vacant p-
orbital of the Lewis acidic borane, and donation of electron density of the Caky-B o-orbital to the
o*-orbital of H,, and subsequent asynchronous formation of the B-H and C-H bonds avoids the
formally forbidden [2+2] transformation. Such hydrogenations are mechanistically identical to
hydrogenations reported with d® TM complexes,??? and very similar to hydrogenations based on
transition metals such as Ru(ll), where formal oxidative addition of H. is disfavored.??® A related
mechanism is postulated for the hydroboration of alkenes catalyzed by hydro(3,5-
bis(trifluoromethyl)phenyl)boranes.?**
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Figure 18. o-Bond metathesis mechanism of olefin hydrogenation by 31 and other TM species.

Confinement of boron(lll) to an aromatic heterocycle can also be used to effect metallomimetic
reactivity, enabling the binding of tr-acceptor ligands that usually only interact with TM
complexes. For example, in free borabenzene, the strong Lewis acidity of the boron center
corresponds to an empty sp2 orbital, and the HOMO is associated with the delocalized -
electrons within the aromatic system.?® The reactivity conferred by this electronic environment
is notably revealed by the ability of borabenzene to bind dinitrogen — a molecule that usually
does not react with non-metal elements — under matrix isolation conditions to give adduct 32
(Figure 19, A).?® Subsequent computational work®?® revealed the importance of T-backdonation
from the aromatic ring of borabenzene to suitable orbitals in N2 and various other ligands. It was
likewise predicted that CO should bind borabenzene very strongly, despite the corresponding
adduct (33) having never been reported (Figure 19, B).
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Figure 19. Aromatic B-containing cycles featuring bound N2> and CO. The HOMO of 33 is
depicted in the orbital diagram.

Similarly, B3s(CO)s* (34) Bs(N2)* (35) and cations have been observed in the gas phase (Figure
19, A), which can be regarded as adducts of the Lewis acidic and aromatic Bs; cation with
dinitrogen and carbon monoxide.??” There too, the aromatic Bs cycle provides electron density
for the 1-backbonding interaction, which is necessary to achieve an observable lifetime of the
complexes. In a similar manner, OCBBCO (36) is another CO adduct of boron that has been
identified in matrix isolation, and that also features B-to-CO backbonding,?®® in this case via
delocalization of the electron density of the B-B triple bond into the 1 orbital of the CO ligand.

3.2. Boron(l) systems

As detailed above, boron in its favored oxidation state (+3) does not formally possess
simultaneously empty and filled orbitals. In its +1 oxidation state, however, it is conceptually
expected to possess a nonbonding electron pair in addition to its two empty p-orbitals. For this
reason, molecules that possess a boron(l) center in a coordinatively unsaturated environment
are excellent candidates for transition-metal-like reactivity (Figure 20). Compounds known as
borylenes feature a boron atom that is formally in the +1 oxidation state and are analogues of
the more common carbenes. While free monocoordinate borylenes ([:B-R]) are highly reactive
intermediates and have not been isolated thus far, the chemistry of their derivatives is a growing
field that continues to uncover new and surprising reactivity. In most cases, the borylene
fragment is stabilized by one or two Lewis bases or by coordination to a transition metal center.
Using this strategy, Bertrand and coworkers were able to isolate the first isolable metal-free
borylene [(“YCAAC).BH].??° While free and singly base-stabilized borylenes can be described as
metallomimetics, possessing a combination of empty and filled orbitals, tricoordinate borylenes
(RBL2) are coordinatively saturated and their transition metal-like characteristics are thus
diminished. Similarly, transition-metal-bound borylenes cannot be considered metallomimetics
as they already contain one or more transition metal atoms, which contributes to their reactivity.
For these reasons, this chapter will focus on the chemistry of free mono- and dicoordinate
borylenes. The other two classes of borylenes have recently been authoritatively reviewed and
continue to attract considerable interest.?3%-2%
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Figure 20. Orbitals relevant to substrate activation in both borylenes and TM complexes.
3.2.1. Monocoordinate borylenes

While they remain elusive to isolation and to many methods of solution- and solid-state
characterization, the properties and reactivity of monovalent borylenes ([:B-R]) can be inferred



from extensive spectroscopic, and theoretical studies as well as from trapping experiments. In
all studied cases, the ground state of such molecules is found to be singlet,?"2?*® thus featuring
two empty orbitals (LUMO and LUMO+1), as well as a nonbonding lone pair (HOMO) at the sp-
hybridized boron center. This electronic arrangement draws a parallel between monovalent
borylenes and coordinatively unsaturated transition metal complexes and suggests their
comparable reactivity. Indeed, the reaction of in-situ-generated borylenes with alkynes, carbon
monoxide and dinitrogen,?*® as well as with C-H and C-C bonds is definitively reminiscent of that
of transition metal complexes.

As described earlier, alkynes and olefins readily interact with both the empty and filled orbital of
many transition metal centers, forming side-on complexes that are well described by the Dewar-
Chatt-Duncanson model (Figure 1).2° We have also discussed the formation of
metallacyclohexadienes from the reaction of TM complexes with alkynes.? It is this second
binding motif which was found by Timms to be dominant in the reactivity of fluoroborylene [FB:]
37 - the first reported transient borylene — and its derivative chloroborylene [CIB:] with
acetylenes.?*%?*! Indeed, when generated in the gas phase and exposed to acetylene, both of
these hypovalent boron halides afforded, among other products, cyclic CsH4B2X> compounds
(Figure 21, A). While later computational studies suggested the possibility of these compounds
being produced by the dimerization of the corresponding haloborirenes?*? in a reaction that has
precedence in TM chemistry,?'* the reaction conditions were not conducive to the observation of
these presumably short-lived intermediates. Interestingly, 17 years after Timms’ report, Pachaly
and West**® observed the formation of silylborirene 38 from the low-temperature photolysis of
B(SiPhs)s; in an organic glass upon warming in the presence of bis(trimethylsilyl)acetylene.
While no spectroscopic evidence was obtained for the generation of a borylene species, the
authors ascribe the formation of 1-triphenylsilyl-2,3-bis(trimethylsilyl)borirene to the trapping of a
free [(PhsSi)B:] 39 by the acetylene reagent (Figure 21, B). This claim is supported by the
characterization of C-H and C-O activation products when the postulated borylene is generated
in the presence of alkane or ether products.
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Figure 21. Generation and trapping reactions of free fluoro- and silylborylenes.

In the context of the formation of borirene products from the direct addition of a free singlet
borylene to an alkyne, a comparison with the side-on coordination of acetylenes with TM is
almost unavoidable (Figure 22). In such complexes, the coordination of an alkyne to the singlet
borylene pushes the Dewar-Chatt-Duncanson model to the limit of strong alkyne-to-boron
donation and boron-to-alkyne backdonation into a rehybridized three-membered ring featuring
an elongated C-C bond.?**?*" This fact illustrates the nature of these highly reactive transient
hypovalent boron metallomimetics: while possessing a reactivity that recalls that of TM
complexes, their lack of oxidation state flexibility often puts them at the extremes of bonding
models. Interestingly, borirenes are also products of the formal transfer of borylene fragments
from many transition-metal-stabilized borylenes to alkynes.
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Figure 22. Alkyne binding in both TM complexes (left) and borylenes (right).

As described above, the reaction of the putative borylene [(PhsSi)B:] with tert-butane gives 3-
methylpentyl(triphenylsilyl)lborane as C-H insertion product 40. This reaction is also
metallomimetic in character and plausibly arises from the interaction of the LUMO of the
borylene with the C-H o-bond of the alkane, with simultaneous electron donation from boron to
the C-H antibonding orbitals (Figure 23). Such a mechanism would be similar to that of C-H

bond activation effected by transition metal complexes.?'2%2
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Figure 23. Orbitals relevant to C-H activation for TM complexes (left) and borylenes (right).

Similarly to this reactivity, Power and coworkers®® observed various insertion reactions when
reducing sterically encumbered aryldihaloboranes using different alkali metal reductants. In
such reduction reactions the initial formation of a free arylborylene was postulated, followed by
its intramolecular insertion into C-C bonds of the aryl substituent (Figure 24, A). The extreme
reactivity of free borylenes was even more strikingly demonstrated by Meller and
coworkers?®*?* when they demonstrate that the borylenes generated from the reduction of
X2BNiPr2 (X = F, Cl) react even with toluene and other arenes to give various ring-expansion
products (Figure 24, B).
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Figure 24. Generation and trapping reactions of free aryl- and aminoborylenes.

Tokitoh and coworkers®® have also developed a protocol for the photolytic generation of a bulky
arylborylene from [TbtB(SeMe).] (Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]lphenyl). The resulting
[TbtB:] borylene intermediate was trapped by various organochalcogen substrates.

More recently, Bettinger and coworkers®’ were able to generate and characterize
phenylborylene [PhB:] (41) under matrix isolation conditions (Figure 25), via the photolysis of
PhB(Nz3)2. Interestingly, generating phenylborylene in N2>- or CO-containing matrices led to the
identification of various products, including adducts [PhB«L] of these ligands (L = CO, N>),
which could be characterized on the basis of their IR spectra. Computational studies on these
molecules showed that, in close analogy to TM chemistry, B-to-L backdonation is an important
component of the bonding in these adducts.
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Figure 25. Generation and photolytic reactions of phenylborylene.

3.2.2. Base-stabilized borylenes

As the high reactivity of free borylenes significantly hampers their study in the condensed
phase, the past few decades have seen an effort to produce and study base-stabilized borylene
and borylene-like molecules. Using a similar alkali metal reduction protocol, in 2007 Robinson
and coworkers reduced [IDippBBrs] with KCs.' This reaction allowed the authors to isolate
diborene product 42, which is conceptually the dimerization product of the borylene [IDippBH]
(Figure 26, A). Following this initial attempt, several reports have described the reduction of
NHC-dihaloborane reagents. Many of these have demonstrated the formal insertion of a
dicoordinate borylene fragment into intramolecular C-H bonds of the NHC ligand, similarly to
free borylenes (Figure 26, B-D).2%%-2¢
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Figure 26. Generation and insertion of various NHC-stabilized borylenes.

Interestingly, our group has observed the formation of a base-stabilized borirane (45) from the
reduction of [(IMe)-BHCl] (IMe = 1,3-dimethylimidazol-2-ylidene) (43) with sodium
naphthalenide.?®' While the formation of the parent borylene [(IMe)-BH] (44) and its trapping
with naphthalene was invoked to explain the reactivity, the actual mechanism of the
transformation is a subject of debate (Figure 27, A).?2 In a related reaction, our group also
observed the formation of the remarkably robust borirane [IMeMe-BPh(C1sH12)] (47) when
reducing [IMe"-BPhCl;] (46) with Naz[C14H12] (C14H12 = 1,2-diphenylethylene) (Figure 27, B).%%®
However, it should be noted that the generation of a borylene was not invoked in the latter case
as a nucleophilic substitution mechanism using Nax[C14H12] is also reasonable.
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In contrast to the previously described examples of highly reactive borylene metallomimetics, a
breakthrough in the field was achieved in 2014 by Bertrand, Stephan and coworkers in the
isolation of a compound of dicoordinate boron that exhibited a distinct borylene character.?®*
Similar to the generation of highly reactive borylenes, the complex in question was obtained by
the reduction — in this case with [(MesCs).Co] — of a [YCAAC-BN(SiMes).Cl;] adduct. The
product of this reaction, [*YCAAC-BN(SiMe3).] (48), could be seen as the ?“CAAC adduct of the
borylene [:BN(SiMes),] and be expected to bear an empty and a filled orbital at the boron atom
(Figure 28, A). However, nitrogen-to-boron t-donation, as well as boron-to-carbene TI-
backdonation stabilize these orbitals and the molecule as a whole. In fact, based on structural
analysis of 48, this compound seems to adopt an allene-type structure in the ground state.
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Figure 28. Synthesis and reactivity of isolable NHC-aminoborylenes.

Computational analysis, however, revealed that the borylene character of 48 was but lightly
masked by this donor-acceptor stabilization: bending the molecule at the boron atom to 155°,



effectively breaking the allenic system, had a small energetic cost of only 5.7 kcal.mol™" and
should be feasible thermally. In this bent form, computations showed that boron possesses a
low-lying sp®-hybridized LUMO, while the HOMO is still shared with the t-accepting “’CAAC
ligand and is of 1 symmetry and antibonding with regard to the ?“CAAC C-N bond (Figure 29).
48 in its bent form thus possesses a strongly electrophilic boron center which nevertheless also
bears a large proportion of the HOMO. Transition-metal-like chemistry should thus be
unsurprising with such a complex.
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Figure 29. Orbitals in 48 in the ground state (top left) and in a constrained 155° bent geometry
(bottom left) relevant to its reaction with H.. Representation of the transition state of H. cleavage
by 48 to give 50 (right).

Indeed, 48 was shown to react with carbon monoxide and form a stable coordination complex
(Figure 28, A), a reaction that is exceedingly rare for boron complexes. Infrared spectroscopy
(vco = 1956 cm™) as well as computational modelling revealed that boron-to-CO tr-backbonding
is a significant aspect of the coordination of carbon monoxide and that the ™ symmetrical
HOMO is shared between the “CAAC and the CO ligands. Consistent with this relocation of the
HOMO, the solid-state B-°YCAAC bond distance increases from 48 (1.401(5) A) to 49 (1.505(4)
A). 48 can also cleave dihydrogen in a mechanism that is decidedly metallomimetic: according
to computational studies, the most likely mechanism involves the interaction of the H-H o-bond
with the boron-centered LUMO of the bent 48, while backdonation into the H-H o* orbital
completes the bond cleavage. These results clearly show that the metallomimetic reactivity of
borylene compounds can be harnessed into selective intermolecular reactions, and that donor-
acceptor stabilization of borylenes does not completely mask their TM-like characteristics. A
similarly stabilized compound was reported by Hudnall and Ledet in 2016, using a T-
accepting N,N’-diamidocarbene (DAC),%® although as yet no reactivity of the compound has
been reported (Figure 28, B).

It is pertinent to mention here the doubly silylene-stabilized borylene cation 51%°"2%® which was
prepared by Xie and coworkers through the substitution of a bromide from a bis-silylene
bromoborylene with CO from [W(CO)s] (Figure 30). While this reaction does not involve the
formal binding of free carbon monoxide by a boron center, the product is one of the few
examples of a stable B-CO adduct. Structural, computational and spectroscopic evidence
shows the presence of B-to-CO backbonding, which is typically a TM-CO characteristic. An IR



CO stretching band at 2021 cm™ and a C-O bond distance of 1.046(6) A indicates, however, the
presence of a lower degree of backbonding than in 49, which can be expected from the cationic
nature of the complex. This CO complex spontaneously loses one equivalent of carbon
monoxide in the presence of molecular hydrogen at 80 °C, leading to the TM-like cleavage of H:
at the boron center and to complex 52.
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Figure 30. CO extrusion and H» uptake by a cationic doubly silylene-stabilized borylene.

For our part, we have endeavored to uncover metallomimetic reactivity with a dicoordinate
borylene that features a smaller degree of donor-acceptor stabilization. We reasoned that
generating borylene compounds that possess an inert aryl group (in contrast to the r-donating
amino group of Bertrand and Stephan’s allene) would be an important step in that direction.
Previous work from our group found that the reduction of [M*CAAC:-BDurCly] (Dur = 2,3,5,6-
tetramethylphenyl) by decamethylcobaltocene or KCs afforded the remarkably stable boron
radical [(M*CAAC)BCIDur].?*® Unfortunately, further reduction to a borylene species was not
achieved. For this reason, we developed an alternative borylene generation method: the
transfer of a borylene fragment from metal-carbonyl complexes to suitable Lewis bases can
afford CO complexes of metal-free borylenes. This approach was first found to be compatible
with borylene transfer from [(OC)sMn=B-Tp] 53 (Tp = 2,6-bis(triisopropylphenyl)phenyl) to
additional carbon monoxide or to :CNDipp (Dipp = 2,6-diisopropylphenyl), yielding the
tricoordinate borylenes [(OC).BTp] (54-CO) and [(DippNC)(OC)BTp] (54-CNDipp), respectively
(Figure 31).2° These complexes showed strong B-to-CO backdonation, both from their
structural (dco 1.152(2) A and 1.159(2) A, respectively) and spectroscopic characterization (IR
veo = 1942 and 1930 cm™ respectively). Apart from adducts of carbon and nitrogen, 54-CO
remains the only example of multiple coordination of carbon monoxide at a p-block element,
being thus comparable to poly-CO TM complexes.

For its part, 54-CNDipp proved to undergo CO extrusion under UV irradiation, presumably
generating a transient free dicoordinate borylene [DippNCBTp] (Figure 31). Although the
photolytic formation of a dicoordinate borylene 55 could not be ascertained spectroscopically, a
C-C insertion product (56) was isolated from the reaction, which is consistent with the transient
formation of [DippNCBTp].
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Similarly, borylene transfer was also developed from [(MesP)(OC)sFe=BDur]*"' using "®*CAAC
as a Tr-accepting base to afford [("* CAAC)(OC)BDur] (57) (Figure 31, B).* 57 is an analog of 49,
but features a substantially shorter B-CO bond (1.469(2) A), suggesting a larger amount of
boron-to-CO backdonation, which is further supported by an IR vco stretch of 1942 cm™.
Interestingly, 57 also loses an equivalent of carbon monoxide upon UV irradiation, affording the
intramolecular insertion product 59 at ambient temperature. In this case, however, the insertion
takes place into a remote C-H bond of the CAAC ligand, forming a seven-membered ring that
would intuitively be thought to be disfavored. The transient formation of an electrophilic
dicoordinate borylene (58) could be proven in this case by trapping experiments with various
Lewis bases to give a family of new doubly base-stabilized borylene complexes (60-L) (Figure
32, A).* This photolytic extrusion of carbon monoxide is another metallomimetic characteristic of
borylenes. Indeed, the photodissociation of carbon monoxide is a standard reactivity pattern of
transition metal carbonyl complexes.

The relatively long lifetime of the dicoordinate borylene 58 in this system — allowing it to be
trapped by stoichiometric reagents — prompted us to explore its reactivity with other substrates
which are usually unreactive with nonmetal reagents. In particular, we hypothesized that
dinitrogen, being a less reactive CO analog, could be fixed by such a reactive borylene. Initial
attemps to photolyze 57 in the presence of N2 did not yield any nitrogen fixation products. For
this reason, we revisited approaches for the generation of free 58. Thus, we found that the



reduction of [M*CAAC-BDurBr,] using KCs did produce transient 58 and that the borylene could
be trapped, even using CO as a gaseous reagent (to yield 57). Through a similar reduction
protocol (KCs, toluene) under an atmosphere of N2, we were able to isolate, albeit in low yield, [{
(CAAC)DurB]2(u>-N2)}] (62) as a bridging end-on complex of dinitrogen (Figure 32, B).?’> By
optimizing the reaction conditions — using the [M*CAAC-BDurBr] radical (61) as a starting
reagent and an excess of KCg and up to 4 atm. of dinitrogen — we were able to increase the
yield of the reaction to provide 64% of {[(CAAC)DurB]2(u>-N2K2)} (63), an overreduction product
of dinitrogen complex 62. This latter species can be selectively oxidized back to the neutral
complex 62 using ambient air.

The bonding situation in these species is understandably complicated, but is once again
reminiscent of transition metal chemistry, in which the end-on bridging binding mode is common
for N2. In analogy with the complexation of CO to 58, the B-N bonds in 62 involve a B-to-N Tr-
backdonation that is shared with the B-to-CAAC m-interaction. In fact, in 62, the B-CAAC bonds
(1.528(5) A and 1.541(4) A) are longer than in 57 (1.499(2) A), suggesting that the bridging N
ligand accepts a larger degree of backdonation than CO. While the end-on bridging dinitrogen
ligand in TM complexes is generally linear, the bent form it adopts in compound 62 can be
explained by the geometry of the orbitals involved in the backdonation: while TMs can involve
up to two orthogonal d-orbitals in backbonding, the borylene has a single available filled orbital
of m-symmetry (Figure 33).2*2"* Nevertheless, the degree of activation of dinitrogen by the
borylene — as suggested by the length of the N-N bond that is weakened by backbonding
(1.248(4) A) — is superior than in many TM complexes.?”

Figure 33. Calculated HOMO-1 of 62 (left) at the M062X/6-311g(d,p) level and schematic
representation of the backbonding (right).

The reduction of metal-bound dinitrogen by potassium is an established reaction.?’® Similarly, as
mentioned above, 62 can be reduced by KCs to give the dipotassium complex 63. Similarly to
iron complexes reported by Holland and coworkers, this reduction is accompanied by a



lengthening of the N-N bond by ca. 4.5% (to 1.304(3) A). The fact that the dinitrogen ligand is
reduced is also reflected in the B-N and B-*CAAC bond distances, which suggest a diminished
B-to-N backdonation.

The reduced 63 species can be selectively protonated by water to give {[(CAAC)DurB]z(u?-
N2H.)} 64. This new complex features a very long N-N bond (1.402(2) A) that is in the range of
single bonds. Furthermore, the triplet diradical nature of 64 reveals that, in contrast to 62 and
63, full covalent bonds exist between the N2H- ligand and the boron centers. Complex 64 is thus
considered a diborahydrazine complex, which has been formed directly from dinitrogen from a
reduction-protonation sequence. This transformation gives hope towards the further reduction
and functionalization of dinitrogen, which is a lingering goal of transition-metal-mediated N
chemistry.

3.3. Conclusion

We have thus seen that a few strategies enable metallomimetic reactivity at a single boron site.
While strong Lewis acidity in boranes leads to the activation of dihydrogen and to gas-phase
interactions with CO and N, a richer reactivity is obtained from species that are capable of -
backdonation because of their electronic and orbital arrangement. To this day, most examples
of such compounds belong to the borylene family, either as free borylenes or base-stabilized
ones. While the former display strong reactivity towards alkynes, CO, C-H and C-C bonds, their
instability makes them difficult to handle. The advent of base-stabilized borylenes, on the other
hand, is starting a trend of isolable or long-lived boron metallomimetics. The binding and
activation of CO, Hz and even N by these complexes is only the beginning of the study of these
fascinating molecules.

4. General Summary

The electropositivity of boron with respect to other light main group elements renders it uniquely
reactive. In this review, we have highlighted the three principle methods by which boron can
achieve reactivity akin to transition metals: (1) Boron forms stable electron deficient complexes
featuring a B-centered low-lying vacant orbital which can react with with inert substrates,
including H> and C-H bonds, in combination with an external electron donor. So called
“Frustrated Lewis pairs’ are the most mature field of boron metallomimetics, and have been
applied to catalytic reactions, most notably to hydrogenation and C-H borylation reactions. (2)
Systems featuring B-B single and multiple bonds also readily capture and couple small
molecules including CO, alkynes, and Hz, due to the relatively low HOMO-LUMO gaps within B-
B bonded systems. Furthermore, the reactivity of such species is amplified by electronic
transitions that can be readily accessed photolytically. (3) Finally, boron (I) species have began
to emerge as truly single-site metallomimetics, and has allowed the capture of CO, H, and most
recently N2. The accelerating pace of research into this evolving field will doubtlessly continue to
yield important discoveries and reactivities reminiscent of transition metal chemistry. The ability
of boron to ‘mimic’ the activation of transition metals points to a greener future where chemistry
first established by expensive and toxic transition metals can equivalently accomplished by
earth-abundant elements.
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