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Boron-Based Lewis Acid Transition Metal Complexes as Potential
Bifunctional Catalysts

Zhang, Jianyu“ Shu, Siwei” Shao, Youxiang"

Liu, Yan*? Ke, Zhuofeng™*
(“ Key Laboratory for Polymeric Composite & Functional Materials of Ministry of Education, School of Materials Science &

Li, Yinwu“

Engineering, Sun Yat-sen University, Guangzhou 510275)
(® School of Chemical Engineering and Light Industry, Guangdong University of Technology, Guangzhou 510006)

Abstract Lewis acid-transition metal (LA-TM) complexes, with the LA site functions as an electron acceptor and the TM
center functions as an electron donor, have been emerging as a new type of bifunctional catalysts lately, different from
traditional transition metal bifunctional catalysts. Due to their rapid developments recently, the boron-based LA-TM
complexes, which are divided into three major types, the sp®, sp’, and sp boron-based complexes, are reviewed in this paper
according to their binding features. Reactions promoted by this new type of LA-TM bifunctional catalysts have been surveyed,
including migration reactions, activation of H—H/E—H/E—E bonds, hydrogenations, hydrosilylations, and transfer
dehydrogenation reactions etc. This overview of boron-based LA-TM complexes could provide valuable information to
explore the new horizon in LA-TM bifunctional catalysis.

Keywords Lewis acid; transition metal; bifunctional catalysis; boron; activation; hydrogenation; dehydrogenation

Transition metal (TM) complexes play an important role
in catalytic chemistry, owning to their unique d-orbitals.!"
TM catalysts are widely applied in various reactions, in-
cluding oxidative addition, reductive elimination, insertion,
elimination, metathesis, etc.’”)’ To improve the efficiency,
selectivity, and scope of TM catalysis, the concept of bi-
functional catalysis via metal ligand cooperation has been
introduced and applied as a very successful strategy.’) If
traced back to the long history of life on the earth, which
began about 3.8 billion years ago, much longer than the age

* Corresponding authors. E-mail: yanliu@gdut.edu.cn; kezhf3@mail.sysu.edu.cn

of science of human being, enzymes have mastered the
bifunctional catalysis via metal ligand cooperation long
before.”! For example, the [FeFe] hydrogenase was proved
to be equipped with a pendant amine close to the distal Fe
center in the active pocket.!”! The pendant amine is expected
to act as a Lewis base to interact with the proton, while the
vacant coordination site of iron acts as a Lewis acid to in-
teract with the hydride, promoting a reversible heterolytic
H, activation or production via bifunctional metal ligand
cooperation manner (Figure 1a).
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Figure 1 Bifunctional catalysis of enzyme, Lewis base-transi-
tion metal cooperation, and Lewis acid-transition metal coopera-
tion in H(E)-H(E) activation

With this useful concept that mimics the enzymatic co-
operation feature, chemists have developed numerous types
of ligands that can function as a Lewis base, together with
transition metals, to construct the Lewis base-transition
metal (LB-TM) systems for bifunctional catalysis (Figure
1b). In the traditional LB-TM systems, ligands with a het-
eroatom lone pair or a delocalized moiety are usually used
as an LB. Since 1980s, after the pioneering works of
Noyori,”! the traditional LB-TM bifunctional approach has
attracted considerable interest. Up today, it has been suc-
cessfully applied in a wide range of catalysis.!'****!

Significantly, a novel Lewis acid-transition metal (LA-
TM) bifunctional concept can be conceived, if the LB-TM
bifunctional system is extended to an alternative, which is
composed of TM and a Lewis acid, rather than Lewis base,
as a functional site (Figure 1c)."” In this kind of LA-TM
systems, the Lewis acid site functions as an electron ac-
ceptor and the transition metal as an electron donor to fa-
cilitate the molecular transformation via LA-TM coopera-
tion, which is interestingly different from the traditional
transition metal bifunctional catalysts.'” The LA-TM
complexes only emerged after 2000s, when chemists ex-
panded the utilization of Lewis acids from acting as external
activators, co-catalysts, or additives to becoming one im-
portant part of the ligands in TM complexes.”*'%

Although the LA-TM cooperative catalysis is still in its
infant stage, it has attracted incremental interests recently.
Some interesting LA-TM complexes appeared in the liter-
ature that could promote significant transformations via
LA-TM cooperation. The general reaction modes for LA-
TM catalyzed H, activation were proposed by Ke and

mode 1 mode 2
t £
TM\"‘;?H(E) ™ T(E)
H "H(E)
(E)

fac (cis) LA-TM
homolytic cleavage

mer (trans) LA-TM
homolytic cleavage

mode 3 mode 4
LA
Lhashi(E) H(E)
TM—H(E H(E
(E) — (E)
synergetic dissociative

heterolytic cleavage heterolytic cleavage

Figure 2 General H; activation modes for LA-TM catalysts.
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co-workers.'” As shown in Figure 2, the H, can undergo
(1) a fac (cis) homolytic cleavage, where the reaction plane
is perpendicular to the LA-TM bond; (2) a mer (trans)
homolytic cleavage, where the reaction plane is parallel to
the LA-TM bond; (3) a synergetic heterolytic cleavage via
the cooperation of LA-TM bond, or (4) a dissociative het-
erolytic cleavage assisted by separated TM center and LA
center. There are also some other good mechanistic stud-
jes.'! However, the reaction mechanisms for different
LA-TM cooperative catalysis remain a challenge to be fully
understood yet. As a new strategy for metal ligand cooper-
ation, the LA-TM complex has shown significant potential
in bifunctional catalysis. For example, the nickel-borane
complex, ferraboratrane complex, and cobalt-boryl com-
plex had been achieved in H, activation and hydrogenation
under 101 kPa pressure and room temperature.!'” LA-TM
complexes promoted migration reactions, activation of H—
H/E—H/E—E bonds, hydrogenations, hydrosilylations,
and transfer dehydrogenation reactions have also been re-
ported in the literature. Until now, the Lewis acid atoms
utilized in ligands of LA-TM complexes have extended
from the commonly boron, to aluminum, " gallium,“‘”
indium,"'* zinc,!"™ antimony,"'” efc. A series of Lewis acid
ligands with various coordination numbers, including
monodentate, bidentate, tridentate, and tetradentate, have
also been developed. Among them, the boron-based ligands
are particularly interesting due to its variation in binding.
This review aims at providing a brief overview on the
structures of boron-based LA-TM complexes according to
their binding features, and their achieved reactions via
LA-TM type bifunctional cooperation. This review is ex-
pected to provide valuable information for future explora-
tion of the new horizon of LA-TM bifunctional catalysis.

1 Boron-based LA-TM complexes with
different binding features

According to the binding features of the LA center, the
boron-based LA-TM complexes can be divided into three
major types: the sp’ type, the sp” type, and the sp type bo-
ron-based LA-TM complexes, as shown in Figure 3. (1) In
the sp’ boron-based LA-TM complexes, Type A is the most
typical one, in which the boron atom with three covalent
B—X bonds accepts the electron pair of TM (TM—LA).
The sp’ boron-based LA-TM complex can also adopt type B
or type C, upon introducing one or two L-type groups onto
the boron center. The polarity of the LA-TM bond in type B
complex depends on the electronegativity difference be-
tween TM and boron centers. Type C complex exhibits an
LA—TM bonding feature, where there is an umpolung
boron center acting as an L-type ligand to the TM center. (2)
The sp® boron-based LA-TM complexes feature a planar
structure with a Y shape boron center, which can be dis-
tinguished by type D, type E, and type F. In type D, boron
center is expected to be a potential LA site for LA-TM
cooperation with a Fischer type TM=B double bond. In
type E, an L-type ligand datively binds to the sp® boron
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enter. Therefore, either the empty p orbital or the sp” orbital
(after L dissociation) of boron center can participate in the
LA-TM cooperation. Type F complex should be a rare
example bearing a Schrock type TM=B double bond. The
more common cases are sp> boron-based LA-TM com-
plexes with delocalization features, like types G and H in
Figure 3, where the empty p orbital of boron may serve as a
potential LA site for LA-TM cooperation. (3) The sp bo-
ron-based LA-TM complexes usually adopt linear struc-
tures. Type I and type J both involve an allene like moiety.
Type K and type L complexes contain a TM=B triple
bond. The strength (as well the reactivity) of the triple
TM=B bond in type K complexes should highly depends
on the TM center. Type L is a Lewis acid and Lewis base
adduct between TM=B and L-type ligand. Type M is a
borane complex with B=X triple bond, where the empty sp
orbital of the boron center accepts the TM electron pair.
Type N is a boryl complex with a B=X triple bond, where
either the TM-B or the B=X bond can be a potential moiety
for bifunctional LA-TM catalysis.

2 sp® boron-based LA-TM complexes

Type A complex is the largest family in the sp’ bo-
ron-based LA-TM complexes. An early example of transi-
tion metal-borane complex was reported in 1999 by Hill (1,
as shown in Figure 4).'"”" In this interesting structure,
tetradentate Reglinski ligand precursor, which consists of
an sp” boron as the Lewis acid center, was used as a typical
electron deficient Z-type ligand to coordinate with TM
center. A d® ruthenium was used as the TM center, where
the filled d,? orbital is stabilized by LA center via a(d,2—p)
interaction. Later, using d® Rh(I) as the TM center,
B(azaindolyl); as the LA ligand, Owen ez al.!"® reported the
structure of complex 2. With Ir(I) as the TM center, an

(1) sp® hybridized boron-based LA-TM

X1 X1 x’l
T™— B/ ™ B/ TM=— 4
TR 1 1
X2 \ L B\ b
X3 X2 L
A B C

(2) sp? hybridized boron-based LA-TM

[Ir(n'-cod) {k’N,N,B-B(azaindolyl); }(CO), complex was
confirmed by NMR in Owen’s study.!"'* Since then, a series
of complexes in analogous structures were synthesized.
This kind of LA-TM complexes usually utilizes
N-heterocycle as the tethered skeleton to construct tetra-
dentate borane ligands, which can be divided into nitrogen
donor ligands and sulfur donor ligands (Figure 5). The
sulfur donor ligands containing different tethered skeletons
like pyridazine-thione, pyridine-thione, imidazole-thione,
triazole-thione, and thiazole-thiones, were reported in var-
ious LA-TM systems.!"”! The nitrogen donor ligands with
pyrrolo-pyridine and pyrazole as tethered skeletons were
also studied.”” Tetradentate N-heterocyclic ligands with
mixed sulfur and nitrogen donors were also reported by
Connelly to form type A LA-TM complexes with iridium (4
in Figure 4).1Y) Sulfur group was suggested to be a stronger
donor than nitrogen group. Along with ongoing efforts,
researchers extended the N-heterocyclic ligands from
tetradentate to tridentate, and synthesized many complexes
with various transition metals, including manganese,*!
iron,'**! cobalt,”! rhodium,* nickel,!"* platinum,"*" efc.
Later, the phosphorus donor ligands (TPB and DBP in
Figure 6) were also developed to construct Type A bo-
ron-based LA-TM complexes.'””! This kind of ligands with
benzene as the tethered skeleton soon became one of the
most prevalent ligands in LA-TM complexes. Various
LA-TM complexes bearing this kind of ligands have been
synthesized with different steric hindrance groups and
transition metals, including iron, cobalt, rhodium, nickel,
palladium, platinum, copper, silver, and gold,”*" leading to
interesting variation in their coordination structures. As for
the TPB ligands, the trigonal bipyramidal LA-TM complex
with k*-L;B coordination structure is the majority. Peters
and coworkers reported a paramagnetic k*-L;B TPB

1 1 X1 1 1 1
X o 2 4 ¥ X X . X
TM—_>B\ TM—B or TM—B\ TM=~=B T™—B -« TM==B = TM—B\
X2 AN L1 |_1 AN X2 X2 ‘X2
D E F G
1-0 1. 1-. L x1-
’)( N / X \‘ /X . . ,/X
T™M—B V- TM—B\ ! <> TV==B ;| = M==B{
\X2_,’ \Xz_,’ XZ_,’ \‘XZ
H
(3) sp hybridized boron-based LA-TM
T™M==B=X'  TM=—B=X' TM==B—X' TM=B=L' TM—B=X' TM—B==X'
| J K M N
X = anionic substitutent like R* CI', R,N" or RO”
L = neutral donor substitutent
Figure 3 Boron-based LA-TM complexes with different binding features
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Figure 5 Structures of the N-heterocyclic nitrogen donor lig-
ands and sulfur donor ligands

nitrogen donor ligands

complex using Fe(0) as the TM center and N, as the apical
ligand, and a diamagnetic analogous with CO as the apical
ligand (8, in Figure 6).””2 When changing the apical ligands
from N, to Br and imido, complexes d® and d’ iron centers
were also able to obtain. Due to the strong o(d,2—p)

R
I
B P
Q/ \D — K
P P —Au
ko R "
Ph
DPB 5

stabilization, an interesting negative charged analogous was
also successfully synthesized.””! A series of k*-L;B TPB
complexes using cobalt as the TM center was also system-
atic studied with similar TPB ligands.”*"! With H, as the
apical ligand, the TBP cobalt complex was proposed to be
doublet, showing typical o(d,2—p) LA-TM interaction,
sharply different from the diamagnetic TSiP cobalt com-
plex.

The DPB ligands formed different coordination struc-
tures from TPB ligands in LA-TM complexes. An early
example of DBP boron-based LA-TM complex was re-
ported by Bourissou.”® As shown in 5 of Figure 6, the
square-planar k*-PPB-DPB-Au(I) complex was suggested
to exhibit a typical TM—LA interaction, where the TM
center remained at a low oxidation state without being fur-
ther oxidized. An interesting kind of DPB LA-TM com-
plexes using Ni(0) as TM center was reported by Peters (6 in
Figure 6).!'**! The DPB ligand formed a pseudo tetrahedron
nickel complex with a #* C-N B-phenyl group and a THF as
solvent ligand. While the ligand bearing B-mesityl group
formed a pseudo three-coordinated LA-TM complex with a
vacant site on the nickel center, which was found to be
efficient for hydrogen activation. Using earlier transition
metal, Ru(Il), as TM center, Stephen and coworkers syn-
thesized an interesting DPB LA-TM complex, [(TPB(;"-
Ph))RuCl][B(C¢Fs)4], which was suggested to behave a
C-based Lewis reactivity as shown in 7, Figure 6.1 Be-
sides, DPB-TM complexes with Fe, Co, Rh, Ir, Pd, Cu, efc.
as the TM center, have been reported in recent years.*"!
Apart from the above type A complexes with boron tethered
chelate ligands, complexes with more flexible ligands that
bear terminal boron as Lewis acid, had also attracted many
interests. An early example of a terminal LA ligand com-
plex was reported by Bourissou and co-workers with Au(I)
as TM center in 2006.°" The ambiphilic bidentate mono-
phosphine-borane ligand readily displaced the labile dime-
thyl sulfide ligand from (Me,S)AuCl to get complex 9
(Figure 7). In complex 9, the d'* Au(I) and ambiphilic bi-
dentate P-B ligand were proposed to exhibit a typical
TM LA interaction.®"! Derived from the monophos-
phine-borane complex, a platinum complex 10
[Fe(y’-CsH4PPh,)(1°-CsH4PtBu {CsH4(BPh,)-0rtho})]
(FcPPB), was reported by Emslie,” with bis(phosphine)-

P. Ni “P—Ru
S N ~
NpPh L p/ X
Ph /\
Ph Ph PH Ph
6 7
Pr -
%]
_Pry i r2 Fe p/'sz

Figure 6 Type A boron-based LA-TM complexes with DPB and TPB ligands
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Figure 7 LA-TM complexes with terminal borane ligands

borane as an ambiphilic ligand, in which the borane atom
occupied a terminal position. This Pt(0)(FcPPB) complex
has a wide bite-angle for terminal PPB ligand, leading to a
different situation for TM—LA interaction. Similar to ter-
minal phosphine-borane complexes, terminal nitro-
gen-borane complexes had been reported as well. Figueroa
et al*¥ synthesized a T-shape platinum complex 11 with a
(boryl)iminomethane (BIM) and an isocyanide as ligands.
Different from other monodentate borane ligands, the small
bite angle enforced by the BIM ligand was suggested to
promote a significant reversible TM—LA oc-interaction.

Compared with type A complexes, there are only a few
examples for type B complexes. In 2004, through
4-methylpyridine and 3,5-dimethylpyridine coordinated
with (dichloroboryl)iron complex, Braunschweig et al.l*¥
reported the type B complexes 12a and 12b (Figure 8). In
complexes 12a and 12b, boron forms three covalent bonds
with the iron center and two chlorine atoms, respectively.
The nitrogen in pyridine derivative donates a pair of elec-
trons to the empty sp’ orbital of boron. Typical electron
donor group PMe; could also be used to form analogous
complex 12¢.55 Although only monodentate boryl com-
plexes were found until now, type B complexes with mul-
tidentate chelate ligands should also be able to be designed
and synthesized by using the same strategy in the future.
After the dissociation of the additional electron donor lig-
and, type B complexes may be expected to exhibit unique
LA-TM catalytic feature.

+
Mes Me 1
i el A Bl er
_ \ SN
whieB .Fe=—B
O%C/ ocy \N
L ocC 7\
12a: L = 4-methylpyridine —
12b: L = 3,5-dimethylpyridine 13
12c: L = PMe;

Figure 8 Type B and type C sp’ boron-based complexes
With two 4-methylpyridine as additional donor groups,

complex 13 was reported as an early example for type C
complexes.*** It should be noted that, in complex 13, boron
donates a pair of electrons to iron, acting as a Lewis base
instead of a traditional Lewis acid. The umpolung in
LA-TM interaction (TM—LA to LA—TM) should be of
great interest to enrich the diversity in LA-TM catalysis.
Since the synthesis of complex 13, rare type C complex was
reported. Very recently, in 2016, Langer et al.*® reported a
boron-based pincer complex 15. With excess NaBH,, FeCl,
reacted with two equivalents of dppa, resulting in phos-
phine-borane complex 14 (Figure 9).*”! By releasing H,,
complex 14 could transfer to the phosphine-stabilized
borylene complex 15. In this interesting complex, each
phosphine donates one electron pair to the boron atom,
resulting in a borylene structure that the boron center acts as
a Lewis base to the metal center. This work further proved
the possibility that the Lewis acid boron atom could change
into an L-type ligand for the TM center in sp> boron-based
pincer complexes, which is intriguing for the catalysis de-
sign with LA-TM systems.

3 Reactions for the sp® boron-based
LA-TM complexes

Hydrogen activation and hydrogenation are important
catalytic reactions catalyzed by the sp’ boron-based LA-TM
complexes, which have great potentials in the fields of
hydrogen energy and synthesis. Owen and co-workers!'®!
firstly reported the H, activation using the rhodium-borane
complex 16 as LA-TM catalyst (Figure 10). This borohy-
dride complex 16, utilizing tri(azaindolyl) as a ligand skel-
eton,?* possesses a Rh-H-B bridge bond. The migration of
hydride into the norbornadiene ligand transferred complex
16 to rhodium-borane complex 2, which is a typical sp’
boron-based LA-TM complex. Through addition of trial-
kylphosphines to complex 2, one azaindole arm loosed
coordination and was replaced by the PMe; ligand to form
17. The rhodium-borane complex 2 reacted with two
equivalents of H, in the presence of P'‘Buj to yield borohy-
dride complex 18. Further hydrogenation of olefins was
observed by reacting with styrene and cyclooctene at H,
atmosphere (250 kPa, 85 °C). This is the first time that
LA-TM complex with nitrogen donor ligand was found to
show capacity in the activation of H, and the hydrogenation
of unsaturated bonds.

Soon after Owen’s research, in 2012, Peter et al.l'*V
achieved the H, activation and hydrogenation reaction by
using nickel-borane complex 19 as the LA-TM catalyst
(Figure 11). Complex 19 is composed of the DPB ligand

2+ N
Ph,P, PhPhZP"\'H_l PhaP. B B2 qo1kpaco PhR™ PRhe
FngIZ +2 NH MeCN/E(OH HNZ’P“F\e"‘“PPh2 NaBH, N r‘F\e“\‘ "NH 101 kPa Ar H'P—’f?ﬂico
/ ~ e
[Fe(H,0)](BF,), PhP"  or MeCN 4 ,\\IC“’,‘I‘eCMe MeCN/EtOH thP\\B/H Ehz -H, Ph,P-OC pph,
dppa Phy o N
14 15

Figure 9 Synthesis of type C sp’ boron-based pincer iron complex.
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Figure 11  Activation of H—H/Si—H bond and olefin hydrogenation by DPB-Ni complex

and a low valent Ni(0) TM center, in which the B—Ni bond,
serving as the LA-TM bifunctional site, could rapidly and
reversibly activate H, to borohydride intermediate 20 under
mild conditions (101 kPa, room temperature). Moreover,
olefins hydrogenation was observed with intermediate 20
by reacting with styrene under mild reaction conditions as
well. The catalytic cycle of hydrogenation was successfully
achieved by the combination of these two reactions. This is
one of the few examples that bifunctional catalyst is able to
catalyze the nonpolar H—H bond activation under 101 kPa
pressure and room temperature. Moreover, further studies
were carried out to extend the substrates from nonpolar H—
H bond to E—H bonds. With nickel-borane complex 19,
SiH;Ph and SiH,Ph, were found to be efficiently activated
to form oxidized adduct 21.°* Significantly, hydrosilyla-
tion reaction had also been achieved by reacting benzalde-
hyde with 20 as the LA-TM catalyst.** It is still an exciting
challenge to further extend the substrate to other E—H
bonds, especially more popular bonds, with LA-TM com-
plexes as potential bifunctional catalysts.

H, activation was also observed with [(TPB(z°-
Ph))RuCl][B(Cg¢Fs)4] (22), which reacted with H, in the
presence of PCy;, to form product 23a and 23b, reversibly
(Figure 12).°*) Different from the H, activation to form
M—H and M-H-B bridge bond in nickel-borane complex,
the C-site of phenyl acted as a Lewis acid site to accept the
hydride in this ruthenium-borane complex. Complex 22
could be used for catalytic hydrogenation of aldimines at
room temperature under high H, pressure (10.3 MPa).
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Figure 12 H, activation and aldimines hydrogenation by
DPB-Ru complex

Progress of the E—H activations, including O—H, S—
H, N—H, C—H, and Si—H bonds, were also made using
similar DPB-M complexes. Complexes DPB-Fe(N,) (24)
and DPB-Co(N,) (25), as two analogous LA-TM catalysts,
show potential to activate the E—H bonds. As showed in
Figures 13 and 14, phenol, thiophenol, benzo[h]quinolone,
8-aminoquinoline, and diphenylsilane were activated, re-
spectively, by these two complexes to corresponding bo-
rohydride species.**™ After the E—H activation by 24 and
25, borohydride adducts with typical M-H-B bridge bonds
were generally observed. The activation of SiH,Ph, was
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Figure 14 Activation of O—H, S—H, C—H, and N—H bonds by DPB-Co complex

reported with DPB-Co complex 25. Si—H activation had
been found in DPB-Fe complex 26 as well, in which Fe(I)
was the TM center (Figure 15).1*”) With the reduction by
Na/Hg, 26 reacted with H;SiPh in the present N, to form
complex 27. These progresses of the E—H activation imply
the potential of the LA-TM complexes to react with versa-
tile reactants.

Besides activation of E—H bonds, activation of E—E
bonds was studied by the LA-TM complexes as well.
Tauchert et al."* reported the C—O bond activation by the
palladium borane complex 28 (Figure 16), by reacting with
the allyl substrates. After the C—O cleavage, the OR group
interacted with borane atom, and the alkyl group combined
with the palladium center. More interesting discovery was
reported for C—C coupling by DPB-Fe(CO), (29).%! In
the present of excess K, ligand exchange was observed in
DPB-Fe(CO), with two equivalents of TMSOTT to form 30.
Subsequently, with addition of H,, C—C coupling was
observed under mild conditions (Figure 17). The C—C
coupling reaction was also observed by the air-stable
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Figure 15 Activation of Si—H bond by DPB-Fe/Co complexes

DPB-Au complex 31 (Figure 18).1*"! This sp® boron-based
LA-TM complex was suggested to have several interesting
characteristics.*"! First, the LA ligand can increase the
Lewis acidity of the TM atom due to electron withdrawing
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effect. Second, reductive elimination might be promoted
because of the electron density decrease on the TM center.
Third, LA and TM might work as multipoint recognition
systems. Complex 31 was found to react with enynes to
form five-, six-, and seven-membered rings by cycloisom-
erization. These investigations greatly expanded the cata-
lytic scope of the LA-TM complexes from the activation of
H—H(E) bonds to the activation of E—E bonds, and also
exhibited their capability in coupling reactions.

Apart from the DPB ligands, the sp’ boron-based LA-TM
complexes with TPB ligands also showed potentials in
catalysis. Complex TPB-Fe(N,) 32 was reported to be able
to activate H, to complexes 33 and 34 (Figure 19).*"'*"! By
reacting with methanol and alkyne, C—H bond activation
was also observed with this complex to form complexes 35
and 36. It is worth noting that N, fixation reaction could be
achieved by TPB-FeBr complex 37 (Figure 20).** Fur-
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thermore, with (CISiMe,CH,),, the salinization hydrosi-
lylation product 38 could be furnished from complex 37
during N, activation. Besides, a direct hydrogenation of N,
was reported as well. Using HBArF, as the hydrogen
source, in the present of KCg, complex 37 activated N, to 39
in the N, atmosphere. These reactions suggested the poten-
tial of LA-TM catalysts in N, fixation, because Lewis acid
functional site was suggested to be able to reduce the elec-
tron density within the N, molecule.

A series of activation reactions were observed for the sp®
boron-based LA-TM complexes with ligands bearing ter-
minal Lewis acid. Complex 10, Pt-(FcPPB), which reported
by Emslie et al., was observed to activate the H—H bond
(Figure 21),'%**! leading to product 40. In complex 40, the
terminal hydride and the Pt-H-B bridge hydride were in cis
positions. Complex 10 also reacted with phenylacetylene to
form complex 41. In this reaction, after the heterolytic

Chin. J. Org. Chem. 2017, 37, 2187~2202
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cleavage of the C—H bond, hydride was attracted by boron
to form the Pt-H-B bridge bond, while the alkynyl group
attached to TM center cis to hydride.

Another interesting LA-TM complex bearing terminal
Lewis acid ligand, the Pt-(BIM), showed significant acti-
vation ability in H—H and E—H bonds activation. By
reacting with H,, this T-shape complex 11 formed product
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42, in which the terminal hydride and the Pt-H-B bridge
hydride were in trans positions (Figure 22).%*! This result
was different from that of the Pt-(FcPPB) complex. More
differences were reflected in the activation of E—H bonds.
By reacting with phenylamine, methyl alcohol, and phe-
nylacetylene, the hydride would remain at terminal position
rather than forming a Pt-H-B bridge bond after E—H acti-
vations. It should be noted that these reactions were found to
be irreversible.

As shown above, as a new type of bifunctional catalysts,
a series of sp> boron-based LA-TM complexes have been
applied in H—H, E—H, and E—E activations. The com-
plexes with phosphorus donor ligands have been explored
in reactivity more than other analogous, for example com-
plexes with nitrogen donor ligands. The LA-TM complexes
with DPB and TBP ligands show more potentials in cata-
lytic activity at present stage. Extension of the ligand types
other than phosphines would be highly desired. And it
should be note that, although several sp’ boron-based
LA-TM complexes were utilized in E—H bond activation,
many of them are limited in stoichiometric reactions, re-
sulting in irreversible intermediates. Therefore, future de-
velopments are desired to explore more efficient catalytic
transformations via activation of E—H bonds.

http://sioc-journal.cn/ 2195
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Figure 22  Activation of H—H, N—H, and O—H bonds by terminal borane complex Pt-(BIM)

4 sp’ boron-based LA-TM complexes

The TM =B double bond involving a d-p interaction
between TM and boron is usually not strong enough.
Therefore, type D sp” boron-based LA-TM complexes are
not so common in the literature. The vacant p orbital of the
sp” hybridized boron generally requires resonance stabili-
zation from adjacent heteroatom(s) to construct type G or
type H complexes. In 1990, an early beautiful example of
type D LA-TM complex was reported by Baker et al.'**! (46
in Figure 23), in which a typical TM =B double bond was
formed by donating the electron pair of iridium to boron’s
empty p. orbital. Later, Hartwig!**! and Aldridge et al.'*”
reported the synthesis and structure of type D biarylboryl
complexes CpFe(CO),B(Ar), (47) (Figure 23). A rare ex-
ample of type D dialkylboryl tungsten complex 48 with S-H
agostic interaction was reported by Pritzkow er al.l*! As for
type E sp” boron-based LA-TM complexes, only very few
examples have been found until now. An alkoxylborylene
osmium complex 49 (Figure 24) was reported by Wright et
al.*"" with pyridine as an L-group donating an electron pair
to the boron atom. With an additional pyridine derivative as
the L-donor, another two examples are aminoborylene iron
complex 50**) and aminoborylene platinum complex 514°,
To the best of our knowledge, type F complexes remain a
challenge and have not been reported so far.

Type G sp” boron-based LA-TM complexes are shown in
Figure 25. The bidentate boryl osmium complex 52 was
synthesized by Rickard e al.'*”? Complexes 53 and 54 were
derived from mono-imine-boron ligand."” This kind of
aminochroloboryl complexes have the sp® nitrogen that
could donate electrons to boron. With a similar structure to
52, the aminochroloboryl complex 55 was reported as a type
G complex (Figure 25).17)

Apart from the type D~G complexes mentioned above,
type H complexes are the majority in the sp® boron-based
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Figure 25 Type G sp® boron-based LA-TM complexes

LA-TM complexes, which were widely studied. Type H
complexes with BN-heterocyclic boryl ligands are a big
family in the literature.”"! These BN-heterocyclic boryl
ligands are structural similar to classical NHC. Since the
early report of type H complex by Tanaka et al.’% a
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number of type H complexes bearing various TM centers
and mono-dentate BN-heterocyclic ligands composed of
unsaturated and saturated backbones and different steric
hindrance have been synthesized (56 ~ 59 in Figure
26),5'*3) including Os, Cu, Ag, Au, Ti, Hf, etc. The
BO-heterocyclic sp” boron-based LA-TM complexes were
studied earlier. In 1990, 1,2-diphenylenedioxyboryl com-
plex 61 was reported by Merola ez al.'**" Since then, lots of
BO-heterocyclic sp> boron-based complexes such as 60
were studied."" As a kind of ligand usually derived from
catecholborane or pinacolborane, mono-dentate
BO-heterocyclic ligand is generally regarded as a stable
moiety in complexes. Therefore it will only be briefly dis-
cussed in this review. It is worth noting that, a novel
B-heterocyclic  sp® boron-based LA-TM  complex
[(Cy;P),Pt(C1)(BC4Phy)] (62, Figure 26) derived from
borole was synthesized and characterized by Braunschweig
et al® Another ferroborirene complex 63, derived from
borirene, was also reported.”® In B-heterocyclic sp® bo-
ron-based LA-TM complexes, the empty p orbital of boron
is delocalized with the &t electrons of C=C double bond(s)
and d electrons of TM center.

BN-heterocyclic boryl ligands

~N_ N- rR—N, N=R
\B\/ Bl
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PMe, L, TMm= Pt, Pd,
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o N ; E
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Figure 26 Type H sp® boron-based LA-TM complexes with
mono-dentate heterocyclic ligands

BN-heterocyclic boryl pincer ligands have attracted
many interests recently. In 2009, by reacting diphos-
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phino-boryl (PBP) pincer ligand with [Ir(cod)Cl],, Yama-
shita and Nozaki et al’”' reported the synthesis of
PBP-Ir(H)Cl complex 64, which was further reduced to
PBP-Ir(C,H,) complex 65 by LiTMP (Figure 27). The
skeleton of this PBP-Ir complex is similar to classical PNP
and PCP complexes, but the property of the boron is unique
from the N or C atoms in other pincer ligands. In this PBP
complex, boron atom binds to TM center as a typical X-type
ligand, obtaining additional conjugation interactions with
adjacent nitrogen atoms and the Ir center with its empty p.
orbital. On the one hand, the empty p, orbital of boron can
act as a Lewis acid. On the other hand, the M—B bond can
act as a Lewis base to accept the nucleophile. This func-
tional variation in one structure might provide interesting
catalytic transformations for various substrates.

If
/—P'Bu, /—RBu:
N \
N [Ir(cod)Cl], N
@[ gy el B—ir-cl
N/ H
\_pig, \—P'Bu,
64
co
LiTMP
ethylene
If
VN /—RBu,
e .
—II:
i o (X e
\_pt N
PBU2 \—PtBUZ
65

Figure 27 Synthesis and structures of PBP-Ir complexes

Soon after, a series of analogous complexes had been
synthesized with PBP ligands. Peter et al.!'"*! reported the
synthesis of complex PBP-Co(N,) (66, Figure 28). Complex
66 adopts a four coordination square planar structure, in
which N, coordinates with the cobalt center trans to the
boron atom. By reacting with RuH(OAc)(PPh;),, Yama-
shita et al®® further synthesized complex PBP-(u-
H),Ru(OAc-k’0). Interestingly, this PBP-(u-H),Ru(OAc-
’O) (67, Figure 28) possesses two Ru-H-B bridge bonds.
With a long-tethered PBP ligand, complex 68 was synthe-
sized, in which the plane of the PBP ligand was bended due
to the large 7-membered ring.”>”

5 Reactions for the sp? boron-based
LA-TM complexes

Attempt on applying the sp> boron-based LA-TM com-
plex in catalysis was reported by Nozaki et al. with PBP-Rh
complex 69 (Figure 29).1° By ligand exchange with AgOTf
and reductive elimination with LiCH,SiMe;, complex 70
was synthesized as a catalyst precursor, which could acti-
vate a series of O—H bonds. However, no M-H-B bridge
bond was observed in the product, suggesting that boron
possibly wasn’t involved in the reaction. E—H addition was

http://sioc-journal.cn/ 2197



BHLILE Py
(1) CoBr, N/\TtBUZ /—P'Bu, —RiBu
(2) 2Na/Hg THF, N, NB—CoN AN Pt(cod)Cl, N_ NaBH,
S —— 2 B—H —  » B—Pt—Cl ——
R = P'Bu, 7 / / NEt
NPy N N/ 3
66 ? \—P'Bu, \—P'BU,
RBu
R R /—RBuz 7
H RuH(OAc)(PPhs), ; N
k _B. ) 100°C, 15h /\TBUZ @[ >B—Pt—H
N N Toluene NI O \>—Me N
R = PBu, N H o/ ( \—pigy,
67\/PtBU2 72
71 (0.1 mol%)
El:r(:_:'oe)QCI]z P'Bu, CeHin X, HSIEt, additive (0.1 mol%)
L. . N o_j-Cl solvent (1.87 moliL)
R = (CH,),P'Bu, N’H/ \t 100°C,21h
68 PBu CH S -SEts L isomerized alkenes
n-Leqz

Figure 28 Synthesis and structures of PBP-Co, PBP-Ru, and
long-tethered PBP-Ir complexes

/—PBu, N/—PtBuz
N [Rh(cod)Cl]; \ AgOTF, THF
B-H — % JB—Rh—Cl ————
N N H/
\—piBu, \—PBu,
69
/—R'Bu,
N \ LiCH,SiMes
B—Rh—OTf —— >
N/ 7/ 6M6
H
\—PBy
N/B\
/—R'Buy N
N B\lh PhOH
Rh-r--> /s H
H N H /
\—piBy
70
/\F|>fBu2
N OPh
L
N H ’
\—P'Bu,

Figure 29 Synthesis and structures of PBP-Rh complexes

observed in the sp> LA-TM complexes as well. The
PBP-PtCl complex 71 could activate HSiEt; to further ad-
dition of alkene (Figure 30). Complex 72, however, showed
low activity in the same reaction.®"!

Further progress was made by Peter e al.'*! with com-
plex 66, which was reported to react with two equivalents of
H, to form product 73 with two Co-H-B bridge bonds
(Figure 31). Hydrogenation reaction was achieved by re-
acting with styrene under 101 kPa H,. NH;-BH; was ap-
plied as another hydrogen source to perform the reaction as
well. An analogous complex, PBP-Ni, was reported to be
able to hydrogenate olefins.[” The catalytic hydrogenation
reactions could also be promoted by mono-hydrogen addi-
tion complex. [PBP](,u—H)zRu(OAc-KZO) (67) was found to
be the catalyst for the hydrogenation of 1-hexanal under 6
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Figure 30 Synthesis, structures and Si—H addition by PBP-Pt
complex
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MPa H, with low catalyst loadings (0.01 mol%)."™

The catalytic transfer dehydrogenation reactions were
also been achieved with the sp? boron-based LA-TM cata-
lysts (Figure 32).[°! By using PBP-Ir complex 65, cy-
clooctane can be catalytic transfer dehydrogenated to
tert-butylethylene. Similar transfer dehydrogenation reac-
tion was found in long-tethered PBP-Ir complex 68.1°"
Higher catalytic efficiency was observed with 68 as catalyst
for the same reaction. The catalytic transfer dehydrogena-
tion reaction is a potential transformation for small mole-
cule conversion, enriching the chemistry of LA-TM cata-

101 kPa Hy or NHz-BH;

lysts.
/——PtBu2 )/\ PtBUz
Qe Crgor
LF’tBUz PtBu
65 68
BuTN >< By
coa coe

Figure 32 Transfer dehydrogenation by PBP-Ir complex

Compared with the sp® boron-based LA-TM complexes,
the reactivity explorations of the sp® boron-based LA-TM
complexes are still less at present. The reported examples
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are mainly related to type H complexes. The BN-hetero-
cyclic boryl pincer ligands complexes (PBP type) is one of
the most potential catalysts among the sp® type LA-TM
complexes. These PBP complexes have been achieved in
hydrogenation and transfer dehydrogenation reactions. The
vacant p orbital of boron can be involved in tautomeriza-
tion/aromatization, which may competes with its function
as a Lewis acid site to accept nucleophiles. It may be ex-
pected that tuning the balance between this competition
would be able to overcome the irreversibility in E—H bond
activation, providing an opportunity to develop efficient
catalytic transformation via H—E(H) activations.

6 sp boron-based LA-TM complexes

In 1998, as an early example of the sp boron-based
LA-TM complex, (OC)sW{BN(SiMe;),} (74a), was re-
ported by Cowley et al (Figure 33).1%! The iminoborylene
complex 74a and analogous complexes, in which imino
nitrogen donated a pair of electrons to borylene boron, were
typical type J LA-TM complexes. So far, type J bo-
ron-based LA-TM complexes such as 74, 75, 76, and 77 had
been synthesized with different TM centers and ligands
including Cr,®! V [ Mo,!7 Fe #8268 Ry, 145¢] [, [) pyl70)
etc. It should be noted that, although it is quite similar to
type J complex, type I complexes are however very rare in
the literature, which may be expected if a linear boryl ligand
is introduced to the TM center.
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a3 “siMe; oc" /M B N\Cy
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| JPMes /’Pr—| Mes
Cl—Ir=B=N ~Fe=B=N=C
7 Nipy CysP™y ~
M
" Pies oc s
76 77

Figure 33 Type J sp boron-based LA-TM complexes

Type K sp boron-based LA-TM complex 78 was reported
by Aldridge and co-workers in 2003.7"1 Analogous linear
terminal alkylborylene complex 79 was obtained by phos-
phine-induced cleavage of a homodinuclear manganese
precursor.’” In these type K complexes, the TM center
tends to donate a pair of electrons to the boron to form a
relatively weak TM=B triple bond, featured with linear
structure (Figure 34). This weak M=B triple bond was also
generally regarded in the literature as a TM =B double bond
for borylene type ligands. Similar method was utilized to
synthesize complex 80.*) By reacting with Na,[Cr(CO)s]
and C1,BSi(SiMes);, analogous complex 81 with M=B—
Si structure was reported as well.”* However, to the best of
our knowledge, type L complexes have not been reported so
far, which might require an L-group strong enough in
eletron donating.
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In 2006, a type N complex bearing terminally imino-
borylene was reported by Braunschweig et al. using plati-
num(I) as the TM center (complex 82, Figure 35).") A few
type N complexes were reported with rhodium!”™ and pal-
ladium'’® as the TM centers. Oxylboryl complexes 83 and
84 were also reported as type N examples!’”! in which ox-
ygen donated a pair of electrons to the boron to form B=0
bond. While in complex 84, BAr'; interacts with oxyl ox-
ygen to stabilize its lone pair.

P'Prs P'Cys
Br—Plt—BEN—SiMe3 Br—Fit—BEO
PPrs PiCys
82 FsC 83
CF3
PCy3
Br—Plt—BEO—Bu,,/
PCys CFs
CF3
FsC CFs
84

Figure 35 Type N sp boron-based LA-TM complexes

7 Reactions for the sp boron-based LA-
TM complexes

Comparing with the sp® and sp® boron-based LA-TM
catalysts, the catalytic reactions for the sp boron-based
LA-TM complexes are very rare. In 2008, by reacting
RuHCI(H,)(PCys), with 1.5 equiv. of mesitylborane, type K
complex 85 was synthesized by Sabo-Etienne (Figure
36).® Complex 85 could react with H, (3 bar) at room
temperature, leading to complex 86 bearing two Ru-H-B
bridge bonds. Olefin hydrogenation was observed with the
hydrogenated derivatives 87 by Aldrudge et al. (Figure
37).”) Reaction between complex 87 and 10 equiv. of
3,3-dimethylbutene yielded 2,2-dimethylbutane and type 1
complex 88 at room temperature. The reactivity exploration
of the sp boron-based LA-TM complexes has till yet to
begin. However, it should be exciting to see the future de-
velopment of stoichiometric/catalytic reactions utilizing the
sp boron-based LA-TM complexes, considering that it has
various resonance forms that can participate in bifunctional
reactivity.
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8 Conclusion and perspective

The LA-TM cooperation has been merging as a novel
bifunctional strategy for catalysis, which is a fundamental
alternative to the traditional LB-TM bifunctional catalysis
and frustrated Lewis pair catalysis. Perspectively, as a new
strategy for metal ligand cooperation, the LA-TM catalysis
has several advantages to enrich the chemistry of bifunc-
tional catalysis. (1) LA-TM cooperation is a novel bifunc-
tional mode different from traditional LB-TM cooperation.
In the LA-TM system, the LA part accepts electron pair and
the TM donates electron(s) cooperatively, which is ex-
pected to bring new types of transformations for bifunc-
tional catalysis. (2) The LA site of the ligand can stabilize
low valent metal center by a dative bond from the metal to
the LA ligand, bringing unique feature to this type of cata-
lysts. (3) Both the LA part and the TM center can stabilize
the reactive anion(s), for example, hydride(s), in the key
intermediates during transformations. Therefore, LA-TM
complexes can be expected to act as potential catalysts for
the activation of H, or other unreactive E—H(E) bonds,
providing an alternative way to achieve green bifunctional
catalysis under mild conditions with low catalyst loading.
(4) Unlike LB-TM catalysis, the LA-TM catalysis is not
necessary to experience a proton or cation species during
reaction, which could be alternative way to expand the
scope of reactions to substrates that dislike proton or cation.
(5) Especially for hydrogen transformation, the obtained
intermediates with multiple hydrides can serve as unique
and more robust species for hydrogenation. (6) Further-
more, the idea of LA-TM cooperation will expand the op-
tions to develop multi-nuclear catalyst systems, or to de-
velop LA-TM cooperation sites on heterogeneous catalysts.

There have been remarkable developments of LA-TM
complexes in recent years. This review has summarized
most of boron-based LA-TM complexes according to their
binding features. The boron-based ligands are generally
divided by borane, boryl, and borylene. However, It can be
seen that their structures and binding properties are more
complicated (Types A~N), which bring fantastic variations
not only to the structure, but also to the reactivity and the
catalytic transformation diversity. These variations also
bring a big challenge to understand the mechanism of
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LA-TM catalysis for both theorists and experimentalists.
Up today, although many types of LA-TM complexes have
been synthesized and studied, some of them are still rare, or
even remain a challenge to be explored.

Important reactions promoted by boron-based LA-TM
complexes have been summarized. Until now, although
significant progress has been made for LA-TM bifunctional
catalysis, the applications of LA-TM complexes in catalysis
are still limited. The sp’® boron-based LA-TM complexes
were explored in reactivity relatively more than the sp® and
sp analogous. The LA-TM complexes with DPB and TBP
ligands have been approved as capable catalysts for H,
activation and hydrogenation. However, the activation of
E—H bonds is still mainly limited in stoichiometric reac-
tions, in which the irreversible intermediates could not take
further transformations. The reactivity explorations of the
sp” and sp boron-based LA-TM complexes are still very few
at present. However, the diversity in resonance structure
could provide opportunities to develop efficient catalytic
transformation by electronic and geometric tuning for the
sp> and sp boron-based LA-TM complexes. Therefore,
future developments should focus on exploring more effi-
cient catalytic transformations via activation of H—H, E—
H and E—E bonds. Expansion of reaction types for LA-TM
catalysts, for example the cross coupling and asymmetric
reactions etc., is also highly desired. These developments in
the future should bring more impacts of LA-TM catalysts on
synthesis and hydrogen energy. The combination of diverse
LA and TM, the cooperation of LA and TM in different
manners, the umpolung in LA-TM interaction, the bridge
bonds, and the multi-nuclear complexes, efc., are all unique
characteristics and powerful tools to design and develop
novel LA-TM catalysis in the future.
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