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1. Introduction and Scope

1.1. The Transition Metal—Boron Bond

With the exception of those to boron, two-center covalent
and dative bonds between transition metals and the first-
row p-block elements have been known since the mid-1800s
or before. As transition metals are most commonly electro-
philic species, it is intuitive that such bonds have been more
difficult to construct with those elements with less propensity
toward nucleophilicity, i.e. carbon and boron. The dye known
as Prussian blue (or Berliner blau) and the alkylzinc
complexes prepared by Frankland in 1849 are considered
the earliest known synthetic examples of complexes contain-
ing transition metal—carbon two-center bonds."? Similar
M—C bonds also exist in biological systems such as vitamin
B12 and complexes of cyanide and carbon monoxide with
metalloenzymes.® In comparison, transition metal boryl
complexes were first proposed in 1963* and structurally
confirmed in 1990.%% Reagents containing nucleophilic boron
atoms were unknown until very recently, in marked contrast
to those of boron’s first-row neighbors carbon, nitrogen,
oxygen, and fluorine. This, combined with the relatively late
isolation and identification of elemental boron (in 1808),’
has presumably contributed to the belated arrival of “bora-
metallic” chemistry.

The steadily growing number of compounds with electron-
precise transition metal—boron single bonds which are stable
at room temperature (and above) is a clear sign that there is
no inherent instability of such a linkage. Thus, it follows
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that any disparity between the transition metal complexes
of boron and those of the other first-row elements must
mainly be due to synthetic considerations. Until very recently,
synthesis of such M—B bonds has relied exclusively on the
presence of a metal fragment with sufficient nucleophilicity
to attack the boron atom, for instance an anionic metalate
salt or a low-valent, late transition metal complex. This, of
course, severely limits the range of viable metal-containing
precursors, as well as complicating practical aspects of their
synthesis by precluding various solvents and reaction condi-
tions. For one section of the transition metals, this difficulty
is particularly salient: M—B bonds were unknown for the
electron-poor transition metals of groups 3 and 4 (including
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lanthanides and actinides) until the very recent report of boryl
complexes of Ti and Hf (vide infra). Presumably, this and
other paucities may only be fully remedied with the future
use of nucleophilic boron reagents.

Since the comprehensive 1998 review of Lesley, Marder,
Norman, and Roper in this journal,® which focused mainly
on transition metal boryl complexes, the areas of M—B
multiple (borylene) and dative (borane or “boratrane’)
bonding have witnessed exceptional research interest. Just
as E. O. Fischer’s discovery of alkylidene (1967)° and
alkylidyne (1973)'° complexes reinvigorated the field of
organometallic chemistry, the discovery of metal—boron
multiple bonding has complemented the rapidly maturing
field of transition metal boryl (i.e., “single bond”’) chemistry.
Current synthetic routes to transition metal borylene and
boride species lack generality and convenience, yet their
fascinating reactivity more than compensates for the invest-
ment. On the other hand, the surprising discovery of the so-
called “Z-type” borane ligands featuring direct M — B dative
bonding was unprecedented in transition metal chemistry,
and new families of these ligands are being uncovered
regularly.

1.2. Scope of This Review

This review takes as its focus molecular compounds
featuring “electron-precise” two-center metal—boron bonds
(as shown in Figure 1). A number of areas of boron transition
metal research exist outside this definition, i.e. ionic borides,!
compounds with multicenter M—X—B interactions (e.g.,
o-hydroborane,'>"* g-hydroborate,'* polyborane, and carbor-
ane®™'7 complexes), and transition metal sr-complexes of
boron-containing heterocycles.'® Each of these research fields
is far too diverse in its own right to be covered comprehen-
sively in this review, and each perhaps warrants reviewing
independently.

As previously mentioned, a comprehensive 1998 review
on transition metal boryl complexes exists in this journal,®
and these complexes have been covered extensively with
respect to their intermediacy in catalytic processes.!® Thus,
we have confined the section on boryl ligands to the recent
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Figure 1. Section of the periodic table showing the transition metals, indicating their known complexes with electron-precise boron—metal

bonds.

progress made in late-transition metal boryl complexes, a
field which has seen a number of exciting developments in
the past couple of years. Reviews covering other forms of
metal—boron covalent and dative interactions have since
appeared in a number of publications.?**? We have attempted
to comprehensively cover the remaining sections regarding
complexes with two-center M — B dative interactions
(“borane”), B—R fragments as terminal or bridging ligands
(‘borylene’), and a lone boron atom as ligand (“boride”).

2. Borane Ligands

2.1. Introduction

In 1963 Shriver reported a metal—boron dative bond in a
complex formulated as [(17°-CsHs), WH,(BF3)].>* However,
these findings were refuted around 30 years later when
differing products of the reaction of [(#°-CsHs),WH,] with
alkylboranes were reported in a series of papers from this
laboratory.3*+-3¢

At this time, the concept of transition metal basicity was
a young one; as Shriver noted, “[transition metal] basicity
toward acids other than the proton has never been demon-
strated”. His program of screening transition metal complexes
for reactivity with boranes was nevertheless a prescient one,
and it led to the development of metal basicity as a synthetic
concept by the groups of Vaska, Werner, and others.”’
Shortly after the findings of Shriver, Parshall reported a
number of transition metal complexes of BH; prepared by
the action of borane—ether adducts on anionic transition
metal carbonyls.*

Subsequently, a broad range of transition metal complexes
of borane and halo- and arylboranes were reported, and their
constitution (including direct M — B dative bonds) was based
on infrared and NMR data.* However, it is perhaps telling
that, even now, direct L,M — BR; (BR; = unsupported
borane ligand) bonding is unsubstantiated structurally. The
most plausible evidence for such a complex comes from the
reaction of [NEty][(7>-CsHs5)Fe(CO),] with BPh;. Among
other promising data, a ''B NMR signal at 6 —28.8 was
observed, indicative of tetracoordinate boron. However, upon
dissolution in THF, the purported borane ligand underwent
migration to the cyclopentadienyl ring.*’

It was not until 1999 when structural confirmation of a M
— B bond was reported, consisting of a borane supported
by three thione donor groups, by the group of Hill.*' In
marked contrast to the unsupported examples, a large number
of supported complexes have since been structurally char-
acterized in a relatively short time frame (see Table 1),
containing a variety of different metal centers and supported
by tethered sulfur, phosphorus, and nitrogen donor groups.

2.2. Borane Complexes with Sulfur Donor Groups
2.2.1. Borane Complexes of Group 8 Metals

The tris- and bis(azolyl)borates*>** (TmR and BmR,
respectively, Figure 2) were the first species to act as
proligands to the now well-represented family of boratrane
complexes. The unique topology of the Tm® and BmR® ligands
provides one extra atom in each binding arm (when bound:
M—-S—C—N-B) relative to the archetypal scorpionate
ligands, the tris- and bis(pyrazolyl)borates (when bound:
M—N-—N-—B). The effect of this extra atom is dramatic: the
pyrazolyl arms of the (pyrazolyl)borates conspire to prevent
propinquity of the metal and boron atoms, allowing at best
a small amount of boron—metal interaction through B—H
agostic bonds. In contrast, the geometry of the (methima-
zolyl)borate ligands grants the B—H group proximity to the
metal such that in many cases the B—H bond is ruptured.

The first examples of boratrane complexes came in
combination with Ru(I)*! and Os(ID* species containing
vinyl or aryl ligands which, when protonated, make relatively
poor ligands and are easily lost by the metal. The net effect
of boratrane formation in these cases is that both anionic
ligands of the precursor are lost, providing a formally reduced
complex of Ru(0) or Os(0), regarding the borane moiety as
a neutral ligand.

In a number of cases the intermediate «>-TmR complex
could be isolated: in the case of [(k*-Tm™®")Fe(CH,SiMes)],
application of CO induced loss of SiMe, and furnished the
dicarbonyl boratrane complex 2.1a (Figure 2).* Iron bo-
ratrane 2.1a exhibited a relatively short Fe—B distance of
2.108(6) A. Among the series of group 8 borane complexes,
complex 2.1a remains an outlier in terms of structural
parameters, presumably due to perturbations from both the
iron center and the considerably bulkier fBu-substituted
methimazolyl arms of the ligand.

Ruthenium tris(methimazolyl)borate complexes [(k°-
TmM®)Ru(R")(CO)(PPh;)] R’ = CH=CH,,
CH=CHC(OH)Ph,, CH=CHTol, Ph) were obtained in good
yields by the addition of Na[Tm™] to the corresponding
ruthenium complexes [RuCI(R")(CO)(PPh;),] if the reaction
was performed in diethyl ether.*! If CH,Cl, was used, or
the intermediate borate complexes were dissolved in CH,Cl,,
loss of R'H occurred, providing pseudooctahedral boratrane
2.1b. The "B NMR spectra of 2.1b showed a single peak at
0 17.1 and a Ru—B separation of 2.161(5) A, similar to those
of known boryl and borylene complexes of Fe and Os.

Addition of ligands such as CO and isocyanides to 2.1b
effected exclusive substitution of the L, phosphine
ligand, allowing isolation of boratranes 2.1¢—f.* The
ligand substitution was found in the case of CO to be
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Table 1. List of M—B Distances and "B NMR Shifts for Borane Complexes Mentioned Herein

complex M-B dist (A) Op complex M—B dist (A) O
2.1a 2.108(6) 2.9e 2.050(8)
2.1b 2.161(5) 17.1 2.9f 1.5
2.1c [2.10a]Cl 2.157(4) 1.6
2.1d 2.176(7) 14.6 2.10b 0.4
2.1e 2.10c 2.1
2.1f 2.146(4) 2.10d 2.119(4) 5.1
2.1g 2.154(5) 2.10e 43
2.1h 2.171(8) 12.4 [2.10f]C1 3.0
2.3a 2.11 2.073(4)
2.3b 2.13a 2.903 80.1
2.3c 2.210(5) —45 2.13b 2.663(8) 55.2
2.4a 3.2 2.14 2.306(3) 20.0
2.4b 2.179(4) 215 2.295(5) 19.4
2.4c 2.183(3) 2.16 2.374(3) 26.7
2.5a 2.132(6), 2.122(7) 1.7 2.17a 2.650(3) 47.0
[2.5b]C1 3.1 2.17b 2.429(3) 22.8
[2.5¢]C1 2.155(7) 9.0 2.18a 2.309(8) 24.6
[2.5d]C1 2.18b 2.335(5) 28.5
[2.5¢]CI 8.7 2.19a 2.168 15.9
[2.5f]Cl 2.146(3) 8.9 2.19b 2.254 273
[2.5g]CI -2.0 2.19¢ 2.220 18.2
[2.5h]Cl 9.1 2.19d 2.508 53.8
[2.5i]Cl 8.8 2.19% 2.540 59.1
[2.5§]C1 2.153(11), 2.148(10) 9.5 2.19¢ 2318 27.7
2.5k [2.19g][GaCl,] 2.448 56.6
2.51 2.095(3) 2.20a 5.8
2.5m 2.15(2), 2.18(2) 2.20b 2.222(3) 43
[2.6]CI 2.098(6), 2.091(5) 2.20¢ 3.7
[2.7][BPhy] 2.132(4) 2.21 2.196(6) -9.3
[2.8][PF] 2.155(5) -17.5 2.25a 2.49(2)
2.9a 2.108(4) 2.25b 251(2)
2.9b 2.112(3) 2.26 2.444(9) 35.0
2.9¢ 2.079(13) 227 2.062(4), 2.090(4) 72.2
2.9d 2.112(3)

reversible; addition of PPh; to 2.1c regenerated the
phosphine—carbonyl complex 2.1b. The ligand substitution
was found to have only minimal effect on the Ru—B bond
length and "B NMR signal for those complexes examined
(2.1d,f). Analogous chemistry with Na[Tm™¢] provided CS-
ligated and osmium derivatives 2.1g and 2.1h from
[RuCl(CH=CH,)(CS)(PPh3),]** and [OsCI(Ph)(CO)(P-
Ph3),],* respectively. Complexes 2.1g and 2.1h also exhib-
ited little deviation from the structural and spectroscopic
parameters of boratranes 2.1b—f.

o [\ © [\ N 3
| \ N8B |

3 s 2 !

N [

s /N«<\S\ S
TmR BmR S Leis
trans
[(>-Tm®BY)Fe(CH,SiMes)] M R Ly Lyane
[MCI(R')(CA)(PPh),] 1 21a Fe fBu CO CO
M A R i, 21b Ru Me CO PPhy 7
Ru O CH=CH, 21c Ru Me CO CO
Ru O CH=CHCPh,OH 21d Ru Me CO CNfBu
Ru O CH=CHCgHMe-4 21e Ru Me CO CNXyl
Ru O Ph ~21f Ru Me CO CNMes -
Ru S CH=CH, i, 219 Ru Me CS PPhs
Os O Ph V. 21h Os Me CO PPhy

Figure 2. Synthesis of complexes of group 8 transition metals
with thione—borane ligands. Key reagents and reaction condi-
tions: (i) excess CO; (ii) K[TmM®], CH,Cl,; (iii) Na[TmM¢]; (iv)
Na[Tm™e]; (v) PPhs; (vi) excess CO; (vii) CNtBu; (viii) CNXyl;
(ix) CNMes.

2.2.2. Borane Complexes of Group 9 Metals

It was with group 9 metals that the first tridentate borane
complexes were prepared, comprising two sulfur-donor arms
and a borane group, to which is attached either a hydrogen
or another sulfur-donor arm. In the case of the latter, the
third buttress is effectively prevented from forming by the
presence of strongly bound ligands cis to the borane group
(Figure 3).

Addition of Na[Bm™¢] to rrans-[MCI(CA)(PPhs),] (M =
Rh, A = 0, S; M = Ir, A = O) provides the first
five-coordinate metal complexes, 2.2a—c¢, containing an
agostic interaction between the B—H bond and the metal,
with loss of chloride and one phosphine ligand.*’** Upon
standing at room temperature, complexes 2.2a—c gradually
undergo metal insertion into the B—H bond, affording doubly
strapped borane complexes 2.3a—c. Iridium complex 2.3c
was found to contain an Ir—B distance of 2.210(5) A, with
an ''B NMR shift of 6 —4.5.

Upon treatment of Vaska’s complex trans-[IrCI(CO)(P-
Phs),] with various salts of the anions [TmR®]~, similar doubly
strapped borane complexes, 2.4a—c, were obtained in which
one arm of the ligand points away from the metal.** The
strongly bound hydride and CO ligands which lie cis to the
borane site presumably prevent binding of the third sulfur-
donor arm, while the phosphine ligand now sits trans to the
borane. Complex 2.4a exhibited a broad "B NMR signal at
0 3.19, slightly downfield of that of related doubly strapped
complex 2.3c but still upfield with respect to signals of
ruthenium boratranes (vide supra). Complexes 2.4b and ¢
showed slightly contracted Ir—B distances (2.179(4) and
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Figure 3. Synthesis of complexes of group 9 transition metals
containing tridentate thione—borane ligands. Key reagents and
reaction conditions: (i) Na[Bm™¢]; (ii) room temperature; (iii)
Na[TmMe)/K[Tm™B"]/TI[Tm™®"]/Li| Tm"™]. An asterisk denotes com-
plexes that were detected but not isolated.

2.183(3) A, respectively) when compared with hydroborane
complex 2.3c.

Treatment of [RhCI,Ph(PPh;s),] or [RhCl(cod),] with
Na[Tm™¢] generates neutral and cationic boratrane complexes
2.5a and [2.5b]Cl, respectively (Figure 4).°%3! The latter
reaction is presumed to occur with assistance from 1 equiv
of a source of HCI, presumably from the chlorinated solvent.
However, both 2.5a and [2.5b]Cl can be converted to the
dinuclear, cationic bis(borane) species [2.6]Cl, in both cases
through loss of the L., and L., ligands. Boratrane 2.5a
converts to [2.6]Cl spontaneously at room temperature
through a presumed disproportionation reaction, while
[2.5b]CI requires the addition of an extra equivalent of
Na[TmM¢] to complete conversion.

The L,,,,s chloride ligand of 2.5a is readily substituted by
isocyanides “CNR” (R = rBu, Xyl, Mes), or 1 equiv of
trimethylphosphine, to obtain L,,-substituted products
[2.5¢,e,8,i]C1.°>> Heating of the isocyanide complexes
[2.5¢,e,g]Cl in a refluxing mixture of CH,Cly/ethanol (20:1)
effected exchange of the ligands L.;; and L, affording the
thermodynamic products [2.5d,f,h]Cl. The more strongly
bound L triphenylphosphine ligand can also be substituted
by addition of a further equivalent of trimethylphosphine to
[2.5i]Cl, providing [2.5j]Cl, or by addition of 1 equiv of a
chelating diethyldithiocarbamate ligand to 2.5a, providing
2.5k. X-ray crystallographic analyses of related borane
complexes 2.5a (Rh—B: 2.132(6), 2.122(7) A), [2.5¢]C1
(2.155(7) A) [2.5]C1 (2.146(3) A), and [2.5§]C1 (2.153(11),
2.148(10) A) showed little variation in the Rh—B distance.

A similarly complex mechanism is noted in the synthesis
of neutral boratrane complexes 2.51 and 2.5m, by addition
of K[Tm™®"] to [MCI(PPhs)(cod)] (M = Rh, Ir, respec-
tively).* A metal hydride signal is briefly observed in the
former reaction mixture by '"H NMR spectroscopy, suggest-
ing the initial formation of a neutral hydride analog of 2.5I,
followed by replacement of the hydride ligand with chloride.
This hydride complex was independently synthesized by

Braunschweig et al.
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Figure 4. Synthesis of complexes of group 9 transition metals
containing tetradentate thione—borane ligands. Key reagents and
reaction conditions: (i) Na[Tm™°]; (ii) room temperature; (iii)
Na[Tm™*]; (iv) refluxing CH,Cly/ethanol (20:1); (v) CN7Bu; (vi)
CNXyl; (vii)) CNMes; (viii) PMes; (ix) excess PMe;, refluxing
CH,CL,/THF (10:1); (x) Na[S,CNEL,]; (xi) M = Rh, K[Tm™"]; (xii)
M = Ir, K[Tm™"]; (xiii) reaction conditions not specified; (xiv)
[(17°-CsHs)Fe][PFg] (2 equiv).

addition of Li{BH,4] to 2.5, and the '"H NMR hydride signal
was found to be identical to that observed in the reaction
mixture.

An unusual five-coordinate boratrane complex [2.7][BPhy]
was observed by the group of Rabinovich, by reduction of
a cationic Tm®" complex of Co(II).>* Although experimental
details were not given, the complex was structurally authen-
ticated, with the Co—B distance (2.132(4) A) being signifi-
cantly shorter than those in borane complexes of the second-
and third-row transition metal elements Rh and Ir, similar
to the relationship between Fe, Ru, and Os described in
section 2.2.1.

In one interesting case, the metal — boron dative bond
was constructed by chemical oxidative cleavage of the B—H
bond of a rhodium complex featuring the «>-S,S-hydrotris(4-
ethyl-3-methyl-5-thioxo-1,2,4-triazolyl)borate ligand.>* Treat-
ment with oxidant ferrocenium hexafluorophosphate provided
triply strapped boratrane complex [2.8][PFs], featuring a
tricyclo-3,3,3,0-undecene ring structure similar to that in the
methimazolyl-based boratranes above. Despite the altered
triazolyl heterocyclic scaffold, the Rh—B distance (2.155(5)
A) is not markedly different from those of other cationic
borane complexes of rhodium such as [2.5¢,e,j]Cl.
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2.2.3. Borane Complexes of Group 10 Metals

Sulfur—donor boratrane complexes of group 10 metals
generally fall into two categories: five-coordinate complexes
containing low-valent metals (Ni(I), Pd(0), Pt(0)), and six-
coordinate complexes containing Pt(II). Addition of Li[Tm™"]
or K[Tm™"] to [NiCl,] effected reduction of the Ni center
and led to Ni(I) borane complex 2.9a (Figure 5).>° This work
by Tatsumi and co-workers was followed by a report from
the group of Parkin in which the chloride ligand of 2.9a was
substituted by monoanionic ligands such as acetate, thiocy-
anate, and azide, creating complexes 2.9b, ¢, and d, respec-
tively.’® The short Ni—B distances in complexes 2.9a—d
(2.079—2.112 A) are in line with similar trends seen in
borane complexes of Fe and Co and can be ascribed to the
smaller radii of the metal atom.

Unlike the one-electron reduction seen in the synthesis of
2.9a, addition of K[Tm™"] to [Pd(OAc),] formally liberates
1 equiv each of acetic acid and potassium acetate, forming
the unsual bimetallic bis(borane) complex 2.11, in which
each borane ligand is bound «*-SSB to one metal and «'-S
to the other.’” Addition of PMe; breaks the dimeric system,
providing the monomeric complex 2.9e. Both 2.9e and 2.11
contain unusually short M—B distances (2.050(8) and
2.073(4) A, respectively) and remain the only structurally
authenticated examples of formally zerovalent group 10
borane complexes.

Addition of Na[Tm™°] to trans-[PtCl,(PPhs),] or trans-
[PtCl,(PEt;),] provides, in both cases, cationic hydrido borane
complexes ([2.10a]Cl and [2.10f]C]1, respectively) in which
the B—H bond has been added across the Pt center.”®%
Through base-mediated loss of HCI, [2.10a]Cl can be
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Figure 6. Synthesis of transition metal complexes containing
bidentate phosphine—borane ligands.

reduced to pentacoordinate complex 2.9f, while the reverse
oxidation reaction occurs readily with addition of HCI1.%®
Similarly, 2.9f can be oxidized by moderate to strong
oxidants Cl,, Br,, I, and Mel, effecting loss of the phosphine
ligand and oxidative addition of the reagents across the Pt
center.® Interestingly, the resulting complexes 2.10b—e were
formed without net disruption of the boratrane cage system

despite the aggressive conditions.

2.3. Borane Complexes with Phosphorus Donor
Groups

2.3.1. Complexes with Bidentate (k?-PB) Borane Ligands

The phosphorus-donor family of borane complexes is
young in comparison to their sulfur-donor cousins, despite
the relative simplicity of the phosphine—phenylene—borane
skeleton and the absence of a B—H bond, which must be
broken as a prerequisite for M — B bond formation. But
like the sulfur-donor examples, the resulting structural motif
is a five-membered ring containing D — M — B (D = donor
atom) and closed with two sp>hydridized P-block atoms
(C,N or C,C), which presumably provide the rigidity neces-
sary to hold the borane in the metal coordination sphere.

The simplest supported borane ligand is that with only
one donor moiety, and this was targeted by Bourissou and
co-workers through design of phenylene-based phosphine—
boranes iPr,P(1,2-C¢H4)BCy, and iPr,P(1,2-C¢H,)BFlu (Fig-
ure 6).°! Addition of [AuCl(SMe;)] to these phosphine—boranes
provided the borane complexes 2.13a,b. Formation of 2.13a
is accompanied by a very small downfield movement of the
B NMR signal (from ¢ = 76—80) when compared to the
free ligand, while the corresponding signal of 2.13b is found
significantly high-field-shifted at 6 = 55. The contrast
between the two complexes 2.13a and 2.13b is reflected also
in their Au—B distances, as determined by X-ray crystal-
logaphic analysis. The Au—B distance of 2.13a (2.90 A) is
51gn1ﬁcantly longer than that of 2.13b (2.663(8) A), yet both
remain shorter than the sum of the van der Waals radii of
the two atoms. Interestingly, both metal—boron distances are
much longer than those of the sulfur-donor borane complexes
(2.0—2.2 A, vide supra).

Given their bidentate architecture, complexes 2.13a,b are
the least supported of all structurally authenticated borane
complexes, and are thus conceptually the closest known
approximations to the long-sought-after “unsupported” bo-
rane systems. This feature may also play a part in the
observation of long M—B distances.

2.3.2. Complexes with Tridentate (i°-PPB) Borane
Ligands

The diphosphine—borane PhB{(1,2-C¢H4)PiPr,}, reacts
with the rhodium(I) dimer [RhCI(NBD)]; to replace the diene
ligand, retaining the bis(chloro) bridged dimer structure and
providing the fac-«*-PPB bis(borane) complex 2.14 (Figure
7).8? The monometallic derivative 2.15 was prepared by
addition of the donor ligand DMAP to 2.14, breaking the
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Figure 7. Synthesis of transition metal complexes containing
tridentate phosphine—borane ligands. Key reagents and reaction
conditions: (i) [RhCI(NBD)], (0.5 equiv); (ii) DMAP; (iii)
[RhCI(CO),]> (0.5 equiv); (iv) [MCly(cod)] (M = Pd, Pt); (v)
[AuCI(SMe,)].

chloro bridges without net disruption of the M — B bond.
The conversion of 2.14 to 2.15 was accompanied by
statistically negligible changes in both their 'B NMR spectra
(6 =20.0 to 19.4) and Rh—B distances (2.306(3) to 2.295(5)
A). The conversion was however noted unmistakably in the
3P NMR spectrum, in which the doublet signal of the
equivalent phosphorus nuclei of 2.14 (d, 6 = 76.9, Jory, =
167 Hz) split into a double—doublet pattern in 2.15 (6 =
668, JPRh =170 HZ, Jpp =31 HZ; o= 653, JPRh =145 HZ,
Jep = 31 Hz) with coupling to both '“Rh and 3'P nuclei.
However, the similarity of the two complexes is supported
by the relatively similar 3'P NMR chemical shifts and
103Rh—3'P coupling constants.

Through addition of PhB{(1,2-C¢H4)PiPr,}, to dimer
[RhCI(CO),],, Dyer, Miqueu, Bourissou, and co-workers
were able to construct a Rh — B bond with loss of one CO
ligand per metal center (Figure 7).% In this case, however,
the phosphine donor groups of the resulting complexes 2.16
were found situated mutually frans, with the boron atom
sitting at the apex of the square-pyramidal complex. This
mer-i>-PPB binding mode of the ligand enforces such
rigidity on the phenylene spacers such that two noninter-
converting isomers were obtained, one in which the B-Ph
group points toward the CO ligand (2.16a, 80%) and one
toward the chloride ligand (2.16b, 20%). The two isomers
were found to be inseparable via fractional crystallization,
and an X-ray crystallographic study displayed disorder of
the Cl and CO ligands in a similar ratio of 85:15 (2.16a/
2.16b). Despite this disorder, the Rh—B distance (2.374(3)
A) was found to be slightly longer than those of the related
fac-k>-PPB borane complexes 2.14 and 2.15.
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Similarly, diphosphine—borane ligand PhB{(1,2-
C¢H4)PiPr,}, replaces the diene ligand of [MCl,(cod)] (M
= Pd, Pt), providing the square pyramidal fac-«>-PPB borane
complexes 2.17a,b, respectively (Figure 7).%* The ''B NMR
signals of 2.17a,b were found at 6 = 47.0 and 42.8, while
the Pd—B distance of 2.17a (2.650(3) A) was found to be
much longer than the Pt—B distance of 2.17b (2.429(3) A).
Both M—B distances are significantly longer than those of
structurally determined sulfur-donor Pd and Pt borane
complexes, regardless of their oxidation states (vide supra).

Doubly strapped borane complexes of gold were also
found to be accessible, utilizing the ligands PhB{(1,2-
CsH4)PR;,}, (R = iPr, Ph) (Figure 7).** As in the synthesis
of 2.13a,b, reaction of the appropriate diphosphine—borane
afforded «3-PPB borane complexes 2.18a,b. The complexes
are described as square planar, as the P—Au—P and
B—Au—Cl angles, although significantly bent, indeed suggest
that the complexes are closer to square planar than tetrahe-
dral. The Au—B distances of 2.18a,b (2.309(8) and 2.335(5)
A, respectively) are strongly contracted in relation to those
of the k*-PB borane complexes 2.13a,b, which is unsurprising
given the extra phenylene—phosphine buttress in the ligand.
The "B NMR signals of 2.18a,b (0 = 25 and 29, respec-
tively) are also found at much higher field than those of
singly strapped complexes 2.13a,b (0 = 80.1 and 55.2,
respectively).

2.3.3. Complexes with Tetradentate (i*-PPPB) Borane
Ligands

In 2008 the phosphine—borane motif was extended to its
logical limit by the groups of Maron, Ozerov, and Bourissou,
in the synthesis of tetradentate x*-PPPB boratrane complexes
of group 10 and 11 metals (Figure 8).°%% Complexes 2.19
are analogous to the archetypal «*-SSSB boratrane complexes
described earlier, yet their synthesis is conceptually simpler
and no formal oxidation state change of the metal occurs.
Tris(phosphino)borane B{2-iPr,P(C¢H,)}; was treated with
group 10 metal complexes [Ni(cod),], [Pd(PfBus),], and
[Pt(P/Bus),] to prepare neutral boratrane complexes 2.19a—c,
with concomitant displacement of both ligands from each
respective  precursor complex. Treatment of B{2-
iPr,P(C¢Hy)}5 with group 11 complexes CuCl, AgCl, and
[AuCl(SMe,)] afforded the neutral boratrane complexes
2.19d—f, where in each case the chloride ligand was retained
and bound frans to the borane moiety. The somewhat related
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Figure 9. Synthesis of transition metal complexes containing
tridentate azaindole—borane ligands. Key reagents and reaction
conditions: (i) excess CO; (ii) CNXyl; (iii) CN7Bu.

complexes 2.19a—f provided an excellent basis for com-
parison of their structural parameters. Group 10 complexes
2.19a—c displayed somewhat longer M—B distances than
their k*-SSSB counterparts. Within each group, the second-
oW metal complex (Pd, 2.19b, 2.254 A Ag, 2.19e, 2.540
A) possessed the longest M—B distance. Chloride abstraction
from gold boratrane 2.19f with GaCl; provided the salt [2.19
g][GaCly], in which the Au—B distance has lengthened
considerably (2.448 A) and the "B NMR signal has shifted
almost 30 ppm downfield (6 = 57).%

2.4. Borane Complexes with Nitrogen Donor
Groups

The first borane complexes supported by nitrogen-donor
arms were reported recently from the group of Owen (Figure
9).5768 The promising poly(azaindole)borate system (in which
the pyrollic nitrogen is bound to the boron atom) shares many
characteristics with the sulfur and phosphorus borane sys-
tems, including the ring size when bound to the metal and a
rigid construction based on fused ring azaindole side arms.

Addition of CO to [Ir(cod){«’*-NNH-HB(azaindole);}]
effects release of one olefin arm of the cod ligand, and
hydrometalation of the other (with cleavage of the B—H
bond). The end result is an equilibrium between the mono-
and dicarbonyl borane complexes 2.20a and 2.21. In both
cases one azaindole arm is pendent and noncoordinating.
Dicarbonyl complex 2.20a could not be isolated even under
CO atmosphere, while slow loss of the CO ligand trans to
the borane yielded the monocarbonyl complex 2.21, in which
the “empty” coordination site is partially satisfied by an
agostic f-C—H—M interaction from the o-bound cyclooctene
ligand. The '"B NMR signals of the two complexes differ
noticeably (2.20a 6 = 5.8; 2.21 6 = —9.3); however, both
signals were determined to arise from hydrogen-free boron
atoms. X-ray crystallographic analysis of 2.21 showed an
unremarkable Ir—B distance of 2.196(6) A. The apparent
hydrometalation route to 2.20a and 2.21 suggests a mech-
anism involving the insertion of the metal center into the
B—H bond, creating a hydride ligand, and this is consistent
with proposals of Hill and Parkin for the sulfur-donor borane
complexes of section 2.2.

Addition of isocyanides CNXyl or CN7Bu to the mixture
results in addition to the position trans to the borane ligand,
affording complexes 2.20b and 2.20c, respectively. The ''B
NMR signals of the two complexes (2.20b 6 = 4.3; 2.20c¢ 6
= 3.7) were found, as expected, close to that of the
structurally related dicarbonyl complex 2.20a. X-ray crystal-
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Figure 10. Insertion of CS into the rhodium—boron bond of a
borane complex, followed by attack of PPh;. Key reagents and
reaction conditions: (i) Na[Bm™¢]. An asterisk indicates presumed
intermediate complexes that were not detected.
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Figure 11. Oxidative cleavage of the M—B bonds of iron and
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lographic structural analysis of 2.20b revealed a slightly
lengthened Ir—B distance, presumably a result of the
increased coordination number of the Ir center.

2.5. Further Reactivity of Boratrane-Style Borane
Complexes

While Vaska’s complex trans-[IrC1(CO)(PPh;),] and its
rhodium analog trans-[RhCI1(CO)(PPhs;),] undergo classical
borane ligand construction when treated with Na[Bm™¢], the
thiocarbonyl derivative trans-[RhCI(CS)(PPh;),] takes one
further step (Figure 10).*” Presumed intermediate complexes
2.2b and 2.3b were not detected, and the final product of
the reaction is 2.22, which contains a side-bound 772—CS
group, which is in turn bound through the carbon atom to
the boron. One originally Rh-bound phosphine ligand is
found bound instead to the carbon of the CS group, while a
hydride is found at the Rh center. The unusual exchange of
the hydride and CS ligands on Rh and B suggests that initial
transfer of the hydride to the Rh occurs, followed by
migration of CS to the boron.

Cleavage of the metal—boron bond of borane complexes
has only been reported in a small number of cases, with both
moderate and strong oxidants (Figure 11).*-¢ The relatively
weak oxidants CHCl; and CHBr3 cleave the Fe—B bond of
iron borane complex 2.1a with loss of both CO ligands,
providing a haloborate «3>-SSS ligand and a tetrahedral Fe
center in the complexes 2.23a,b. Similarly, dibenzoylper-
oxide or a CHCl3/I, mixture oxidizes 2.1a, providing the
tetrahedral «*-SSS complexes 2.23¢,d, respectively.
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Figure 12. Synthesis of bimetallic borane/boryl complexes. Key
reagents and reaction conditions: (i) 1.1 equiv dppm; (ii) crystal-
lization; (iii) HBcat; (iv) [Pd(PCys),].

With oxidants CHCls;, CHBr3, and XeF,, the Ni—B bond
of 2.9a is broken, forming «3-SSS haloborato complexes
2.23e, 2.23f, and 2.23g, respectively.’® As mentioned earlier,
the chloride ligand of borane complex 2.9a can be replaced
with other monoanionic ligands such as acetate (2.9b),
isothiocyanate (2.9¢), and azide (2.9d). Treatment of 2.9a,c.d
with I, brought about cleavage of the Ni—B bond, and in
each case the original ligand had migrated to the boron atom,
leaving an iodide ligand at the Ni center of the complexes
2.23h, i, and j, respectively.

2.6. Bimetallic Complexes with Bridging Borane/
Boryl Ligands

In addition to the unequivocal borane complexes men-
tioned above, there exists a number of bimetallic systems in
which borane-type (M — B) bonding may be inferred.

In 1999, Norman and Orpen disclosed the unexpected
synthesis of a bimetallic framework based on the short-chain
diphosphine dppm, known for its proclivity toward bridging
two metal centers and platinum. Addition of dppm to cis-
[Pt(Bcat),(PPh;),] resulted in a species which was character-
ized in solution as the diplatinum tetraboryl complex 2.24.
However, upon crystallization two different species were
observed as samples of red (2.25a) and orange (2.25b)
crystals, both of which were crystallographically character-
ized (Figure 12).%° Both complexes contain only two boryl
ligands, with the other two presumably being lost as the
Bcat, diborane(4) via reductive elimination. One remaining
boryl ligand of each complex 2.25 is terminally coordinated
to one Pt center, while the other was found to be asym-
metrically bridging. The boron atom of the bridging boryl
ligand is essentially planar and appears to be terminally
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bound to the proxunal Pt center (boryl Pt—B: 2.12(2) A,
2.25a; 2.14(2) A, 2.25b) while the second Pt—B distance is
significantly longer (borane Pt—B: 2.49(2) A, 2.25a;2.51(2)
A, 2.25b) and resembles the slightly longer platinum—borane
distances, as mentioned above.

A similar asymmetrically bridging borane/boryl Bcat
ligand was observed by the groups of Westcott, Marder,
Baker, and Lin, when HBcat was added to the rhodium
hydride dimer [Rh(u-H)(dppe)],, forming the bridging boryl
species 2.26 (Figure 12).”° The bis(hydride) bridge between
the two rhodium atoms of the starting material was retained
in the reaction, while the rhodium centers had become
inequivalent. Oxidative addition of the BH bond of HBcat
to a single metal center meant that one rhodium atom of
2.26 is trivalent, six-coordinate, octahedral and is ligated by
a terminal boryl ligand (boryl Rh—B: 2.057(8) A). The
remaining rhodium atom conversely is monovalent and
square-planar, albeit with a dative interaction to the bridging
boryl ligand (borane Rh—B: 2.444(9) A). As in the case of
the diplatinum complex 2.25 above, this longer M—B
distance fits well with other borane complexes, as previously
described.

The addition of relatively strong metal-bases to preisolated
boryl complexes was found by this group to be another route
to such borane/boryl complexes. Addition of [Pd(PCys3),] to
the iron boryl complex [(77°-CsMes)(OC),Fe(BCl,)] provided
the bridging boryl complex 2.27 (Figure 12).”! Crystal-
lographic analysis of 2.27 showed two distinct molecules in
the unit cell, one in which the boron atom is more closely
bound to the Fe atom than the Pd atom (Fe—B: 2.078(4) A,
Pd—B: 2.090(4) A) and another with the opposite relationship
(Fe—B: 2.095(4) A; Pd—B: 2. 062(4) A) Unlike the afore-
mentioned bridging boryl complexes, the overall impression
gained from 2.27 is that the boryl ligand is unusually
symmetrical, yet given the binding of the neutral Pd(0)
fragment to the boron center, it can be thought of as a borane
(Pd — B) complex.

2.7. Theory and Bonding of Borane Complexes

2.7.1. Formalisms and Qualitative Descriptions of M — B
Bonding

The metal—boron bonding in the borane and boratrane
complexes described above is in some ways extremely
simple. Each borane boron atom is pyramidalized (to
differing extents) with its three nonmetal substituents pointing
away from the metal; thus, the M—B interaction is almost
exclusively a two-center one. Since a free borane has no free
electrons and lacks appropriate orbitals for 7z-bonding with
a fourth substituent, the electrons in the M—B bond can be
thought to originate exclusively from the metal, and said
interaction is exclusively o in nature. Given the fact that
many phosphine-donor borane complexes are prepared from
neutral (tricoordinate) borane precursors, the former sup-
position is undisputed. Where variation exists in borane M—B
bonds, it is invariably in the extent of the electron donation
to the boron atom and thus manifested in the M—B distance.

In terms of oxidation states, as the metal center releases
electrons to form the M—B bond, the metal is partially
oxidized and will lie somewhere between M"" and M"*?
while the boron atom will be partially reduced upon electron
acceptance and lie somewhere between B*" and B*. How-
ever, since the electronegativities of the metals concerned
are all higher than that of boron, the formalism dictates that
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the two bonding electrons are assigned to the metal center
and that both the metal and boron atoms remain in their
original M"" and B*' oxidation states. In any case, the
concept of oxidation states is ill equipped for describing such
variable bonding and is of little use other than in rationalizing
the reaction pathway by which the borane complex is formed.
This and other qualitative aspects of the M — B bond are
discussed in two 2006 correspondence articles by Hill”> and
Parkin.”® Notably, the former article includes the proposal
of a notation to be added after the formula of a borane
complex of (M — B)" (where n = “the total number of
electrons associated with metal d orbitals and the M — B
group”), based on the acceptance of a similar notation for
nitrosyl complexes.

A listing of M—B distances derived from X-ray crystal-
lography and ''"B NMR signals of borane complexes can be
found in Table 1.

2.7.2. Insights into Metal—Borane Bonding from
Computation

Density functional theory (DFT) calculations on palladium
borane complex 2.9e (Figure 5)°7 and a simplified derivative
of the iridium complex 2.5m (R = H, L., = PH;, Figure
4)* were carried out by the group of Parkin. In both
complexes, two high-lying occupied orbitals were found with
M—B bonding interactions, one with a high degree of
B-character and low degree of participation from the trans
ligand, and the other with the opposite paradigm. The boron-
dominated occupied orbital in 2.9e resembles a Pd p(z) orbital
(M—B bonding, M—L,,,; antibonding), while the orbital
dominated by the trans ligand resembles a Pd d(z?) orbital
(M—B and M—L,,,; bonding). In the 2.5m derivative
complex, both the boron-dominated (with Ir d(z?) symmetry)
and trans-ligand-dominated (with Ir p(z) symmetry) orbitals
appear to be bonding in both directions. LUMO orbitals were
found in both complexes, which feature antibonding interac-
tions in both directions.

The most intriguing borane system for computational study
is perhaps that of the x>-PB borane complexes 2.13a,b
(Figure 6) which, given their bidentate nature, feature the
lowest degree of conformational rigidity of all known borane
ligands.®' This allows the borane moiety more freedom to
bind to the metal at its discretion—a feature that is apparent
in the large difference between the Au—B distances in 2.13a
(2.90 A) and 2.13b (2.66 A). Through DFT and Natural
Population Analysis (NPA) methods, Miqueu and Bourissou
showed that, within the four-atom core of the molecule (Au,
P, CI and B), the NPA charges on the P and Cl atoms of
2.13a and 2.13b remain constant, while the charges on the
Au and B atoms vary greatly. In 2.13a the longer Au—B
bond is reflected in a lower positive charge on the Au atom
and higher positive charge on the B atom. In 2.13b, the
charge on the Au atom has increased and the charge on the
B atom has decreased, which is consistent with the shorter
bond length and a greater degree of Au — B electron
donation.

Tridentate borane gold complexes 2.18a,b (Figure 7)
showed similar positive charge depletion on boron and
accumulation on gold, when the Au — B borane complex
was compared with the nonbound fragments in their Natural
Bond Order (NBO) analysis.** Complexes 2.13a,b differ
from 2.18a,b in the position of the chloride ligand, with the
former being approximately cis to the borane and the latter
approximately frans. Consequently, the DFT-generated fron-
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Figure 13. First structurally characterized boryl complexes 3.1
and 3.2 and the first boryl based pincer complexes 3.3 ([Ir] = IrHCI,
a; IrtHC1(CO), b; Ir(5°-C,Hy), ¢).

tier orbitals of 2.18a,b showed a somewhat interconnected
relationship between the borane and chloride ligands. The
HOMO orbitals contained primarily Au—B bonding and
Au—Cl antibonding interactions, while the LUMO orbitals
contained antibonding Au—B and bonding Au—Cl interactions.

A comprehensive NBO analysis of tridentate «*-PPB
borane complexes of rhodium (fac 2.15 and mer 2.16a,b),
palladium (fac 2.17a), and platinum (fac 2.17b) showed large
differences in the strength of the metal—boron interaction
(Figure 7). The NBO stabilization energy associated with
the M—B bond decreased in the order 2.15 (Rh) > 2.17b
(Pt) &~ 2.16b (Rh) ~ 2.16a (Rh) > 2.17a (Pd), and similar
trends were apparent in related metrics such as the charge
on the boron atom, the calculated M—B bond order, and the
relative electronic contribution of the M and B atoms to the
corresponding NLMO (the contribution of the boron atom
decreases, while that of the metal increases, as the bonding
weakens).

Similar NBO analysis was performed on the tetradentate
k*-PPPB borane complexes 2.19a—f and [2.19g][GaCl,]
(Figure 8), showing a similar trend toward stronger M—B
bonding with the heavier transition metals.%® The calculated
NBO stabilization energy for the M—B bond was found to
decrease in the order 2.19¢ (Pt) > 2.19b (Pd) ~ 2.19a (Ni)
> 2.19f (Au) > [2.19g][GaCl,] (Au™) > 2.19e (Ag) > 2.19d
(Cu). As expected, upon M—B coordination the charge on
the boron atom becomes more negative and that on the metal
atom more positive, consistent with the donation of electron
density from the metal center. The magnitude of these charge
differences roughly follows the trend of the calculated bond
strengths.

3. Boryl Ligands

3.1. Introduction

As early as 1970, the first of a number of different types
of compounds featuring electron precise bonds between
transition metals and the element boron was described.”
However, as mentioned above, the first structural authentica-
tion of such two-center—two-electron bonds did not take
place until 1990 (3.1 and 3.2; Figure 13).>% Apart from the
transition metal fragment, the boron centers bore two more
substituents, and therefore, these compounds were classified
as boryl complexes. Since then, numerous studies have dealt
with the synthesis and reactivity of those boryl ligands
coordinated to mainly mid-transition metals,$20-22:24.27.28.31
Furthermore, the nature of the transition metal—boron
bonding was intensively investigated, revealing, inter alia,
remarkably strong o-donation abilities.””’® The significant
degree of ;-backdonation could be determined experimen-
tally only recently for the first time by occupation of the
vacant p-orbital of iron dihaloboryl complexes by a Lewis
base and monitoring the change in the M—B linkage beyond
what would be expected for a simple sp>—sp’ rehybridization
(Figure 14).7°30
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Figure 14. Conversion of iron dihaloboryl complexes 3.4 (R =
H, Hal = Cl, a; R = Me, Hal = Cl, b; Hal = Br, ¢) into the
corresponding Lexis-base adducts 3.5 (R = H, Hal = Cl, a; R =
Me, Hal = Br, b). Key reagents and reaction conditions: (i) 4-pic.

For a long time, boryl complexes have been known to
participate in the functionalization of organic substrates.
Since the first description of catalytic hydroboration,®! which
was accomplished utilizing a rhodium catalyst, numerous
publications were related to this topic.®*®” Furthermore,
involvement of later transition metals in diboration!®%8-%8 as
well as in stoichiometric®'% and catalytic C—H'**'!3 and
C—F"" bond activation processes underlines their impor-
tance. Most of these examples once more emphasize the
outstanding role that the pinacolato and to an even larger
extent the catecholato moiety play in transition metal boryl
chemistry.

In most of the above-mentioned systems, the boryl group
is a rather labile—if not the most labile—ligand, a fact
commonly used in transition metal mediated borylation
processes. But it also prevented application of a boryl moiety
and its unique electronic features in other functionalization
reactions. Most recently, stabilization of the boryl moiety
was accomplished by incorporation in tridentate ligand
systems, yielding different boryl-based pincer complexes
(Figure 13).!1>116

The outstanding importance of later transition metals in
metal-mediated borylation processes stimulated great efforts
in extending the understanding of the involved species.
Therefore, the most recent progress in the chemistry of boryl
complexes has been achieved in this area and we put our
main focus on boryl complexes of group 10 metals, which
account for the largest proportion of the latest publications.
Afterward, we turn our attention to group 11 boryl com-
plexes, a class of compounds, which five years ago contained
not a single well-characterized example. A new synthetic
approach, however, has now made complexes of the whole
triad accessible.
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Figure 16. Synthesis of structurally characterized palladium boryl
complexes 3.7—3.9. Key reagents and reaction conditions: (i) 130
°C, — MeB(NMe),C,H, — SnMey; (ii) RT.
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Figure 17. Insertion reactions of unsaturated substrates with 3.8.
(1) RC=CR (R = H, R" = Me, Hex; R = R' = Me, CO,tBu); (ii)

3.2. Group 10 Boryl Complexes

The outstanding importance of the Suzuki coupling in
organic synthesis gives enormous significance to group 10
metals in boron-based chemistry. It represents a powerful
protocol for generation of carbon—carbon bonds via pal-
ladium catalyzed cross-coupling of organoboranes with
organic electrophiles.!!”!'® Beyond this, the metals of group
10 also play a prominent role in the borylation of organic
compounds. In this area, diboration of unsaturated organic
substrates accounts for the largest proportion,'®38-939798 pyt
many other borylation processes have been reported.!'*!132

Several studies dealing with nickel-mediated borylation
of unsaturated organic substrates suggest an intermediary

N—Ni—Br o
U 1)
P o

Figure 15. First structurally characterized boryl complex of nickel 3.6 and its application as a recyclable borylation agent.
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Preparation of bis(boryl) complexes. Key reagents and reaction conditions: (i) — nL (3.10a: PRy = PPh;, L = PrC=CPr, n =

1, PR3 = L = PMes, n = 2; 3.10a—h: PR; = PPh;, L = 5>-C,H,, n = 1; 3.10i,j: PR; = L = PEt;, n = 1; 3.10k,l: PR; = L = PEt3, n =

2): (ii) 2PR’3 — 2PRs.
transition metal boryl species to be involved.!?3!128:133.134
However, only one boryl complex of nickel has been
structurally characterized so far.'*® This compound can be
used to transfer the boryl moiety to bromobenzene, and the
nickel reagent can be recycled (Figure 15).

The first structural elucidation of a palladium boryl
complex, however, was accomplished in the past decade.!"’
This mixed boryl (stannyl) palladium(I) compound 3.7
(Figure 3.4) catalyzes addition of the corresponding stan-
nylborane to 1-octyne, and therefore, such species were
suggested to be involved in the catalytic cycle of stannabo-
ration. Meanwhile, oxidative addition of boron—halogen
bonds to coordinatively unsaturated palladium fragments has
become a useful protocol to prepare this type of compounds
(Figure 16)."%1% In this manner, a whole series of complexes
were prepared, such as an unusual #'-borazine complex
3.9¢"*° and an unprecedented iminoboryl complex 3.9d (see
section 3.2.1 for the synthesis of 3.9d and more details about
this subclass of boryl complexes).!*” Theoretical calculations
predicted the palladium—boron bond to be rather labile. 414!
Hence, unsaturated organic substrates, such as differently
substituted alkynes as well as 3-buten-2-one, were shown

X

i
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to undergo insertion reactions (Figure 17),* and several

catalytic carboboration reactions involving boron—chlorine
bond activation by nickel or palladium complexes have been
established recently.!?8130:13!1

3.2.1. Platinum Boryl Complexes

In contrast to the lighter metals of group 10, platinum
exhibits a rather robust metal—boron bond, and hence, both
the number of boryl complexes and the studies concerning
their reactivity dominate in number by far. The method of
choice to prepare these compounds, as is the case for most
late transition metals, is oxidative addition of boron—element
bonds. Thus, a variety of bis(boryl) complexes was prepared
from diborane(4) compounds,?88-9295:142-145 and it could be
demonstrated that those complexes undergo phosphine
exchange reactions (Figure 18).2>°! Not only boron—boron
bonds but also group 14 element—boron bonds undergo
oxidative addition to platinum.'#®!*” The boryl silyl com-
plexes represent isolated intermediates in catalytic silabo-
ration and undergo insertion reactions with phenylacetylene
exclusively into the platinum—boron bond. While the pina-

PR3

if X

=~ [(PhsP)PH(n*-CoH,)] *+ MesE—B

X X

ER’;
3.12a-g

L it
PR3

Si

Ph Ph

B

~,

O

A

SN,

O

A

Figure 19. Preparation of mixed boryl group 14-yl complexes 3.12a—g (PR; = PMe;: a,d; PMe,Ph: b; PEt;: ¢; PPhs: e—g) and reaction
of the pinacolatoboryl silyl complexes 3.12a—c with phenyl acetylene. Key reagents and reaction conditions: (i) — 2cod (a-d); (ii) — C,Ha
(e—g); (iii) PAC=CH (a—c only); (iv) — Pt(PR;3),; a,b: 60 °C; ¢: RT.
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Figure 20. Synthesis and reactivity of platinum halo (boryl) complexes. Key reagents and reaction conditions: (i) — nL (see Table 2 for
ligands and substituents for 3.13a—v); (ii) NR'; (from 3.13d; NR'; = NEts: 3.14a, pyr: 3.14b); (iii) 4HNR", — [H,NR",]CI (from 3.13d;
NR", = NEt,: 3.15a, pip: 3.15b); (iv) catH, + excess NEt; — 2[HNE]CI (from 3.13d); (v) '/,BCl; (from 3.13d); (vi,) Bl — CysP — Bl;
(from 3.13v); (viy) PCys; (vii) depe — 2PCys (from 3.13k—m; X = Fc: 3.19a, Mes: 3.19b, pip: 3.19¢); (viii) M[BAr'y] — MBr (from
3.13k—t: M = Na, Ar' = Arf; from 3.131: M = K, Ar' = C¢Fs); (ix) L' (from 3.13t; L' = thf: 3.21a, H;CCN: 3.21b, pyr: 3.21¢, quinoline:
3.21d); (x) L” (from 3.13k,m,n,q: L" = 4-pic; from 3.13 m: L" = NCsH;-4-Bu); (xi) RT (X = Mes, X' = Br, Ar' = C¢Fs: 3.23a, Ar':

3.23b).

colyl substituted complexes 3.12a—c readily react even at
ambient temperature, the amino analogue 3.12d is inactive
toward insertion. Carbon—silicon reductive elimination can
be initiated by heating the corresponding insertion products
3.12a and b, or in the case of 3.12c¢ the elimination follows
successively after insertion of the acetylene even at room
temperature, yielding o, 3-silaborated styrene (Figure 19).'4
In all of the above-mentioned examples, the products
obtained by oxidative addition exhibit the anionic ligands
in a mutually cis arrangement, whereas reactions of halobo-
ranes yield the corresponding trans complexes (3.13a—v,
Figure 20).!37:13%142147-155 The halide ligand in the trans
position enables a systematic investigation of the trans-
influence of the boryl ligands, and the predicted dependence
on o-donating ability'>® was experimentally confirmed.'*
Utilizing the B—Br oxidative addition protocol also
allowed unusual boron-centered ligands to be generated.
Thus, this protocol enabled the preparation of #'-borazine
complexes of both platinum (3.13r) and palladium (3.9¢).'*°
Furthermore, reaction of 1,4-bis(dibromoboryl)benzene yielded
a dinuclear platinum complex bridged by a bidentate boryl

ligand (3.24f, Figure 21).'* These coordination modes
previously were only known for a few iron complexes
prepared by salt elimination reactions.'>”:!58

As in the case of the iron analogues mentioned above,”*%
the vacant p-orbital of trans-[(Me;P),Pt(BCl,)Cl] (3.13d) can
be occupied by Lewis bases (3.14a,b). Furthermore, reaction
with secondary amines gives the corresponding amino(chlo-
ro)boryl complexes (3.15a,b). Substitution of both boron
bound chlorine atoms could be achieved by reaction with
catechol in the presence of triethylamine (3.16), and treatment
with boron trichloride leads to the dinuclear complex
trans,trans-[{(Me;P),(C1,B)Pt},(u-CD)] (3.17), obtained via
initial formal halogen abstraction.!>? In contrast, reaction of
trans-[(Cy;P),Pt(BIx)I] (3.13v) with boron triiodide results
not in halogen abstraction but in reversible dissociation of
one phosphine ligand, and the corresponding product forms
the dimeric structure [(CysP)(I,B)Pt(u-1)], (3.18).!%!

Conversion of different complexes of the general formula
trans-[(Cy;P),Pt{B(X)Br}Br] (3.13k—m) to their cis-
analogues (3.19a—c) could be accomplished upon reaction
with the chelating bisphosphine bis(dicyclohexylphosphino)-
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Table 2. Ligands and Substituents for 3.13a—v*
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ethane.'” Formal bromide abstraction from platinum com-
plexes of the general formula trans-[(Cy;P),Pt(BXX")Br]
(3.13k—t, 3.24f) upon treatment with alkaline boronates
yields T-shaped boryl complexes with platinum in coordina-
tion number three (3.20a—k, 3.24g).!>*190161 The vacant
coordination site at platinum can be occupied by Lewis bases
(3.21a—d), and if at least one of the boron bound substituents
is a bromide atom, addition of pyridine derivatives leads to
base-stabilized borylene complexes (3.22a—e, 3.24h).!54160
In the case of the mesityl(bromo)boryl analogue, this 1,2-
shift of the bromide from boron to platinum even takes place
without addition of a Lewis base. Addition of alkaline
boronates to a solution of trans-[(Cy;P),Pt{B(Br)Mes}Br]
(3.131) at room temperature causes immediate formation of
trans-[(CysP),Pt(BMes)Br][BAr,] (3.23a,b), which is the
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Figure 21. Bis(boryl) bridged dinuclear iron (3.24a—d; spacer =
Ce¢Ha, Rs = Hs: a; HyMe: b; Mes: ¢; spacer = CsHg, Rs = Hs: d)
and platinum complexes (3.24e—g; [Pt] = PtBr, X = Br, n = 0: f;
[Pt] = Pt, X = Br, n = 2: g) as well as the first dinuclear doubly
base-stabilized bis(borylene) complex (3.24h; [Pt] = PtBr, X =
4-pic, n = 2).

first example of a platinum borylene complex with boron in
the coordination number of two."® The corresponding
T-shaped boryl complex could be spectroscopically observed
only at low temperature.'®!

Oxidative addition of silylamino(dibromo)boranes to co-
ordinatively unsaturated metal fragments and subsequent
elimination of bromosilane yielded the unprecedented imi-
noboryl complexes (3.9d, 3.25a—c), once more underlining
the ability of platinum fragments to stabilize boron in low
coordination numbers (Figure 22).!3715 The substitution
pattern could be varied with respect to the substituent at
nitrogen, the metal bound coligands, and the metal itself. In
such a manner, not only iminoboryl complexes of the heavier
group 10 metals but also the rhodium species cis,mer-
[(Br)>(Me;P);Rh(B=NSiMe;)] (3.26) could be prepared. The
elimination of bromosilane remarkably proceeds rapidly even
at ambient temperature and seems to be facilitated by the
steric demands of the substituents at nitrogen. Hence, in the
case of the isobutyl substituted compound 3.25b, the
intermediate “classical” boryl complex with tricoordinate
boron, which previously was only postulated, was observed
spectroscopically.

Iminoboryl complexes, in contrast to their main group
substituted counterparts, display a remarkable reluctance
toward cyclo-oligomerization, and the platinum complexes
cleanly react with both Lewis (3.27) and moderately Brgnsted
acidic reagents.'>*!%2 This protocol provides facile access to
transition metal complexes bearing mixed boryl ligands
(3.28a—c) and additionally allowed for the preparation of
the boryl-bridged dinuclear complex (3.24e) by using a
bifunctional reagent. Furthermore, the bromide ligand can
be substituted by an acetylide, giving 3.29 with the two
isoelectronic ligand species bound to the same metal cen-
ter.!33
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Figure 23. Preparation of the first well characterized copper boryl complexes and their reactivity (R = dipp: 3.30a, Cy: 3.30b). Key
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3.3. Group 11 and 12 Boryl Complexes

As in the case of boryl complexes of lighter group 10
metals, copper boryl species initially have been suggested
to be important key intermediates in borylation processes, 17
and incorporation of these species in several functionalization
reactions, most recently also leading to optically active
products,'”'~17* induced intense theoretical work.!”>!7® How-
ever, it was not until 2005 when the first well-characterized
examples of this type (3.30a,b) could be isolated. They have
been shown to act as catalysts in the reduction of CO,,'”’
and additionally, 3.30a undergoes interesting insertion
chemistry with alkenes'” and aldehydes (Figure 23).!7

Meanwhile, the availability of both boryllithium!8%!8! and

borylmagnesium'®? species, which both exhibit the charac-
teristic reactivity of a boryl anion, opened a new approach
in preparing complexes of boron-centered ligands by intro-
ducing the boryl moiety via nucleophilic attack and substitu-
tion of halides. In this manner, boryl complexes of the whole
group 11 triad 3.31a—i were made accessible,'®*!%* as well
as zinc analogues 3.32a—c (Figure 24).'33 The latter exhibit
the first examples of post-transition-metal boryl species, and
in contrast to boryl lithium, both the copper and the zinc
species cleanly react by 1,4-addition with a,f-unsaturated
ketones and therefore prove themselves as soft nucleo-
philes.!®* Prior to the preparation of these zinc boryls, the
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reagents. Key reagents and reaction conditions: (i) [((L)M(CD)] —
LiCl (L = IMes, M = Cu, from LiB(Ndipp),C,H,: 3.31a; from
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range of compounds featuring interactions between group
12 metals and boron was restricted to complexes of
hydroborates'®>'%7 as well as borane'®®'*" and carborane
clusters. 9119

3.4. Conclusion

Considering that not even 20 years have passed since the
first structural confirmation of an electron-precise two-center
transition metal—boron bond, the diversity of boryl com-
plexes as well as their applications has grown at a staggering
rate. In particular, those of the late transition metals owe
their importance to their role as key intermediates in catalytic
borylation processes and, therefore, have been extensively
investigated in the past decade. Not only do they allow at
most highly selective introduction of boryl moieties into
organic substrates, which in turn can be converted into a
whole series of other functionalities,'*® but also they exhibit
a rich and interesting chemistry in their own right.

Great progress has been made in expanding the variety of
examples and gaining a deeper understanding of those
compounds. However, there are still blank spots on the
periodic table. Thus, chromium fragments, for example, have
proven to be especially adeopt at stabilizing borylene ligands,
but nevertheless, no boryl complex of this metal is known.
Likewise, until very recently, there actually was not one
single example of a boryl ligand coordinated to a metal of
groups 3—4, including the whole series of f-block elements.
But the new synthetic approach to introduce the boryl moiety
via a nucleophilic boryl lithium reagent, successful for the
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preparation of the first boryl complexes of heavier group 11
metals, seems also to be applicable to the very early transition
metals. Thus, the first examples of both titanium and hafnium
have been isolated and crystallographically characterized in
this way.'”’

Although the chemistry of boryl complexes of transition
metals is a rather new field of research, such compounds
have demonstrated their relevance for both fundamental
research and technical applications. Considering furthermore
the frequency with which studies dealing with this topic are
published, one can expect the importance of this chemistry
to grow strongly in the future.

4. Borylene Ligands

4.1. Introduction

The fluoroborylene species “:BF” has been a subject of
fascination for chemists for a long time, given its isoelec-
tronic relationship to the well-known and stable CO and N,
molecules. The energetically high-lying HOMO of the free
BF molecule (relative to CO and N,) imparts such reactivity
that its existence can only be inferred from trapping
reactions.'”®!%” Borylene species other than BF have since
been generated and trapped, although so far none have
suggested the possible future isolation of such a species.??*-204

The stabilization of highly reactive species by transition
metals, and their subsequent harnessing for further reactivity,
is both a central theme and a driving force of inorganic and
organometallic chemistry. Following in the footsteps of many
other reactive main-group species, the borylene fragment
“:BR” finally succumbed to stabilization in the ligand sphere
of a transition metal in the 1990s with the synthesis of
bridging (1995) and terminal (1998) examples (vide infra).

Relatively early on, theoretical studies showed that the
frontier orbitals of the free borylene species :BF and :BNR,
had higher energy HOMO orbitals when compared to N,
and CO, yet the LUMO orbitals of all four species remained
relatively static energetically.?>?% Upon binding to a transi-
tion metal, the borylene is thus able to donate o electron
density to the metal center almost completely, providing
marked thermodynamic stability. Retrodonation from the
metal center, while still significant, is often less efficient due
to the relatively high-energy LUMO of the borylene frag-
ment. The disparity between these two interactions results
in residual positive charge at the boron atom; thus, borylene
complexes were predicted to be susceptible to nucleophilic
attack at the boron atom, unless protected sterically or
stabilized by an electron-donating substituent.

As predicted, the synthesis of terminal borylene complexes
has thus far only been achieved with use of either strongly
electron-donating amino substituents or relatively bulky
substituents such as Si(SiMe;)s, 1Bu, Mes, or 1°-CsMes. In
many cases, the borylene substituents are compatible with
both terminal and bridging architectures. Neither the strong
donating ability of dialkylamino substituents nor the steric
bulk of rBu or Mes groups precludes the accommodation of
a second metal center at the M=B bond. However, smaller,
nondonating borylene substituents such as hydrogen, halides,
phenyl, and CH; appear exclusively in bridged dinuclear
complexes due to electronic necessity and/or steric opportunity.

Despite the stability of the borylene ligand in a vast range
of complexes, their most prolific pattern of reactivity is the
complete cleavage of the M—B bonds, both photochemically
and thermally induced (vide infra). The borylene ligand has
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Figure 25. Synthesis of z-cyclopentadienyl-coordinated borylene
complexes. Key reagents and reaction conditions: (i) toluene, —78
°C; (ii) AlCls.

been transferred to other metal centers, alkynes, and CH
bonds and undergone metathesis with polar E=E' bonds. The
intermetal borylene transfer reaction, in particular, has
emerged as the most useful technique for the synthesis of
new borylene complexes, a protocol that has matured from
the first adventitious reports to the current state of purposeful
application toward this end.

4.2. First Generation Borylene Complexes
4.2.1. Terminal Borylene Complexes

One of the first examples of a terminal borylene complex
was the unusual iron species 4.2 (Figure 25), in which the
boron atom is coordinated in a 7> fashion to a CsMes
“ligand”, published shortly before the archetypal group 6
borylene complexes (see below).?” Later, the related bo-
rylene complex 4.4 was reported from the same laboratory.?%
The Fe—B distances of the two complexes are similar (4.2:
2.010(3); 4.4: 1.977(3) A) and are indistinguishable from
those of known iron boryl complexes. However, the most
clear distinction of 4.2 and 4.4 from other borylene com-
plexes is in their ''B NMR shifts, which are strongly high-
field shifted (4.2: 6 —35.3; 4.4: 6 —37.9) in a region
somewhat diagnostic for hypervalent boron nuclei. This is
also in accord with the NBO analysis data for 4.4, in which
the Fe—B bond order was found to be unity, belying the
complexes “borylene” classification.

Although the structure of 4.2 and 4.4 is atypical of most
of the other borylene complexes in this section, the synthetic
routes to these complexes are not. Complex 4.2 was prepared
by salt elimination from the dianionic K,[Fe(CO),] and
dichloroborane 4.1, while cationic borylene complex 4.4 was
prepared via halide elimination from haloboryl complex 4.3.
Both routes are now well established for the synthesis of
borylene complexes.

The group 6 pentacarbonyl borylene complexes 4.5a,c
(Figure 26) were the first reported terminal borylene com-
plexes, prepared by double salt elimination from the corre-
sponding reactive pentacarbonyl metalate species and a
dihaloaminoborane.?” Later, these were complemented by
the synthesis of the molybdenum analogue 4.5b in a similar
manner.?!% The borylene complexes 4.5a—c displayed ''B
NMR shifts close to & 90 (4.5a: 6 92.3; 4.5b: 6 89.7; 4.5¢:
0 86.6) and relatively short M—B distances (4.5a: 1.996(6);
4.5b: 2.152(2); 4.5¢: 2.151 A).

Similarly, the sterically bulky dichloroborane
Cl,BSi(SiMes); underwent double salt elimination to form
the borylene complex 4.5d (Figure 26), which lacks the
stabilizing influence of the strongly donating amino groups

Braunschweig et al.

oC COo
Na]M(CO)s] + XoBN(SiMeg)y —— OC—M=B=N(SiMes),

OoC CcO
M X M
Cr Br 45a Cr
Mo Cl 4.5b Mo
W Br 45¢ W
OoC CO
Na,[Cr{CO)s] Cl,BSi(SiMe3s)3 OC-Cr=B—Si(SiMe3)3
OoC CO
4.5d

Figure 26. Synthesis of terminal borylene complexes of group 6
metals.

IIZ’Ph3 ll:’Phg,
cl cl
" ——  X0s=B=<N_
oc— P8l oc” ] ‘B\N
PPh; PPh3 |y
+
NH,
_N X
g 46a Cl
/
4.6b |
TCY3 ":’CY3
He H , He
Ru—\ — Ru=B—Mes
c—7 H c
PCy3 PCy3
4.7 4.8

Figure 27. Synthesis of neutral terminal and base-stabilized
borylene complexes of group 8 metals. Key reagents and reaction
conditions: (i) [NBuy]I; (ii) MesBH,, vacuum.

of 4.5a—c.?!' The contrasts between the “supersilyl” deriva-
tive and 4.5a—c are glaring, in the strong contraction of the
Cr—B distance (1.88(1) A) and the deshielded ''B NMR
signal (6 204.3), both indicative of a reduced amount of
electronic stabilization of the boron atom. The lack of an
electron-donating amino-substituent on the boron atom
appears to allow (or perhaps necessitate) stronger metal-to-
boron s-retrodonation, thus decreasing the bond length. The
"B NMR shift is the lowest-field shift known for a borylene
complex and is reminiscent of those of transition metal boride
species (covered in section 5).

Among neutral terminal borylene complexes are two base-
stabilized examples from the group of Roper and Wright,
the chloro- and iodo-substituted Os(I) complexes 4.6a,b
(Figure 27).2'> Addition of 8-aminoquinoline to
[OsCI(BCI,)(CO)(PPhs;),] effected migration of one halide
from the boryl ligand onto the Os center, loss of 1 equiv of
HCI, and a quinoline-stabilized aminoborylene ligand in
complex 4.6a. Subsequent addition of [NBuy]I substituted
the chloride ligand trans to the borylene with iodide,
providing 4.6b. While ''B NMR and structural data of 4.6a
were unobtainable, the ''B NMR signal of 4.6b was observed
at a boryl-like position (6 51.7), and the Os—B distance was
found to be 2.055 A.

Somewhat related is the very recent synthesis of Ru(II)
borylene complex 4.8 (Figure 27); however, in this case the
bulky borylene ligand is not base-stabilized, and the complex
lacks a CO ligand.?'3?!* The synthesis of borylene 4.8 is
particularly novel, starting from the reactive dihydrogen
complex 4.7 and MesBH,, through loss of H,. As in the
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Figure 28. Synthesis of cationic terminal borylene complexes of
group 8 metals. Key reagents and reaction conditions: (i and ii)
Na[BAr',]; (iii) 2Na[BAr'4].

“supersilyl” borylene complex 4.5d, the nonelectron-donating
mesityl borylene substituent enforces a short M—B distance
(1.780(4) A). The "B NMR signal was found at & 106.0,
distinguishing itself from those of bis(o-borane) complexes,
one of which is a possible intermediate in the synthesis. The
bis(o-borane) architecture, as well as possible intramolecular
hydride—borylene interaction, was further ruled out through
decoupled 'H{*'P} and 'H{''B} NMR experiments, along
with DFT calculations. The novel hydrogen-release synthetic
method is particularly mild and is surprising in that the
reverse reaction is possible upon hydrogen pressurization
(vide infra).

In 2003 the group of Aldridge published the first example
of a cationic borylene complex, prepared by halide abstrac-
tion from a neutral iron boryl complex. Since this time, both
the halide abstraction protocol and the group 8 cationic
borylene complexes thus prepared have become particularly
prolific (Figure 28).215220 By employing a noncoordinating
borate anion (invariably [BArf,]), one halide is abstracted
from the boryl ligand, causing the boron atom to become
linear. In terms of first-generation complexes, this family
contains the mesityl borylene complex 4.10, a host of Fe
and Ru aminoborylene complexes 4.11a—g, and the dinuclear
complex 4.13. The spectroscopic and structural properties
of the complexes are mostly as expected: the mesityl complex
4.10 dlsplays a short Fe—B distance (1.792(8) A), while the
remaining iron (4.11c: 1.859(6); 4.11e: 1.821(4); 4.13:
1.830(7) A) and ruthenium (4.11d: 1.960(6); 4.11f: 1.928(4)
A) complexes contain relatively long bonds. In terms of ''B
NMR shifts, the only outlying complex is 4.10 (0 145.0),
while the signals of complexes 4.11a—g and 4.13 all lie in
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Figure 29. Synthesis of base-stabilized platinum borylene com-
plexes. Key reagents and reaction conditions: (i) Na[BAr'y], L; (ii)
Na[BArf,J/K[B(CgFs)4].

the narrow range between 0 88 and 94. DFT calculations
on 4.10 determined the relative contributions of B — Fe
o-donation and Fe — B z-retrodonation to the Fe—B bond
and found them to be very similar to those found in Fischer
carbene complexes, thus justifying their classification as true
borylene complexes.?'” Results of computations on these
cationic complexes suggested that nucleophilic attack may
be possible at both the boron and iron centers. So far,
reactivity studies of the cationic complexes have borne out
this prediction and uncovered a number of other surprising
results (vide infra).

Shortly after reports of halide abstraction chemistry
presented by Aldridge, the analogous technique was used to
prepare T-shaped cationic boryl complexes (see section 3)
based on platinum.'>*! In this case, the halide removed was
that attached to the Pt center, meaning that borylene
complexes were not formed. However, when a strong donor
ligand such as 4-picoline or 4-tert-butylpyridine was added,
the base attacked at the boron atom, forcing migration of
the bromide to the Pt center. The result, with a number of
boron-subtituents, was base-stabilized borylene complexes
4.14a—e (Figure 29), all displaying relatively long Pt—B
distances (4.14a: 2.018(4); 4.14b: 2.046(4); 4.14d: 2.014(5);
4.14e: 2.023(5) A), in agreement with aforementioned base-
stabilized borylene complexes.

However, in the case of boryl complex trans-[PtBr(B-
BrMes)(PCys),], the steric demands of the bulky mesityl
substituent induce (net) abstraction of the boron-bound
bromide upon treatment with either Na[BArfy] or
K[B(CgFs),]."° The resulting complexes 4.15a,b (Figure 29)
were the first examples of non-base-stabilized platinum
borylene complexes. Complex 4.15b displayed a Pt—B
distance of 1.859(3) A, understandably shorter than those
of the structurally determined base-stabilized examples
4.14a.b.d.e.

4.2.2. Bridging Borylene Complexes

The dimanganese complexes 4.16a—f were the first
complexes with definitive borylene character to be prepared
(Figure 30).%2-22% They form simply from the reaction of a
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manganese hydride or silane anion (i.e., a “dianion equiva-
lent” complex) with a dihalodiborane(4), liberating 1 equiv
of a diborane(6) as a side-product. The ''"B NMR signals of
the complexes 4.16a—f vary widely, depending on the
borylene substituent. The aminoborylene examples exhibit
very similar "B NMR shifts (4.16a: 6 102.8; 4.16¢: 6 100.3;
4.16d: 6 101.1; 4.16e: 6 103.0), while the signals for the
two carbon-based borylenes can be found at much lower field
(4.16b: 6 170.0; 4.16f: 6 165). The M—B bond distances of
the bridging borylene complexes are slightly longer than
those of many terminal borylene complexes; however, they
resemble more closely the distances found in the aforemen-
tioned base-stabilized borylene complexes. The results of
extensive studies on the reactivity and bonding of these
complexes are covered later in this review.

A related group of bridging first-generation borylene
complexes are the dimanganese haloborylenes 4.17a,b
(Figure 30).”% Prepared instead via the monoanionic metalate
Na[Mn(CO)s], these species do not require the use of a
diborane precursor, allowing direct access to the haloborylene
architecture (and thus avoiding use of the highly sensitive
tetrahalodiborane(4) reagents). The !B NMR data of the two
complexes resembles that of the above bridging alkyl- and
arylborylene complexes (4.17a: ¢ 160.1; 4.17b: 6 163.6),
while their Mn—B distances were found to be longer (4.17a:
2.164(2), 2.161(2) A; 4.17b: 2.149(3), 2.163(3) A), perhaps
indicating a lesser degree of multiple bonding in these
complexes as compared to 4.16a—f.

While group 8 boryl complexes form cationic terminal
borylenes in the presence of halide abstracting agents, when
treated with a second monoanionic metalate species (or
alternatively in one pot with 2 equiv of metalate), bridging
dinuclearborylene complexes result (Figure 31),226.227:215228-230.225
One of the features of the diiron borylene system is that,
depending on the substituents on the boron atom and the
cyclopentadienyl rings, one of two architectures is possible:
the metals-apart tetracarbonyl borylenes 4.18a—d, and the
metals-together tricarbonyl borylenes 4.19a—h. Only in the
mesitylborylene case was it possible to isolate both tri- and
tetracarbonyl complexes for the same set of ligands and
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Figure 31. Synthesis of bridging borylene complexes with group
8 metals. Key reagents and reaction conditions: (i) Na[(175-
C5R5)Fe(CO),], X' = halide; (ii) Na[(57°-CsR’s)Fe(CO),]; (iii) hv
or A.

borylene substituents (M = Fe, X = Mes, R = R' =
4.18a and 4.19 g), whereas the loss of carbonyl was not
observed if the cyclopentadienyl ligand was any larger (i.e.,
for 4.18b,c¢). While this can be ascribed to the greater steric
bulk of the cyclic ligand, in the case of 4.18d, where this
bulk is absent, loss of CO was also not observed. In the case
of 4.19a—f h, the loss of carbonyl was spontaneous under
the reaction conditions and the tetracarbonyl intermediate
was not isolated.

In general, the M—B distances of 4.18 were found to be
longer than those of 4.19, demonstrated well by those of the
analogous pair of 4.18a (2.09(1), 2.09(1) A) and 4.19¢g
(1.956(2), 1.966(5) A). In contrast, the "B NMR patterns
of the two series were found to depend much less on the
architecture of the metal fragments (i.e., tri- or tetracarbonyl;
Fe or Ru) and more on the boron substituent, with the signals
of all complexes 4.18 and 4.19 ranging from 6 161.9 (4.19g,
X = Mes) to 0 103.5 (4.19d, X = NMe,).

Oxidative addition of boron-halide bonds to low-valent
transition metal centers has become a reliable method for
the synthesis of boryl complexes (see section 3). However,
this method was found to be similarly successful when the
B—X bond is already part of a transition metal boryl complex
(Figure 32).2! The oxidative addition of a B—Br bond of
[(7°-CsMes)(OC),Fe(BBrX)] (X = Fc, Br) to zerovalent
palladium complex [Pd(PCys;),] resulted in the borylene
complexes 4.20a and b, respectively. The complexes both
feature bridging borylene and carbonyl ligands; however,
they differ not only in the borylene substituent but also in
the geometry of the ligands around the Pd center. Complex
4.20b shows the large phosphine ligand to be located cis to
the borylene ligand, while the sterically encumbered borylene
ligand in 4.20a presumably is the reason for the phosphine
ligand being found trans to the boron. Likewise, their !'B
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Figure 33. Synthesis of homotrinuclear borylene complexes. Key
reagents and reaction conditions: (i) 2BH;3*THF; (ii) Na[BH;X].

NMR signals are found relatively far apart (4.20a: 6 136;
4.20b: 6 118). Crystallographic analysis of 4.20a showed
relatively short metal—boron distances (Fe—B: 1.903(3);
Pd—B:2.090(3) A), reflecting a contraction of the Fe—B—Pd—C
core that is perhaps unsurprising given that the metals are
bridged by two ligands.

A number of homotrinuclear borylene complexes were
prepared in unusual fashion from both mono- and trinuclear
precursors by the groups of Fehlner and Rheingold, and later
that of Suzuki (Figure 33).232?3 Tricobalt complex 4.21 was
prepared by addition of borane—tetrahydrofuran complex to
[(17°-CsHs)Co(PPhs),], involving a phenyl-group transfer from
one (or more) phosphine ligand(s) to the boron. The resulting
“phosphacobaltaborane” was presumed to have originated
from ortho C—H activation by B—H bonds and loss of H,,
followed by cleavage of the P—C bond. Similarly, loss of
H; accounted for the synthesis of 4.22a,b, however, in this
case from a preconstructed trimetallic scaffold. Borates
Na[BH;X] (X = H, CN) provided three hydrogen atoms
which combined with three hydride ligands from [{(7°-
CsHs)Ru};(u-H)s][BF4], losing 3 equiv of H, and Na[BF,].
Complex 4.22a is the first example of a species containing
a spectroscopically characterized hydroborylene ligand (dy
8.22, broad); however, this complex was not structurally
authenticated. The ''B NMR signal of the complexes 4.21
and 4.22a,b was found in the range 6 116—144, not unusual
for multimetallic borylene species.
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4.3. Second Generation Borylene Complexes

4.3.1. Borylene Complexes Derived from Bridging
Dimanganese Borylene Complexes

Conversion of otherwise unreactive aminoborylene com-
plex 4.16a to the chloroborylene 4.23a was achieved with
anhydrous HCI, chlorinating the boron ligand and liberating
1 equiv of HNMe, (as [H,NMe,]Cl) (Figure 34).* The ''B
NMR signal of 4.23a was found at & 133.5, between the
signals of analogous aminoborylenes (6 100—103) and alkyl/
aryl borylenes (0 165—170).

The reactive B—CI bond created in the synthesis of 4.23a
opened up a wealth of possibilities for functionalization of
the borylene ligand (Figure 34).23%23 A number of second-
generation alkoxy- and aminoborylene derivatives were
prepared by simple addition of primary amines (4.23b,c),
alcohols (4.23d—g), or pyridine (with added protic acid,
4.24a,b). The "B NMR signals of the new borylene
complexes fit well into the paradigm of previously known
aminoborylene complexes, with the signals for the aminobo-
rylenes 4.23b,c and 4.24a,b (6 102—112) being found at
slightly lower field than those of the alkoxyborylene com-
plexes 4.23d—g (6 96—101).

In addition to functionalization at the borylene substituent,
dimanganese borylene complexes 4.16b, 4.23a, and 4.26
exhibit reactivity of their Mn—B bonds (Figure 35).224237
Addition of 2 equiv of [Pd(PCyj3),] to 4.16b or 4.23a resulted
in net loss of one [(;7°-CsH4sMe)Mn(CO),] fragment and two
phosphines, providing heterotrinuclear borylene complexes
4.25a,b, respectively. As in their starting materials, the ''B
NMR signals are found in very different regions (4.25a: 6
150; 4.25b: 6 104), with the contrast stemming purely from
the differing natures of the respective borylene substituents.
Structurally too, the two complexes vary significantly, with
the boron atom found much closer to the Mn center in 4.25a
(Mn—B 1.987(7); Pd—B 2.144(7), 2.128(8) A) and almost
equidistant to all three metals in 4.25b (Mn—B 2.024(4);
Pd—B 2.029(4), 2.031(4) A).
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Figure 35. Synthesis of various borylene complexes by function-
alization of Mn—B bonds. Key reagents and reaction conditions:
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Figure 36. Synthesis of a group 5 borylene complex by intermetal
borylene transfer. Key reagents and reaction conditions: (i) [(#°-
CsHs)V(CO);], hv.

Addition of the relatively mild base PCyj; to alkylborylene
complex 4.26 also effected loss of one manganese fragment
as [(17°-CsH4sMe)Mn(CO),(PCys)], providing the terminal
alkylborylene complex 4.27 (Figure 35).%*% Along with loss
of the metal fragment came a movement of the ''B NMR
signal to high field (6 144) and a large contraction of the
Mn—B distance (1.809(9) A). DFT calculations on the
complex 4.27 supported the notion that the absence of
st-stabilization from the boron substituent (terz-butyl) leads
to enhanced Mn — B retrodonation and the very short M—B
distance. As in its dimanganese analog, 4.27 reacted with
zerovalent group 10 complexes [M(PCys),] (M = Pd, Pt) to
provide the heterodinuclear borylene complexes 4.28a,b.
These complexes exhibited similar ''B NMR spectra (4.28a:
0 151; 4.28b: 6 143) to that of the trinuclear analog 4.25a
(0 150). Their Mn—B distances (4.28a: 1.924(2); 4.28b:
1.953(2) A) were found to be somewhat shorter than that in
trinuclear analog 4.25a, yet they were much longer than that
of mononuclear precursor 4.27.

4.3.2. Borylene Complexes Derived from Terminal Group
6 Borylene Complexes

The terminal borylene complexes 4.5a—c have, since their
first reports in the late 1990s, become archetypes in terms
of demonstrating borylene reactivity. The intermetal transfer
of a borylene ligand is particularly facile with complexes
4.5a—c, and this is borne out by the fact that the only known
boron—ligand complex of vanadium has been prepared in
this fashion (Figure 36).2%° Under photolytic conditions, 4.5a
undergoes borylene transfer to [(7’-CsHs)V(CO)s], with
replacement of one V-bound CO ligand. The !'B NMR signal
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Figure 37. Synthesis of group 6 borylene complexes by intermetal
borylene transfer and auxiliary ligand substitution. Key reagents
and reaction conditions: (i) [Cr(NMe;)(CO)s], hv; (ii) PCys.
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Figure 38. Synthesis of a group 7 borylene complex by intermetal
borylene transfer. Key reagents and reaction conditions: (i) [(#°-
C5H5)RC(CO)3], hv.

undergoes a small downfield shift from 6 92.3 to 9 98.3,
while the V—B distance was found to be 1.959(6) A.

Photolytic borylene transfer within group 6 was found to
be possible from the tungsten borylene complex 4.5¢ to the
labile-ligand precursor [Cr(NMes3)(CO)s] (Figure 37),2* while
the strong trans-influence of the borylene ligand in 4.5a—c¢
was demonstrated by replacement of the unique carbonyl
ligand by PCys in the synthesis of 4.30a—c.2!%?*! The ligand
replacement was heralded by small downfield shifts of the
"B NMR signals (4.30a—c: 0 90—94; 4.5a—c: 0 86—92)
and small contractions of the M—B distances (4.30a—c:
1.915-2.059 A; 4.5a—c: 1.996—2.152 A).

The first rhenium borylene complex 4.31 was similarly
prepared by addition of 2 equiv of [(7’-CsHs)Re(CO)s] under
photolytic conditions (Figure 38).24 The "B NMR signal
of 4.31 was found at 6 100.4, in full agreement with the
corresponding signals of analogous dimanganese aminobo-
rylene complexes above (6 100—108).

One of the most successful forays into the scope of the
intermetal borylene transfer reaction has been their partial
and complete transfer to group 9 metal complexes (Figure
39).242-2%  Combination of 4.5a or 4.5¢ with [(#’-
C5R5)M (CO)Q] (M' CO R5 H5, H4Me M = Rh Rs
Hs; M' = Ir, Rs = Mes) under photolytic conditions led to
a number of different borylene architectures: first the
heterodinuclear borylenes 4.32a—d, followed by loss of the
group 6 fragment to afford terminal borylenes 4.33a—c, and
the slow disproportionation reaction to form homodinuclear
borylenes 4.34a—c. Only in the case of [(7°-CsHs)Co(CO),]
was each architecture accessible in series, from heterodi-
nuclear (4.32d, 6g 103) to terminal (4.33a, dg 79) to
homodinuclear (4.34a, 0z 106) examples. Within each
structural class, the "B NMR signals appear to vary
significantly with their associated metal centers.

Photolysis of 4.5a or 4.5¢ with [RhCI(CO),], led unex-
pectedly to the unusual tetranuclear bis(borylene) complex
4.35, so far the only known example of a complex containing
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Figure 39. Synthesis of terminal and bridging borylene complexes
by reaction with group 9 metal complexes. Key reagents and
reaction conditions: (i) hv; (ii) RT, C¢Hg or THF; (iii) —35 °C;
(iv) [RhCI(CO),],.

two borylene ligands (Figure 39).2*° The two inner Rh centers
are bridged by the two borylene ligands and an additional
CO, while the outer two Rh centers connect to the inner
centers through double chloride bridges. Spectroscopically,
this complex is almost indistingushable from terminal
rhodium(I) borylene 4.33b (4.35: 6 74; 4.33b: 0 75) despite
the vast structural differences. Crystallographic analysis
showed each borylene ligand to be slightly biased toward
one rhodium center (differences in Rh—B distances within
each borylene ligand 0.5—0.7 A).

As the chemistry of monovalent group 9 metals with
borylenes (vide supra) shows, the first mode of action of
low valent metal complexes with borylenes 4.5a—c seems
to be coordination to the corresponding metal—boron
bond. This mode of action is reiterated with the related
zerovalent group 10 complexes [M(PCys),] (M = Pd, Pt),
in that their reaction with borylenes 4.5a—c produces
(depending on the combination of reactants) first the
bridging borylenes 4.36a—d and then with longer reaction
times the phosphine derivatives 4.37a—d (Figure 40).246-247:241
In both cases, the group 6 and group 10 metal centers are
connected through both a borylene and CO ligand. In
phosphino derivatives 4.37a—d, the phosphine is situated
trans to the borylene ligand, once again highlighting the
strong trans influence of metal-bound boron ligands. The
"B NMR signals of the complexes 4.36a—d (6 97—100)
and 4.37a—d (60 97—100) are practically indistinguishable;
however, the signals for both sets of compounds are
slightly downfield shifted from those of their precursor
borylenes 4.5a—c (6 86—92). Crystallographically exam-
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Figure 40. Synthesis of bridging hetero- and homodinuclear
borylene complexes by reaction with group 10 metal complexes.
Key reagents and reaction conditions: (i) [(17°-CsHs)Ni(CO)],,
hv.

ined monophosphine complexes 4.36a (2.084(2) A) and
4.36¢ (2.235(4) A) show slight lengthening of their group
6 metal —boron distance relative to their respective parent
borylene complexes. However, the corresponding distances
of structurally characterized bis(phosphine) complexes
4.37¢ (2.138(6) A) and 4.37d (2.138(3) A) are dramatically
contracted and shorter even than in the corresponding
terminal borylenes 4.5b and 4.5c¢.

The first nickel borylene complex 4.38 was prepared
similarly, from terminal borylene 4.5¢ and dimer [(1°-
CsHs)Ni(CO)], under photolytic conditions (Figure 40).2%8
The reaction can be seen as a simple borylene-for-carbonyl
exchange. Structural analysis revealed the Ni—Ni distance
of 4.38 (2.3414(2) A) to be slightly shorter than that of the
precursor nickel complex.

4.3.3. Base-Stabilized Borylene Complexes

The base-stabilized Os(II) borylene complexes of Roper
and Wright showed versatile reactivity at both the metal and
boron atoms when treated with nucleophiles (Figure 41).2%
Thus, a range of second-generation borylene complexes was
prepared from the parent borylene complexes 4.39 and 4.41a.
Addition of ethanol to either of these complexes resulted in
ethoxyborylene complexes 4.40 and 4.41d, respectively.
When treated with Ag[SbFs], acetonitrile, and ethanol, 4.41a
undergoes ethanolysis and chloride abstraction simulta-
neously, resulting in cationic borylene complex 4.41e.
Alternatively, nucleophilic attack at the Os center by
Na[BH,] converted 4.41a to hydride complex 4.41b. Under
aqueous conditions, the boron center is hydroxylated while
the chloride migrates to the Os center, providing 4.41c.
Overall, the second-generation borylene complexes prepared
as above display "B NMR signals in the small range o
52—55, except hydrido complex 4.41b (6 84.6).

Further base-stabilized borylene complexes were pre-
pared by simple addition of bases to cationic borylenes
4.11b and 4.11c (Figure 42).25%220 Bases such as ben-
zophenone, iPrN=CMe,, THF, and 4-picoline led to base-
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Figure 42. Synthesis of a range of base-stabilized borylene
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conditions: (i) iPrN=CMe;,; (ii) benzophenone, —78 to —50 °C;
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coordinated complexes 4.42 and 4.43 (from 4.11b), and
4.45a,b (from 4.11c), respectively. However, in the case
of ketone-stabilized aminoborylene 4.42, the simple base-
adduct was detected only at low temperatures, and upon
warming to room temperature it underwent net intramo-
lecular hydrogen transfer from the amine o-carbon to the
ketone o-carbon, providing the imine-stabilized alkoxy-
borylene 4.44. In all cases a significant upfield shift of
the ''B NMR signal was noted, from that of the precursor
(4.11b: 0 93.5; 4.11¢c: 6 93.1) to a region approaching
that of boryl complexes (4.42: 6 49.0; 4.43: 6 53.7; 4.44:
0 64.0; 4.45b: 0 56.9).
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Figure 43. Synthesis of homotrimetallic borylene complexes by
functionalization of a B—H bond. Key reagents and reaction
conditions: (i) MeOH; (ii) EtOH.

4.3.4. Homotrinuclear Borylene Complexes

Hydroborylene complex 4.22a combined with the protic
solvents methanol and ethanol to provide the methoxy and
ethoxyborylene complexes 4.46a and 4.46b, with retention
of all three metal—boron bonds (Figure 43).2*3 The reaction
suggests possible hydridic behavior of the boron-bound
hydrogen of precursor 4.22a; thus, one could describe this
family of homotrimetallic borylene complexes as “trimetal-
loborate” species. The !'B NMR signals of alkoxyborylenes
4.46a (0 77.7) and 4.46b (6 87.7) were found at much higher
field than their first-generation borylene analogues 4.22a (0
131.3) and 4.22b (6 116.9), yet they are still well outside
the region expected for tetravalent boron species (0 < 0).

4.4. Further Reactivity of Borylene Complexes
4.4.1. Reactivity of Group 6 Borylene Complexes

The previous section dealt with borylene reactivity in
which a product also contains a borylene ligand; however, a
significant amount of borylene reactivity falls outside this
category. One of the more unique areas of borylene reactivity
is the photochemical borylene transfer from group 6 bo-
rylenes 4.5a and 4.5b to alkynes, resulting in borirenes
4.7a—c and 4.7ef and bis(borirenes) 4.7d,g,h (Figure
44) 231252 Later, the bis(borirenes) 4.8a,b, containing spacers
between the borirene groups, were prepared analogously.
Borirenes, three-membered “BCC” heterocycles first syn-
thesized in 1984,% are isoelectronic with the stable, aromatic
family of cyclopropenium cations. The aromaticity of the
borirenes 4.7a—h and 4.8a,b is a plausible driving force for
the efficient transfer of the borylene ligand to the corre-
sponding alkyne, although little is known about the mech-
anism of the reaction.

A surprising complementary ability of the borylene
complex 4.5a was discovered during the attempted borylene
transfer to bis(alkynyl) mercurial reagents. Under thermal
conditions (90 °C), the borylene ligand is not transferred to
the alkynyl groups; instead the mercurial reagent undergoes
demercuration and coupling to form diynes RC4R (R = Ph,
4-tolyl, 4-anisyl, 4-anilinyl) (Figure 44).* Surprisingly, a
catalytic amount of the borylene (10 mol %) also led to good
yields of the diynes. The stoichiometric and catalytic
demercuration of bis(alkynyl)mercurials has been known for
some time,”’ albeit with late-transition metals. That the
reaction occurs without net disruption of the metal—boron
bond is surprising, and this reaction is the first to be catalyzed
by a borylene complex. In the case of Hg(CCPh),, photolysis
at room temperature led to the corresponding bis(borirene),
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Figure 44. Photochemical and thermal reactions of group 6
borylene complexes with alkynes, diynes, and bis(alkynyl) mer-
curials. Key reagents and reaction conditions: (i) R(CC),R, hv; (ii)
R(CC)X(CO)R, hv; (iii) 90 °C.

with loss of Hg(0), showing that the two reactions can be
performed in tandem.

Borylene behavior in the presence of alkenes and UV
radiation appears to be somewhat different, however. The
possible products, three-membered “boriranes”, are unknown
and would lack aromatic stabilization. Thus, while such an
architecture may be an intermediate of the reaction, there
would be little thermodynamic driving force, as in the
analogous borirene synthesis. Accordingly, the reaction of
4.5a with 3,3-dimethylbut-1-ene produced two major prod-
ucts, the alkenyl(amino)borane 4.50 and its chromiumtetra-
carbonyl adduct 4.49 (Figure 45).2% The unusual connectivity
of 4.50 arises from an apparent activation of a geminal C—H
bond of the alkene and insertion of the borylene into this
bond, while 4.49 can be ascribed to additional (photolytic)
loss of one CO from 4.5a and coordination of 4.50 in a
bidentate (o,77) fashion. While 4.49 could be crystallized from
the reaction mixture, pure samples of 4.50 were prepared
by photolysis followed by addition of 2 equiv of tricyclo-
hexylphosphine, with liberation of [Cr(CO)4(PCys),].

4.4.2. Reactivity of Group 7 Borylene Complexes

While the first terminal manganese borylene complex
(4.27) was prepared by ligand addition to a dimanganese
borylene complex (vide supra), an analogous metal-loss was
observed much earlier. Photolysis of a mixture of chlorobo-
rylene 4.23a with CO gave the unusual diborane complex
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Figure 45. Photochemical insertion of a borylene into a C—H bond
of an alkene. Key reagents and reaction conditions: (i) kv, RT; (ii)
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Figure 46. Coupling of two borylene fragments induced by
irradiation. Key reagents and reaction conditions: (i) CO, hv.
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4.51, presumably the result of dimerization of 2 equiv of a
transient terminal borylene [(17°-CsH;Me)(OC),Mn(BCl)]
(Figure 46).%7 The formation of the butterfly structure of
4.51 is accompanied by modest elongation of all M—B
bonds, and a small downfield shift of the ''B NMR signal
(4.51: 6 142.2; 4.23a: 0 133.5).

Somewhat similar 2 + 2 addition is noted in the reaction
of terminal borylene complex 4.27 with C—O and C—N
double bonds (Figure 47).2® Addition of benzophenone or
DCC to 4.27b provided cycloaddition products 4.52 and 4.53,
respectively, and both of these were crystallographically
characterized. It should be noted, however, that 4.52 must
be isolated quickly, as in solution the cycloreversion process
to form the completed metathesis products (carbene complex
[(7°-C5H3)(OC),Mn(CPh,)] plus boroxine (1BuBO)3) occurs
within hours at room temperature.

4.4.3. Reactivity of Group 8 Borylene Complexes

The base-stabilized borylene complex 4.6b underwent a
surprising nucleophilic attack when treated with ethanol,
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resulting in disruption of the usually favored BN,C, ring
system. Loss of HI and migration of the quinoline nitrogen
atom to the Os center provided boryl complex 4.54 (Figure
48).2'2 Interestingly, the Os—B distance in both complexes
remained unchanged within experimental uncertainty (4.54:
2.072(3) A; 4.6b: 2.055(8) A) (see Table 3 for M—B
distances), reinforcing the idea that the distinction between
boryl and base-stabilized borylene complexes is in most cases
a superficial one.

A recent addition to the reactivity of group 8 borylenes,
and borylene complexes in general, is the reversible single
and double insertion of molecular hydrogen into the Ru—B
double bond of 4.8 (Figure 48).2!3?'* While the synthesis of
4.8 from trans-[RuHCI(H,)(PCys3),] was quantitative upon
application of vacuum, the reverse reaction (pressurization
with H,, 3 atm) led to two products. The bis(o-borane)
complex 4.55 and the bis(dihydrogen) hydride complex
cis,trans-[RuHCI(H,),(PCys3),] (resulting from addition of 1
and 3 equiv of H,, respectively) were identified in the

Table 3. List of M—B Distances and "B NMR Shifts for Borylene Complexes Mentioned Herein

complex M-B dist (A) Op complex M-B dist (A) Op
4.2 2.010(3) -35.3 4.23¢ 107.6
4.4 1.997(3) —-37.9 4.23d 98.9
4.5a 1.996(6) 92.3 4.23e 1.988(2), 2.012(2) 97.6
4.5b 2.152(2) 89.7 4.23f 101.6
4.5¢ 2.151(7) 86.6 4.23¢g 96.5
4.5d 1.88(1) 204.3 4.24a 2.023(5), 2.007(5) 111.9
4.6a 4.24b 109.5
4.6b 2.055(8) 51.7 4.25a Mn 1.987(7), Pd 2.144(7), 2.128(8) 150
4.8 1.780(4) 106.0 4.25b Mn 2.024(4), Pd 2.029(4), 2.031(4) 104
4.10 1.792(8) 145.0 4.27 1.809(9) 144
4.11a 88.0 4.28a Mn 1.924(2), Pd 2.036(2) 151
4.11b 93.5 4.28b Mn 1.953(2), Pt 1.998(2) 143
4.11c¢ 1.859(6) 93.1 4.29 1.959(6) 98.3
4.11d 1.960(6) 90 4.30a 1.915(2) 93.7
4.11e 1.821(4) 93 4.30b 2.059(3) 92.0
4.11f 1.928(4) 93 4.30¢ 2.058(6) 90.0
4.11g 92 4.31 100.4
4.13 1.830(7) 91 4.32a W 2.423(4), Rh 2.004(4) 95
4.14a 2.018(4) 4.32b Cr 2.816(8), Ir 1.931(8) 70
4.14b 2.046(4) 4.32¢ W 2.848(4), Ir 1.935(5) 73
4.14c¢ 4.32d W 2.434(3), Co 1.913(3) 103
4.14d 2.014(5) 4.33a 79
4.14e 2.023(5) 4.33b 75
4.15a 4.33c 1.892(3) 67
4.15b 1.859(3) 4.34a 1.952(2) 106
4.16a 102.8 4.34b 2.054(2), 2.054(2) 90
4.16b 170.0 4.34c¢ 1.983(2) 104
4.16¢ 100.3 4.35 B! 2.004(3), 2.051(3), B? 2.076(3), 2.003(3) 74
4.16d 101.1 4.36a Cr 2.084(2), Pd 2.043(2) 100
4.16e 2.031(1), 2.03(1) 103.0 4.36b 99
4.16f 2.035(3) 165 4.36¢ Mo 2.235(4), Pd 2.065(4) 97
4.17a 2.164(2), 2.161(2) 160.1 4.36d 98
4.17b 2.149(3), 2.163(3) 163.6 4.37a 98
4.18a 2.09(1), 2.09(1) 158.0 4.37b 97
4.18b 2.09(2), 2.09(2) 157.9 4.37c Mo 2.138(6), Pt 2.085(6) 100
4.18c¢ 157.6 4.37d W 2.138(3). Pt 2.090(3) 99
4.18d 2.019(2), 2.006(2) 146.6 4.38 1.921(14), 1.937(14) 92
4.19a 115.3 4.40 2.066(5) 52.1
4.19b 118.4 4.41a

4.19¢ 2.007(3), 2.002(3) 119.1 4.41b 2.078(4) 84.6
4.19d 103.5 4.41c

4.19¢ 104.5 4.41d 53.2
4.19f 105.9 441e 54.6
4.19¢ 1.956(2), 1.966(5) 161.9 4.42 49.0
4.19h 1.934(6), 1.936(6) 159 4.43 53.7
4.20a Fe 1.903(3), Pd 2.090(3) 136 4.44 2.000(4) 64.0
4.20b 118 4.45a

4.21 2.056(8), 2.018(8), 2.031(9) 143.7 4.45b 2.049(4) 56.9
4.22a 131.7 4.46a 77.7
4.22b 116.9 4.46b 2.177(6), 2.140(7), 2.146(6) 87.7
4.23a 2.039(11), 1.976(9) 133.5

4.23b 102.4
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Figure 49. Reactions of a cationic borylene complex with
nucleophiles. Key reagents and reaction conditions: (i) H,O; (ii)
Ph3;PS/Ph;AsO; (iii) Ph;PO.

reaction mixture based on multinuclear NMR, and indepen-
dent synthesis of the latter. The reaction is the first example
of hydrogenative cleavage of a metal—boron double bond
and is particularly surprising given its mildness and
reversibility.

A vast range of reactivity has been reported of the prolific
family of cationic iron borylene complexes reported by
Aldridge et al. with nucleophiles and unsaturated systems.
The balance between borylene substitution, borylene abstrac-
tion, base adduct formation, metathesis, and insertion appears
to be very delicate with these systems, and the outcome of
each reaction is far from predictable.

The case of borylene complex 4.11b, from which a number
of these reaction patterns were observed, is demonstrative
of this unpredictability (Figure 49).2'>216 With excess H,0,
the usually unreactive B—N double bond was broken along
with the M=B double bond, resulting in ammonium salt
[iPr,NH,][BAr'y], B(OH)3, and [(7°-CsHs)Fe(CO),],. Addi-
tion of phosphine (Ph;PS) and arsine (Ph;AsO) chalcogenides
to 4.11b resulted in mild metathesis of the Fe—B with the
E-S or E—O bonds, leading to [(3°-
CsHs)Fe(CO)»(EPh3)][BAry] in both cases, with the side
products being the cyclic species [iPr,NBX], (X =S, n =
2; X = 0O, n = 3). Conversely, the P—O double bond of
Ph;PO remains intact when treated with 4.11b, leading to
oxygen-donor borylene adduct 4.56, an indescrepancy as-
cribed to the greater strength of the P—O double bond over
analogous P—S and As—O examples.

Another surprising development in the reactivity of these
cationic borylene complexes was the insertion of unsaturated
systems into the M=B and B=N double bonds. Bis(dicy-
clohexyl)carbodiimide (DCC) is known to insert into B—X
bonds, and in the case of 4.11b,c, this transformation is a
very facile one. At low temperatures, products of the
monoinsertion of DCC into the Fe—B bond can be detected
in solution (4.57a,b) and in one case crystallographically
characterized (Figure 50).2%2% At room temperature, double
insertion of DCC is noted, providing the spirocyclic boro-
nium complexes 4.58a,b. Both sets of complexes displayed
"B NMR shifts well upfield of those of precursors 4.11b (0
93.5) and 4.11c (0 93.1). The resonance of monoinsertion
product 4.57b was found within the accepted range of
aminoboranes (0 25), while that of double insertion product
4.58a lies within the range of tetracoordinate borate species
(0 3.4). DFT calculations on the possible intermediates of
the reaction show that the conversion of the initial DCC-
stabilized borylene (N — B) to the iron “carbene” product
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Figure 50. Insertion reactions of DCC into Fe=B and N=B bonds.
Key reagents and reaction conditions: (i) DCC, —30 °C; (ii) 20 °C.

is highly favored energetically, while DCC slippage and
insertion into the B—N bond of the former is a slightly
endothermic process.

In a number of communications, Aldridge and co-workers
reported nucleophilic additions of halides to the boron center
of their cationic borylene species 4.10 and 4.11a,b (Figure
51).217215.230.218 With salts containing free halides ([PPN]CI,
[Ph4P]Br, [nBuyN]I) or tetrafluoroborate salt [nBuyN|[BF,],
neutral monohaloboryl complexes 4.59a—f were prepared
with ease, with the reaction being in effect the reverse of
the halide abstraction by which the borylenes were prepared.

With a number of neutral nucleophiles, yet another
reactivity pattern of the borylenes was uncovered (Figure
51).21%26! With CO, H,C=CH?Bu, or benzophenone, com-
plete loss of the borylene ligand was observed from mesi-
tylborylene complex 4.10. The neutral ligand was found
bound to the Fe center in complexes 4.60a—c, while the
borylene ligand was presumed to have undergone insertion
into a C—H bond of the dichloromethane solvent. With
phenyl, xylyl, or cyclohexyl isocyanates, aminoborylene
complex 4.11¢ underwent metathesis of the Fe=B and C=0
double bonds, resulting in isocyanide complexes 4.60d—f
and cyclic boroxine.

Transfer of the borylene ligand to a quinone was also
achieved from 4.11c, thereby aromatizing the carbocyclic
system and providing the catecholborane derivative 4.61
(Figure 51).2% The identity of the Fe-containing product was
not mentioned but can be assumed to be [(1>-CsHs)Fe(CO),].,
as determined for another borylene abstraction reaction (vide
supra).

4.5. Major Electronic, Structural, and Mechanistic
Studies of Borylene Complexes

4.5.1. Computational and Experimental Electron Density
Studies on the Borylene Structure

A pioneering paper by Baerends et al. compared the
electronic properties of free and bound (terminal and
bridging) isolobal species N,, CO, BF, BNH,, and BO™, with
a view to proposing alternatives to CO as a ligand.?*> The
energy of the frontier orbitals for these ligands was deter-
mined, and the first four were found to have relatively similar
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Figure 51. Addition of halides and neutral ligands to cationic
borylene complexes. Key reagents and reaction conditions: (i)
[nBusyN][BF,]J/[PPN]Cl/[Ph4P]Br/[nBusN]I; (ii) excess L or L=0;
(iii) 3,5-di-tert-butyl-ortho-benzoquinone.

LUMO energies (keeping in mind that the degeneracy of
this orbital is lost in BNH,) yet dramatically increasing
HOMO energies. The observed strong o-donor abilities of
the borylene ligand, and their resultant accumulation of
positive charge, are inextricably linked to this concept. The
fifth ligand, BO™, has higher HOMO and LUMO energies
than the others, providing a reason for the absence of this
ligand in current transition metal chemistry.

Cowley and co-workers used DFT to analyze the bonding
in group 13 diyl complexes supported by the [Fe(CO)4]
fragment, with alteration of the group 13 element (E) and
the substituent (R).2°? In general, it was found that the ligand
is in all cases a two-electron o-donor, and it is the electronic
properties of the substituent which modulate the amount of
retrodonation obtained from the Fe center. Subsequent work
on a range of different borylene complexes by Frenking and
co-workers supported this and suggested that the retrodo-
nation could in some cases even overwhelm the o-donation,
if the substituent is a very poor sz-donor.2%*2% More detailed
work from the group of Frenking dealt with the geometry
of a range of complexes [(OC),Fe(BR)] and found that the
borylene ligand sits in the equatorial position for R = NH,
and N(SiMe;), but the equatorial position is nearly degenerate
with the axial when R = H.2%*

Calculations performed by Aldridge and Willock on the
relatively new group 8 cationic borylenes showed that,
surprisingly, there is little or no decrease of the M—B bond
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order merely due to the positive charge of the complexes
and that they rightfully deserve their classification as

“borylenes”.263

Two recent contributions concerning bridging borylene
complexes have called into question the extent of metal—metal
bonding in these complexes.?%*” The combined theoretical/
experimental electron density study of Stalke and co-workers
concluded in the case of tert-butylborylene complex 4.27
that the assumed Mn—Mn bond in the complex does not
exist. A bond path was not found between the metal atoms;
instead, the coupling of the electrons is accomplished via
the boron atom in a delocalized fashion. Subsequently, the
group of Kaupp published a comprehensive theoretical study
of dimanganese alkyl- and aminoborylenes, in relation to
analogous carbene and vinylidene complexes. Through
QTAIM and ELF analyses, the absence of the direct
metal—metal bond path (suggested by Stalke) was confirmed.
Such was the case also for the carbene and vinylidene
examples, complexes earlier evoked as containing meaningful
Mn—Mn bonds. In addition, both studies favored a bonding
picture involving three distinct bonds to boron, with the
ligand being described as more dimetalloborane-type than
“true” borylene.

4.5.2. Computational Studies on Borylene Reaction
Mechanisms

The groups of Jemmis and Aldridge have collaboratively
taken up the challenge of elucidating the mechanisms of
metathesis of borylene complexes.?®®2!:21% In a series of
publications, parallels were drawn between the well-known
alkene metathesis process and the known borylene metatheses
with E=0 and E=S (E = C, P, As) double bonds. The
metathesis process was found to begin by adduct formation
of the electronegative element to the boron center.®® From
this point, four-membered ring formation and metathesis
competes with S-hydride transfer, a process observed ex-
perimentally in the low-temperature conversion of benzophe-
none-stabilized aminoborylene 4.42 to imine-stabilized alkox-
yborylene 4.44.

The second study dealt with the metathesis/insertion
chemistry observed in the reaction of cationic borylene
complexes with carbodiimides and isocyanates.?®!>!° Al-
though both reaction patterns are observed in tandem
experimentally, insertion of carbodiimides (and, separately,
isocyanates) into the Fe=B double bond is preferred over
that into the B=N bond. In terms of reactions with isocy-
anates, net metathesis is plausible via either initial O — B
coordination or N — B coordination followed by insertion
and cycloreversion. A third study led to the finding that a
spirocyclic intermediate akin to the double carbodiimide
insertion seen earlier (i.e., isocyanate insertion into both
Fe=B and B=N bonds) is not a viable intermediate.

5. Boride Ligands

5.1. Introduction

Multimetallic boride complexes containing a single hy-
povalent boron atom, along with the iminoboryl complexes
described in section 3, have been arguably the two most
distinct new classes of boron complex to emerge recently.
In just a few years, the variety of boride complexes has
increased dramatically and now spans di- (linear) and
trinuclear (T-shaped, Y-shaped, trigonal) complexes and
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Figure 52. Synthesis of dinuclear boride complexes. Key reagents
and reaction conditions: (i) Na,[M(CO),], —100 °C; (ii and iii)
Na[BArf,]; (iv) Li powder, DME.

includes cationic, neutral, and anionic examples. The
metal—boron bonding in these complexes ranges from weak,
predominantly metal—base dative bonding to “full” double
bonding, and the spectroscopic properties of the complexes
vary accordingly.

The synthetic routes to these complexes are equally
intriguing. Halide abstraction from boron, oxidative addition
of boron—halide bonds, salt elimination, and halide metath-
esis by a boride anion have now all been shown to be
effective toward this end. Thus, boride complexes make an
excellent showcase of the new-found versatility of boron
reactivity from the traditional polarity BY/M™ to its opposite,
B~/M*.

The known reactivity of the smallest boron ligand is
currently limited to two reactions (vide infra); however,
research into this area is in progress.

5.2. Synthesis and Properties of Boride
Complexes

The synthesis of the first boride complexes 5.2a,b was a
logical extension of the double salt elimination chemistry
used in the synthesis of the original group six pentacarbonyl
borylenes from this laboratory (Figure 52).2° From the
dihaloboryl complex [(;7°-CsMes)(OC),Fe(BCl,)], 2 equiv of
NaCl are lost upon addition of the metalate dianions
Na,[M(CO),] M = Cr, n = 5; M = Fe, n = 4) at low
temperature. The !'B NMR signals of both boride complexes
were found at extremely low field (5.2a: 6 204.6; 5.2b: 0
190.9), and from X-ray crystallographic analyses both
complexes were determined to have nearly linear M—B—M'
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axes (5.2a: 177.8(1)°; 5.2b: 175.4(1)°). The Cr—B distance
of 5.2a (1.975(2) A) was found to be slightly shortened when
compared to its aminoborylene counterpart
[(OC)sCr{BN(SiMej3),}] (1.996(6) A) reflecting the lesser

ability for sz-donation of the iron-based borylene substituent.

As seen earlier, abstraction of halides from boryl ligands
can lead to linearization of the boron atom and increase of
the M—B bond order. Accordingly, abstraction of bromide
from the bromoborylene complexes 5.3 and 5.5a,b also led
to the linear, cationic boride complexes 5.4 and 5.6a,b,
respectively (Figure 52).2”° The dimanganese boride 5.4
exhibited a significantly low-field resonance in its ''B NMR
spectrum (0 224.9), while those of 5.6a,b (5.6a: 6 191.2;
5.6b: 0 193.7) were found at slightly less extreme positions.
Of these complexes, structural data from the two structurally
confirmed examples showed M—B distances short enough
as to suggest considerable multiple bonding character (5.4
Mn—B: 1.9096(5) A; 5.6b Fe—B: 1.828(5), 1.851(5) A).

Conversely, reduction of a boron—halide bond has also
been demonstrated, leading to the anionic boride complexes
5.8a,b (Figure 52).2’1%"2 In both cases, stirring chlorobo-
rylenes 5.7a,b with Li powder in DME gave strong downfield
shifts of the ''"B NMR resonance (5.7a: 6 196; 5.7b: 6 195.3)
and compounds which crystallized as their Li(DME); (ion-
separated) salts. Unlike the boryl anions of Yamashita and
Nozaki (vide supra), these anionic complexes contain linear
boron atoms. Given this fact, the description of 5.7a,b as
“boryl anions” appears somewhat misplaced, although they
appear to exhibit a modicum of nucleophilic behavior (vide
infra).

Trimetalloboride complexes represent the full conceptual
metalation of a borane; thus, such complexes were expected
to be, effectively, trimetalloboranes. However, the first
examples of such a complex did not fit this description in
any way. Addition of a zerovalent group 10 complex
[M(PCys),] (M = Pd, Pt) to bridging bromoborylene complex
5.9 resulted in the T-shaped borides 5.10a,b through oxida-
tive addition of the remaining B—Br bond (Figure 53).27
The unusual geometry at boron, as well as the greatly
lengthened M—B (M = Pd, Pt) bond distance compared to
the other group 10 centers (5.10a M—B: 2.150(4), Pt—B:
1.923(4) A; 5.10b M—B: 2.158(4), Pt—B: 1.938(4) A) meant
that a description of the complexes as “trimetalloboranes”
would be inaccurate. The !'B NMR data for the complexes
(5.10a: 6 144; 5.10b: 6 130) was strongly upfield-shifted in
comparison to the previously synthesized boride complexes
(0 190—224), hinting at an unusual bonding situation.
Subsequent DFT calculations suggested that the unusual
geometry may be partly due to the third metal (M = Pd, Pt)
binding strongly to the bridging bromide and CO ligands,
yet providing only a dative (M — B) bond to the boron
center.

Recently, a number of trimetalloboride complexes have
been prepared utilizing two extreme reactivity patterns of
the boron center: namely, nucleophilic attack at boron (B*/
M") and by boron (B~/M™") (Figure 53).274?"> Addition of
the nucleophilic complex Na[Co(CO),] to cationic boride
complex 5.3 effected the surprising loss of one CO ligand
from cobalt and the trimetalloboride 5.11. The complex,
signified by a characteristic low-field "B NMR shift of &
195.8, was found by single-crystal X-ray crystallography to
contain two borderline semibridging CO ligands between the
Co and one Mn center (heavily biased toward the Mn atom).
This structure enforces an inequivalence between the two
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Figure 53. Synthesis of trinuclear boride complexes. Key reagents
and reaction conditions: (i) [M(PCys),]; (ii) Na[Co(CO),]; (iii)
[Tol)AuCl]; (iv and v) [Pt(PCys3),].

Mn centers, and this is seen also in the very disparate Mn—B
distances (Mn*™—B: 2.129(2) A; Mn"—B: 2.290(2) A).

The opposite of this polarity was observed in the nucleo-
philic halide substitution of [(ITol)AuCl] by anionic boride
complexes 5.8a,b. The trimetalloboride complexes thus
prepared (5.12a,b) showed some similarities to complex 5.11,
in that the two Mn centers are inequivalent; however, no
interaction was noted between any CO ligands and the Au
center. As is the case for 5.11, the longer Mn—B bond is
that to the terminal Mn moiety (Mn"“™—B: 1.871(3) A;
Mn"—B: 1.964(3) A) in the complex 5.12b.

Very recent additions to the family of trimetalloborides
include the platinum-containing anionic and neutral borides
5.13 and 5.14, prepared by addition of [Pt(PCy;),] to the
appropriate dimetalloboride 5.8b or 5.2a. These complexes
bear some resemblance to the original T-shaped complexes
5.10a,b (Figure 53).%’¢ However, where the group 10 centers
in 5.10a,b can be thought of as possessing oxidation states
greater than zero due to the two halide ligands, these halides
are absent in both 5.13 and 5.14. Interestingly, the boron-
containing anions of the salt 5.13 were found to be linked
by [Li(DME)]* fragments through two oxygen atoms of CO
ligands (one terminal, one bridging), suggesting some
residual nucleophilicity may remain at the CO ligands.

5.3. Further Reactivity of Boride Complexes

Other than the aforementioned syntheses of trimetal-
loboride complexes, only two reactions of boride complexes
are currently known (Figure 54).277-?7! The first, a dimetallic
variation of the borylene transfer to alkynes, resulted in
metalloborirene 5.15—the first transition metal complex of
a borirene. Photolysis of boride complex 5.2a with bis(tri-
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Figure 54. Further reactivity of boride complexes. Key reagents
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methylsilyl)ethyne resulted in loss of the Cr(CO)s fragment.
Extensive theoretical studies of the complex suggested that
little Fe-to-B backbonding exists in the molecule and that
the aromaticity of the ring remains intact.

The addition of methyliodide to the anionic boride
complex 5.8b effected a rare example of addition of a
nucleophilic boron atom to an electrophile. Methylborylene
complex 5.16 was prepared in this manner, giving hope for
further mild reactivity of these anionic boron complexes.

6. Recent and in Press Literature

Since this work was submitted for publication, a number
of papers relevant to this topic have appeared. A number of
tri- and tetradentate mixed sulfur-donor borane complexes
were synthesized by Owen and co-workers,?’® a comprehen-
sive full paper from Crossley and Hill elaborated on the
synthesis and reactivity of group 9 borane complexes,?” and
a number of slipped-borane complexes of copper(I) were
synthesized by Maron, Bouhadir, and Bourissou.?® New
nickel complexes with Ni — B interactions have been
synthesized by Stephan, from reaction of [Ni(COD),] with
“frustrated Lewis pairs”, i.e. alkynyl-bridged phosphine-
boranes and their H, adducts, phosphonium-borates.?!

A recent review of carbon—boron bond formation via
C—H activation once more demonstrated the extraordinary
importance of late transition metal boryl complexes as key
intermediates and/or catalytically active species in synthetic
chemistry.?? In this context, the group of Smith examined
the steric influence of chelating bisphosphine coligands on
the iridium catalyzed borylation of arenes,?®* and extensive
mechanistic studies were performed employing time-resolved
infrared spectroscopy supported by DFT calculations.?
Furthermore, adaption of the strategy utilized for the
preparation of the first stable boryl complex of copper'”’ also
allowed for the synthesis of the corresponding nickel and
cobalt complexes by metathesis of the corresponding alkox-
ides with bis(catecholato)diborane(4).2% Thus, this protocol
seems to represent a general applicable route to boryl
complexes of the lighter late transition metals, which still
are rather limited in number.

In terms of borylene complexes, synthesis of a neutral
base-stabilized borylene complex of platinum,?®® and the
transfer of a borylene fragment to a platinum(II) o-alkynyl
complex,?” were both reported by this group. In a compelling
duet of papers, Aldridge reported the long-awaited synthesis
and characterization of an isolable complex containing a
bridging BF ligand (and additionally the abstraction of its
fluoride, providing a cationic diruthenium boride complex),?%
while the group of Andrews only weeks later reported the
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matrix isolation and characterization of the group 4 com-
plexes F;M=BF (M = Ti, Zr, Hf), containing terminal BF
ligands.?® Recently, Pandey, Lled6s, Maseras, and Musaev
have published two computational studies of borylene
complexes, with the first focusing on cationic borylene
complexes of the Cowley [L,M—B—(77°-CsRs)]" and Ald-
ridge [L,M=B(amino/aryl)]" forms*»* and the second focus-
ing on neutral group 9 borylene complexes of the type
reported by our group.?”!

7. Conclusions

Borane transition metal complexes have had a tumultuous
history: syntheses of complexes containing unsupported M
— B bonds were reported many times over in the period
before about 1990, a number of which were convincingly
refuted in the 1990s. Finally the field was somewhat reborn
with the unequivocal (and structurally confirmed) synthesis
of complexes bearing supported borane ligands by Hill and
co-workers in 1999. Now, just over 10 years after this rebirth,
the field has grown to include a number of interesting ligand
architectures with varying Lewis-base donor atoms (S, P,
N) and rigid cyclic backbones (based on imidazole, triazole,
phenylene, and azaindole). In one case, the degree of
“support” of the borane ligand has been decreased to its lower
limit—by application of a singly strapped phosphinoborane
ligand—while still retaining a well-defined M—B dative bond.
Recently, researchers have turned their attention to the
reactivity of borane complexes, flexible examples of which
have been proposed as mediators of organometallic reactions
via their labile M—B bonds.

The field of transition metal boryl complexes contrasts with
the remaining chemistry covered in this review, in that the
foundational knowledge had been arguably mapped out
before the other fields existed. The current maturity of the
field can be witnessed in the now-widespread (and relatively
well-understood) use of transition metal-catalyzed borylation
techniques in areas outside of inorganic chemistry. Despite
this, a number of fascinating new reactivity patterns and
structures have emerged in the previous decade. In particular,
the recent synthesis of a nucleophilic boryl anion has
provided a new synthetic route to boryl complexes, and this
has already made its mark in the synthesis of novel boryl
complexes of group 4 and 11 metals. This breakthrough alone
should ensure the field of transition metal boryl complexes
remains as compelling as ever.

Since the previous review in this journal regarding
transition metal boron chemistry, the field of borylene
complexes has exploded with activity. Yet, as in the field of
boryl complexes, borylene complexes of a number of
transition metal elements are yet to be synthesized, and some
may never be. The borylene transfer reaction, useful for
preparing novel “second-generation” borylene complexes, has
recently been shown to be also effective at functionalizing
main-group species. Borylene insertions into H—H and C—H
bonds have recently been demonstrated, and a host of other
element—element bonds beckon as potential insertion targets.
However, many hurdles remain before this protocol is to
become broadly used, in particular the harsh conditions or
reactive precursors required for the synthesis of the corre-
sponding “first generation” borylene species (via halide
abstraction or salt metathesis). This problem has recently
shown signs of being solved, with the very mild synthesis
of a terminal, reactive borylene complex from
[RuHCI(H,)(PCys3),] and a dihydroborane.
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Borides are perhaps the youngest members of the
boron—ligand family, yet the variety of examples already
available is surprising. The number of known complexes now
rivals that of the related family of monocarbon (“carbide”)
complexes, making borides perhaps the only field of
boron—TM complexes to numerically compete with its
organometallic counterpart. The manifold reactivity and
spectroscopic properties of the known boride complexes
depend heavily on their structures, with the latter being
exemplified by a range of "B NMR signals spanning almost
100 ppm.

In all, the field of transition metal boron chemistry has
made large steps in the past 10 years, due to synthetic and
structural research in conjunction with high-quality compu-
tational studies. With continued efforts and imagination, new
bonding paradigms and classes of molecule should be
accessible. Simpler, milder syntheses of the known classes
of complexes should also ensure that promising reactivity
patterns such as borylene transfer and insertion can reach
closer to their potential widespread application in organic
synthesis.

8. Abbreviations

Ac acetate

Arf 3,5-bis(trifluoromethyl)phenyl

atm atmospheres (pressure)

BFlu 9-borafluorenyl

BmR® bis(2-mercapto-1-R-imidazolyl)borate

br bridging

cat catechol-diide

cod 1,5-cyclooctadiene

Cy cyclohexyl

DBU diaza(1,3)bicyclo[5.4.0]undecane

DFT density functional theory

dcpe 1,2-bis(dicyclohexylphosphino)ethane

Dipp 2,6-diisopropylphenyl

DMAP (4-dimethylamino)pyridine

DME 1,2-dimethoxyethane

dppe 1,2-bis(diphenylphosphino)ethane

dppm bis(diphenylphosphino)methane

equiv molar equivalents

Et ethyl

fac facial

Fc ferrocenyl

Hex hexyl

hv photolysis

HOMO highest occupied molecular orbital

iBu isobutyl

IMes N,N'-bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene

iPr isopropyl

ITol N,N'-bis(4-methylphenyl)imidazol-2-ylidene

LUMO lowest unoccupied molecular orbital

Me methyl

mer meridional

Mes 2,4,6-trimethylphenyl

NBD norbornadiene

NBO natural bond order

NLMO natural localized molecular orbital

NPA natural population analysis

Ph phenyl

pic picoline

pip piperidine

PPN bis(triphenylphosphine)iminium chloride

pyr pyridine

RT room temperature

tBu tert-butyl

tBuPy 4-tert-butylpyridine
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term terminal

THF tetrahydrofuran

TmR tris(2-mercapto-1-R-imidazolyl)borate
Tol 4-methylphenyl

Xyl 2,6-dimethylphenyl
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