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Abstract: Cyclic boron-containing -ligands such as boratabenzenes and borollides are well established, 

in particular as supporting ligands. By contrast, the chemistry of acyclic boron-containing -ligands has 

remained relatively unexplored, presumably in part due to the higher reactivity of acyclic -ligands 

relative to cyclic analogues. This perspective is focused on the synthesis, structures and reactivity of 

isolated transition metal complexes bearing n-coordinated (n = 2 or 3) acyclic boron-containing 

ligands. Both monometallic and multimetallic compounds are included, and are discussed with an 

emphasis on metal–ligand and intraligand bonding and parallels with hydrocarbon -ligand complexes. 
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1 Introduction 

 

Cyclic boron-containing -ligands such as boratabenzenes and borollides (Figure 1) are well 

established, in particular as supporting ligands,1 and relative to hydrocarbon -ligands they offer new 

opportunities for modification of the electronic environment at a coordinated metal, not least due an 

increase in the negative charge on the ligand with each substitution of a CH group for an isoelectronic 

BH– unit. By contrast, the chemistry of acyclic boron-containing -ligands (Figure 1) has remained 

relatively unexplored, presumably in part due to the higher reactivity of acyclic -ligands relative to 

cyclic analogues. 
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Figure 1. Selected cyclic and acyclic boron-containing -ligands and their relationship to isostructural 

hydrocarbon -ligands (charges are not assigned). 

 

A large number of boron-containing ligands can be envisaged based on the acyclic hydrocarbon 

-ligand structure types in Figure 2, and taking into account the potential for placement of boron at 

various positions in each ligand (e.g. in the central or terminal positions of an allyl ligand). This 

perspective is focused on transition metal complexes bearing 2- or 3-coordinated boron-containing 

acyclic -ligands. 2-Coordinated complexes are discussed prior to 3-coordinated complexes, and in 

each section, monometallic complexes are described before bimetallic or cluster compounds. Complexes 
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bearing ligands containing elements other than boron and carbon within the n-coordinated unit, and 

most metallacarborane compounds are outside of the scope of this review. 
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Figure 2. A selection of 2- and 3-coordinated acyclic hydrocarbon -ligands from which boron-

containing analogues may be derived. (a) Simple alkene (C2H4), allene (C3H4), alkyne (C2H2) and allyl 

(C3H5) ligands,2,3 (b) 3-coordinated ligands with non-equivalent resonance structures: allenyl/propargyl 

(C3H3) and butatrienyl/butenynyl (C4H3) ligands,4,5 (c) the C3H2 ligand in a 

deproteometallacyclobutadiene complex,6,7 (d) 2- and 3-benzyl ligands,2,3 and (e) -1:2-, -1:3- 

and 3-
1:1:3-coordinated ligands.  

 

2 Characterization of Acyclic Boron-Containing -Ligands 

2.1 Crystallographic Characterization 

In boron-containing -ligand complexes, M–C, M–B, C–C and B–C bond lengths can provide vital 

insight into the metal–ligand8 and intraligand bonding situation, although it is important to bear in mind 

that -coordination can greatly reduce intraligand bond orders. Table 1 lists B–C bond distances for 

selected organoboron compounds, and these data define the following approximate B–C multiple bond 

distance ranges: (1) B=C double bonds in anionic R2C=BR2
–, R2C=B=CR2

– and R2B=C=BR2
2– 
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compounds = 1.51–1.42 Å, (2) B=C double bonds in neutral R2C=BR, R2C=BR(L) and R2C=B=NR2 

compounds = 1.43–1.36 Å, and (3) B≡C triple bonds in anionic RC≡BR– compounds ≈ 1.32 Å. For the 

purpose of comparison, Table 1 also provides B–Csp, B–Csp2 and B–Csp3 single bond lengths for selected 

4-coordinate borane adducts (BR3L) and 3-coordinate borane Lewis acids (BR3; R = alkyl, aryl, vinyl or 

alkynyl). 

 

Compounda B–C distance (Å)  11B NMR (ppm) Ref. 

BPh3(THF) 1.626(4), 1.620(4), 1.619(4)  n.a. 9 

B(C≡CtBu)3(THF) 1.580(1), 1.578(1), 1.575(1) –8 10 

BPh3 1.589(5), 1.571(3) 60 11 

BEt3 1.573(1) 80 12 

E–Mes2B–CH=CHPh 1.554(2) for B–Cvinyl {1.577(2) for B–CMes} n.a. 13 

Mes2B–C≡C–Mes 1.529(6) for B–Calkynyl {1.599(6), 1.594(6) for B–CMes} n.a. 14 

B(C≡C–tBu)3 1.519(2) 38 10 

Zwitterionic Mes2B=C(SiMe3)–PF(NiPr2)2
b 1.525(4) 63.5 15 

[Li(12-C-4)2][Mes2B=C6H2Me2=CH2]
c 1.522(10) n.a. 16 

Li2[(Me3Si)2C=B(Mes)–B(Mes)=C(SiMe3)2]  1.509(8), 1.475(8) 57 17 

Li2(OEt2)3[(SiMe3CH2)B{(Me3Si)C=B(Duryl)}2O] 1.50(1), 1.514(9) 61, 42 18 

[Li(tmeda)2][MesB=C6H2Me3(C10H6)]  1.475(6) 45 19 

[K(dibenzo-18-C-6)(THF)2][MeN(C6H4)2C=BMes2]  1.462(8) 40 20 

[Li(12-C-4)2][H2C=BMes2]  1.438(9) 35 21 

Li[(Me3Si)2C=B=C(BDuryl2){B(Duryl)(tBu)}]  1.45(1), 1.42(1) 75, 71 17 

Li2(toluene)[(Me3Si)2C=B(Duryl)–C6HMe4=B=C(SiMe3)2] 1.40(2) (R2C=BR2
–), 1.42(2), 1.39(2) (R2C=B=CR2

–) 63, 41 17 

Li2(OEt2)2[Ar2B=C=BAr2]; BAr2 = B(Duryl)2  1.465(1) 28 22 

Li2(OEt2)2[Ar2B=C=BAr2]; BAr2 = B(C6H2Me3-2,4,5)(Duryl) 1.458(7), 1.468(7) 27 22 

Li2(OEt2)2[(Mes)(tBu)B=C=B(tBu)(Mes)]  1.450(5) 32 23 

(Me3Si)2C{B(Duryl)}2C=B(Duryl)(OEt2) 1.431(8) n.a. 24 

(Mes2B)(Me3Sn)C=B(dmap)–CH(SiMe3)2 1.43(2) 63, 43 25 

(C6H4)2C=B=NR2 (NR2 = tetramethylpiperidinyl) 1.424(3), 1.420(3)* 2 mol in unit cell 59 26 

(Me3Si)2C=B=NiPr2  1.391(4) 46 27 

Me(Duryl)B–C{CMe(SiMe2Cl)2}=B(Duryl) 1.404(9) 62 28 

[(Me3Si)2C=C=C(CH2
tBu)–B(Duryl)–C(CH2

tBu)=B(Duryl)  1.391(3) 60 29 

(MesO)2B–C{CH(SiMe3)2}=B(Duryl) 1.384(11) 34 (BR3), 80 (R2C=BR) 28 

Me3SiCH=CH–B(Duryl)–C(SiMe3)=B(Duryl)  1.379(3) 69 30 

(Me3Si)2C{B(Duryl)}2C=B(Duryl)  1.374(8) 71, 62 24 

(DippO)(Duryl)B–C{CH(SiMe3)2}=B(Duryl) 1.372(9) 47 (BR3), 79 (R2C=BR) 28 

Me(Duryl)B–CMe2–B=C(SiMe3){SiMe2(Duryl)} 1.363(9) 86, 69 31 

(Me3Si)2C=B–tBu  1.361(5) 70 32 

(Mes2B)(Me3Sn)C=B–CH(SiMe3)2 1.31(1) 65, 52 25 

Li2(OEt2)2[(Duryl)B≡C–B(Duryl)=C(SiMe3)2]  1.323(9) for RB≡CR– {1.505(9) for R2C=BR2
–} n.a. 33 

(a) Mes = 2,4,6-trimethylphenyl, Duryl = 2,3,5,6-tetramethylphenyl, Dipp = 2,6-diisopropylphenyl. 
(b) an alternative resonance structure is the ylide Mes2B–C(SiMe3)=PF(NiPr2)2. 

(c) an alternative resonance structure is the Mes2B–C6H2Me2–CH2 carbanion. 

 

Table 1. B–C bond distances and 11B NMR chemical shifts for selected neutral and anionic organoboron 

compounds (n.a. = not available). 

 

2.2 NMR Spectroscopic Characterization 

A key spectroscopic parameter for classification of transition metal-borane compounds (LxM–BR3) is 

their 11B NMR chemical shift; tight coordination of the borane results in a substantial shift of the 11B 
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NMR resonance to low frequency relative to the free ligand, regardless of whether the borane undergoes 

pyramidalization or remains planar.34 For other ligands containing boron bound to three substituents 

(e.g. borataalkene, boratavinyl and boratavinylidene ligands), metal–boron coordination may similarly 

contribute towards low frequency shifts in the 11B NMR resonances. However, the situation is less clear-

cut since changes in the intraligand -bond order will also have a substantial influence on 11B NMR 

chemical shifts. In complexes containing C6F5 groups on boron, the 19F chemical shift difference for the 

para and meta signals (p,m) of the C6F5 rings can also be used to probe the coordination number at 

boron; larger p,m values are typically observed for 3-coordinate boron compounds relative to 4-

coordinate boranes and borates (e.g. p,m = 17 ppm in B(C6F5)3,
35 7 ppm in B(C6F5)3(THF)36 and 4 ppm 

in B(C6F5)4
–}.37 NMR coupling of ligand boron or carbon atoms with metal (e.g. 89Y, 103Rh, 107Ag, 

109Ag, 189W and 195Pt) or co-ligand (e.g. 31P) nuclei can also be particularly informative.  

 

3 Complexes with 2-Coordinated BC Units 

3.1. Borataalkene Complexes, Borylmetallocenes, and 2-Coordinated Arylboranes. 

Alkenes are among the simplest -hydrocarbon ligands, and their direct boron analogues are anionic 

borataalkene ligands (R2C=BR2
–). In 2001 and 2002, Piers et al. reported the reaction of 

[Cp2Ta(=CH2)(CH3)] with HB(C6F5)2 to form [Cp2Ta(CH3){CH2B(C6F5)2(-H)}], which reductively 

eliminates methane above –20 °C. The green paramagnetic product of this reaction is formulated as 

[Cp2Ta{H2CB(C6F5)2}] (1a) on the basis of computational studies and trapping experiments; in the 

presence of CO or CNtBu, [Cp2Ta(CH3){CH2B(C6F5)2(-H)}] cleanly reacts to form diamagnetic 

[Cp2Ta{2-H2C=B(C6F5)2}(CO)] (1b) and [Cp2Ta{2-H2C=B(C6F5)2}(CNtBu)] (1c), respectively 

(Scheme 1).38,39 Both 1b and 1c (Figure 3) were crystallographically characterized, and alkene-like 

bonding is supported by: (1) Ta–CH2 distances of 2.337(5) and 2.348(5) Å, which are slightly longer 

than a typical Ta–C -bond, (2) Ta–B distances of 2.728(6) and 2.738(6) Å, (3) Ta–CH2-B angles less 

than 90°, (4) B–C bond lengths of 1.508(8) and 1.525(7) Å, which are intermediate between the values 

expected for B–Csp3 and B=Csp2 bonds, (5) C≡O or C≡N stretching frequencies that are higher than 

would be expected for [Cp2TaR(L)] (R = a conventional hydrocarbyl donor) derivatives, (6) low 

frequency 11B NMR chemical shifts of 7.2 and 8.5 ppm, which are inconsistent with a free 3-coordinate 

borane, and (7) a difference in the 19F NMR chemical shifts for the meta and para C6F5 fluorine atoms 

(m,p) of 5.1 and 5.4 ppm. The boron atoms in 1b and 1c are also slightly pyramidalized {Σ(C–B–C) = 

354° in both complexes}. 
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Scheme 1. Synthesis of [Cp2Ta{CH2B(C6F5)2}] (1a), [Cp2Ta{2-H2C=B(C6F5)2}(CO)] (1b) and 

[Cp2Ta{2-H2C=B(C6F5)2}(CNtBu)] (1c). 

 

 

 

Figure 3. X-ray crystal structure of [Cp2Ta{2-H2C=B(C6F5)2}(CNtBu)] (1c) and [(NHC)Cu{1-

CH(CH2Ph)BPin}] (3; only the ipso carbon of the phenyl ring of the boron-containing ligand is shown).  

 

 DFT calculations (ADF 2000, BP86) performed on complexes 1b and 1c are consistent with an 

2(BC)-coordination mode. By contrast, calculations on 1a revealed two different structures of similar 

energy (within 1.5 kcal mol-1): a singlet 2(BC)-coordinated complex and a triplet 1(C)-coordinated 

complex (Scheme 2).38 The structural features of the former are similar to those of 1b and 1c, while the 

latter exhibits an expanded Ta–CH2–B angle of 96°, an elongated Ta–B distance of 2.92 Å, and a shorter 

Ta–C distance of 2.34 Å. Perhaps surprisingly though, the calculated C–B distance in the triplet 

structure is not substantially elongated relative to that in the singlet species (1.51 versus 1.50 Å). The 

reactivity of complex 1a with alkynes or alkylisonitriles is also consistent with an equilibrium between 

triplet and singlet state structures in solution. With alkynes, reductive coupling to form 

metallaboratacyclopentene complexes was observed (Scheme 2), mimicking the reactivity of formally d2 

olefin species such as [Cp2Zr(CH2CHR)].40 By contrast, with alkylisonitriles (CNCy or CNCH2Ph), 3-
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azaallyl products that appear to arise from trapping of [Cp2Ta{1-CH2B(C6F5)2}] were isolated; the 

reaction pathway proposed by Piers and co-workers is provided in Scheme 2.41  
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Scheme 2. Calculated singlet and triplet structures of [Cp2Ta{2-H2C=B(C6F5)2}] (1a), and the reactions 

of 1a with alkynes (C2Me2 and HC2Ph) and isonitriles (CNCy and CNCH2Ph); dashed reaction arrows 

signify a proposed reaction pathway. 

 

 As highlighted by Piers and Woo, the accessibility of both 2(BC)- and 1(C)-coordination modes 

for 1a suggests that 2-bonding of the CH2B(C6F5)2 ligand is fairly tenuous, in part due to the greater 

electronegativity of carbon versus boron, which emphasizes the contribution of carbon to the occupied 

molecular orbitals of the ligand. In keeping with this view, a range of d0 transition metal 

[L2M(C6F5){
1(C)-CH2B(C6F5)2}] complexes have been reported [e.g. L2M = Cp(RO)Ti (2a; R = bulky 

aryl or silyl),42 {C5H4SiMe2N(Xyl)}Ti (2b),43 Cp*(tBu2C=N)Ti (2c),44 and {ArN(CH2)3NAr}Ti (2d)45] 

exhibiting long M–B distances (> 3.0 Å) and M–C–B angles in the 111–125° range. These complexes 

were obtained upon reaction of neutral dimethyl group 4 transition metal complexes with B(C6F5)3 as 

shown in Scheme 3. The related non-d0 complexes  [(NHC)Cu{1-CH(CH2Ph)-BPin}] (3; Figure 3)46 

and [(C5R5)(CO)2W{3(CCC)-CH(Tol)BR'2}] {R' = Et, R = H (4a) and Me (4b); BR'2 = BBN = 9-

borylbicyclononane, R = H (4c); Tol = p-tolyl}47,48 and [Cp*(CO)2Mo{3(CCC)-CH(Tol)BEt2}] (4d)49 
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were reported by Sadighi, Stone and Wadepohl, and further highlight the ready accessibility of CR2BR2
– 

coordination modes which do not involve a substantial metal–boron bonding interaction. Copper 

complex 3 was prepared via the reaction of [(NHC)Cu(BPin)] with styrene, or  alternatively via the 

reaction of [{(NHC)CuH}2] (0.5 equivalents) with E-PhHC=CH(BPin) (Scheme 4). Group 6 complexes 

4a-d were accessed by reaction of [(C5R5)(CO)2M(≡C-Tol)] (M = Mo or W) with 0.5 equivalents of 

(R'2BH)2 (Scheme 5).  
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Scheme 3. General synthesis of [L2Ti(C6F5){
1-CH2B(C6F5)2}] complexes 2a-d. 
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Scheme 4. Synthesis of [(NHC)Cu{1-CH(CH2Ph)BPin}] (3) from [(NHC)Cu(BPin)] or 

[{(NHC)CuH}2] (Ar = 2,6-diisopropylphenyl). 
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Scheme 5. Synthesis of [(C5R5)2W{3(CCC)-CHPhBR'2}(CO)2] {R' = Et, R = H (4a) and Me (4b); BR'2 

= BBN, R = H (4c)} and [(C5Me5)2Mo{3(CCC)-CHPh(BBN)}(CO)2] (4d). 

 

 The metal–boron distances in structurally characterized 4a-c are greater than 2.9 Å, consistent 

with an absence of metal–boron bonding. By contrast, the copper–boron distance in 3 is significantly 

shorter at 2.608(3) Å. However, the 11B NMR chemical shift for 3 (33.4 ppm) differs only slightly from 

that of [(NHC)Cu{1(C)-CHPhCH2BPin}] (34.7 ppm; Pin = pinacolate), arguing against any significant 

Cu–B interaction. Intriguingly though, crystallographically characterized 2a-d, 3 and 4a-c exhibit 

MCHR–BR'2 bond lengths in the 1.48 to 1.52 Å range, indicative of appreciable B–C double bond 

character. Furthermore, in all of these complexes, the vacant p-orbital on boron is suitably oriented to 

interact with the lone pair on the -carbon atom; the angle between the M–C–B plane and the R'–B–R' 

plane is between 80 and 85° for 2a-b, 2d, 3 and 4a-c, and is 66° in 2c. In light of the structural attributes 

of these complexes, it seems reasonable to conclude that the bonding situation in many 1(C)-CR2BR2 

complexes (with or without an additional metal-arene interaction as in 4a-c) is intermediate between the 

1-borylalkyl and 1(C)-borataalkene extremes. Although symmetrical 2-alkene coordination involving 

-donation and -backdonation is typically observed in isolable metal complexes, unsymmetrical 

1-coordination has recently been proposed as a common feature of d0 metal–alkene complexes. This 

coordination mode is accompanied by polarization of the C=C bond with a build-up of negative charge 

on the -carbon atom and positive charge on the -carbon atom.50 Parallels likely exist between 1-

alkene and 1(C)-borataalkene complexes. 

The connectivity in Piers’ 2-borataalkene complexes (singlet 1a and 1b-c) is reminiscent of that 

observed in borylmetallocene complexes such as [CpFe{C5H4(BBr2)}] (5a) and [Fe{C5H4(BBr2)}2] (5b) 

(Scheme 6).51 The origin of C5H4–BR2 bending in borylferrocenes has been studied by Wagner et al., 

and involves interaction of the Cipso–B -system with a d-orbital on iron, in addition to other 

contributions (direct iron–boron bonding is not involved).52 An 2(BC)-coordination mode has also been 
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observed in Emslie and Bourissou’s arylborane complexes [(TXPB)Rh(CO)][PF6] (6; 11B NMR  57 

ppm; cf. 69 ppm in free TXPB),53 [(PhB{C6H4(PPh2)-o}2)CuCl] (7a) and [(PhB{C6H4(P
iPr2)-o}2)CuCl] 

(7b) (Scheme 6, Figure 4).54 The M–B distances in 6 and 7a are 2.557(3) and 2.396(5) Å, respectively, 

the M–Cipso bond lengths are 2.362(2) and 2.364(4) Å, and the borane is approximately planar in both 

cases. Since the B–C distances in these complexes are in the usual range for a B–Csp2 single bond, and 

there is no indication that the aromaticity of the coordinated arene ring has been perturbed, bonding in 

these complexes can be expected to involve 1-borane coordination augmented by an 1-arene 

interaction. DFT calculations on complexes 7a and 7b support this picture, but point to the additional 

importance of interactions between copper and both the B–C - and B–C -orbitals. Investigation of the 

potential energy surface for complex 7b also highlighted the presence of multiple energy minima 

corresponding to structures with significantly different Cu–B and Cu–Cipso distances. This finding is 

consistent with the observation of two significantly different 2(BC)-coordinated structure types in the 

unit cell of 7b (Z = 4).  
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Scheme 6. Synthesis of [CpFe(C5H4BBr2)] (5a), [Fe(C5H4BBr2)2] (5b),55 [(TXPB)Rh(CO)][PF6] (6), 

and [(PhB{C6H4(PPh2)-o}2)CuCl] (7a). 
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Figure 4. 3 X-Ray crystal structures of: (a) [(TXPB)Rh(CO)][PF6] (6; tert-butyl groups and the PF6 

anion are omitted), and (b) [(PhB{C6H4(PPh2)-o}2)CuCl] (7a). 

 

3.2. Boraalkene/Azaborataallene Complexes 

Allenes are another class of acyclic hydrocarbon -ligand that is commonly 2-coordinated, and while 

transition metal complexes bearing 2-coordinated borataallenes (R2C=B=CR2
– or R2C=C=BR2

–) have 

not been reported, the coordination chemistry of 2(BC)-coordinated B-amino-9-fluorenylideneborane 

ligands has been explored by Nöth.56 These ligands have the potential to behave as boraalkene (R2N–

B=CR2) or zwitterionic azaborataallene (R2N=B=CR2) ligands, and the latter description appears 

particularly appropriate. Extended Hückel MO calculations on H2N=B=CH2 showed four -molecular 

orbitals, listed here in increasing energy: (1) a B–N -bonding orbital (BN), (2) a B–C -bonding orbital 

(BC; HOMO), (3) a B–C -antibonding orbital (*BC; LUMO), and (4) a B–N -antibonding orbital 

(*BN); Figure 5. In keeping with the greater electronegativity of carbon relative to boron, the HOMO is 

87 % localized at carbon, while the LUMO is 80% localized at boron.  

 

BN BC *BC *BN  

Figure 5. Representation of the -molecular orbitals of H2N=B=CH2 (increasing in energy from left to 

right). 

 

 Reaction of B-2,2',6,6'-tetramethylpiperidino-9-fluorenylideneborane (R2N=B=CAr2) with 

[Fe2(CO)9] yielded [{2(BC)-R2N=B=CAr2}Fe(CO)4] (8a) with a distorted trigonal bipyramidal 

geometry (Scheme 7, Figure 6) and short Fe–B and Fe–C bonds to the R2N=B=CAr2 ligand {2.125(5) 

and 2.190(4) Å, respectively}. By contrast, UV irradiation of a mixture of R2N=B=CAr2 and [Fe(CO)5] 

provided [{4(BCCC)-R2N=B=CAr2}Fe(CO)3] (8b) in which the B-amino-9-fluorenylideneborane 
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ligand is bound via the B=C unit and through an 2-interaction with the fluorenylidene moiety. Reaction 

of 8b with CO provided 8a, while reaction of 8b with other neutral Lewis bases, or photolysis of 8a in 

toluene in the presence of Lewis bases, provided access to a range of [{2(BC)-

R2N=B=CAr2}Fe(CO)3(L)] complexes {e.g. L = PMe3 (8c), PPh3 (8d), P(OMe)3 (8e), PCl3 (8f), and 

SbPh3 (8g)}. Photolysis of B-2,2',6,6'-tetramethylpiperidino-9-fluorenylideneborane with [CpCo(CO)2], 

[Cp'Mn(CO)3] (Cp' = C5H4Me) and [(C6H6)Cr(CO)3] also afforded [{2(BC)-R2N=B=CAr2}MLx] {MLx 

= CoCp(CO) (8h), MnCp'(CO)2 (8i) and Cr(C6H6)(CO)2 (8j)} (Scheme 7). Calculations on 

[(H2N=B=CH2)Fe(CO)4] (a model for compound 8a) showed that only the BC and *BC ligand orbitals 

interact strongly with the valence orbitals of the Fe(CO)4 fragment. The ligand functions both as a donor 

and as an acceptor, with carbon making the major contribution to the BC donor orbital and boron 

making the major contribution to the *BC acceptor orbital. The B–C bond length in the free 

R2N=B=CAr2 ligand is 1.420(3) Å, and consistent with the proposed bonding model, the B–C bond 

lengths in structurally characterized 8a, 8c, 8h and 8i are significantly elongated, falling in the 1.49(1)–

1.53(1) Å range. 

 

B CN
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N
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L

COCO

CO

L = PR3 (8c-f)
L = SbPh3 (8g)

B C
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CO

(8i)
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Fe2(CO)9

(1) Fe(CO)5, h + L

(8a)

h
- CO

B C

N

Fe

OC

COCO

CO

(2) + L, - CO

 

 

Scheme 7. Synthesis of [{2(BC)-R2N=B=CAr2}Fe(CO)4] (8a), [{2(BC)-R2N=B=CAr2}Fe(CO)3L] 

(8c-g), and [{2(BC)-R2N=B=CAr2}Mn(CO)2Cp'] (8i). 
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Figure 6. X-ray crystal structures for: (a) [{2(BC)-R2N=B=CAr2}Fe(CO)4] (8a) and (b) [(-

H)(CO)9Os3(3-H2B=CH2)] (9c; only the hydrogen atoms on C(1) were located), 

 

3.3. Multimetallic Complexes Containing R2C=BH2, RC=BHR, C=BR2 and RC≡BR Ligands 

In 1983, Shore reported the synthesis of the borataketenylidene cluster [(-H)3(CO)9Os3(3-BCO)] (9a) 

from the reaction of (-H)2Os3(CO)10 with B2H6 (0.5 equivalents) and H3B(NEt3) (Scheme 8). The linear 

BCO ligand is unusual in that the C–O distance {1.145(15) Å} and the CO stretching frequency (2120 

cm-1; tentatively assigned) are typical for a CO triple bond, and CO is readily displaced by PMe3 to yield 

[(-H)3(CO)9Os3(3-BPMe3)] (9b). However, the B–C distance of 1.469(15) Å in 9a is consistent with 

substantial double bond character, and both photoelectron spectroscopy and quantum chemical 

calculations support this picture.57 
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Scheme 8. Synthesis of complexes 9a and 9c-9f (two different representations for the structure of 9c are 

shown). 

 

 Regardless of the bonding situation in 9a, reaction of this compound with BH3(THF) yielded [(-

H)(CO)9Os3(3-H2B=CH2)] (9c) which can be viewed either as a borataalkene complex (as in the 

molecular formula above; see also Scheme 8) or a triosmium boratavinylidene cluster with three 
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bridging hydrogen atoms ([(-H)3(CO)9Os3(3-B=CH2)]; Figure 6). The hydrogen atoms on boron were 

located by 1H NMR spectroscopy, and in the solid state the following distances were observed: B–C(1) 

= 1.50(2) Å, B–Os(1) = 2.29(1) Å, B–Os(2) = 2.27(1) Å, B–Os(3) = 2.22(1) Å, C(1)–Os(1) = 2.33(2) Å. 

These data are consistent with 2(BC)-coordination to Os(1), and 2(BH)-coordination to Os(2) and 

Os(3).58 

 In contrast to the reaction of 9a with BH3(THF), reaction of 9a with BBN-Cl or PhBCl2 yielded 

[(-H)2(CO)9Os3{3-C(OR)=BHCl}] {R = BBN (9d) or BPhCl (9e)} (Scheme 8). These complexes may 

be viewed as boratavinyl complexes (as in the molecular formula above; see also Scheme 8) or as 

triosmium borataalkyne clusters with three bridging hydrogen atoms. The X-ray crystal structure of 9d 

(Figure 7) revealed a B–C distance of 1.46(2) Å, Os(1)–C(1) and Os(2)–C(1) distances of 2.13 and 2.23 

Å, and Os(2)–B and Os(3)–B distances of 2.36 and 2.38 Å, respectively. Based on these parameters, the 

C(OR)=BHCl unit can be considered to be -bound to Os(1), 2(BC)-coordinated to Os(2), and 2(BH)-

coordinated to Os(3).59 

 

 

 

Figure 7. X-ray crystal structures for: (a) [(-H)2(CO)9Os3{3-C(O{BBN})=BHCl}] (9d) and (b) [(-

H)3(CO)9Os3(3-C=BCl2)] (9f; hydrogen atoms were not located). 

 

 At room temperature, complex 9e slowly converted to the boratavinylidene complex [(-

H)3(CO)9Os3(3-C=BCl2)] (9f), which is more straightforwardly accessible through reaction of 9a or 9d 

with BCl3 (Scheme 8). Labelling studies using 10BCl3 showed that boron in BCl3 is not incorporated into 

9f on the timescale of the experiment, so the reaction must require intramolecular exchange of the boron 

and carbon positions relative to the Os3 cluster core (boron moves from an -position in 9a to a -

position in 9f).60 The direct reaction of 9a with BCl3 was proposed to proceed via an analogue of 

compounds 9d and 9e. The B–C distance in 9f is 1.47(2) Å, suggestive of B=C double bond character, 

but since the B=C bond is oriented roughly perpendicular to the Os3 plane, it cannot engage in 2-
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coordination to osmium {Figure 7; Os(3)–B = 3.11 Å}. Despite suspected B=C double bond character, 

boron in complex 9f is electrophilic, forming labile adducts with NMe3, PMe3 and PPh3. Above –10 °C, 

the NMe3 adduct of 9f, [(-H)3(CO)9Os3{3-C–BCl2(NMe3)}] (9g) was converted to the salt 

[Me3NH][(-H)2(CO)9Os3(3-C=BCl2)] (9h); neither of these complexes were crystallographically 

characterized.59 

 Fehlner and co-workers also reported the synthesis of an iron boratavinylidene complex, 

[(-H)(CO)12Fe4(4-CBH2)] (10a; 11B NMR  10 ppm), via the reaction of [N(PPh3)2]2[Fe4(CO)13] with 

excess BH3(SMe2), followed by addition of CF3CO2H (Scheme 9). In this complex, unlike complex 9f, 

the iron atoms adopt a butterfly arrangement, permitting boron to interact with the wingtip iron atoms.61 

Analogous reactions employing BH2Cl(SMe2) or BH2Br(SMe2) provided access to [(-H)(CO)12Fe4(4-

CBHX)] {X = Cl (10b; 11B NMR  21 ppm) and Br (10c)}, reaction of 10a or 10b with AlCl3 provided 

[(-H)(CO)12Fe4(4-CBCl2)] (10d; 11B NMR  30 ppm), and reaction of 10a or 10c with AlBr3 provided 

[(-H)(CO)12Fe4(4-CBBr2)] (10e). Complexes 10a, 10b and 10c were structurally characterized and 

have essentially the same structural features (Figure 8). For 10a, the B–C bond length is 1.574(6) Å, the 

C(1)–Fe(3) distance is 1.844(1) Å, and the B–Fe(3) distance is 2.427(3) Å. The B–C bond length for 10a 

is consistent with a single bond. However, the 13C and 11B NMR data for 10a-e and Fenske-Hall MO 

calculations are suggestive of some B=C multiple bond character and a significant interaction between 

the p-orbital on boron and the wingtip iron atoms. Consistent with tight coordination of the borane in 

10d, reaction with NEt3 resulted in deprotonation to form [Et3NH][(CO)12Fe4(4-CBCl2)] (10f) rather 

than adduct formation, and analogous reactions were observed for 10b and 10c.62 
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Scheme 9. Synthesis of 10a-c.  
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Figure 8. X-ray crystal structures for (a) [(-H)(CO)12Fe4(4-C=BH2)] (10a), and (b) [{Cp(CO)2W}2(-

MeC=BHEt)] (11a). 

 

 Tungsten boratavinyl complexes similar to triosmium complexes 9d and 9e were reported by 

Stone et al.; reaction of [(C5R5)(CO)2W(≡CR)] with excess BH3(THF) yielded [{Cp(CO)2W}2(-

RC=BHCH2R)] {R = Me (11a), Ph (11b), or C6H4Me-p (11c)} and [{Cp*(CO)2W}2(-RC=BHCH2R)] 

{R = C6H4Me-p (11d)} in which the W–W bond is transversely bridged by a RC=BHCH2R ligand 

(Scheme 10). The X-ray crystal structure of 11a (Figure 8) shows a B–C(1) distance of 1.458(1) Å, W–

C(1) bonds of 2.14(1) and 2.17(1) Å, and W–B distances of 2.39(1) and 2.41(1) Å. The bridging 

hydrogen atom was also crystallographically located, and is 1.1(1) Å from boron and 1.8(1) Å from 

W(2). The bonding situation in this complex is closely related to that in 9d and 9e, with 1(C)-

coordination to both tungsten atoms, 2(BC)-coordination to W(1), and a B–H–W agostic interaction 

with W(2). Reaction of 11a or 11c with nBuLi lead to extremely air-sensitive and highly reactive salts 

presumed to be the :2,2-borataalkyne anions [{Cp(CO)2W}2(-RCBCH2R)]– {R = Me (11e) or 

C6H4Me-p (11f)}. Subsequent treatment of 11f with [AuCl(PPh3)] in the presence of TlPF6 afforded a 

complex formulated as [{Cp(CO)2W}2(-RC=BCH2R){Au(PPh3)}] (R = C6H4Me-p; 11g), in which the 

Au(PPh3)
+ group is suspected to be located in the position occupied by the proton in 11c (Scheme 10). 

However, this unstable complex was not characterized in detail.48 
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Scheme 10. Synthesis of complexes 11c, 11e and 11f. 

 

3.4. Ruthenium metallacarborane clusters 



  Page 18 

 

The reaction of nido-[1,2-(Cp*RuH)2B3H7] with phenylacetylene was reported by Fehlner et al., and 

yielded a mixture of metallacarborane clusters including nido-[1,2-(Cp*Ru)2(1,5--CR2)B3H7] {CR2 = 

CMePh (12a) and CHCH2Ph (12b)}.63 Similar products were formed in the reaction of nido-[1,2-

(Cp*RuH)2B3H7] with HC2CO2Me (Scheme 11 and Figure 9), but in this case, an additional structure 

type was observed; arachno-[1,2-(Cp*Ru)2{2,8-(C)-5-1(O)-CMeCO2Me}B3H7] (13).64 Clusters 

12a-b and 13 are particularly unusual in that they may, at least from a structural perspective, be 

considered to contain 2(BC)-coordinated R2C=BR2 and R2C=CR–BR2 units, respectively. In the 

context of this review, the most important solid state structural features of these complexes are: (1) a 

short B(1)–C(1) distance of 1.496(3) Å in complex 12a, indicative of substantial B=C double bond 

character and consistent with its formulation as a borataalkene-like complex, (2) a B(1)–C(1) distance of 

1.540(4) Å in complex 13, which is more consistent with a B–C single bond, and (3) a C(1)–C(2) bond 

distance of 1.399(4) Å in 13, indicative of a C=C double bond adjacent to boron. 
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Scheme 11. Formation of complexes 12a-b and 13 in the reactions of nido-[1,2-(Cp*RuH)2B3H7] with 

phenylacetylene (HC2Ph) or methyl acetylene monocarboxylate (HC2CO2Me). Hydrogen atoms are 

represented by grey spheres. 
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Figure 9. X-ray crystal structures for (a) nido-[1,2-(Cp*Ru)2(1,5--CMePh)B3H7]  {12a; Ru(1)–B(1) = 

2.131(2), Ru(1)–C(1) = 2.283(2), B(1)-C(1) = 1.496(3) Å}, and (b) arachno-[1,2-(Cp*Ru)2(3,5--

CO2Me)-3-Me-3-CB3H7] {13; Ru(1)–B(1) = 2.335(3), Ru(1)–C(1) = 2.275(3), B(1)-C(1) = 1.540(4), 

C(1)-C(2) = 1.399(4) Å}. Only cluster hydrogen atoms are shown. Larger diagrams emphasize 2(BC)-

coordination, while smaller diagrams highlight the metallacarborane cluster core of each molecule. 

 

4 Complexes with 3-Coordinated BCC, CBC or BCB Units 

4.1 3-Coordinated Arylborane Complexes 

 

The chemistry of metal–borane complexes (LxM–BR3) has advanced greatly over the past 15 years, 

largely due to the implementation of ambiphilic borane-containing ligands. Research in this area was 

pioneered by Hill et al. using tris(N-alkylimazolyl)borane ligands generated in situ via hydride 

elimination from a coordinated tris(N-alkylimazolyl)hydroborate anion.65 The chemistry of these and 

related ligands has been further developed by Hill,66 Parkin,67 Connelly,68 Owen69 and others.70 

Furthermore, the coordination reactivity of isolable borane-containing ambiphilic ligands such as 

2,7-di-tert-butyl-5-diphenylboryl-4-diphenylphosphino-9,9-dimethylthioxanthene (TXPB),53,71-73 R(3-

x)B{C6H4(PR'2)-o}x (x = 1, 2 or 3),54,74,75 1-(dimesitylboryl)-1'-(diphenylphosphino)ferrocene,76 

R2BCH2CH2PR'2,
77 2-(picolyl)BCy2,

78 Me2PCMe=CMeBMe2,
79 and 8-dimesitylborylquinoline 

(QuinBMes2)
80 has been explored. 

While the vast majority of metal–borane complexes exhibit an 1(B)-coordination mode, the 

Emslie group’s TXPB ligand has proven to be unique in that 3(BCC)-coordination is typically observed 

via boron and the ipso- and ortho-carbon atoms of one B-phenyl ring. For example, reaction of TXPB 

with 0.5 [{Rh(-Cl)(CO)2}2] gave [(TXPB)Rh(-Cl)(CO)] featuring a Rh–Cl–BR3 bridging interaction, 

and subsequent reaction with K[CpFe(CO)2] provided heterobimetallic [(TXPB)Rh(-CO)2Fe(CO)Cp] 
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(14a) in which the borane is 3(BCC)-coordinated.72 Similarly, reaction of [Ni(COD)2] with TXPB 

provided 3(BCC)-coordinated [Ni(TXPB)] (14b), and reduction of [PdCl2(TXPB)] or 

[{PdCl(TXPB)}2] with magnesium yielded 3(BCC)-coordinated [Pd(TXPB)] (14c)71 (Scheme 12, 

Figure 10).  
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Scheme 12. Synthesis of [(TXPB)Rh(-CO)2Fe(CO)Cp] (14a), [Ni(TXPB)] (14b), and [Pd(TXPB)] 

(14c).  
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Figure 10. X-ray crystal structures of: (a) 3(BCC)-coordinated [Ni(TXPB)] (14b; tert-butyl groups are 

omitted, and only the ipso carbon atoms of non-coordinated phenyl rings are shown), (b) 

[({C6H4(BPh2)(P
iPr2)-o}Cu{-Cl})2] (15a; only isopropyl group methine carbons are shown for clarity), 

and (c) [(B{C6H4(P
iPr2)-o}3)Fe(CO)] (17).  

 

The M–B distances in 14a-c are 2.63(2), 2.297(4) and 2.320(5) Å, respectively, the M–Cipso and 

M–Cortho bond lengths lie in the 2.019(3)–2.46(2) Å range, and the borane is approximately planar. 

These data are consistent with 3(BCC)-coordination, with stronger metal–boron interactions in 14b and 

14c. In support of this picture, five independent CH signals were observed for the coordinated B-phenyl 

ring in the low temperature 1H NMR spectra of 14a-c, and the 11B NMR chemical shifts for 14b and 14c 

are located at lower frequency relative to those for 14a; 34 and 30 ppm versus 39 ppm, respectively (cf. 

69 ppm for free TXPB). DFT calculations (ADF.2005, PW91, TZP) on 14a confirmed the existence of a 

significant 3(BCC)-interaction. They also highlighted the presence of significant delocalization within 

the 3-coordinated BCC unit, to the extent that the most appropriate bonding description is intermediate 

between that expected for an isolated borane/alkene complex and a fully delocalized allyl-like complex.  

 Recently, 3(BCC)-coordination to copper, silver and iron has been reported by Bourissou,54 

Hoefelmeyer80 and Peters.75 Reaction of C6H4(BPh2)(P
iPr2)-o with CuCl afforded [({C6H4(BPh2)(P

iPr2)-

o}Cu{-Cl})2] (15a),54 and similarly, reaction of 8-(dimesitylboryl)quinoline (QuinBMes2) with CuCl 

or Ag(OTf) yielded [{(QuinBMes2)Cu(-Cl)}2] (16a) and [{(QuinBMes2)Ag(-OTf)}2] (16b) (Scheme 

13).80 The Cu–B, Cu–Cipso and Cu–Cortho distances in complex 15a (Figure 10) are 2.555(2), 2.339(2) 

and 2.596(2) Å, and as in complexes 14a-c, boron is approximately planar and neither the B–Cipso or 

Cipso–Cortho distances are perturbed from typical values. Interestingly, the phosphine-borane ligand in 

related [({C6H4(BCy2)(P
iPr2)-o}Cu{-Cl})2] (15b) is 1(P)-coordinated with a Cu···B distance of 

3.049(5) Å, perhaps suggesting that the vacant orbital on boron and the -system of the B-phenyl ring 

play a cooperative role in promoting copper–borane coordination in 15a. The 11B NMR chemical shifts 

for complexes 15a and 15b are 58 and 82.5 ppm, respectively, supporting the presence of a significant 

Cu–B interaction in the former. In 16a and 16b, longer metal–boron distances of 2.660(3) and 2.902(3) 

Å were observed, accompanied by M–Cipso bond lengths of 2.126(2) and 2.359(3) Å, and M–Cortho 

separations of 2.422(2) and 2.596(3) Å. In both cases, the 11B solution NMR chemical shifts differ only 

slightly from that of the parent ligand (69 and 72 ppm, respectively, versus 75 ppm), indicative of 

relatively weak M–B interactions. 
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Scheme 13. Synthesis of copper complexes [({C6H4(BPh2)(P
iPr2)-o}Cu{-Cl})2] (15a) and 

[{(QuinBMes2)Cu(-Cl)}2] (16a).  

 

Reaction of B{C6H4(P
iPr2)-o}3 with FeBr2 in the presence of excess iron powder afforded 

[(B{C6H4(P
iPr2)-o}3)FeBr], and subsequent reduction with sodium naphthalenide provided 

[(B{C6H4(P
iPr2)-o}3)Fe(N2)], which was converted to [(B{C6H4(P

iPr2)-o}3)Fe(CO)] (17) under an 

atmosphere of carbon monoxide (Scheme 14).75 All three phosphorus atoms of 17 are equivalent by 

NMR spectroscopy at room temperature, consistent with 4(BPPP)-coordination. However, at low 

temperature, three mutually coupled 31P resonances were observed. The solid state structure of 17 

(Figure 10) revealed that the borane unit in the B{C6H4(P
iPr2)-o}3 ligand is bound via an 3(BCC)-

interaction. Despite the synthesis of a broad range of metallaboratrane complexes over the past 15 years, 

this is the first example of 3(BCC)-coordination within a metallaboratrane cage structure. The Fe–B, 

Fe–Cipso and Fe–Cortho distances in 17 are 2.227, 2.337(2) and 2.321(2) Å, and the sum of the C–B–C 

angles is 352°. However, it is important to note that these structural parameters will be strongly 

influenced by the metallaboratrane cage structure.  
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Scheme 14. Synthesis of [(B{C6H4(P
iPr2)-o}3)Fe(CO)] (17).  

 

4.2 3-Coordinated Vinylborane and Borane-Bridged Diylide Complexes 

In 2010, Emslie et al. reported the reactions of the electrophilic vinylborane E-PhHC=CH–B(C6F5)2 

(VBPh)81 with: (a) [Pt(nb)3] followed by the addition of 1 equivalent of PtBu3, (b) [Pt(nb)(PPh3)2], and 

(c) [Ni(COD)(PPh3)2] (Scheme 15). The resulting products, [(tBu3P)Pt(VBPh)] (18a), [(Ph3P)2Pt(VBPh)] 

(18b) and [(Ph3P)2Ni(VBPh)] (18c), exhibit unsupported 3(BCC)-interactions involving boron and the 

- and -carbon atoms of the vinyl substituent. In 18a-c, boron is considerably shielded relative to the 

free ligand, with 11B NMR chemical shifts of 16, 25 and 34 ppm, respectively (versus 58 ppm for VBPh). 

These data, in combination with substantial 1J13C;195Pt (196 and 171 Hz for the -carbons in 18a and 

18b), 2J13C;13P (6, 30 and 16 Hz for the -carbons in 18a-c), 2J1H;195Pt (40-80 Hz for -CH and -CH in 

18a and 18b), and 4J19F,195Pt (78 Hz for the o-F atoms of one C6F5 ring in 18a) couplings confirmed 

3-coordination in solution. However, significant differences were observed in the nature of the metal–

vinylborane interactions in structurally characterized 18a and 18c (Figure 11).82 
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Scheme 15. Synthesis of VBPh, [(tBu3P)Pt(VBPh)] (18a) and [(Ph3P)2Ni(VBPh)] (18c). 
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Figure 11. X-ray crystal structures for: (a) [(tBu3P)Pt(VBPh)] (18a) and (b) [(Ph3P)2Ni(VBPh)] (18c). 

Only the ipso carbon atoms of phenyl groups on phosphorus or C(2) are shown. 

 

In the solid state structure of 18a (the unit cell contains 2 independent molecules), short Pt–Bave, Pt–

C(1)ave, and Pt–C(2)ave distances of 2.296 Å, 2.128 Å and 2.146 Å were observed. The B–C(1)ave 

distance of 1.518 Å is slightly shortened relative to that in free vinylboranes, while the C(1)–C(2)ave 

distance of 1.393 Å is slightly elongated. These data are consistent with allyl-like delocalization within 

the BCC unit, and in support of this 3-borataallyl bonding mode,83 distinctly allyl-like distortions were 

observed for the substituents on the BCC core; both exo substituents {substituents trans to the hydrogen 

atom on C(1)} are bent away from the metal, while the endo and central substituents bend towards the 

metal.2,84 DFT calculations (ADF 2008, TZ2P, PW91) confirmed an allyl-like bonding mode with VBPh 

acting as both a donor and an acceptor. The HOMO, LUMO and LUMO+1 for the free CH2CHBH2 

ligand are shown in Figure 12, and are qualitatively analogous to those of an allyl cation, except that the 

vinylborane LUMO is B–C(1) bonding and C(1)–C(2) antibonding in character. Orbitals on the B–C–C 

core of VBPh ligand are analogous to those of the CH2CHBH2 model compound. 
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Figure 12. Calculated HOMO, LUMO, and LUMO+1 for an allyl cation (CH2CHCH2
+) and the 

isoelectronic vinylborane (CH2CHBH2). 

 

For complex 18c, while the spectroscopic data are consistent with 3(BCC)-coordination, several 

features of the solid state structure are inconsistent with an 3-allyl-like coordination mode: (1) short M–

C(1) and M–C(2) distances and a relatively long Ni–B distance {2.025(2) and 2.032(2) Å versus 

2.660(3) Å}, (2) a short B–C(1) bond and a long C(1)–C(2) bond {1.483(4) and 1.431(3) Å, 

respectively}, and (3) orientation of both substituents on C(2) away from the metal centre. Instead, these 

data signify more alkyl/borataalkene-like coordination (Scheme 15) with the borataalkene unit 

coordinated more tightly at carbon than at boron. This unsymmetrical coordination mode is reminiscent 

of that observed in Piers’ tantalocene borataalkene complexes (1a-c). The differences in the vinylborane 

bonding mode observed for 18a and 18c are likely a consequence of both steric and electronic effects; 

the Ni(PPh3)2 fragment is more bulky and more electron donating than the Pt(PtBu3) fragment.85 

Consistent with this view, fragment analysis (ADF 2008, TZ2P, PW91) using the fragments M(PR3)x 

and VBPh yielded Hirshfeld charges of –0.255 and –0.404 on the VBPh fragments of 18a and 18c, 

respectively. These data signify increased electron donation into the VBPh LUMO in 18c. 

The 3-coordination mode in 18a-c contrasts the 2-alkene coordination mode in the previously 

reported vinylborane complexes [(CO)4Fe{H2C=CH–BR(NMe2)}] (R = Br and Me),86 

[Cp2Ti(ArH=CH–BCat)] (Ar = Ph and C6H4OMe-p; Cat = O2C6H4 or O2C6H3
tBu-4),87 and 

[Cp*2Ti(CH2=CH–BO2C10H6)],
88 likely due to much greater Lewis acidity of the borane in VBPh. 

Related [(CO)3Fe(H2C=CH–BRNMe2)] (R = Br, Me and tBu)86 and [(CO)4Cr{tBuHC=CH–

BHN(SiMe3)2}]89 complexes were also reported by Schmid and Braunschweig, but in both cases the 

vinylborane is 4-coordinated and acts as a 4-electron donor; the former is a boron-nitrogen analogue of 

butadiene, while the latter binds via alkene and -borane (M–H–B) interactions. By contrast, Kizas 

reported the synthesis of [(CO)10Os3{(E-MeHC=CH)2B
nPr}] (19) through the reaction of [H2Os3(CO)10] 

with triallylborane (Scheme 16; Figure 13).90 The divinylborane ligand in 19 is tightly coordinated via 

both vinyl groups, and may also engage in some degree of Os–B bonding, given that the B–Os(1) and 

B–Os(2) distances {2.78(1) and 2.79(1) Å} lie well within the sum of  the van der Waals radii.91 The 

reported 11B NMR chemical shift of 7 ppm is consistent with 4-coordinate boron and/or substantial B–C 

multiple bond character. The former seems more likely given that the average B–Csp2 bond distance is 

1.545 Å, which is in the usual range for a free vinylborane. 
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Scheme 16. Synthesis of [(CO)10Os3{(E-MeHC=CH)2B
nPr}] (19). 

 

 

 

Figure 13. X-ray crystal structures for [(CO)10Os3{(E-MeHC=CH)2B
nPr}] (19a) and  

[Cl2Pd{PhB(CHPPh3)2}] (20a; only the ipso carbon atom is shown for two of the phenyl groups on 

P(2)). 

 

 While 18a is a unique example of a 1-borataallyl-like complex, Shapiro et al. have reported the 

synthesis of the 2-borataallyl-like complexes [Cl2Pd{PhB(CHPPh3)2}] (20a) and 

[Cl4Zr{PhB(CHPPh3)2}] (20b) via reaction of PhB(CHPPh3)2 with [PdCl2(SMe2)2] or [ZrCl4(SMe2)2] 

(Scheme 17; Figure 13).92 The ligand in 20a-b can be viewed as a borane-bridged diylide or a 

zwitterionic 1,3-diphosphonium-substituted 2-borataallyl ligand, and PM3 calculations showed that the 

HOMO and HOMO–1 of the free ligand are qualitatively identical to the corresponding molecular 

orbitals of an allyl anion. The 11B NMR chemical shifts for 20a and 20b are 35 and 33 ppm {cf. 50 ppm 

for the free PhB(CHPPh3)2 ligand}, consistent with metal–borane coordination and/or significant B–C 

multiple bond character. The M–C(1), M–B and M–C(2) distances in 20a are 2.140(4), 2.200(5) and 

2.094(4) Å, in keeping with tight 3-binding of the ligand. The same metal–ligand bond distances in 20b 

{2.434(3), 2.754(4) and 2.469(3) Å} are substantially longer than those in 20a, but given the larger 

atomic radius of zirconium relative to palladium, the ligand may still be considered to be 3(CBC)-

coordinated. The B–C distances in 20a-b range from 1.51 to 1.55 Å. 
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Scheme 17. Synthesis of [Cl2Pd{PhB(CHPPh3)2}] (20a) and [Cl4Zr{PhB(CHPPh3)2}] (20b). 

 

4.3 3-Coordinated Alkynylborane and Alkynylboryl Complexes 

In 2010, Stephan reported the reaction of zwitterionic tBu2HP–C≡C–BH(C6F5)2 with the frustrated 

Lewis pair B(C6F5)3 and PtBu3, resulting in [HPtBu3][HB(C6F5)3] elimination and formation of thermally 

unstable tBu2P–C≡C–B(C6F5)2. While tBu2P–C≡C–B(C6F5)2 could not be isolated, generation of this 

compound in the presence of [Ni(COD)2] afforded [{tBu2P–C≡C–B(C6F5)2}Ni(COD)] (21a; 11B NMR  

7 ppm), which reacted with NCMe to produce [{(-tBu2P–C≡C–B{C6F5}2)Ni(NCMe)}2] (21b). 

Complex 21a was also formed slowly via the direct reaction of tBu2HP–C≡C–BH(C6F5)2 with 

[Ni(COD)2] (Scheme 18).93 In 21a (Figure 14), the phosphinoalkynylborane ligand is 3(BCC)-

coordinated, while in dimetallic 21b, it is 3(BCC)-coordinated to one metal centre, and 1(P)-

coordinated to the other. The 3(BCC)-coordination mode of the tBu2P–C≡C–B(C6F5)2 ligand is very 

similar in 21a and 21b. In 21a, the Ni–B, Ni–C(1) and Ni–C(2) distances are 2.358(3), 1.987(3) and 

2.005(3) Å, and as in the 3(BCC)-coordinated vinylborane complexes 18a-c and 20a-b, boron is 

approximately planar {Σ(C–B–C) = 358°}. At 1.486(4) Å, the B–C(1) bond in 21a is shortened to the 

extent that it now lies within the range for isolated borataalkene and borataallene anions. In addition, the 

C(1)–C(2) bond is considerably elongated {1.254(4) Å}, and the C≡C stretching frequency is decreased 

from 2125 cm–1 in zwitterionic tBu2HP–C≡C–BH(C6F5)2 to 1881 cm–1 in complex 21a. These data are 

consistent with significant borataallenyl ligand character, paralleling the behaviour of 3-coordinated 

allenyl/propargyl (CR2CCR) complexes (Figure 15). The substituents on the alkyne (phosphorus and 

boron) in 21a are also trans-disposed with a B–C(1)–C(2) angle of 156.3(3)°, falling at the upper end of 

the usual range for C–C–C angles in allenyl/propargyl complexes (146-156°).4 Furthermore, as in 

allenyl/propargyl complexes, the metal and the 3-coordinated unit in 21a are approximately coplanar. 

DFT calculations (Gaussian 03, B3PW91, 6-311G**) further support the analogy with allenyl/propargyl 

ligands, showing -delocalization over the B–C(1)–C(2) moiety, and Wiberg bond orders of 0.31, 0.17 

and 0.40 for Ni–B, Ni–C(1) and Ni–C(2), respectively.93 
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Scheme 18. Synthesis of [{tBu2P–C≡C–B(C6F5)2}Ni(COD)] (21a) and [{(-tBu2P–C≡C–

B{C6F5}2)Ni(NCMe)}2] (21b).  

 

 

 

Figure 14. X-ray crystal structures for: (a) [{tBu2P–C≡C–B(C6F5)2}Ni(COD)] (21a; only the quaternary 

carbon atoms of the tert-butyl groups are shown) and (b) [Cp*(CO)Fe{B(CCPh)N(SiMe3)2}] (22). 
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Figure 15. Four possible bonding descriptions for an 3-coordinated R2BCCR ligand. 

 

The reaction of [Cp*(CO)2Fe(C≡CPh)] with [(CO)5Mo{=B=N(SiMe3)2}] was reported by the 

Braunschweig group and afforded the iron-substituted borirene complex 

[Cp*(CO)2Fe{CB=N(SiMe3)2CPh}], which could be converted to [Cp*(CO)Fe{B(CCPh)N(SiMe3)2}] 

(22) by UV irradiation (Scheme 19).94 The BCC-core of the alkynylboryl ligand in 22 (Figure 14) 

appears tightly 3(BCC)-coordinated with Fe(1)–B, Fe(1)–C(1) and Fe(1)–C(2) distances of 1.995(2), 

2.080(2) and 2.040(2) Å, although QTAIM calculations surprisingly did not show a bond path between 

Fe and C(1). The B–N distance in 22 {1.403(2) Å} is consistent with a B=N double bond, the B–C(1) 

distance {1.521(2) Å} suggests predominantly single bond character, and the C(1)–C(2) distance 

{1.268(2) Å} is intermediate between that expected for a double and a triple bond. By analogy with 
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butatrienyl/butenynyl complexes, the ligand in complex 22 could be viewed as a butatrienyl-like 

R2N=B=C=CPh anion or a butenynyl-like R2N=B–C≡CPh anion (Scheme 19), and in this case, the latter 

description (essentially that of an alkynylboryl ligand) seems most appropriate. The coplanarity of the 

metal and the 3-coordinated BCC-unit is also consistent with a butatrienyl- or butenynyl-like bonding 

mode, although the B–C(1)–C(2) angle of 134.0(1)° is more acute than the C–C–C angles typically 

observed for the 3-coordinated core of allenyl/propargyl or butatrienyl/butenynyl ligands (145-156°).4,5 
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Scheme 19. Synthesis of [Cp*(CO)Fe{B(CCPh)N(SiMe3)2}] (22). The inset shows possible butatrienyl- 

and butenynyl-like resonance structures for an R'CCBNR2 ligand. 

 

4.4 Cluster Compounds Containing Vinylboryl and Vinylborylene Fragments 

Ruthenium clusters containing BH(CR=CR2) (vinylboryl) and B(CR=CR2) (vinylborylidene) moieties 

were reported by Housecroft and co-workers. These complexes, 64-electron 

[H(CO)12Ru4(BHCPhCHPh)] (23a) and 62-electron [H(CO)11(CpW)Ru3(BCPhCHPh)] (23b), were 

prepared via photolysis of [H(CO)12Ru4(BH2)] and [H(CO)11(CpW)Ru3(BH)] with diphenylacetylene 

(Scheme 20).95 Cluster 23a (Figure 16) adopts a spiked triangular tetraruthenium framework, and the 

boron atom is in contact with all four metal atoms with Ru–B distances of 2.15(1) to 2.24(1) Å. The 

HB–CPh=CHPh fragment is 2(BC)-coordinated to Ru(1) and 3(BCC)-coordinated to Ru(4) with 

Ru(1)–C(1), Ru(4)–C(1) and Ru(4)–C(2) distances of 2.39(1), 2.25(1) and 2.18(1) Å. The B–C(1) bond 

in 23a lies at the upper end of the range expected for a B–C single bond {1.61(2) Å}, while the C(1)–

C(2) bond {1.47(1) Å} is consistent with a -coordinated olefin moiety. Cluster hydrogen atoms were 

not crystallographically located, but based on 1H NMR spectroscopy and the orientation of the carbonyl 

ligands on each ruthenium atom, the hydrogen atom on boron likely bridges to Ru(2), while the metal 

hydride is located on the Ru(1)–Ru(3) edge. 
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 Cluster 23b (Figure 16) retains the tetraruthenium butterfly framework present in the starting 

material, and the orientations of the ligands on ruthenium are conisistent with placement of the bridging 

hydride along Ru(1)–Ru(2). As in 23a, boron is bound to all four metal atoms, with a W–B distance of 

2.185(9) Å and Ru–B distances between 2.284(8) and 2.395(10) Å. The B–CPh=CHPh fragment is 

3(BCC)-coordinated to Ru(3) with Ru(3)–C(1) and Ru(3)–C(2) distances of 2.30(1) and 2.46(1) Å; 

these distances are significantly longer than those in 23a. The B–C(1) bond in 23b is again consistent 

with a B–C single bond {1.55(1) Å}, while the C(1)–C(2) distance of 1.38(1) Å is indicative of 

significant C=C double bond character. The shorter C=C bond in 23b is consistent with less effective 

coordination of the alkene moiety, as indicated by longer Ru–C(1) and Ru–C(2) distances. However, 

Fenske-Hall calculations on model compounds for 23a and 23b indicated a degree of ambiguity 

concerning the use of any simple bonding scheme (e.g. Dewar-Chatt-Duncanson bonding of the alkene 

unit) to describe these molecules. 
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Scheme 20. Synthesis of [H(CO)12Ru4(BHCPhCHPh)] (23a), and [H(CO)11(CpW)Ru3(BCPhCPhH)] 

(23b). The reaction products are drawn to emphasize structural analogies with non-cluster complexes 

bearing boron-containing -ligands. 
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Figure 16. X-ray crystal structures for: (a) [H(CO)12Ru4(BHCPhCHPh)] {23a; only the ipso carbon is 

shown for the phenyl ring on C(2)} and (b) [H(CO)11(CpW)Ru3(BCPhCPhH)] (23b). Cluster hydrogen 

atoms were not located. 

 

 

 

4.5 Diborylcarbene Complexes 

Boriranylideneboranes (RBCR'2CBR) adopt a unique non-classical structure (Scheme 21), and undergo 

facile topomerization via a cyclic diborylcarbene intermediate.96 In 1995, Siebert and Berndt reported 

the reaction of RBC(SiMe3)2CBR (R = Duryl or Mes) with 2 equivalents of [CpCo(C2H4)2]. This 

reaction unexpectedly yielded the dark green bimetallic reaction products [(CpCo)2{(Me3Si)2CBCBR2}] 

{R = Duryl (24a) and Mes (24b)} in which the boron containing ligand is 3(CBC)-coordinated to one 

metal centre and 4(BCBC)-coordinated to the other. These reactions are proposed to occur via the 

intermediates in Scheme 21, and in the reaction of RBC(SiMe3)2CBR (R = tBu) with 2 equivalents of 

[CpCo(C2H4)2], the metallacyclic complex [Cp(C2H4)Co{C(SiMe3)2B(tBu)C=BtBu}] was isolated, 

rather than [(CpCo)2{(Me3Si)2CBCBtBu2}] (24c) (Scheme 21). The different reaction outcomes with 

tert-butyl versus aryl substituents is likely due to an inability of the tert-butyl group to undergo the 

required 1,3-hydrocarbyl shift.97 
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Scheme 21. Synthesis of: (a) [(CpCo)2{(Me3Si)2CBCBR2}] {R = Duryl (24a) and Mes (24b)} and 

[Cp(C2H4)Co{C(SiMe3)2B(tBu)C=BtBu}], and (b) [{(COD)Pt}2{Me2SiC(SiMe3)B(Duryl)C-

BMe(Duryl)}] (25).  

 

 

 

Figure 17. X-ray crystal structures for [(CpCo)2{(Me3Si)2CBCB(Duryl)2}] (24a) and 

[{(COD)Pt}2{Me2SiC(SiMe3)B(Duryl)CBMe(Duryl)}] (25; for clarity only the ipso carbon atoms of the 

two Duryl groups are shown). 

 

 The solid state structure of 24a (Figure 17) revealed that the B(1)–C(2)–B(3)–C(4) chain is 

significantly bent, but lies in a plane with the two metal atoms. As a result, C(2) is a rare example of a 

planar tetracoordinate carbon atom. The short Co(1)–C(2) and Co(2)–C(2) distances of 2.009(6) and 

1.887(6) Å and the downfield 13C NMR chemical shift for C(2) (195 ppm) are considered to be 

indicative of significant carbene character. However, extended Hückel and ab initio MO calculations by 

Gleiter and Siebert et al., which included a fragment analysis using neutral {(CpCo)2} and H2CBCBH2 

fragments, indicated a unique bonding situation at C(2) with transfer of -electron density from Co(1) 

through C(2) to Co(2) and transfer of -electron density in the reverse direction.98 The remainder of the 

Co–B and Co–C bonds involving the central boron-containing ligand lie in the 1.973(7) to 2.276(6) Å 

range, including Co(1)–C(5). At 1.47(1) and 1.48(1) Å, the C(2)–B(3) and B(3)–C(4) distances are 

consistent with substantial B=C double bond character, and the B(1)–C(2) distance of 1.52(1) Å may 

suggest some double bond character. Interestingly, electrochemical studies on 24a showed two 

reversible reduction waves, one reversible oxidation wave, and a second irreversible oxidation process. 
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None of the redox products could be isolated, but monoanionic 24a– was detected by EPR spectroscopy 

at 100 K. 

 The reaction of (Duryl)BC(SiMe3)2CB(Duryl) with 2 equivalents of [Pt(COD)2] did not yield a 

structure related to 24a-b, but instead provided red-orange [{(2-COD)Pt}{(2;2-COD)Pt}{Me2Si–

C(SiMe3)–B(Duryl)–C–BMe(Duryl)}] (25), (Scheme 21, Figure 17).97 A bond is considered to exist 

between Pt(1) and Pt(2), and the boron-containing ligand is 3(CBC)-coordinated to Pt(1) and 2-

coordinated to Pt(2) through C(2) and Si(1). The B(3)–C(2) and/or B(3)–C(4) bonds may have some 

double bond character, but the standard deviations on the bond lengths are too high to draw any 

informative conclusions. 

 

Conclusions and Outlook 

This perspective aims to highlight the diverse range of isolated transition metal complexes bearing n-

coordinated (n = 2 or 3) acyclic boron-containing -ligands. These include monometallic, bimetallic and 

cluster complexes, but for most classes of acyclic boron-containing -ligand, only a handful of closely 

related complexes have been prepared. There therefore exists enormous scope for modification of the 

steric and electronic properties of both the metal fragment (LxM) and the boron-containing acyclic -

ligand. In addition, the reactivity of acyclic -ligand complexes has rarely been explored, despite the 

potential for development of new transition metal-mediated synthetic pathways to organoboron 

compounds, by analogy with the chemistry of acyclic hydrocarbon -ligands, and the possibility, in 

some cases, for boron and a coordinated metal to interact cooperatively with substrates and/or reaction 

by-products. A further unique feature of this area is the number of different research fields that have 

given rise to complexes bearing acyclic boron-containing ligands with the potential for 2- or 3-

coordination. These fields include olefin polymerization catalysis, metal–carbon multiple bond 

hydroboration chemistry, frustrated Lewis pair reactivity, ambiphilic borane ligand coordination 

chemistry, low valent and small molecule activation chemistry, non-classical boron compound 

reactivity, metal cluster reactivity, and metallaborane cluster reactivity. Overall, acyclic boron-

containing -ligand chemistry is still at an early stage of development, and future work in this area will 

no doubt extend and enhance our understanding of the structures and bonding modes accessible for these 

unique ligands. These advances can be anticipated to promote the rational development of new 

applications for acyclic boron-containing -ligands in reactivity and catalysis. 
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