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Abstract: This review is intended to cover the developments in the chemistry of poly(azolyl)borates, derived from triazoles, imidazoles, 
oxazolines, thioimidazoles and related systems, based on the main synthetic methods, coordination properties, spectroscopic and struc-

tural features of this important class of ligands. The subject matter has been divided into the main categories: (i) N-donor boron-centered 
ligands, (ii) soft S-donor boron-centered ligands and (iii) hybrid scorpionate ligands. In this review we provide essential information to 

allow the reader to probe more deeply into the main aspects of the chemistry of these fascinating and flexible ligands. This review would 
also demonstrate the enormous potential of poly(azolyl)borates chemistry by discussing the future perspectives in this field. 
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1. INTRODUCTION 

Poly(azolyl)borate systems or scorpionates [1], based on the 
central anchoring B-R unit (R = hydrogen, alkyl or aryl), are unsur-
passed in their value as tridentate ligands in coordination chemistry 
[2-7], organometallic chemistry [8-11], catalysis [12-15], bioinor-
ganic chemistry [16-25] and enzyme modeling [26-34]. The success 
of poly(pyrazolyl)borates has inspired the development of new 
scorpionate ligands that are based on other donor groups. These 
include borate ligands with heterocyclic moieties such as imida-
zoles, oxazoles, triazoles, tetrazoles, thioimidazoles, togheter with 
boratranes, poly(thioalkyl)- and poly(phosphinomethyl)-borates, 
Se-donor and hybrid systems. Despite the design similarities to 
poly(pyrazolyl)borates, these scorpionates differ in their topology 
and flexibility, donor properties and reactivity pathways. 

This review is intended to cover the developments in the chem-
istry of substituted bis-, tris- and tetrakis-(azolyl)borate ligands, 
from the origins until the early 2009. In this review we provide 
essential information about the main synthetic methods and spec-
troscopic and structural features of this important class of ligands. 
We deeply analzed the fundamental aspects of the chemistry of N-
donor boron-centered, soft S-donor boron-centered and hybrid 
scorpionate ligands to complete the overview of these fascinating 
and flexible ligands. 

2. ABBREVIATION SYSTEMS 

As there is no consistent nomenclature for these ligands and 
their constituents, we prefer to adopt a scheme derived from that of 
the tris(pyrazolyl)borate ligands, first proposed by Curtis and co-
workers [35, 36] and subsequently extented by Trofimenko [37]. In 
particular to avoid confusions, we adopt an extensive nomenclature 
based on the abbreviation RB(az

x
)3, R2B(az

x
)2 or R3B(az

x
) (R = H, 

alkyl or aryl substituents, az = azole, X = substituent on the azole 
ring) to denote the tris-, bis- or mono-(azolyl)borate. For schematic 
convenience the generic bis(azol-1-yl)borate ligands (with azole 
different from pyrazole) with unspecified substituents on the azole 
rings, will be denoted [RR’B(az

x
)2]

-
, the generic tris- and tetrakis- 

(azol-1-yl)borate ligands will be denoted as [RB(az
x
)3]

-
 and 

[B(az
x
)4]

-
, respectively (R or R’ = hydrogen, alkyl or aryl).  

We reserve the following abbreviations for the azoles: 

a)     pz for the pyrazol-1-yl; 

b) im for imidazol-1-yl; 
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c)     bzim for benzoimidazol-1-yl; 

d) imc for imidazol-2-yl; 

e)     ozc for oxazol-2-yl; 

f)      tz for 1,2,4-triazol-1-yl; 

g) bztz for 1,2,3-benzotriazol-1-yl; 

h) tet for tetrazol-1-yl; 

i)      7-azn for 7-azaindol-1-yl 

j)     tim for thioimidazol-1-yl; 

k) Seim for selenoimidazol-1-yl; 

l)     thi for 2-thienyl; 

m) ttz for 5-thioxo-1,2,4-triazol-1-yl; 

n) mtdz for 2-thioxo-1,3,4-thiadiazol-3-yl. 

The non-hydrogen substituents in the different positions on the 
azoles are denoted by superscripts in a numerical order correspond-
ing to the ring positions starting from the susbtituents at the N-
position of the azole ring without numbering. Thus, we call the 
dihydrobis(imidazol-1-yl)borate [H2B(im

x
)2]

-
 and the hydro-

tris(thiomidazolyl)hydroborate [HB(tim
x
)3]

-
 with x naming the 

susbtituent at the N-positions of the imidazole rings. In addition, we 
call HB(tim

R,4R”,5R’’’
) to indicate substitution at the 4- and 5-position 

of the imidazole ring. For example we indicate the potassium tris(3-
tert-butyl-5-methyl-1,2,4-triazolyl)borate ligand K[HB(tz

3tBu,5Me
)3] 

and we call the lithium isopropoxy(methyl)bis(1-methyl-1H-
imidazol-2-yl)borate Li[Me(O

i
Pr)B(imc

Me
)2]. The hydro- and dihy-

dro-prefixes are omitted. 

3. N-DONOR BORON-CENTERED SCORPIONATE 

LIGANDS 

3.1. Poly(imidazol-1-yl)borates 

Poly(imidazolyl)borates, HnB(im)4-n (Fig. 1), can be prepared in 
analogy with that reported for poly(pyrazolyl)borates [38]. Unlike 
poly(pyrazolyl)borates, the HnB(im)4-n ligands cannot chelate a 
metal center but have to bridge between metal ions. 

HnB(im)4-n complexes have been widely described [39], but 
only a few metal derivatives are structurally authenticated: the lith-
ium salt of tetrakis(imidazolyl)borate, Li[B(im)4], [40];

 
the thal-

lium(I) tris(imidazolyl)borate, Tl[HB(im)3], in which each imida-
zolyl ring coordinates a different thallium ion to form a one-
dimensional twisted ladder-like strand [41] and two silver(I) com-
pounds in which the metal atoms are bridged by [H2B(im)2]

-
 and 

[B(im)4]
-
 ligands [42] (Table 1). 

Ziegler et al. investigated the coordinating anion 
tetrakis(imidazolyl)borate as a component of coordination solids 
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and they reported that the reaction of the Pb(NO3)2 salt with the 
ligand leads to the formation of a layered coordination polymer, 
with a formula of Pb[B(im)4](NO3)

.
nH2O, able to incorporate ani-

onic organic guest molecules into the interlayer spacing of the ma-
terial [43, 44]. Several anionic organic guests have been incorpo-
rated into Pb[B(Im)4]X based materials (where X is the anionic 
guest) and Hamilton et al. [45] have reported the nanoscale organi-
zation of carboxylate modified TEMPO and PROXYL: 
Pb[B(im)4](4-carboxy-TEMPO) and Pb[B(im)4](3-carboxy-
PROXYL)(H2O) (4-carboxy-TEMPO = 4-carboxy-2,2,6,6-
tetramethylpiperidinyloxy; 3-carboxy-PROXYL = 3-carboxy-
2,2,5,5-tetramethylpyrrolidinyloxy). This coordination polymer 
could be used as a host material for generating conducting polymers 
where the polymer is grown in the interlayer spacing. In particular 
Cetin et al. [46] reported the enclathration of three different aniline 
derivatives between the layers of this lead-borate material and an 
investigation into the polymerization of these preorganized mono-
mers. The metal in the compound Pb[B(im)4](NO3)(nH2O) can be 
replaced with isoelectronic Tl(I), affording Tl[B(im)4], and the 
borate can be modified by using 4-methylimidazole, resulting in 
Pb[B(Im

4Me
)4](NO3) and Tl[B(im

4Me
)4]. Like the parent 

Pb[B(im)4](NO3)(nH2O), Tl[B(im)4] and Tl[B(im
4Me

)4] are layered 
network structures but both lack anions or solvent molecules in the 
interlayer spacing [47]. The synthesis and structures of group II 
metal cation incorporating the [B(im)4]

-
 ligand, of empirical for-

mula M[B(im)4](H2O)2 (where M = Mg, Ca, and Sr), have also 
been reported by Hamilton et al. [48]. In the same paper the authors 
present the structure of the protonated anion B(Him)(im)3 as a 
model for the default structure of this anion and discuss how the 
conformation of tetrakis(imidazolyl)borate can affect the structure 
of network solids. 

Lanthanide complexes with bis(benzimidazolyl)borate, 
[H2B(bzim)2]

-
 (Table 1), for which a seven-coordinate polymeric 

structure has been proposed have been described by Khan and co-
workers [49]. 

A series of macrocyclic imidazolylboranes [R2Bim]n (n = 4 or 
5), where selected carbon atoms of imidazolyl rings may bear sub-
stituents other than hydrogen, have been obtained by Siebert et al. 
[50] by reaction of 1-trimethylsilylimidazoles with haloboranes 
under high dilution (Fig. 2). Depending on the nature of the sub-
stituents at the imidazole ring and at the boron atom, the formation 
of different ring sizes was observed. 

NHN

SiMe3

NNB

R'

R'

R R

n

n

R = Me or H

n = 4 or 5

XBR'2

 

Fig. (2). Synthesis of macrocyclic imidazolylboranes. 

The presence of a bromine atom should increase the reactivity 
towards bases to give anionic carbenes, useful for host-guest chem-
istry via the formation of metal-carbene complexes. In particular, 

several macrocycles have been obtained by reaction from 1-
trimethysilylimidazoles [51] and haloboranes R2BX by bo-
ron/silicon exchange using 2-bromoimidazole or benzimidazole 
[52] (Fig. 3). 
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Fig. (3). (i) 2 H2BCl; (ii) 4 BH3
.THF; (iii) 4 HN(SiMe3)2, saccharine; (iv) 4 

H2BCl.THF. 

These macrocycles are formally zwitterionic and contain imida-
zolyl rings linked through their nitrogen atoms by BH2, BR2 or 
BRX units. 

3.2. Poly(imidazol-2-yl)borates 

Moro-Oka et al. [53] have developed a brand-new monoanionic 
ligand systems, poly(imidazol-2-yl)borates (Table 2), on the basis 
of the B–Calkyl linkage which should be resistant to nucleophilic 
attack on the boron atom leading to decomposition of the ligands. 
In fact they reported the synthesis and characterization of a new 
class of borate compounds containing a methylbis(1-methyl-2-
imidazolyl)borate framework [Me(X)B(Im

Me
)2]

-
 (X = O

i
Pr, Cl, Pz 

or Ph). In particular, the reaction of di(isopropoxy)methylborane 
with 2 equivalents of 2-lithio-1-methylimidazole yielded the lithium 
isopropoxy(methyl)bis(1-methyl-1H-imidazol-2-yl)borate 
Li[Me(O

i
Pr)B(imc

Me
)2]. The chloro(methyl)bis(1-methyl-1H-

imidazol-2-yl)borate {H[Me(Cl)B(imc
Me

)2]}2(HCl)2, which was 
obtained by treatment of Li[Me(O

i
Pr)B(imc

Me
)2] with HCl, could 

be transformed to the pyrazolyl and phenyl derivatives 
H[Me(Ph)B(imc

Me
)2] and H[Me(pz)B(imc

Me
)2], by nucleophilic 

substitution of the B-bound chlorine atom. Protonation of the imi-
dazolyl groups results in delocalization of the positive charge over 
the imidazole ring and strong interaction with the negatively 
charged boron atom, and such electronic effect as well as interac-
tion via inter- and intra-molecular hydrogen bonds result in stabili-
zation of the protonated form (Fig. 4). 
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Fig. (1). Structure of bis-, tris- and tetrakis-(imidazolyl)borates. 
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3.3. Poly(oxazol-2-yl)borates 

Poly(oxazolinyl)borate scorpionate ligands (Table 3) that con-
tain B C linkages have been proposed to have greater resistance to 
cleavage and isomerization processes. In fact, although metal-
mediated B C bond cleavages are known, these reactions are less 
facile than B N bond cleavage [54]. The synthesis of lithium 
tris(4,4-dimethyl-4,5-dihydrooxazol-2-yl)(phenyl)borate (Fig. 5), 
Li[PhB(ozc

4Me2
)3] the first example of this new ligand class, and its 

coordination chemistry in new zirconium(IV) complexes have been 
reported by Sadow et al. [55]. 

(i)

B

NO

O

N

N

O

N O

(ii)

Li

 

Fig. (5). (i) nBuLi,.THF, -78°C; (ii) PhBCl2, -78°C. 

This strategy, which differs from known synthetic approaches 
to bisoxazolines, is attractive because simple and readily accessible 
oxazolines can be used as precursors. Lithiation of oxazolines fol-
lowing the procedure of Meyers and Novachek [56] and subsequent 
treatment with haloborane at low temperature led to the lithium 
salts of bis- and tris-(oxazolin-2-yl)borates. Following this synthetic 
strategy Pfaltz and co-workers have prepared the bis(oxazolin-2-
yl)borate ligands, named borabox (Fig. 6), and the zwitterionic 

catalysts containing these ligands have improved enantioselectiv-
ities versus cationic bisoxazoline catalysts in copper(II)-catalyzed 
cyclopropanation [57]. 

(i) B
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R2 = iPr, Bn or tBu

R1 = Ph, Cy, Et or 3,5-bis(trifluoromethyl)phenyl

(ii)

 

Fig. (6). (i) tBuLi, -78°C, THF; (ii) (R1)2BX (X = Cl, Br), toluene, -78°C. 

The lithium salts can be converted into the protonated ligands 
by chromatographic work-up on silica gel using hexane/ethyl ace-
tate/triethylamine as the eluent. Regeneration of the lithium salts 
was readily accomplished by treatment of related compounds with 
one molar equivalent of n-butyllithium in diethyl ether at room 
temperature. A wide variety of sterically and electronically different 
ligands can be prepared by structural variation of the haloborane 
and the oxazolines. The borabox ligands readily form stable com-
plexes with transition-metal ions, such as Cu(II), Zn(II), Pd(II), 
Rh(I), and Ir(I) ions, starting from the lithium salts or the proto-
nated precursors in the presence of a base such as K2CO3 [57].  

Recently Sadow et al. [58] prepared the litium tris(4S-
isopropyl-2-oxazolinyl)phenylborate, Li[PhB(ozc

4iPr
)3], an optically 

active tris(oxazolinyl)borate as a chiral surrogate for cyclopentadi-
enyl and tris(pyrazolyl)borate, by deprotonation of 4S-
isopropyloxazoline to give 2-lithio-4S-isopropyl-2-oxazolide, fol-
lowed by reaction with PhBCl2 in a second step (Fig. 7).  
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Fig. (4). (i) Reflux THF/hexane; (ii) anhydrous HCl (3 eq.); (iii) a) NaH (2 eq.), b) NaPz (1 eq.), c) H2O; (iv) a) PhLi (3 eq.), b) H2O. 
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Interestingly, the ligand Li[PhB(ozc
4iPr

)3] reacts with [Ir(μ-
Cl)(

4
-COD)]2 to give the complex {Ir[PhB(ozc

4iPr
)3](

4
-COD)}. 

Given the ubiquity of oxazolines as ligands in catalytic processes 
involving electrophiles such as allylic substitution, this oxazoline 
alkylation may represent an important route for catalyst deactiva-
tion [59-61]. 

3.4. Poly(triazol-1-yl)borates 

Although in 1967 Trofimenko reported the synthesis of the 
tris(1,2,4-triazolyl)borate (Table 4) and related cobalt(II) complexes 
[62], the chemistry of triazolylborate ligands has remained unde-
veloped for many decades. In 1991 a convenient preparation of the 
potassium salt K[HB(tz)3] has been reported by Gioia Lobbia and 
coworkers [63], whereas the synthesis of the corresponding salt of 
K[H2B(tz)2] has been reported by Janiak et al. [64]. 

Two features of poly(1,2,4-triazolyl)borates (Table 4), 
[HnB(tz)4-n]

-
, made them attractive candidates for further examina-

tion: a) they should be electron-withdrawing relative to their pyra-
zolyl-based counterparts and the properties of metal complexes 
should differ accordingly; b) the exo ring-nitrogen atoms of the 
triazolyl-based ligands can bridge between metal centers, thereby 
creating coordination polymers with interesting solid-state struc-
tures and optical properties, as shown by Janiak and coworkers 
[64]. An unprecedented coordination mode has been found in a 
silver compound where [HB(tz)3]

-
 bis-chelates the metal center with 

two endodentate nitrogen and also bridges to two other silver atoms 
through two of the three exodentate nitrogen atoms [65]. In a cop-
per(II) complex [HB(tz)3]

-
 utilizes all six nitrogen atoms in metal 

coordination, thereby bridging four copper centres and yielding a 

three-dimensional coordination polymer [66]. The ligand [HB(tz)3]
-
 

has also been used to synthesize novel metalloligands 
[Fe

III
[HB(tz)3]2]ClO4·2MeCN as molecular building blocks and for 

subsequent incorporation into new functional coordination poly-
mers [67]. The non-interpenetrating 3D coordination polymer 
framework of [Fe

II
(L)2][Rh2(OAc)4]3·xS (L = hydrotris(1,2,4-

triazolyl)borate anion, S = solvent) was characterized by single-
crystal X-ray structure analysis. 

The ligand K[H2B(tz
3Me,5Me

)2] (tz
3Me,5Me

 = 3,5-dimethyl-1,2,4-
triazolyl) (Fig. 8a) has been synthesized by Wei-Zheng Shen et al. 
[68] and the reactions of two different metal salts (copper and zinc) 
with the ligand in agar gave two similar crystalline polymorphic 
forms. A dioxomolibdenum compound containing the methyl sub-
stituted [HB(tz

3Me,5Me
)3]

-
 (Fig. 8b) was first reported by Xiao et al. 

[69]. 

The analogous sterically demanding triazolylborate ligand, the 

tris(3-tert-butyl-5-methyl-1,2,4-triazolyl)borate ligand, 

K[HB(tz
3tBu,5Me

)3] has been synthesized by Jernigan et al. [70] from 

the reaction of KBH4 in molten 3-tert-butyl-5-methyl-1,2,4-triazole 

(Fig. 8d). This ligand forms a four coordinate [HB(tz
3tBu,5Me

)3]CoCl 

complex and five-coordinate [HB(tz
3tBu,5Me

)3]CoNO3 and 

[HB(tz
3tBu,5Me

)3]ZnOAc complexes. When these complexes were 

compared to the tris(pyrazolyl)borate analogues, with the tris(3-

tert-butyl-5-methyl-pyrazolyl)borate ligand K[Tp
tBu,Me

], it was 

found that triazolyl derivatives resulted in negligible steric differ-

ences. K[HB(tz
3tBu,5Me

)3] is more water-soluble than K[Tp
tBu,Me

], so 

bulky tris(triazolyl)borate ligands should lead to functional models 

for enzyme active sites in an aqueous environment and the creation 

of water-soluble analogues of Tp catalysts. The copper carbonyl 
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Fig. (7). (i) LiN(SiMe3)2,
.THF, -78°C; (ii) PhBCl2, THF, -78°C; (iii) 0.5 [Ir(μ-Cl)( 4-COD)]2, benzene, 80°C; (iv) MeOTf, benzene, r.t. 
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complex [HB(tz
3tBu,5Me

)3]CuCO was prepared and fully character-

ized by Papish et al. [71] to test whether the [HB(tz
3tBu,5Me

)3]
-
 

ligand, which is sterically similar to [Tp
tBu,Me

]
-
, is electronically 

different; in fact, [HB(tz
3tBu,5Me

)3]
-
 is a weaker electron donor and 

[HB(tz
3tBu,5Me

)3]CuCO is water stable and has a propensity to form 

hydrogen bonds. A tris(triazolyl)borate ligand of intermediate steric 

bulk, the potassium tris(3-phenyl-5-methyl-1,2,4-triazolyl)borate, 

K[HB(tz
3Ph,5Me

)3], (Fig. 8c), was synthesized by Papish et al. [72] to 

investigate its potential for hydrogen bonding and improved solu-

bility in hydrophilic solvents as applied to biomimetic chemistry. 

In 2005 Pellei et al. [73] reported the first nitro-substituted 
scorpionate ligand, namely potassium bis(3-nitro-1,2,4-
triazolyl)borate ligand, K[H2B(tz

3NO2
)2] (Fig. 9a), by reaction of 3-

nitro-1,2,4-triazole and KBH4 in dimethylacetamide solution, using 
careful temperature control. The potassium salt is polymeric and 
shows several K···N and K···O interactions. This ligand is the first 
synthesized poly(azolyl)borate containing a -NO2 function, due to 
difficulties in the synthesis of ligands having both a hydride and a 
nitro group. Silver(I)-organophosphane complexes of the bis(3-
nitro-1,2,4-triazolyl)borate ligand have been also synthesized and 
characterized by Santini et al. [74]. In the complexes 
Ag[H2B(tz

3NO2
)2](PR3)2 the borate ligand acts as monodentate do-

nor. Copper(I) complexes of the type [H2B(tz
3NO2

)2]Cu[PR3]2, 
[H2B(tz

3NO2
)2]Cu[dppe] and [H2B(tz

3NO2
)2]Cu[PR3] have been syn-

thesized by Santini and coworkers [75] from the reaction of CuCl, 
K[H2B(tz

3NO2
)2], and mono- or bi-dentate tertiary phosphines. Some 

of these complexes have also been tested against a panel of several 
human tumor cell lines in order to evaluate their cytotoxic activity 
and they showed IC50 values appreciably lower than those exhibited 
by cisplatin, the most used metal-based antitumor drug. It is worth 
noting that all the tested Cu(I) complexes appear to be particularly 
effective against A549 carcinoma cells that are resistant to cisplatin 
treatment. 
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Fig. (9). Electron-withdrawing tris(triazolyl)borate species. 

Recently Dias et al. [76] described the first fluorinated 
tris(triazolyl)borate species, bearing six trifluoromethyl substitu-
ents. The sodium derivative Na[HB(tz

3CF3,5CF3
)3] (Fig. 9b) has been 

readily synthesized by the reaction of NaBH4 with 3,5-
bis(trifluoromethyl-1,2,4-triazole) [77] at ca. 210°C. The copper 

complex [HB(tz
3CF3,5CF3

)3]CuCO has also been synthesized and it 
represents a rare copper carbonyl that belongs to the classical-
nonclassical border [78]. 

Density functional calculations results reported by Casarin et al. 
[79] provide a theoretical support to the use of hydrotris(1,2,4-
triazolyl)borate ligands as a proper alternative to the hydro-
tris(pyrazolyl)borate ones, corroborating the suggestion [70, 71] 
that hydrotris(1,2,4-triazolyl)borate ligands could be useful in 
model studies of the catalytic activity of metal centers in biological 
systems. 

A large number of salts that are triazole derivatives have been 
reported to be energetic materials [80-83]. Some features of tria-
zole-based borates that make them attractive candidates for investi-
gation as energetic materials include: (a) 1,2,4-triazole has a posi-
tive heat of formation (109 kJ/mol), which suggests that poly(1,2,4-
triazolyl)borates could be energetic materials, (b) greater electron-
withdrawing properties relative to those of imidazole- and pyrazole-
based borates give characteristics that should differ accordingly, 
and (c) the bis(1,2,4-triazolyl)borate and tris-(1,2,4-triazolyl)borate 
anions are asymmetric bulky organic anions, which may result in 
lower melting points. Since many ionic liquids arise because of the 
asymmetry of their bulky organic cations such as 1,3-
dialkylimidazolium, it is useful to study the properties of organic 
salts based on the asymmetric bulky borate anion. On this end 
Shreeve et al. [84] synthesized the tris(1,2,4-triazolyl)borate or-
ganic salts in high yields by metathesis reactions of Ag[HB(tz)3] 
with substituted imidazolium, triazolium (Fig. 10), and tetrazolium 
iodides. These new borate salts melt at relatively low temperatures 
to give thermally stable ionic liquids.  

3.5. Poly(benzotriazol-1-yl)borates 

In 1988 Lalor et al. [85] reported the synthesis of a series of 
poly(benzotriazolyl)borate anions [HnB(bztz)4-n]

-
 (n = 0-2) by reac-

tion of KBH4 with molten benzotriazole, characterizing the 
bis(benzotriazolyl)borate, K[H2B(bztz)2] (Fig. 11a), and 
tris(benzotriazolyl)borate, K[HB(bztz)3] ligands (Fig. 11b) (Table 
5). The regiospecificity of the process differs from that of pyra-
zole/BH4

-
 reactions; the B-N bond formation takes place at the tria-

zole N(1) atoms, in a manner that maximizes steric crowding at 
boron. 

In 1989 Shiu et al. [86] described some new group VI metal 
carbonyls of [HB(bztz)3]

-
. The synthesis and spectroscopic charac-

terization of some bis(benzotriazolyl)borate and first-row transition 
metals and some Groups 12 and 14 elements have been reported by 
Cecchi et al. [87],

 
whereas Hill and coworkers described some 

Rh(I) [88] and Ru(II) [89] carbonyl and isonitrile complexes of the 
bis(benzotriazolyl)borate. The formation of isonitrile derivatives 
has been hypothesised to proceed through an associative mecha-
nism involving an intermediate complex containing a 

1
-unidentate 

[H2B(bztz)2]
-
 ligand [90]. Two different coordination modes for this 

family of ligands have been recently structurally authenticated by 
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Fig. (8). Sterically demanding order in triazolylborate ligands. 
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Santini and coworkers in a series of copper(I) complexes containing 
mono- and bi-dentate phosphine coligands [91, 92]. 

3.6. Tetrazole- and 7-azaindole-containing poly(azol-1-

yl)borates 

In 1993 the synthesis and structure of the first tetrazolylborate 
[H2B(tet)2]

-
 (Table 5) have been reported by Janiak et al. [93], 

which also employed it in the construction of infinite two-
dimensional metal-ligand frameworks and one-dimensional water 
substructures [94]. 

Supramolecular C-H
…

O and C-H
…

N hydrogen bonding interac-
tions in metal complexes with poly(1,2,4-triazolyl)borate and 
bis(tetrazolyl)borate ligands have been analyzed statistically and 
with respect to their role in determining the crystal packing ar-
rangement by Janiak and Scharmann [95]. The additional ring ni-
trogen atoms in these modified, multitopic poly(azolyl)borate 
ligands are the origin of manifold C-H

…
O and C-H

…
N hydrogen 

bonds in this group of compounds. The additional nitrogen atoms 
play a dual role in enhancing the acidity of the ring hydrogen atoms 
and serving as hydrogen-bond acceptors. 

The incorporation of the 7-azaindole anions with a single elec-
trondeficient boron atom through N–B bonds results in the forma-
tion of a stable blue luminescent scorpionate ligand K[HB(7-azn)3] 
[96] (Table 5). Bidentate and tridentate chelation modes have been 

observed in copper(I) and zinc(II) complexes of this ligand. In addi-
tion, these complexes display blue luminescence and fluxional be-
havior. 

4. SOFT DONOR SCORPIONATE LIGANDS 

Chelating ligands belonging to the poly(pyrazolyl)borates, or 
Tp

x
 family, can be regarded as relatively hard donor ligands having 

two or three azole nitrogen atoms that can be involved in metal 
coordination. The analogous poly(methimazolyl)borate anions (me-
thimazole = 1-methyl-1H-imidazole-2(3H)-thione) have recently 
been reviewed by Reglinski and Spicer [97] (see below) in order to 
explore the properties of a softer coordination environment in an 
anionic ligand, provided in this case by thione sulfur atoms of the 
methimazole rings. The two ligand systems also differ fundamen-
tally in the number of atoms linking the central boron atom to the 
donor atoms. The structural consequences of this difference are 
displayed in the dimensions of the chelate rings formed upon metal 
complex formation and the molecular symmetry generated as a 
consequence of the conformations adopted by these rings. Thus, 
complexes of the tris(pyrazolyl)borates family contain three six-
membered chelate rings and the resulting complexes exhibit a local 
coordination environment of C3v symmetry, while poly(methi-
mazolyl)borates complexes contain three eight-membered chelate 
rings, thus generating a more flexible twisted or propeller-like 
ligand conformation and local C3 symmetry. 

4.1. Poly(thioimidazolyl)borates 

The synthesis of the poly(pyrazolyl)borate anions is driven by 
the elimination of dihydrogen from the reaction of the tetrahydrobo-
rate anion with the acidic proton commonly found in pyrazoles. In 
1996 Reglinski and coworkers [98] extended this synthetic route to 
the preparation of a softer species analogues of Tp

x
 [1]; particularly 

they attempted the reaction of methimazole with sodium borohy-
dride in a solvent-free melt reaction to obtain the S3-donor 
Na[HB(tim

Me
)3] [99] (Table 6). 

Both lithium [100] and potassium [101-103] borohydride have 
also been used in the synthesis of these ligands (Fig. 12). The ex-
tension of Trofimenko’s synthetic route to the preparation of softer 
species became possible once it was realised that many 1,2-imine 
thiols such as 1-methyl-1H-imidazole-2-thiol are better formulated 
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Fig. (10). Synthesis of hydrotris(1,2,4-triazolyl)borate organic salts. 
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Fig. (11). Structure of bis- and tris-(benzotriazolyl)borates. 
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as their thione tautomer 1-methyl-1H-imidazole-2(3H)-thione (or 
methimazole) [104, 105] (Fig. 12). The acidic hydrogen on the 
amine group should allow species such as methimazole to react in 
an analogous manner to pyrazole yielding species in which soft 
sulfur donors will be available for metal co-ordination. From the 
location of the acidic hydrogen the binding of methimazole to bo-
ron is expected to be via a B–N linkage. However, it is possible that 
thiol–thione tautomerisation (Fig. 12) [106, 107], while not domi-
nant at room temperature, could occur in the melt prior to coupling. 
Alternatively a 1–3 shift might occur after the initial coupling reac-
tion. Consequently, concern existed that under the prevailing reac-
tion conditions the boron might migrate from the nitrogen to the 
sulfur. 

The higher melting point of methimazole (ca. 147°C) renders 

formation of the bis(methimazolyl)borate anion, [H2B(tim
Me

)2]
-
, not 

viable by this method, because at the melting point the reaction 
generally proceeds directly to the trisubstituted species, 
[HB(tim

Me
)3]

-
. In addition, decomposition occurs at temperatures 

above ca. 180°C. Consequently, the tetrakis(methimazolyl)borate 
species remains as yet unknown.  

The synthesis of the 1-alkyl- or 1-aryl-imidazole-2-thiones is 
reasonably straightforward and most of the resulting [HB(tim

x
)3]

-
 

ligands are prepared by reaction with an alkali metal borohydride 
using the solution method described in Fig. (12). 

The N-methyl group can be readily replaced by a wide range of 
alkyl groups, such as Et [108], 

t
Bu [109], Cy [110], Bz [111], Ph 

[100], o-Tol [110], p-Tol [111], Mes [100], Cum [109], 2,6-xylyl 
[110] and 2,6-

i
Pr2C6H3 [112]. 

Very recently, Santos et al. have prepared the first member of 
the series Na[H3B(tim

Me
)], reacting methimazole with sodium 

borohydride in THF at 50°C to form the sodium trihy-

dro(methimazolyl)borate [113]. The analogous ligand functional-
ized with a small biomolecule 1-(4-(4-(2-methoxyphenyl)piperazin-
1-yl)butyl)-1H-imidazole-2(3H)-thione (Htim

Bupip
) was also pre-

pared in the same conditions [113] (Fig. 13). 

The bidentate S2-donor bis(methimazolyl)borate species, 

M[H2B(tim
Me

)2] (M = Li, Tl), have been obtained by Parkin et al. 
by reaction of MBH4 with 2 equivalents of methimazole in toluene 
at 50°C [114, 115]. 

The sodium salts Na[H2B(tim
R
)2] (R = Bz, 

t
Bu, p-Tol) were 

also obtained in high yield starting from the appropriate 1-alkyl- or 
1-aryl-imidazole-2-thiones, in refluxing tetrahydrofuran [116] (Fig. 
14). 

Substitution at C4 or C5 of the ring is also possible, although 
the only example of such substitution has been reported by Santos 
and coworkers, who placed biologically active groups in the 5-
position [117]. In particular, the symmetric ligands 
Na[H2B(tim

Me,4pip
)2] [117] (Fig. 15a) and Na[H2B(tim

Me,4(CH2-pip)
)2] 

[117] (Fig. 15b) were synthesized by reaction of sodium borohy-
dride with (4-(2-methoxyphenyl)piperazin-1-yl)(3-methyl-2-thioxo-
2,3-dihydro-1H-imidazol-4-yl)methanone (Htim

Me,4pip
) and 5-((4-

(2-methoxyphenyl)piperazin-1-yl)methyl)-1-methyl-1H-imidazole-
2(3H)-thione (Htim

Me,4(CH2-pip)
) (Fig. 15). The Htim

Me,4pip
 can be 

obtained by reaction of the activated ester 2,5-dioxopyrrolidin-1-yl-
3-methyl-2-thioxo-2,3-dihydro-1H-imidazole-4-carboxylate with 1-
(2-methoxyphenyl)piperazine, as indicated in Fig. (15). The species 
Htim

Me,4pip
 was reduced to the respective tertiary amine 

Htim
Me,4(CH2-pip)

 by reaction with BH3
.
SMe2 [118] (Fig. 15). 

Following Reglinski’s approach [98], Santos and coworkers 
[119] prepared bis(3-methyl-2-thioxoimidazol-1-yl)(organyl)bo-
rates ligands, [H(R)B(tim

Me
)2]

-
, starting from the organoborohy-

drides Li[RBH3] (R = Me, Ph), which were prepared by reaction of 
the corresponding boronic acids RB(OH)2 with LiAlH4, according 
to procedures described by Singaram et al. [120]. In fact, Li[RBH3] 
species react readily, in THF, with two equivalents of 2-mercapto-
1-methylimidazole, giving Li[(R)HB(tim

Me
)2] (R = Me, Ph). The 

kinetics of the reaction depends on the nature of the substituent 
attached to the boron. Indeed, the species Li[(CH3)HB(tim

Me
)2] 

(Table 6) was easily prepared at r.t. while the preparation of 
Li[(Ph)HB(tim

Me
)2] requires reflux in THF. Obviously, this differ-

ence reflects the higher basicity of the hydrides in [MeBH3]
 
in 

comparison with [PhBH3]
-
, as a consequence of the electronic with-

drawing properties of the phenyl group. Their coordination chemis-
try towards U(III) [121] and Re(I) [119] salts were also reported. 

Recently Owen et al. [122] reported the formation of the spe-
cies [(Bz)HB(tim

Me
)2]

-
 as a consequence of a ‘sting’ on the ben-

zylidene fragment of Grubbs’ catalyst leading to formation and 
transfer of the benzyl fragment to boron (Fig. 16). 
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Fig. (13). Synthesis of Na[H3B(timBupip)]. 

N

N

R

SH

N

N

R

S

H

MBH4

THF, reflux

B
N

H

H
N N

R

S

N

S

R

M

 

Fig. (14). Synthesis of bis(methimazolyl)borates. 
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The structure reveals that the ‘hydride’ maintains an interaction 
with the boron atom. An unprecedented coordination mode for the 
poly(thioimidazolyl)borate ligand results in which the two sulfur 
donors are mutually trans. The ruthenium atom adopts a distorted 
octahedral geometry and is coordinated by chlorine, tricyclohexyl-
phosphine, the two sulfur atoms and interactions with the BH and 
benzyl methylene groups (Fig. 16). The agostic interaction with the 
benzyl group is trans to the phosphine. The Ru–Cl bond is trans to 
the BH unit and is longer than is usual for a six coordinate ruthe-
nium complex [122]. 

Asymmetric bis(thioimidazolyl)borates Na[(Ph)HB(tim
Me

) 
(tim

Me,4pip
)] and Na[(Ph)HB(tim

Me
)(tim

Me,4(CH2-pip)
)] [117] (Table 6) 

with organoboryl moieties have been synthesized by Santos et al. 
[117] devising  a strategy which lies on the formation of an inter-
mediary mono(thioimidazolyl)borate, containing a methimazolyl 
ring, which is further reacted with a thioimidazole bearing a 
piperazine moiety. As indicated in Fig. (17), the preparation of the 
mono(methimazolyl)borate intermediate involved the reaction of 
Li(PhBH3) with methimazole in THF, at room temperature. The 
species Li[H2(Ph)B(tim

Me
)] was generated in situ and then reacted 

with the functionalized thioimidazoles Htim
Me,4pip

 or Htim
Me,4(CH2-

pip)
 (Fig. 17). 

Parkin et al. has recently reported complexes which have B–Cl 
and B–OAc groups, derived by oxidative reaction of boratranes 
[123]. 

The tris(methimazolyl)borate ligands Li[RB(tim
Me

)3] (R = Me, 

Ph) (Table 6) have been synthesized by reaction, in refluxing tolu-

ene, of methimazole with lithium methylborohydride or phenyl-

borohydride, respectively [124]. These ligands are the first exam-

ples of tris(thioimidazolyl)borates bearing alkyl or aryl substituents 

directly attached to the boron atom. They were used to prepare the 

Re(I) tris(carbonyl) complexes [Re{RB(tim
Me

)3-
3
S,S,S}(CO)3] (R 

= Me, Ph), which are quite resistant toward hydrolysis and aerial 

oxidation and can be seen as valuable models for the development 

of specific radiopharmaceuticals [124]. 

An improved synthesis (Fig. 18) of lithium phenyl-

tris(methimazolyl)borate, Li[PhB(tim
Me

)3], was described by 

Reglinski et al. [125], and the structure of the methanol-solvated 

species Li(MeOH)4[PhB(tim
Me

)3] has been determined. 

Poly(thioimidazolyl)borate ligands have found widespread ap-

plications and examples of metal complexes are known for a num-

ber of p-block and transition elements [97]. In particular the S3-

donor hydrotris(methimazolyl)borate [HB(tim
Me

)3]
-
 has allowed 

stable scorpionate complexes of the lower main group to be synthe-

sized and a number of authors, such as Reglinski et al. [98, 99], 

Parkin et al. [100], Vahrenkamp et al. [109] and Rheingold et al. 

[111], showed that this family of ligands is indeed suitable for a 

biomimetic zinc complex chemistry [126]. 

While the coordination chemistry of the poly(thioimidazolyl) 

borate family of ligands is extensive, they are subject to relatively 

facile degradation reactions in oxidising conditions. For instance, 

reaction of [HB(tim
Me

)3]
-
 with Cu(II) or Fe(III) ions results in the 
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Fig. (15). Synthesis of Na[H2B(timMe,4pip)2] (a) and Na[H2B(timMe,4(CH2-pip))2] (b). 
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Fig. (16). (a) Na[H2B(timMe)2], THF, r.t., -NaCl, -PCy3. (b) THF, r.t., transfer of benzyl fragment to boron. 
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ligand cleavage. However, Hill et al. have shown that dichloro-

methane reacts slowly with the free ligand, leading to formation of 

the heterocyclic salt [H2C(tim
Me

)2BH2]Cl (Fig. 19) [127]. 

Similar products have been isolated from reaction of 
Na[HB(tim

Me
)3] or Na[(tim)2BBN] (BBN = 9-borabicyclononyl) in 

dichloromethane to provide the species [H2C(tim
Me

)2BH(tim
Me

)]Cl 

and [H2C(tim
Me

)2BBN]Cl [127], respectively, characterized by the 
presence of an eight-membered heterocycle B(NCS)2C (Table 6). 

A side reaction of the B–H moiety of the [HB(tim
Me

)3]
-
 anion 

with nitrosonium cation (NO
+
) results in the isolation of the di-

methylformamide adduct of tris(methimazolyl)borane, 
(Me2NCHO)B(tim

Me
)3, [128] (Fig. 20).  
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Fig. (17). Synthesis of Na[(Ph)HB(timMe)(timMe,4pip)] (a) and Na[(Ph)HB(timMe)(timMe,4(CH2-pip))] (b). 
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Fig. (18). Synthesis of the lithium phenyltris(methimazolyl)borate. 
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Fig. (19). Synthesis of [H2C(timMe)2BH2]Cl. 
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The boron-centred molecule (Me2NCHO)B(tim
Me

)3 maintains 
many of the structural features of the poly(thioimidazolyl)borate 
anions. These data provide further evidence that the reaction path-
ways of the poly(thioimidazolyl)borate ligands are more varied and 
less passive than the chemistry of the nitrogen-based scorpionates 
[128]. In particular, while the B–H moiety rarely reacts in 
poly(pyrazolyl)borates chemistry, it is not uncommon for it to do so 
in poly(thioimidazolyl)borate chemistry. These data support the 
view that [HB(tim

Me
)]

-
 is a strong -donor and that its character (i.e. 

its softness) is tempered by the nature of the bonding in the com-
plex. This observation sets it apart from the anionic tripodal 
tris(phosphinomethyl)borates (vide infra) [129-131] and 
tris(thioalkyl)borates (vide infra) [132-135] and as such we can 
expect to continue seeing greater diversity within this sub grouping 
of the scorpionate species. In fact, Hill and coworkers have identi-
fied two related products which stem from the same reaction pro-
file, namely a cyclic species [127] (Fig. 19) and an elegant series of 
metal boratranes (vide infra) [136, 137]. 

4.2. Boratranes 

In their initial attempts to prepare classical chelate complexes 
containing the ligand [HB(tim

Me
)3]

-
, Hill and coworkers [136] have 

encountered an unprecedented class of reaction for tris(azolyl)bo-
rates, namely the intramolecular activation of the bridgehead B-H 
bond which provides the first example of metallaboratranes (Fig. 
21), examples of which are known for the late transition metals Fe 
[123], Ru [136, 138], Os [139], Co [140], Rh [137, 141, 142], Ir 
[142, 143], Ni [112, 144], Pd [145] and Pt [146-148]. 

B

N

N

S

R

MLn

N

N

S

R

N

N

SR

 

Fig. (21). General structure of metallaboratranes. 

The elucidation of the metallaboratrane structural motif 
(M B), in the compounds [M(CO)(PPh3){B(tim

Me
)3}] (Fig. 22) (M 

= Ru [136, 149], Os [139]), afforded the first unequivocal evidence 
for long mooted dative metal boron interactions [150]. 

The mechanism of formation has not yet been elucidated une-
quivocally, but it seems likely that in the first instance a M···H–B 
interaction occurs, which is followed by a metal mediated activa-
tion of the B–H bond, which can be likened to an oxidative addition 
(Fig. 23). 

N

N
S

B

M

N N

S

N

N

S

PPh3

OC

 

Fig. (22). Structure of [M(CO)(PPh3){B(timMe)3}] (M = Ru or Os). 

If no hydrogen acceptor group (R) is present, the resulting 
metal hydride can on occasions be isolated [149], but more nor-
mally this reacts rapidly, most typically by reductive elimination 
with an alkyl or aryl group leading to metallaboratrane formation 
(Fig. 23). Alternatively, one could envisage a concerted process in 
which the borohydride activation leads to a cyclic transition state 
from which elimination of R–H occurs with concurrent M–B bond 
formation (Fig. 23). In at least one case solvent has been clearly 
implicated in the process, with generation of CH2Cl2 from chloro-
form and the coordination of a chloride ligand being observed 
[141]. For example, the formation of the metallaboratrane of the 
type [M(R)Cl(L)(PPh3)3] (ML = RuCO, OsCO, RhCl; R = aryl, 
vinyl), obtained by the reaction of Na[HB(tim)3] with d

6
 transition-

metal organyls, is a process which involves activation of an agostic 
B-H-M linkage and subsequent reductive elimination of R-H: the -
organyl acts as a hydrogen acceptor. However, the platinaboratrane 
[PtH(PPh3){

4
B,S,S',S”-B(tim)3}]Cl [148] and iridaboratrane 

[IrH(CO)(PPh3){
3
B,S,S'-B(tim)2R}], have been obtained directly 

from reaction of low-valent non-organometallic precursors, cis-
[PtCl2(PPh3)2] [148] or the Vaska's complex [IrCl(CO)(PPh3)2] 
[143] and Na[HB(tim)3]. 

The driving force for assembly of the metallaboratrane motif, 
and hence the dative interaction, may thus be considered a function 
of several factors, including d occupancy, geometric constraints, 
and metal -basicity. The subject of bonding in these compounds 
has been discussed in greater detail by Parkin et al. [142]. 

4.3. Se-donor Scorpionate Ligands 

Whereas S3-donor tripodal ligands are ubiquitous [98-101, 109, 
111, 151-154], analogous ligands that feature an Se3-donor array 
are uncommon, and the only examples we are aware of belong to 
the neutral triselenoethers MeC(CH2SeMe)3 and MeC(CH2SePh)3 
[155-157]. Since the tris(thioimidazolyl)borate ligands introduced 
by Reglinski and coworkers [98] have proven to be versatile [158], 
with a large variety of [HB(tim

R
)3]

-
 derivatives having been pre-

pared, Parkin et al. envisioned that a similar series of tripodal 
ligands that features an Se3-donor array should be accessible and 
thereby provide a set of ligands with modified electronic properties 
[159]. Indeed, the tris(3-mesityl-2-selenoxo-imidazol-1-yl)borate 
ligand (Table 7) has been obtained as its potassium derivative 
K[HB(Seim

Mes
)3] via the reaction of KBH4 with 1-mesityl-
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Fig. (20). Synthesis of (Me2NCHO)B(timMe)3. 
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imidazole-2-selenone [160], as illustrated in Fig. (24) [159]. 
K[HB(Seim

Mes
)3] is a convenient reagent for a variety of derivatives 

of both the main group metals and transition metals and complexes 
of type [HB(Seim

Mes
)3]MI (M = Co, Zn, Cd, Hg) [159], {[HB 

(Seim
Mes

)3]2M}[MCl4] (M = Ga, In) [159], {[HB(Seim
Mes

)3]Cu}2 
[159], [HB(Seim

Mes
)3]Re(CO)3 [159] and [HB(Seim

Mes
)3]NiNO 

[161] have been obtained. 

Using a similar method, the bis- and tris-(3-methyl-2-selenoxo-
imidazol-1-yl)borate ligands, K[H2B(Seim

Me
)2] and Na[HB 

(Seim
Me

)3], have been constructed by reaction of 1-
methylimidazole-2-selenone [160, 162] with KBH4 and NaBH4, 

respectively [163]. These ligands have been used to synthesize 
other derivatives of the type {[H2B(Seim

Me
)2]ZnX}2 (X = Cl, I), 

[H2B(Seim
Me

)2]2Zn, [HB(Seim
Me

)3]Re(CO)3  [163] and 
[H2B(Seim

Me
)2]Ni(PPh3)(NO) [164]. 

4.4. Poly(thioalkyl)borates 

Riordan and co-workers prepared the monoanionic 
Bu4N[B(CH2SCH3)4] species (Table 8) [132] from the in situ reac-
tion of an excess of LiCH2SCH3 with BF3

.
Et2O in THF at -78°C 

(Fig. 25a). The anion is precipitated from aqueous solutions as its 
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Fig. (23). Synthesis of metallaboratranes. 

N

N

Mes

Se

H

KBH4
B

N

NN

N

N

N

H

Se

Se

Se

Mes

Mes

Mes

K

-H2

 

Fig. (24). Synthesis of K[HB(SeimMes)3]. 
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Fig. (25). Synthesis of Bu4N[B(CH2SCH3)4] (a) and Bu4N[PhB(CH2SR)3] (R = CH3, 
tBu, Ph, p-Tol) (b). 
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Bu4N
+
 salt and is potentially a C3-symmetric face-capping ligand. 

Poly(thioalkyl)borate ligands represent sulphur analogs of the ver-
satile poly(pyrazolyl)borates. The thioether ligand provides a softer 
coordination sphere for metal ions and, consequently, a different 
metal environment. 

Their donor aptitudes are established via the synthesis of a 
range of metal complexes [165]. The analogous phenyltris[(methyl-
thio)alkyl]borates Bu4N[PhB(CH2SCH3)4] [165], Bu4N[PhB(CH2S

t 

Bu)3] [151], Bu4N[PhB(CH2SPh)3] [166], Bu4N[PhB(CH2S(p-
Tol)3] [135] and Tl[PhB(CH2SAd)3] (Ad = adamantyl) [152] have 
also been prepared. CH3SR (R = CH3, 

t
Bu, Ph, p-Tol or Ad) was 

readily and quantitatively deprotonated by 
n
BuLi in the presence of 

TMEDA (TMEDA = tetraethylmethylenediamine); the resulting 
carbanion, LiCH2SR, reacts with PhBCl2 to yield the Li[PhB 
(CH2SR)3] ligands. The Bu4N

+ 
or thallium(I) salts were precipitated 

from aqueous solutions upon addition of [Bu4N]Cl (Fig. 25b) [165] 
or Tl2SO4 [152], respectively. The same reaction work-up was used 
to synthesized the species Bu4N[FcB(CH2SCH3)3] (Fc = ferrocenyl) 
starting from the appropriate carbanion LiCH2SCH3 and using the 
FcBBr2 species [133]. 

The corresponding bidentate borate species, [Ph2B(CH2SR)2]
-
, 

were prepared conveniently following protocols developed for the 
tridentate ligands [135]. In particular, the requisite sulfide, CH3SR 
(R = CH3, 

t
Bu), was readily and quantitatively deprotonated by 

n
BuLi in the presence of TMEDA. The resulting carbanion, 

LiCH2SR, was added slowly to Ph2BBr yielding the desired prod-
uct. Aqueous work-up with either [Bu4N]Br or CsCl as the cation 
source yielded the ligands, [Bu4N][Ph2B(CH2SCH3)2] and 
Cs[Ph2B(CH2S

t
Bu)2] [167]. The species [Bu4N][Et2B(CH2SCH3)2] 

was prepared according to the previously reported procedure re-
placing Ph2BBr with Et2B(OTs) [135]. 

Poly(thioalkyl)borates have found widespread applications and 

examples of metal complexes are known for a number of transition 
elements such as Fe(II) [133, 165, 168, 169], Co(II) [133, 165, 168, 

170-172], Ni(I) [152, 171, 173-176], Ni(II) [133, 151, 152, 165, 
167, 168, 177-179], Zn(II) [168, 180], Cu(I) [134, 135, 166, 179, 

181], Cu(II) [133, 181] and Mo(CO)3 [132]. 

The sulfur-rich anion, tetrakis(2-thienyl)borate (Table 8), 
K[B(thi)4], which is the thiophene analogue of the polythioether 

ligand tetrakis((methylthio)methyl)borate, was reported by Pacey 
and Moore [182] and by Sargent et al. along with a molecular or-

bital analysis of its coordination to a metal center [183]. 

Boron-bridged tetrathiaporphyrinogen was reported by Siebert 
and coworkers [184] starting from the N,N-diisopropyl-1,1-di-2-

thienylboranamine [185] followed by dimetalation and treatment 
with the stoichiometric quantity of Cl2BN

i
Pr2 to give the macrocy-

cle boron-bridged [(N
i
Pr2)B(thi)]4 [184] (Fig. 26). No polymer for-

mation was observed. To avoid any attack at boron, the sterically 

hindered strong base lithium 2,2,6,6-tetramethylpiperidide (LiTMP) 
was used. 

Interestingly, porphyrins with boron atoms in side chains have 

been used for BNCT (boron neutron capture therapy) studies [186]. 

“Scorpionate”-like tetrathienyl-substituted boron-dipyrrin-type 

systems (BODIPY-type) [187] complexes, 3-(R’)-4,4-di(R’)-8-R-4-
bora-3a,4a-diaza-s-indacene (Table 8), have been prepared by Choi 

et al. [188] (Fig. 27).  
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Fig. (26). Synthesis of macrocycle boron-bridged [(NiPr2)B(thi)]4. 
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Fig. (27). Synthesis of tetrathienyl-substituted boron-dipyrrin-type systems: BODIPY-2T (a) and BODIPY-3T (b). 
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The synthesis of the species illustrated in Fig. (27) involved 
four convenient steps from commercially available and inexpensive 
starting materials: preparation of 5-substituted dipyrromethanes 
[189, 190]; oxidation of dipyrromethanes to dipyrrins or dipyrrome-
thenes [191]; preparation of BF2-dipyrrin [192]; finally, treatment 
of BF2-dipyrrin with thienyllithium was performed obtaining bis-
substituted boron analogues (Fig. 27) [188]. 

A variety of meso-thienyl dipyrrin species is also accessible, as 
shown by Churchill and coworkers [193], to yield an array of robust 
products. 

4.5. Poly(phosphinomethyl)borates 

As amply demonstrated in pyrazoylborates chemistry [1] and in 
the synthesis of [PhB(CH2SR)3]

-
 by Riordan and coworkers [151], 

the borate bridgehead provides both the desired negative charge and 
a scaffold to support three ligating arms with a hybridization that 
sustains a fac conformation about a metal center. Within the con-
text, the tris(diphenylphosphinomethyl)phenylborate, [PhB(CH2P 
Ph2)3]

-
, first reported by Nocera and coworkers [129], features a 

negative charge proximate to a highly polarizable six-electron 
phosphine donor set, exhibiting a propensity to associate to soft 
metals. In particular the Li(TMEDA)[PhB(CH2PPh2)3] (Table 9) 
was sinthetized by addition of diphenylphosphinomethide to dichlo-
rophenylborane yielding a borate salt, which subsequently under-
goes substitution of its chlorides by two additional equivalents of 
diphenylphosphinomethide to provide the tris(diphenylphosphino-
methyl)phenylborate ligand [129] (Fig. 28). 

Following this methodology Betley and Peters [131] described 
the preparation of the tris(diisopropylphosphino)phenylborate, 
Li(TMEDA)[PhB(CH2P

i
Pr2)3] and examined aspects of its elec-

tronic and structural properties in comparison to those of the parent 
[PhB(CH2PPh2)3]

-
 ligand. The thallium(I) complex, Tl[PhB 

(CH2P
i
Pr2)3], was also synthesized and characterized in the solid-

state by X-ray diffraction analysis [131]. 

Tris(phosphino)borate silver(I) complexes, in which substituent 
on the boron atom is varied from phenyl to alkyl groups, were 
synthesized by Marks et al. [194] in a three step procedure (Fig. 29) 
modified from that of Peters et al. [131, 195-198] using commer-
cially available reagents. 

Although isoelectronic with Cp and tris(pyrazolyl)borate (Tp) 
ligands, tris(phosphinomethyl)borates differ significantly from 
these as they coordinate via three soft phosphine -donor groups. 
Accordingly, the tris(phosphinomethyl)phenylborates have enabled 
the isolation of transition-metal complexes that have no counterpart 
in Cp- or Tp-ligated systems, such as Ir(III)-silylene [130, 199, 
200], Fe(II)-silyl complexes [201], Fe(II) and terminal Co(III) [202] 
and Fe(III)-imido complexes [203]. 

Thomas and Peters [204] provided detailed methods for the 
preparation of a series of bis(phosphino)borate ligands comprising 
diverse electronic and steric properties. The general method chosen 
for preparing bis(phosphino)borate ligands relies on the delivery of 
a phosphinoalkyl carbanion to a borane electrophile (Fig. 30). The 
advantage of this strategy is its convergent approach: a host of bo-
rane electrophiles and appropriate carbanions are synthetically ac-
cessible. Also, the synthesis of borate-based ligands by nucleophilic 
addition to borane precursors has precedence in the literature [135, 
151, 165, 173]. Each of the bis(phosphino)borates shown in Table 9 
was prepared adhering to the following methodologies: (i) synthesis 
of di(organyl)chloroborane electrophiles of the formula R2BCl; (ii) 
generation of phosphine carbanions of the general formula 
[R2PCH2]

-
; (iii) synthesis of lithium salts Li[R2B(CH2PPh2)2] or 

Li[Ph2B(CH2PR2)2]; (iv) generation of synthetically useful ammo-
nium and thallium salts of bis(phosphino)borates. 

Thomas and Peters [205] also described the synthesis of the 
bis(phosphino)borate species (ASN)[Ph2B(CH2PPh2)2]

.
(ASN = 5-

azonia-spiro[4.4]nonane) (Table 9) and examined its ability to pro-
mote C-H bond activation chemistry at a platinum(II) center.  
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Fig. (28). Synthesis of Li(TMEDA)[PhB(CH2PPh2)3]. 
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Fig. (29). Synthesis of Li(TMEDA)[R’B(CH2PR2)3] (R = Ph or iPr; R’ = Ph or nBu). 
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Fig. (30). General synthesis of bis(phosphino)borates. 
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The bis(phosphino)borate ligands are unique in that they pre-
serve the essential properties of a neutral bis(phosphine) chelate 
while also being anionic in nature. Their chemical properties derive 
in part from the borate charge fastened into the alkyl chain of the 
ligand backbone. 

5. HYBRID SCORPIONATE LIGANDS 

Among the scorpionates, the tris(pyrazolyl)borates are by far 
the most prominent ones. As a companion to these N3-donors [4], 
the tris(thioimidazolyl)borates, which were introduced by Reglinski 
et al. [98] as S3-donors, are gaining ground due to their similarly 
favorable properties [97]. Therefore, it became attractive to make 
use of the corresponding scorpionates with nitrogen, sulfur and 
phosphorus donor sets, such as (N2S) [206], (NS2) [114, 168, 207-
210], (N2P) [211, 212] and (NP2) [213], derived from mixed 
poly(pyrazolyl)(thioimidazolyl)borates, poly(pyrazolyl)(phospha-
nyl)borates and the ambidentate poly(azolyl)borates based on thi-
oxotriazoles and mercaptothiadiazoles. These derivatives are most 
interesting, because they allow a smooth modulation of the coordi-
nation environment between the extremes (N3) of tris(pyrazolyl) 
borates, (S3) of tris(thioimidazolyl)borates or tris(thioalkyl)borates 
and (P3) of tris(phosphino)borates. Complete homogeneous series 
of closely related ligands facilitate an evaluation of the influence of 
gradual changes in the donor set of tripods on the chemical proper-
ties of the coordinated metal ion [167, 181, 214-217]. 

5.1. Mixed poly(pyrazolyl)(thioimidazolyl)borates 

The bis(thioimidazolyl)(pyrazolyl)borate (Table 10), [HB(pz
x
) 

(tim
x
)2]

-
, can be prepared essentially by the same procedure used for 

the species [HB(pz
x
)3]

-
 and [HB(tim

x
)3]

-
, which consists of the 

high-temperature reaction between KBH4 and a stoichiometric 
amount of the pyrazole and/or thioimidazole [114]. The ligand 
Li[HB(pz) (tim

Me
)2] (Fig. 31) has been prepared by Parkin et al. 

[114] and applied successfully for modeling aspects of the bioinor-
ganic chemistry of zinc enzymes [100, 114, 209].  

Complexes of the type M[HB(pz)(tim
Me

)2]2, (M = Zn, Co or 
Cd), despite their similar composition, adopt different structures: 1) 

the zinc complex shows a tetrahedral Zn[S4] core in which only the 
sulfur donors are coordinated to metal; 2) the cobalt complex pre-
sents a trigonal-bipyramidal Co[S3NH] structure, in which one of 
the pyrazolyl groups and one of the BH coordinate to metal; 3) the 
cadmium complex exhibits a six-coordinate Cd[S4H2] structure in 
which both BH interact with the metal. In addition Parkin and co-
workers demonstrated that the mixed bis(thioimidazolyl)(pyrazolyl) 
borates open the way to tetrahedral (

3
N,S,S’)Zn-X complexes 

[100, 218]. 

Nine tripodal ligands of the type [HB(pz
x
)(tim

x
)2]

-
 with varying 

3-R-thioimidazolyl moieties were prepared as their potassium salts 
and their zinc complexes identified by a total of twelve structure 
determinations by Vahrenkamp et al. [210]. They fill half of the gap 
between the analogous 

3
N,N’,N” (i.e. pyrazolylborate) and 

3
S,S’,S” (i.e. mercaptoimidazolylborate) ligands. Provided that the 

as-yet-unknown tripodal 
3
N,N’,S ligands of this type are also ac-

cessible, the door would be open for a complete set of comparative 
investigations of metal complexes with homologous tripodal 

3
N,N’,N”, 

3
N,N’,S, 

3
N,S,S’ and 

3
S,S’,S” ligands. 

On the basis of Vahrenkamp et al. works [206], the synthetic 
procedure used for bis(thioimidazolyl)(pyrazolyl)borates doesn’t 
work for system type bis(pyrazolyl)(thioimidazolyl)borates, 
[HB(pz

x
)2(tim

x
)]

-
, and it is possible to obtain [HB(pz)2(tim

tBu
)]

-
 and 

[HB(pz)2(tim
iPr

)]
-
 (Table 10) ligands by reaction between unsubsti-

tuted [HB(pz)3]
-
 and the corresponding thioimidazole in their own 

melt at 150°C [206] (Fig. 32). 

It corresponds to a substitution of the pyrazolyl groups by the 
thioimidazolyl groups, the driving force for the reaction being the 
sublimation of pyrazole out of the reaction mixture. However, the 
reaction produces mixtures of type [HB(pz)3]

-
, [HB(pz)(tim

R
)2]

-
, 

and [HB(pz)2(tim
R
)]

-
. Their separation, which is accompanied by 

serious losses, reduces the isolated yields to 10-20%. 

The mixed pyrazole/thioimidazoles donor ligands, along with 
[HB(tim

Me
)3]

-
, have great potential for tuning the electron density at 

the metal centre and hence the redox properties, a factor which is of 
great importance when exploiting the coordination chemistry of 
organometallic compounds in catalysis and material science. 
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Fig. (31). Synthesis of Li[HB(pz)(timMe)2]. 
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Fig. (32). Synthesis of bis(pyrazolyl)(thioimidazolyl)borates. 
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5.2. Mixed poly(pyrazolyl)(thioalkyl)borates 

Hybrid N- and S-donor borate ligands (Table 11), 
Bu4N[Ph2B(pz)(CH2SR)], containing one thioether and one pyra-
zolyl donor, were prepared by Riordan et al. [167] using the step-
wise, in situ procedure described in Fig. (33). 

In particular, addition of equimolar LiCH2SR (R = CH3, 
t
Bu) to 

Ph2BBr at -78 °C in THF effected the incorporation of one thioether 
substituent to the borane. The presumed product, 
Li[Ph2B(Br)(CH2SR)], was not isolated. To the THF solution was 
introduced 1 equiv of Lipz. The desired species was precipitated by 
addition of aqueous [Bu4N]Br [167]. Similar preparative ap-
proaches have led to the isolation of the analogous 
Tl[PhB(pz)(CH2SCH3)2] borato ligand [168] (Fig. 34). 

The lithium (and potassium) scorpionates M[PhB(pz)2 

(CH2SCH3)] are accessible through a three-step sequence starting 
from PhBBr2 [181] (Fig. 35). 

For the synthesis of the heteroditopic scorpionates 
M2[(pz)3BC6H4B(pz)2(CH2SCH3)] (M = Li or K), the p-silylated 
borylbenzene [219, 220] was chosen by Wagner and co-workers 
[181] as starting material (Fig. 36a). Introduction of the thio-ether 
substituent by using donor-free LiCH2SMe gave the silylated spe-
cies (Fig. 36b) that exists as dimer in solution and in the solid state; 
this is of critical importance for the entire synthesis concept, be-
cause B-S adduct formation protects the thioether groups from BBr3 
attack in the subsequent reaction step, thereby allowing the clean 
conversion via silicon/boron exchange. Treatment with 6 equiv of 
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Fig. (33). Synthesis of hybrid N- and S-donor borate ligands: Bu4N[Ph2B(pz)(CH2SR)] (R = CH3 or tBu). 
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Fig. (34). Synthesis of Tl[PhB(pz)(CH2SCH3)2]. 
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Fig. (35). Synthesis of Li[PhB(pz)2(CH2SCH3)]. 
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Me2NSiMe3 led to the replacement of all bromide substituents by 
dimethylamino groups and consequently to the break-up of the 1,4-
dithionia-2,5-diboratacyclohexane ring. The resulting monomer 
(Fig. 36c) was transformed into the heteroditopic scorpionates 
M2[(pz)3BC6H4B(pz)2(CH2SCH3)] (M = Li or K) by reaction with 
Hpz/Mpz (6:4; M = Li, K) in toluene at reflux temperature [181]. 

5.3. Mixed poly(pyrazolyl)(phosphino)borates 

The hybrid bis(pyrazolyl)(phosphino)borate ligands (Table 11) 
are achieved by initial preparation of the bis(phosphino)borane 
precursor Li[PhB(CH2P

t
Bu2)2] via metathesis between PhBCl2 and 

2 equiv. of LiCH2P
t
Bu2 (Fig. 37). Reaction of Lipz with 

Li[PhB(CH2P
t
Bu2)2] followed immediately by salt metathesis with 

TlPF6, leads to the clean formation of [PhB(CH2P
t
Bu2)2(pz

x
)]Tl 

(Hpz
x
 = pyrazole or 3,5-dimethylpyrazole) [213]. 

The use of the bulky LiCH2P
t
Bu2 carbanion is critically impor-

tant in the preparation of this type of hybrid borate ligands because: 
(i) effective di- rather than tri-substitution at boron can be achieved, 
which could not be realized using less hindered carbanions, such as 
LiCH2P

i
Pr2 and LiCH2PPh2; (ii) the borane product, 

PhB(CH2P
t
Bu2)2, does not appear to dimerize to an appreciable 

degree in solution. This fact allows the efficient introduction of a 
third donor arm [213]. 

A related bis(pyrazolyl)(phosphino)borate ligand was recently 
reported by Oro et al. [211]. In particular, the reaction of CH2=CH-

CH2B(O
i
Pr)2 with 1 equivalent of [Li(TMEDA)][CH2PPh2] and 2 

equivalents of pyrazole in refluxing toluene gave the lithium salt of 

the anionic ligand Li(TMEDA)][CH2=CHCH2B(CH2PPh2)(pz)2] 
(Fig. 38). 

This synthetic strategy leads to an allyl bis(pyrazolyl)borate 

ligand bifunctionalized with a phosphine group that, in addition, 
can be attached to the periphery of carbosilane dendrimers through 

the allyl linker to give polyanionic starbursts and, ultimately, neu-
tral metallodendrimers [211]. 

5.4. Ambidentate poly(azolyl)borates Based on Thioxotriazoles 
and Mercaptothiadiazoles 

Treatment of the heterocycle 3,4-dimethyl-1,2,4-triazole-5-

thione with sodium tetrahydroborate at 210°C (Fig. 39) provided 

the [N3/S3] ambidentate tripod ligand tris(thioxotriazolyl)borate 

(Table 12) as its sodium complex salt Na[HB(ttz
3Me,4Me

)3] [221]. 

Br

B

Br

2 LiCH2SCH3, TMEDA

C6H6, r.t.
B S

BS

Br

Br

2) 6 Me2NSiMe3

N(Me)2

B

S

Me

6 Hpz + 4 Lipz

Toluene, reflux

N

B

N N

S

CH3

N

SiMe3

2
Me3Si

SiMe3

1) 2 BBr3

C6H6, r.t.

(Me2N)2B

N

B

NN

N

N
N

(a)

(b)

(c)

2Li

 

Fig. (36). Synthesis of the heteroditopic scorpionate ligand Li2[(pz)3BC6H4B(pz)2(CH2SCH3)]. 

Et2O, -35°C

BPh

N

PtBu2

N

PtBu2
LiCH2PtBu2

PhBCl2
Ph B

P

P

tBu

tBu

tBu

tBu

1) Li[pzx]

2) TlPF6

R R

R = H or Me

Tl

 

Fig. (37). Synthesis of [PhB(CH2P
tBu2)2(pzx)]Tl (Hpzx = pyrazole or 3,5-dimethylpyrazole). 
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Complexes of this ligand with sodium, bismuth(III), tin(IV), 
and manganese(I) have been synthesized and characterized by X-
ray crystallography. The structures of these complexes illustrate the 
ambidentate character of the ligand with the softer metals bismuth 
and tin exhibiting sulfur coordination, while sodium and manga-
nese(I) bond via the ligand nitrogen donors. In the [S3] coordination 
mode the ligand creates eight-membered chelate rings with the 
metal with the consequence that the metal ligand unit adopts a pro-
peller-type conformation with C3-symmetry. However, in the [N3] 
mode six-membered chelate rings are formed analogous to the fa-
miliar tris(pyrazolyl)borate (Tp

x
) ligands. 

The bifunctionalized homoscorpionate ligands (Table 12), 
tris[4-methyl-3-(pyridin-2-yl)-5-thioxo-1,2,4-triazolyl]borate, 
Li[HB(ttz

3(o-Py),4Me
)3] [222] and tris[4-mesityl-3-methyl-5-thioxo-

1,2,4-triazolyl]borate, Li[HB(ttz
3Me,4Mes

)3], [223] and the hetero-
scorpionate ligand bis[4-mesityl-3-methyl-5-thioxo-1,2,4-
triazolyl][3-(pyridin-2-yl)-pyrazolyl]borate K[HB(ttz

3Me,4Mes
)2(pz

o-

Py
)] [223] were synthesized and crystallographically characterized. 

The synthesis of the tripodal ligands Li[HB(ttz
3(o-Py),4Me

)3] and 
Li[HB(ttz

3Me,4Mes
)3] were performed at high temperature in toluene 

by reacting triazoles and LiBH4 in 3/1 ratio. The method exten-
sively employed to produce tris(pyrazolyl)borates [37, 224], 
tris(thioimidazolyl)borates [99] and tris(thioxotriazolyl)borate 
[221], which involves the reaction between borohydrides and het-
erocycles in the melt, could not be followed here due to the high 

and prohibitive melting temperatures of triazoles (>200°C). Differ-
ent strategies were attempted to synthesize the heteroleptic ligand 
M[HB(ttz

3Me,4Mes
)2(pz

o-Py
)]. In particular, the successful synthesis 

was obtained by a onepot reaction [210] between NaBH4, 3-(2-
pyridyl)pyrazole, and 4-mesityl-3-methyl-5-thioxo-1,2,4-triazole in 
1/1/2 ratio (toluene, 150 °C) [223] (Fig. 40). 

Dinuclear Cu(I) complexes {Cu[HB(ttz
3Me,4Mes

)3]}2, 

{Cu[HB(ttz
3(o-Py),4Me

)3]}2 and {Cu[HB(ttz
3Me,4Me

)2(pz
o-Py

)]}2 have 

been obtained with these bifunctionalized scorpionate ligands 
[223]. 

The hybrid ligands tris[2-thioxo-1,3,4-thiadiazol-3-yl]borate 

(Table 12), [HB(mtdz)3]
-
, (mtdz = 2-thioxo-1,3,4-thiadiazol-3-yl) 

[225] and tris[5-methyl-2-thioxo-1,3,4-thiadiazol-3-yl]borate, 

[HB(mtdz
5Me

)3]
-
 [226] (mtdz

5Me
 = 5-methyl-2-thioxo-1,3,4-

thiadiazol-3-yl), containing N-heterocyclic rings with both hard 
nitrogen donors and soft sulfur donors, have been prepared by 

Gardinier et al. [225]. These ligands are close relatives of Marchiò 

and coworkers’ poly(thioxotriazolyl)borates [221, 223] and are able 

to promote the controlled organization of metallochains according 
to Pearson’s hard-soft acid-base theory [227, 228]. Gardinier and 

coworkers refer to these species and their derivatives as Janus 

scorpionates [225, 226, 229], after the Roman mythological god of 
gates and doors that is commonly depicted as a two-faced figure 

[225] (Fig. 41). 

B

N N

N N
B

OiPr

OiPr

P

[Li(TMEDA)]

1) [Li(TMEDA)][CH2PPh2]

2) Hpz

 

Fig. (38). Synthesis of Li(TMEDA)][CH2=CHCH2B(CH2PPh2)(pz)2]. 

B

N

N
N

N
N

NN

N
N

H

S

S

S

N

N
N

S

H

+ NaBH4

220°C
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3

Na

 

Fig. (39). Synthesis of Na[HB(ttz3Me,4Me)3]. 

N

NN

S

H
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2

N
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N

+ B

N
N
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H

S

S

N
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Fig. (40). Synthesis of Na[HB(ttz3Me,4Mes)2(pzo-Py)]. 
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B

N

S

N
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S

N N

S
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S R

S R

S R

Msoft

 

Fig. (41). Potential coordination behavior of Janus scorpionates. 

These anionic ligands differ in the presence of methyl groups 

situated proximal to the nitrogen atoms of the constituent heterocy-

cles that would be available for metal binding. The Janus scorpion-

ates exhibit remarkable diversity in their binding behavior toward 

main group metals [229]. It was expected that steric interactions 

involving the methyl groups might change the binding preferences 

of the ligand to metal cations by decreasing the tendency for MN6 

coordination in sandwich complexes or coordination polymers, 

possibly promoting lower coordination numbers or making metal-

sulfur bonding more favorable. 

TABLES 1-11 

Structure of ligands and references to their synthesis. 
 

Table 1. Poly(imidazol-1-yl)borates 

N. Abbreviation and References Structure 

1 K[H2B(im)2](DMAC) [42] B

H

N

N

N

NH

 

2 Tl[HB(im)3] [41] B
H

N

N

N

NN

N
 

3 

4 

R = H: Li[B(im)4] [40] 

R = Me: Tl[B(im4Me)4] [47] 
B

N

N

N

N

N

NN

N

R R

RR  

5 B(Him)(im)3 [48] B

N

N

N

N

N

NN

N

H

 

6 [H2B(Him2Br)2]Cl [52] 
NH

N

Br

B

H

N
HHN

Br

Cl

 

7 

8 

9 

R = H, R’ = H: K[H2B(bzim)2] [49] 

R = H, R’ = bzim: K[HB(bzim)3] [230] 

R = bzim, R’ = bzim: K[B(bzim)4] [230] 

B

R'

N

N

N

N

R

 

10 

11 

12 

13 

R = H, R’ = R” = H: [H2B(im)]4 [50] 

R = H, R’ = Me, R” = H: [H2B(im4Me,5Me)]4 [50] 

R = Me, R’ = R” = H: [Me2B(im)]4 [50] 

R = H, R’ = H, R” = Br: [H2B(im2Br)]4 [52] 

N

N

"R

B

R

N

R

N
R"

B
R

N

R

N

"R

B
R

N
R

N

R"

B

RR

R'

R' R'

R'

R'

R'R'

R'
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Table 1. contd… 

N. Abbreviation and References Structure 

14 [H2B(bzim)]4 [52] 

N

N

B

H

N

H

N

B
H

N

H

N

B
H

N
H

N

B

HH  

15 

16 

R = H: [H2B(im)]5 [50] 

R = Me: [Me2B(im)]5 [50] 

N

N
B

R

N

R

N

B

R

N

R

N

B

R

N

R

N

B

R
R

N

N

B

R
R  

 

Table 2. Poly(imidazol-2-yl)borates 

N. Abbreviation and References Structure 

17 

18 

19 

20 

X = OiPr: Li[Me(OiPr)B(imcMe)2] [53] 

X = Cl: Li[Me(Cl)B(imcMe)2] [53] 

X = Ph: Li[Me(Ph)B(imcMe)2] [53] 

X = Pz: Li[Me(pz)B(imcMe)2] [53] 

B

Me X

N

NN

N

Me Me

 

 
Table 3. Poly(oxazol-2-yl)borates 

N. Abbreviation and References Structure 

21 

22 

23 

24 

25 

26 

27 

28 

R1 = Ph, R2 = iPr: Li[Ph2B(ozc4iPr)2] [57] 

R1 = Ph, R2 = tBu: Li[Ph2B(ozc4tBu)2] [57] 

R1 = Cy, R2 = iPr: Li[Cy2B(ozc4iPr)2] [146] 

R1 = Et, R2 = tBu: Li[Et2B(ozc4tBu)2] [57] 

R1 = Cy, R2 = tBu: Li[Cy2B(ozc4tBu)2] [57] 

R1 = Et, R2 = Benzyl: Li[Et2B(ozc4Bz)2] [57] 

R1 = 3,5-CF3-C6H3, R
2 = tBu: Li[(3,5-CF3-C6H3)2B(ozc4tBu)2] [57] 

R1 = 3,5-CF3-C6H3, R
2 = Benzyl: Li[(3,5-CF3-C6H3)2B(ozc4Bz)2] [57] 

B

N

O

N

O

R2R2

R1 R1

 

29 Li[PhB(ozc4Me2)3] [55] B
N

O

O

NN

O
 

30 Li[PhB(ozc4iPr)3] [58] 
B

N

O

O

N

N

O
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Table 4. Poly(1,2,4-triazol-1-yl)borates  

N. Abbreviation and References Structure 

31 

32 

33 

R = R’ = H: K[H2B(tz)2] [64] 

R = NO2, R’ = H: K[H2B(tz3NO2)2] [73] 

R = R’ = Me: K[H2B(tz3Me,5Me)2] [68] 

B

N

H

H

N N

N

N

N

R'

R'

R

R
 

34 

35 

36 

37 

38 

39 

R = R’ = H: K[HB(tz)3] [62, 63] 

R = R’ = Me: K[HB(tz3Me,5Me)3] [69] 

R = tBu; R’ = Me: K[HB(tz3tBu,5Me)3] [70] 

R = Ph; R’ = Me: K[HB(tz3Ph,5Me)3] [72] 

R = NO2, R’ = H: Na[HB(tz3NO2)3] [231] 

R = R’ = CF3: Na[HB(tz3CF3,5CF3)3] [76] 

B

N

NN

H

N
N

N

N

N

N

R

R'

R'

R

R
R'

 

 

Table 5. Poly(azol-1-yl)borates (Azole = 1,2,3-benzotriazole, tetrazole, 7-azaindole) 

N. Abbreviation and References Structure 

40 K[H2B(bztz)2] [85] B

N

H

H

N N

N

N

N

 

41 K[HB(bztz)3] [85] 
N

N N

N

N N
B

N

NN

H

 

42 K[H2B(tet)2] [93] B

N

H

H

N N

N
N

N
N

N

 

43 K[HB(7-azn)3] [96] BN

N

N

H

N

N

N
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Table 6. Poly(thioimidazolyl)borates 

N. Abbreviation and References Structure 

44 

45 

R = Me: Na[H3B(timMe)] [113] 

R = Bupip: Na[H3B(timBupip)] [113] 
B

H

H

H

N N R

S
 

46 

47 

48 

49 

50 

R = Me: Li[H2B(timMe)2] [114] 

R = Mesityl: Li[H2B(timMes)2] [114, 115] 

R = Benzyl: Na[H2B(timBz)2] [116] 

R = tBu: Na[H2B(timtBu)2] [116] 

R = p-Tolyl: Na[H2B(timp-Tol)2] [116] 

B
N

H

H

N N R

S

N

S

R

 

51 

52 

R = pip: Na[H2B(timMe,4pip)2] [117] 

R = CH2-pip: Na[H2B(timMe,4(CH2-pip))2] [117] 

B
N

H

H

N N Me

S

N

S

Me

RR  

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

R = Me: Na[HB(timMe)3] [98, 99] 

R = Me: K[HB(timMe)3] [101] 

R = Et: Na[HB(timEt)3] [108] 

R = Benzyl: Na[HB(timBz)3] [108, 111] 

R = tBu: K[HB(timtBu)3] [109] 

R = tBu: Tl[HB(timtBu)3] [140] 

R = Cy: K[HB(timCy)3] [110] 

R = Ph: Li[HB(timPh)3] [100] 

R = o-Tolyl: K[HB(timo-Tol)3] [110] 

R = p-Tolyl: Li[HB(timp-Tol)3] [232] 

R = p-Tolyl: Na[HB(timp-Tol)3] [111] 

R = 2,6-iPr2C6H3: Li[HB(tim2,6-iPr2C6H3)3] [112] 

R = 2-Biphenyl: K[HB(tim2-Biph)3] [110] 

R = 2,6-Xylyl: K[HB(tim2,6-Xyl)3] [110] 

R = Mesityl: K[HB(timMes)3] [109] 

R = Cumenyl: K[HB(timCum)3] [109] 

B

N

NN

N

N

N

H

S

S

S

R

R

R

 

69 

70 

71 

R = Me: Li[(CH3)HB(timMe)2] [119] 

R = Ph: Li[(Ph)HB(timMe)2] [121] 

R = Benzyl: Na[(Bz)HB(timMe)2] [122] 
B

N

R

H

N

NS

N

S

 

72 

73 

R = Me: Li[(Me)B(timMe)3] [124] 

R = Ph: Li(MeOH)4[(Ph)B(timMe)3] [124, 125] B

N

NN

N

N

N

R
S

S

S

 

74 [H2C(timMe)2BH2]Cl [127] 

B
N N

H

N N
H

S S MeMe

HH

Cl

 

75 [H2C(timMe)2BH(timMe)]Cl [127] B
N N

N

N N
H

S S MeMe

HH

Cl

N
Me

S
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Table 6. contd… 

N. Abbreviation and References Structure 

76 [H2C(timMe)2BBN]Cl [127] 
B

N N

N N

S S MeMe

HH

Cl

 

77 (Me2NCHO)B(timMe)3 [128] 
B

N

N
N

N

NN

O
S

S

S

N

 

78 Na[(Ph)HB(timMe)(timMe,4pip)] [117] 

N N Me

S

B
NNMe

S

N

N

OMe

O

H

 

79 Na[(Ph)HB(timMe)(timMe,4(CH2-pip))] [117] 

NNMe

S

B

N

N

OMe

N N Me

SH

 

 
Table 7. Se-donor Ligands 

N. Abbreviation and References Structure 

80 

81 

R = Mesityl: K[HB(SeimMes)3] [160] 

R = Me: Na[HB(SeimMe)3] [163] 
B

N

NN

N

N

N

H

Se

Se

Se

R

R

R

 

82 K[H2B(SeimMe)2] [163] B
N

H

H

N N Me

Se

N

Se

Me

 

 

Table 8. Poly(thioalkyl)borates 

N. Abbreviation and References Structure 

83 

84 

R = CH3SCH2: Bu4N[B(CH2SCH3)4] [132] 

R = Ferrocenyl: Bu4N[FcB(CH2SCH3)3] [133] 
BR

S

S
S
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Table 8. contd… 

N. Abbreviation and References Structure 

85 

86 

87 

88 

89 

R = Ph: Bu4N[PhB(CH2SPh)3] [165] 

R = Me: Bu4N[PhB(CH2SCH3)3] [165] 

R = tBu: Bu4N[PhB(CH2S
tBu)3] [151] 

R = p-Tolyl: Bu4N[PhB(CH2S(p-Tol)3] [135] 

R = Adamantly: Tl[PhB(CH2SAd)3] [152] 

B

S

S

R

S

R
R

 

90 

91 

R = Me: Bu4N[Ph2B(CH2SCH3)2] [167] 

R = tBu: Cs[Ph2B(CH2S
tBu)2] [167] 

B

S

S

R

R
 

92 Bu4N[Et2B(CH2SCH3)2] [135] B

S

S
 

93 K[B(thi)4] [182, 183] B

S
S

S
S

 

94 [(NiPr2)B(thi)]4 [184] 

S

B

B

S

B

S

B

S

N

NN

N

 

95 BODIPY-2T [188] 
B

N

N

S
S

S

S

 

96 BODIPY-3T [188] 
B

N

N

S

SS

S

 

 
Table 9. Poly(phosphinomethyl)borates 

N. Abbreviation and References Structure 

97 

98 

99 

R = Ph: Li(TMEDA)[PhB(CH2PPh2)3] [129] 

R = iPr: Li(TMEDA)[PhB(CH2P
iPr2)3] [131] 

R = iPr: Tl[PhB(CH2P
iPr2)3] [131] 

B

PR2

PR2

PR2

 

100 

101 

R= Ph: Li(TMEDA)[(nBu)B(CH2PPh2)3] [194] 

R = iPr: Li(TMEDA)[(nBu)B(CH2P
iPr2)3] [194] 

B

PR2

PR2

PR2
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Table 9. contd… 

N. Abbreviation and References Structure 

102 

103 

(ASN)[Ph2B(CH2PPh2)2] [205] 

Li[Ph2B(CH2PPh2)2] [204] 
B

P

P

Ph

Ph

Ph

Ph

 

104 

105 

106 

107 

R = p-CF3Ph: Li[Ph2B(CH2P(p-CF3Ph)2)2] [204] 

R = p-tBuPh: Li[Ph2B(CH2P(p-tBuPh)2)2] [204] 

R = iPr: Li[Ph2B(CH2P
iPr2)2] [204] 

R = tBu: Li[Ph2B(CH2P
tBu2)2] [204] 

B

P

P

R

R

R

R

 

108 

109 

110 

111 

112 

R = Cy: Li[Cy2B(CH2PPh2)2] [204] 

R = p-Tolyl: Li[(p-Tol)2B(CH2PPh2)2] [204] 

R = p-MeOPh: Li[(p-MeOPh)2B(CH2PPh2)2] [204] 

R = p-CF3Ph: Li[(p-CF3Ph)2B(CH2PPh2)2] [204] 

R = p-tBuPh: Li[(p-tBuPh)2B(CH2PPh2)2] [204] 

B

P

P

Ph

Ph

R

R

Ph

Ph

 

113 Li[(p-MeOPh)2B(CH2P(p-tBuPh)2)2] [204] B

P

P

O

O

 

114 Li[(3,5-Me2Ph)2B(CH2P
tBu2)2] [204] B

P

P

 

 
Table 10. Mixed poly(pyrazolyl)(thioimidazolyl)borates 

N. Abbreviation and References Structure 

115 Li[HB(pz)(timMe)2] [114] 
B

N

N

H

N

NS

N

S

N
 

116 

117 

118 

119 

120 

121 

122 

123 

124 

R = 2,6-dimethylphenyl: K[HB(pzPh,Me)(tim(2,6-Me2Ph))2] [233] 

R = Me: K[HB(pzPh,Me)(timMe)2] [210] 

R = Ph: K[HB(pzPh,Me)(timPh)2] [210] 

R = o-Tolyl: K[HB(pzPh,Me)(timo-Tol)2] [210] 

R = p-Tolyl: K[HB(pzPh,Me)(timp-Tol)2] [210] 

R = 2,4-(CH3)2C6H3: K[HB(pzPh,Me)(tim2,4-(CH3)2C6H3)2] [210] 

R = 4-(iPr)C6H4: K[HB(pzPh,Me)(tim4-(iPr)C6H4)2] [210] 

R = 4-(OMe)C6H4: K[HB(pzPh,Me)(tim4-(OMe)C6H4)2] [210] 

R = 2-(OMe)C6H4: K[HB(pzPh,Me)(tim2-(OMe)C6H4)2] [210] 

B

N

N

H

N

N

R

S

N

S

R N
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Table 10. contd… 

N. Abbreviation and References Structure 

125 K[HB(pztBu,Me)(timtBu)2] [210] B

N

N

H

N

N

tBu

S

N

S

But N

tBu  

126 

127 

R = iPr: K[HB(pz)2(tim
iPr)] [206] 

R = tBu: K[HB(pz)2(tim
tBu)] [206] B

N

N

H

N

N

R

S

N N
 

 

Table 11. Mixed poly(pyrazolyl)(thioalkyl)- and poly(pyrazolyl)(phosphino)-borates 

N. Abbreviation and References Structure 

128 

129 

R = Me: Bu4N[Ph2B(pz)(CH2SCH3)] [167] 

R = tBu: Bu4N[Ph2B(pz)(CH2S
tBu)] [167] 

N
B

S
R

N

 

130 Bu4N[PhB(pz)(CH2SCH3)2] [168] 
N

B

S
S

N

 

131 

132 

Li[PhB(pz)2(CH2SCH3)] [181] 

K[PhB(pz)2(CH2SCH3)] [181] 

N

B

N N

S

N

 

133 Li2[(pz)3BC6H4B(pz)2(CH2SCH3)] [181] 

N
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S

NN

B

NN
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134 

135 

R = H: Tl[PhB(CH2P
tBu2)2(pz)] [213] 

R = Me: Tl[PhB(CH2P
tBu2)2(pzMe2)] [213] 

BPh

N

PtBu2

N

PtBu2

R R  

136 Li(TMEDA)[CH2=CHCH2B(CH2PPh2)(pz)2] [211] 

B

N N

N N

P
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Table 12. Ambidentate poly(azolyl)borates 

N. Abbreviation and References Structure 

137 

138 

R = Me: Na[HB(ttz3Me,4Me)3] [221] 

R = Mesithyl: Li[HB(ttz3Me,4Mes)3] [223] B

N

N
N

N
N

NN

N
N

H

S

S

SR

R

R

 

139 Li[HB(ttz3(o-Py),4Me)3] [222, 223] 
B

N

N
N

N
N
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N
N

H

S

S
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140 K[HB(ttz3Me,4Mes)2(pzo-Py)] [223] 
B

N
N

N
N

NN

N
N

H

S
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141 

142 

143 

144 

145 

146 

R = H: Na[HB(mtdz)3] [225] 

R = H: K[HB(mtdz)3] [225] 

R = H: Bu4N[HB(mtdz)3] [225] 

R = Me: Na[HB(mtdz5Me)3] [226] 

R = Me: K[HB(mtdz5Me)3] [226] 

R = Me: Bu4N[HB(mtdz5Me)3] [226] 

B

S

N
N

S
N

NS

N
N
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ABBREVIATIONS 

3-carboxy-PROXYL = 3-carboxy-2,2,5,5-
tetramethylpyrrolidinyloxy 

4-carboxy-TEMPO = 4-carboxy-2,2,6,6-
tetramethylpiperidinyloxy 

7-azn = 7-azaindol-1-yl 

Ad = Adamantyl 

ASN = 5-azonia-spiro[4.4]nonane 

BBN = 9-borabicyclononyl 

Biph = Biphenyl 

BNCT  = Boron neutron capture therapy 

BODIPY = Boron-dipyrrin 

Bz = Benzyl 

bzim = Benzoimidazol-1-yl 

bztz = 1,2,3-benzotriazol-1-yl 

Cum = Cumenyl 

Fc  = Ferrocenyl 

Htim
Bupip

 = 1-(4-(4-(2-methoxyphenyl)piper-
azin-1-yl)butyl)-1H-imidazole-
2(3H)-thione 

Htim
Me,4(CH2-pip)

 = 5-((4-(2-methoxyphenyl)piperazin-
1-yl)methyl)-1-methyl-1H-
imidazole-2(3H)-thione 
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Htim
Me,4pip

 = (4-(2-methoxyphenyl)piperazin-1-
yl)(3-methyl-2-thioxo-2,3-dihydro-
1H-imidazol-4-yl)methanone 

im = Imidazol-1-yl 

imc = Imidazol-2-yl 

Mes = Mesityl 

methimazole = 1-methyl-1H-imidazole-2(3H)-
thione) 

Mtd = Mercaptothiadiazolyl 

mtdz = 2-thioxo-1,3,4-thiadiazol-3-yl 

ozc = Oxazol-2-yl 

pip = Piperazin-1-yl 

pz = Pyrazol-1-yl 

Seim = Selenoimidazol-1-yl 

tet = Tetrazol-1-yl 

thi  = 2-thienyl 

tim = Thioimidazol-1-yl 

TMEDA = Tetraethylmethylenediamine 

TMP = 2,2,6,6-tetramethylpiperidide 

Tt = Thioxotriazolyl 

ttz = 5-thioxo-1,2,4-triazol-1-yl 

tz = 1,2,4-triazol-1-yl 

Xyl = Xylyl 
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