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Abstract: This review is intended to cover the developments in the chemistry of poly(azolyl)borates through the years 2000-2008, based 
on the main synthetic methods, coordination properties, spectroscopic and structural features of this important class of ligands. The sub-

ject matter is the chemistry of substituted bis-, tris- and tetrakis-(pyrazolyl)borate 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(pyrazolyl)borates chemistry, as also the future perspectives in this field. 

1. INTRODUCTION 

Since poly(pyrazolyl)borate ligands were discovered by 
Trofimenko forty-three years ago [1], their coordination chemistry 
has been extensively developed; it is likely that even Trofimenko 
could not have foreseen the true immensity of the field that was to 
spring from his pioneering discovery of the poly(pyrazolyl)borates 
or “scorpionates” ligands. In fact, tris(pyrazolyl)borates are a very 
useful class of monoanionic, nitrogen-based, auxiliary ligands in 
coordination, organometallic and bioinorganic chemistry. They 
readily coordinate, usually as face-capping tridentate ligands, to a 
wide variety of metal ions affording stable metal complexes. Fur-
thermore, it is possible to modify the steric and electronic properties 
of these ligands quite easily by varying the number and nature of 
substituents on the pyrazolyl rings and on the boron atom, thereby 
providing a convenient avenue to finetune the properties at the 
tris(pyrazolyl)borate ligand bound metal center.  

Actually, more than 3000 papers have appeared in the interven-
ing years concerned with the coordination chemistry of this versa-
tile class of ligands. After the first reviews in 1971 [2] and 1972 [3] 
on poly(pyrazolyl)borate chemistry and pyrazole-derived ligands, 
through the boron-pyrazole compounds described in 1986 [4] 
Trofimenko reported in 1986 [5] and in 1993 [6] a summary on the 
coordination chemistry of poly(pyrazolyl)borates. In 1999 
Trofimenko described the coordination chemistry of scorpionate 
ligands in a book [7]. Apart from Trofimenko’s reviews, a number 
of reviews and chapters were devoted to this subject. 

In 1982 Shaver [8] wrote a chapter on poly(pyrazolyl)borate 
and related ligands; in 1983 McCleverty reviewed his work on 
chemistry of Tp* with Mo and W [9]; in 1988 Niedenzu reviewed 
the pyrazaboles [10] and in 1992 Canty et al. wrote about the sim-
ple tris(pyrazolyl)borate chemistry of Pd and Pt [11].  

In 1993 the molecular structures and electronic spectra of a se-
ries of four-, five-, and six-coordinate complexes of cobalt, nickel, 
copper, and zinc, stabilized by tris(pyrazolyl)borate ligands, have 
been reported by Parkin et al. [12]. In 1994 Kitajima and Moro-Oka 
presented many copper-dioxygen complexes of 
tris(pyrazolyl)borate ligands [13].  

In 1995 [14] and 2002 [15] Santos and Marques as well as 
Marques et al. wrote on coordination chemistry of tris(pyrazolyl) 
borate ligands in lanthanides and actinides complexes; in 1995 
Parkin reported also metal hydroxides, hydrides and organometal-
lics derived from hindered poly(pyrazolyl)borate ligands [16], 
while Tolman et al. reviewed the organometallic and bioinorganic 
chemistry of hindered hydrotris(pyrazolyl)borate ligands [17]. 

In 1996 Parkin discussed the effect of Tp
x
-ligation on Grignard 

reagents [18]; in the same years Reger reviewed on pyrazolylborate 
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complexes of gallium and indium [19], while Etienne devoted a 
review to coordination chemistry of Tp ligands with V, Nb and Ta 
[20].  

In 1997 [21] and 1998 [22] Janiak has summarized the coordi-
nation chemistry of Tp

x
 toward Tl; in the same years the action of 

oxygen-atom transfer enzymes which contain Tp-based molybde-
num and tungsten pterin enzyme models centres was discussed in a 
review of Young and Wedd [23]. 

In 1998 McCleverty et al. described the use of scorpionate 
ligands to form a variety of bridged polynuclear complexes of Mo 
[24]; the same authors reviewed their work on coordination and 
supramolecular chemistry of Tp

Py
-based ligands in 2001 [25]. An 

overview on the coordination chemistry of Re with 
poly(pyrazolyl)borates has been presented by Santos et al., includ-
ing a variety of compounds like trioxo, dioxo, oxo, and hydrides 
with the metal in different oxidation states [26]. 

In 1999 Vahrenkamp reported the zinc pyrazolylborate chemis-
try related to zinc enzymes [27]. Ruthenium complexes of the hy-
drotris(pyrazolyl)borate ligands have been reported by Kirchner et 
al. [28]: particular emphasis was on complexes containing metal-
carbon single and double bonds and on the synthesis of highly reac-
tive vinylidene complexes and their involvement in stoichiometric 
C-C coupling reactions with activated alkanes and olefins. The 
structural features, acidity and chemical properties of some dihy-
drogen/hydride complexes of group VIII metals with 
poly(pyrazolyl)borate ligands were described by Jia et al. [29]. In a 
review on the -bonding and the lone pair effect in multiple bonds 
between heavier main group elements, Power described the molecu-
lar gallium and indium species of formula Tp(

t
Bu)2EE’ (E = Ga, E’ 

= S, Se, or Te; E = In, E’ = Se) with terminal bonds to chalogens 
and in particular the structure of [Ga(Tp

tBu2
)S] [30]. 

In 2000 advances in the chemistry of cobalt-dioxygen and re-
lated complexes supported by hydrotris(pyrazolyl)borate ligands 
were reviewed by Hikichi et al. [31]. Bioinorganic zinc chemistry 
explored through synthetic analogs of zinc enzymes containing the 
3-substituted hydrotris(pyrazolyl)borate ligands has been well re-
ported by Parkin in a feature article [32]. In a chapter for Metal Ions 
in Biological Systems Parkin reviewed on synthetic analogs that 
mimic function and structure of active sites of zinc enzymes [33]. 
Templeton et al. summarized a number of transition-metal 

2
-vinyl 

complexes and synthetic methods which yield 
2
-vinyl complexes 

also containing Tp
x
 ligands [34]. 

In 2001 a review was given by Edelmann [35] on the coordina-
tion chemistry of pyrazolylborate ligands with topics including 
electronic effects, novel coordination modes and new ligands. 
Carmona et al. described the C-H activation and coordination 
chemistry of rhodium- and iridium-tris(pyrazolyl)borate complexes 
[36]. A generaI review on organometallic complexes of pyrazolyl-
borates and related ligands spanning from nontransition metals to 
copper, silver, and gold species has been written by Sadimenko 
[37].  



Synthesis and Properties of Poly(pyrazolyl)borate Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2     85 

In 2002 Akita and Hikichi reviewed some transition metal 
complexes containing hydrotris(pyrazolyl)borate ligands ranging 
from bioinorganic chemistry of dioxygen species to organometallic 
systems [38]. A review of the inorganic coordination complexes 
reactivity with NO, including poly(pyrazolyl)borates and their Cu-
NOx and Fe-NOx redox chemistries, was described by Wasser et al. 
[39]. Tris(pyrazolyl)borates have been reported also in the book 
“Metal Dihydrogen and sigma-Bond Complexes - Structure, The-
ory, and Reactivity”, authored by Kubas, in Chapter 13 on B-H [40] 
and in Chapter 11 on X-H [41] activation (X = Si, Ge, Sn). An 
overview of recent work on the chemistry of the divalent lanthanide 
hydride deals with the hydrotris(3-tert-butyl, 5-methyl-
pyrazolyl)borate was reported by Ferrence and Takats [42]. 

In 2003 the scorpionate ligands and their father Trofimenko 
were guests of honor at a symposium to celebrate 35 years of chem-
istry with scorpionates and related ligands [43]. Polyhedron also 
dedicated the special issues 2-3 of volume number 23 to this topic, 
the first paper being presented by Trofimenko on development of 
scorpionate ligand system from its genesis [44]. A perspective 
study on double C–H bond activation reactions of ethers (cyclic and 
non-cyclic) and amines to give Fischer-type iridium carbenes, and 
subsequently the migratory insertion chemistry of highly electro-
philic, cationic iridium carbenes containing Tp

x
 ligands was pub-

lished by Carmona et al. [45]. DFT methods were applied by Hall 
and Webster to a variety of ligand systems and substrates (alkanes 
and silane) for the reactions in the C-H bond activation by Ir(III) 
complexes containing also the tris(pyrazolyl)borate ligands [46]. 

In 2004 a comprehensive review of the coordination chemistry 

of poly(pyrazolyl)borates and related scorpionate ligands has been 
reported by Pettinari and Santini [47]. A review by Mirica et al. 

[48] on copper-dioxygen complexes also focused on structure and 

spectroscopic properties of side-on superoxocopper(II) Tp
x
 com-

plexes. Highly coordinatively unsaturated, tetrahedral hydrocarbyl 

and dinuclear complexes bearing a hydrotris(pyrazolyl)borate 

ligand, in particular [M(Tp
x
)R] and [(Tp

x
)MM’L] complexes (M = 

Fe, Co, Ni; M’ = Ru, Co), were reviewed by Akita [49]. Parkin has 

highlighted recent studies that afforded an understanding of the 

bioinorganic chemistry of zinc by investigating synthetic analogs 

that mimic both the structure and function of the active sites of zinc 

enzymes, such as the tripodal ligands tris(pyrazolyl)borates [50]; in 

the same year copper and silver derivatives of scorpionates have 
been reviewed [51], while Santos and coworkers presented an over-

view of synthetic procedures, reactivity and structural data involv-

ing group 7 elements and actinides with scorpionate ligands; this 

includes oxides, polyhydrides and carbonyls of group 7 elements 

and any type of compounds of actinides(III) and (IV) [52]. A de-

tailed discussion on spin-state changes in poly(pyrazolyl)borate 

iron(II) and cobalt(II) complexes has been reported by Long et al. 

[53]. 

In 2005 an overview on Ir(III) fragments stabilized by hydro-

tris(pyrazolyl)borate ligands was presented by Carmona et al. [54], 

concentrating on some aliphatic, non-cyclic ethers and on anisole. 

Copper, silver and gold-based catalysts containing tris(pyrazolyl) 

borates have been described by Diaz-Requejo and Pérez [55]. A 

new generation of dearomatizing -bases having the general form 

TpM(L)( -acid) (where Tp = hydrotris(pyrazolyl)borate, M = rhe-

nium, molybdenum, tungsten, L = variable ligand, and -acid CO, 

NO
+
) has been developed [56]. The design and preparation of stable 

cyanide-bearing six-coordinate complexes of formula 

[M(L)(CN)x]
(x + l – m)-

 (M = transition metal ion, x = number of cya-

nide ligands, l = charge of L and m = charge of M) were exten-
sively discussed by Julve et al. [57]. 

In 2006 Tolman described the use of copper(II) tris(pyrazolyl) 
borate systems to understand copper protein active-sites chemistry 
[58]. Sessler et al. reported a review focusing on uranium cation 

coordination complexes with multidentate nitrogen-containing 
ligands including also scorpionates family [59]. 

In 2007 an overview of fluorinated tris(pyrazolyl)borate ligands 
and their role in the development of silver adducts containing group 
14 ligands has been reported by Dias and Fianchini [60].  

In 2008 a book, dedicated to Swiatoslaw Trofimenko, about the 
coordination chemistry of poly(pyrazolyl)borates and related scor-
pionate ligands has been published by the Imperial College Press 
[61]. In the same year Dias and Lovely [62] reported a description 
of carbonyl and olefin adducts of coinage metals supported by 
poly(pyrazolyl)borate and poly(pyrazolyl)alkane ligands and related 
silver mediated atom transfer reactions. Rapenne et al. [63] de-
scribed the synthesis of various pentaphenylcyclopentadienyl hy-
drotris(pyrazolyl)borate ligands and the peculiar reactivity of such 
hindered ligands in their coordination to a ruthenium(II) center. 
More recently the volume 56 of the Advances in Organometallic 
Chemistry has been devoted to “The Organotransition Metal Chem-
istry of Poly(pyrazolyl)borates” [64-67]. 

In 2009 Maseras et al. [68] reviewed on the agostic interactions 
in alkyl derivatives of sterically hindered tris(pyrazolyl)borate 
complexes of niobium and in particular described how the joint 
experimental and computational study of a series of nio-
bium(tris(pyrazolyl))(chloride)(alkyne)(alkyl) complexes has un-
earthed a very rich chemistry involving a variety of agostic interac-
tions between the alkyl chain and the niobium centre. More recently 
Spicer and Reglinski elegantly described the development of the 
anionic soft poly(methimazolyl)borate ligands [69]. 

This review is intended to cover the developments in the chem-
istry of substituted bis-, tris- and tetrakis-(pyrazolyl)borate ligands 
through the years 2000-2008. In this review we provide essential 
information about the main synthetic methods and spectroscopic 
and structural features of this important class of ligands, to allow 
the reader to probe more deeply into the main aspects of the chem-
istry of poly(pyrazolyl)borates. 

The fundamental feature in all poly(pyrazolyl)borate complexes 
is the six-membered ring within a more general structure RR'B(μ-
pz)2M(L)n, (Fig. 1). 

N N

NN

R' B R

R5

R4

R3

R3

R4

R5

M(L)n

 

Fig. (1). General structure of poly(pyrazolyl)borate complexes. 

Because of the bond angles and distances involved, the B(μ-
pz)2M ring has almost nearly a boat conformation. In Fig. (1) R and 
R’ are different: the pseudoequatorial R’ is pointing away from the 
metal roughly along the B-M axis, but the pseudoaxial R is directed 
towards the metal, and may bond to it, interact with it, or simply 
screen it towards other ligands. R may be H, alkyl, aryl, OR, SR, 
NMe2 or another pyrazolyl group with unspecified substituents 
(pz

x
). It was this feature that prompted Trofimenko to coin the term 

“scorpionates” for polypyrazolylborates, as the coordination behav-
ior of the RR'B(μ-pz)2 ligands closely resembles the hunting habits 
of a scorpion: this creature grabs its prey with two identical claws 
(coordination of M through the two 2-N atoms of the B(μ-pz)2 
groups), and then may, or may not, proceed to sting it with its over-
arching tail (the R’ group).  
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Two families of scorpionate ligands may be distinguished. The 
first is homoscorpionates, where the pseudoaxial R group is another 
pyrazolyl group (pz

x
) identical to the two bridging pz

x
 groups. In 

this case the ligand is tridentate and has a local C3v symmetry. Ho-
moscorpionates typically coordinate to the metal in tridentate fash-
ion, a feature that prompted to compare the Tp ligands system to the 
cyclopentadienyls Cp or Cp

x
. The second is heteroscorpionates, 

where the coordinating pseudoaxial R group is anything but pz
x
. 

Heteroscorpionates also include ligands where R is another pyra-
zolyl group (pz

y
) different from pz

x
. Heteroscorpionate ligands may 

coordinate in tridentate fashion, not only in case where R is pz
y
 or a 

heteroatom, but even in cases where R is a hydrogen or an alkyl 
group (agostic bonding). 

2. ABBREVIATION SYSTEMS 

The systematic method of representing the tris(pyrazolyl)borate 
ligands proposed by Curtis [70, 71] is to use the abbreviation “Tp” 
for the hydrotris(pyrazol-1-yl)borate, also indicated as HB(pz)3, and 
“Tp*” for hydrotris(3,5-dimethylpyrazol-1-yl)borate, also indicated 
as HB(3,5-Me2pz)3. For schematic convenience the generic 
poly(pyrazolyl)borate ligand with unspecified substituents will be 
denoted as follows: “Tp

x
” for tris(pyrazolyl)borate, “Bp

x
” for a 

general bis(pyrazolyl)borate ligand and “pzTp
x
” will be used to 

denote a general tetrakis(pyrazolyl)borate ligand. As proposed by 
Trofimenko [6] other polypyrazolylborate ligands are identified on 
the basis of the “Tp” abbreviation system by using the following 
rules: 

a) The basic HB(pz)3 structure is denoted by Tp, and non-
hydrogen substituent in the 3-position is denoted by a superscript. 
Thus, hydrotris(3-methylpyrazolyl)borate is denoted as Tp

Me
. When 

there are four identical pyrazolyl groups bound to boron, as in 
tetrakis(3-methylpyrazol-1-yl)borate, the ligand will be denoted as 
pzTp

R
. Boron substituents are written preceding “Tp”: for instance, 

butyl[tris(pyrazolyl)]borate is BuTp. 

b) The 5-substituent follows the 3-substituent as a superscript, 
separated by a comma. For instance, hydrotris(3-isopropyl-5-
methylpyrazolyl)borate is denoted as Tp

iPr,Me
. When both 3 and the 

5 substituents are identical, the superscript R-substituent is followed 
by a 2: for instance hydrotris(3,5-diisopropylpyrazol-1-yl)borate is 
Tp

iPr2
. In the case of the most commonly used ligand, hydrotris(3,5-

dimethylpyrazol-1-yl)borate, the systematic abbreviation would be 
Tp

Me2
, although Tp* is generally preferred due to the long historical 

use. 

c) A substituent in the 4-position is denoted as a 4R superscript. 
Thus, hydrotris(3-methyl-4-bromopylpyrazol-1-yl)borate is Tp

Me,4Br
 

and hydrotris(4-chloropylpyrazolyl)borate is Tp
4Cl

. Since Tp* de-
fines uniquely the position of the two methyl substituents, a sub-
stituent in the 4-position follows the asterisk: for instance, the hy-
drotris(3,4,5-trimethylpylpyrazol-1-yl)borate ligand is Tp*

Me
. 

d) Polyindazolylborate ligands will be represented as ben-
zopyrazolylborates, Tp

Bo
, with the mode of fusion of the benzo ring 

to pz indicated by the superscript of 3 or 4 preceding “Bo” to indi-

cate a 3,4- or 4,5- fusion of the benzo ring, and with the position 
numbering following the indazole numbering system. 

e) Heteroscorpionate ligands will be abbreviated as “Bp”, with 
the C-substituents denoted as defined above for Tp, and with the 
non-hydrogen substituents on the boron written before the abbrevia-
tion. For instance, diethyl[bis(pyrazolyl)]borate will be denoted as 
Et2Bp, and dihydrobis(3-tert-butylpyrazolyl)borate as Bp

tBu
. 

3. SYNTHESIS OF POLY(PYRAZOLYL)BORATES 

Poly(pyrazolyl)borate ligands can be prepared, through a more 
general reaction, by heating tetrahydroborate ion in a large excess 
of molten pyrazole or in high boiling solvents such as toluene, 
DMAC, kerosene, anisole, etc. (Fig. 2). 

This reaction can be stopped, through careful temperature con-
trol and emanating hydrogen measurement, to yield bis-, tris-, and 
in the case of 5-unsubstituted pyrazoles, tetrakis-(pyrazolyl)borates. 
Syntheses of the parent ligands [H2B(pz)2]

-
, [HB(pz)3]

-
, and 

[pzB(pz)3]
-
 have been described in detail by Trofimenko [72]. A 

large variety of 1-H-pyrazoles may be employed to synthesize 
poly(pyrazolyl)borates by this route, with the exception of those 
containing functionalities incompatible with the borohydride salt. 
Tetrakis(pyrazolyl)borate ligands, pzTp

x
, which are limited to 5-

unsubstituted pyrazoles, are prepared by the reaction of Hpz
x
 with 

KBH4 in a 5-6:1 mol ratio. After completion of the reaction, excess 
Hpz

x
 is either distilled off, or sublimed in vacuo, and the residue 

can be directly used for the synthesis of complexes or it can be 
converted to the Tl salt. 

The known types of heteroscorpionate ligands are: 

1) H2B(pz
x
)2 (or Bp

x
), including R2B(pz

x
)2 (or R2Bp

x
), where R 

= alkyl, aryl, or halogen (Fig. 3). 

B
N

N N

N

RR'
R5

R3

R4

R5

R4

R3  

Fig. (3). General structure of heteroscorpionate [RR’B(pzx)2]
- ligands. 

2) R(R’Z)B(pz
x
)2 (= R(R’Z)Bp

x
), where R = H, alkyl, aryl, and 

Z is a heteroatom (O, S, NR’).  

3) H2B(pz
x
)(pz

y
) where pz

x
 and pz

y
 are different pyrazolyl 

groups. 

In general, the H2B(pz
x
)2 ligands are prepared from reaction, in 

refluxed high boiling solvents, of substituted pyrazoles and MBH4 
(M = Li, Na or K) in a >2.0:1.0 mole ratio. The residue is boiled 
with organic solvents which should dissolve most of the un-reacted 
pyrazole. The crude M[H2B(pz

x
)2] is contaminated by only small 

amounts of Hpz
x
 and is usually suitable for complex formation. 

Additional purification can be achieved by converting the crude M 
salt to the Tl salt which shows no tendency to retain Hpz

x
.  
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H
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Fig. (2). Synthesis of poly(pyrazolyl)borates in molten pyrazole (a = 2.5 – 6) or in high boiling solvents. 
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The [H2B(pz
x
)2]

-
 ligands are characterized by the presence of 

the BH2 group which although renders the Bp
x
 ligands more hydro-

lytically labile than their [HB(pz
x
)3]

-
 counterparts, permits elabora-

tion of the Bp
x
 ligand through the addition of various unsaturated 

systems to the B-H bond. Moreover the Bp
x
 ligands are able to 

establish an agostic B-H-M bond with many metals. In 1982 the 
first Bp

x
 ligand containing two different pyrazolyl groups, 

Li[H2B(pz)(3,5-Me2pz)], was synthesized [73]; reaction of the bo-
ronium iodide [H2B(3,5-Me2pzH)(Hpz)]

+
I

-
 with NaH produces the 

analogous sodium salt Na[H2B(3,5-Me2pz)(pz)] [74]. Unsymmetri-
cal ligands, Li[H2B(pz)(3,5-

t
Bu2pz)], Li[H2B(3,5-Me2pz)(3,5-

t
Bu2pz)] and Li[H2B(3-(trip)pz)(3,5-

t
Bu2pz)], have been obtained 

also by the use of LiBH4 with a 1:1 mixture of two different pyra-
zoles [75].  

In general, the procedure for the synthesis of Tp
x
 ligands in-

volves thermolysis of a mixture of the suitable pyrazole and a boro-
hydride salt, MBH4 (M = K or Na), in a 4:1 ratio, either as a melt or 
in a high-boiling solvent. The reaction is monitored by hydrogen 
evolution. When the pyrazole is a liquid or a low-melting solid, the 
excess pyrazole is distilled out keeping the temperature as low as 
possible, in order to prevent the formation of the tetrasubstituted 
pzTp

x
 ligand. The residual M[Tp

x
] salt can be converted to the Tl(I) 

salt and purified by recrystallization. If the pyrazole is 3-substituted 
and high-melting, the best method is to reflux a mixture in 3.5:1 
pyrazole to MBH4 ratio in high-boiling solvent such as toluene, 
dimethylacetamide, anisole, methylanisole or kerosene. As with 
pyrazole itself, the reactions affording Tp

x
 ligands proceed via the 

dihydrobis(pyrazolyl)borate anion, which in some instances has 
been isolated [76]. If the temperature is too high the pzTp

x
 anion 

also can be isolated [72]. With large R groups in 3-position the 
formation of the more highly boron-substituted product is relatively 
disfavored, facilitating the preparation of the desired Tp

x
 in most 

cases. With 3,5-disubstituted pyrazoles the melt method is pre-
ferred, since tetrasubstitution does not take place, and high tempera-
tures can be employed. It would be better to use a large excess of 
pyrazole. 

Thallium(I) derivatives of Tp
x
 ligands have frequently been 

used as mild and efficient reagents for the transfer of ligands to a 
variety of transition metals because of their lower reducing ability 
than that of the corresponding alkali metal salts. Furthermore, the 
stability and crystallinity of the Tl complexes facilitate the isolation 
and structural characterization of new Tp

x
 ligands. The thallium 

complexes are generally prepared in two steps: (i) MTp
x
 is synthe-

sized from MBH4 (M = Na or K) and the corresponding pyrazole 
derivatives (HPz

x
); (ii) the potassium salt reacts with TlNO3 to give 

TlTp
x
. The process is simple, but the requirement of excess HPz

x
 

sometimes causes a problem in the isolation of MTp
x
. Furthermore, 

the removal of the by-product MNO3 in the second step decreases 
the efficiency of the process. These disadvantages should become 
much more significant in the case where HPz

x
 is hard to obtain. 

Recently Kitamura et al. have established a highly reliable and safe 
procedure for the preparation of TlBH4 and related TlTp

x
 com-

plexes [77]. 

A critical issue in the synthesis of poly(pyrazolyl)borate ligands 
obtained from pyrazoles whose anions are not of C2v symmetry, is 
the regiochemistry of the B-N bond formation. Usually, the larger 
substituents end up at the pyrazolyl ring 3-position (more distant 
from the boron center). This tendency is most pronounced when the 
size difference between the substituents at 3- and 5-positions is 
large. This regioselectivity was first demonstrated in the reaction of 
3(5)-methylpyrazole, leading to [H2B(3-(Me)pz)2]

-
 [78] and to 

[HB(3-(Me)pz)3]
-
 [79] as well as in the regiospecific synthesis of 

[HB(3-(Ph)pz)3]
-
 [80] and [HB(3-(

t
Bu)pz)3]

-
 [76]. A mixture con-

taining 3,3,5-substituted tris(pyrazolyl)borates, where two substitu-
ents are at the 3-position and the other one at the 5-position, is ob-
tained when the steric differences between the pyrazolyl ring sub-
stituents in the 3- and in the 5-position are less substantial [81]. 
However, a few exceptions like the formation of [HB(3-
(Mes)pz)2(5-(Mes)pz)] ligand [82, 83] or the rearrangement of a 
3,3,3-substituted ligand during the formation of metal adducts (e.g., 
octahedral [HB(3-(

i
Pr)pz)2(5-(

i
Pr)pz)]2M) [84] are also known. The 

probable reason for 3,3,3-regioselectivity is that the B-N bond for-
mation, involving a concerted loss of hydrogen, proceeds through a 
less sterically encumbered transition state, when bonding occurs to 
the less hindered nitrogen (Fig. 4, path b).  

Electronic effects may also control the regiochemical course of 
the ligand syntheses, with electron-withdrawing groups preferring 
the 3-position. This tendency is most clearly manifested in ligands 
like [HB(3-(CF3)-5-(Me)pz)3]

-
 [85] and [HB(3-(CF3)-5-

(thionyl)pz)3]
-
 [86] in which electronically quite different substitu-

ents are present. The syntheses of these ligands are highly regiose-
lective with the more electron withdrawing CF3 group residing 
exclusively in the 3-position of the final product. However in these 
molecules, the steric factors may also contribute to the formation of 
the 3,3,3-isomer because the CF3 is also the larger substituent. The 
electronic control is more clearly manifested when benzopyrazole 
(or indazole) and its derivatives containing alkyl or aryl substituents 
in the 3-, 4-, 5-, or 6-positions [87, 88], or 3-(Ar)-4,5-
dibromopyrazoles [89] are used as azole precursors in the scorpion-
ate ligand synthesis. They afford scorpionates in which the boron is 
bonded to the more hindered nitrogen (Fig. 4, path a). This happens, 
presumably, because electronic effects outweigh steric ones. The 
preference of an electron-withdrawing group for the 3-position in 
tris(pyrazolyl)borate ligands can be explained via an argument 
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Fig. (4). Regiochemistry of the B-N bond formation. 
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analogous to that invoked to rationalize the equilibrium between the 
pyrazole tautomers [3-(CF3)pz]H and [5-(CF3)pz]H. The inductive 
electron-withdrawing effect of the CF3 group makes the distal ni-
trogen more basic, favoring the tautomer with the CF3 group in the 
3 position, [3-(CF3)pz]H [90]. 

It has been suggested that the B-N bond preference is kinetic in 
origin, the less favored tautomer [5-(CF3)pz]H leading to the more 
favorable transition state during the course of its reaction with BH4

-
. 

In view of the facility of borotropic rearrangements and the ease of 
pyrazole exchange processes under the thermolytic synthetic condi-
tions used; however, one must also consider that the isomeric pref-
erence derives from the greater thermodynamic stability of the sys-
tem when the boron binds to the more basic nitrogen atom [17]. 
Under non thermolytic conditions we can suggest that the more 
favored tautomer [3-(CF3)pz]H leads to the transition state with the 
boron bonded to the less basic nitrogen azole atom (Fig. 4, path a). 

Despite the impressive chemistry based on bis-, tris- and 
tetrakis-(azolyl)borates, very few studies have been done on the 
syntheses of poly(pyrazolyl)borate systems under non thermolytic 
condition [91]. In these conditions the interplay of steric and elec-
tronic influence coupled with the kinetic B-N bond preference and 
the thermodynamic stability of the product seem to favor the 5-
substituted pyrazolylborate [H3B(5-(CF3)pz)]

-
. On the basis of these 

observations Santini and Dias evaluated the possibility of preparing 
trihydro(pyrazolyl)borates starting from 3-trifuoromethyl-pyrazole 
[3-(CF3)pz]H, under non thermolytic condition (Fig. 5). 
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Fig. (5). Synthesis of the 5-substituted pyrazolylborate Na[H3B(5-(CF3)pz)]. 

This novel class of scorpionates, if acting as 
3
-H,H,N or 

2
-

H,N chelators, will allow for the synthesis of complexes with new 
or uncommon coordinating features. The X-ray structures of 
[H3B(5-(CF3)pz)]Ag[P(C6H5)3]2 and [H3B(5-(CF3)pz)]Ag[P(p-
C6H4CH3)3]2 show uncommon 

2
-N,H poly(pyrazolyl)borate ligand 

coordination modes and rare Ag
...

HB contacts [91]. 

In 2008 we described a synthetic pathway to an unsymmetrical 
3- and 5-substituted bis(pyrazolyl)borate system. In fact the 
Na[H2B(3-(CF3)pz)(5-(CF3)pz)] has been synthesized by treating 3-
(trifluoromethyl)-1H-pyrazole with sodium trihydro(5-

trifluoromethyl-pyrazol-1-yl)borate in 1:1 molar ratio, in toluene 
solution at 70°C (Fig. 6) [92]. 

Considering the interest, and the variety of effects induced by 
these electron withdrawing ligands, we decided to develop a new 
class of poly(azolyl)borates, using nitro-substituted heterocyclic 
compounds [93, 94]. No poly(azolyl)borates containing a -NO2 
function have been previously prepared, presumably due to difficul-
ties in the synthesis of ligands having both a hydride and a nitro 
group. However, a poly(azolyl)borate containing a -NO2 substituent 
could be of interest due to its high coordinative flexibility from 

2
- 

to 
4
-N2O2 coordination ability. We recently reported the first suc-

cessful synthesis of a such heteroscorpionate ligand, dihydrobis(3-
nitro-pyrazolyl)borate, [H2B(3-(NO2)pz)2]

-
, and its silver(I) com-

plexes [95]. 

The boron-substituted anionic ligands [RB(pz
x
)3]

-
, where R is 

alkyl or aryl, are generally prepared from the reaction of RBX2 or 
ArBX2 [96] (X = halogen or leaving groups) with the pyrazolate ion 
and excess pyrazole. The reaction of (dibromoboryl)ferrocene with 
3 equivalents of pyrazole (Hpz) and 2 equivalents of NEt3 in tolu-
ene at 0°C gave the ferrocenyltris(pyrazolyl)borate ligand (Fig. 7); 
the thallium(I) derivative provides the first example of a polymeric 
structure with bridging tris(pyrazolyl)borate units in the solid state 
[97]. 

The bifunctional ligand (Fig. 8, (a)) may be obtained by slowly 
adding a toluene solution of 1,1’-bis(dibromoboryl)ferrocene to an 

ethereal solution of 6 equiv. of lithium pyrazolide, Lipz, at -78°C 
(Fig. 8, (i)). The synthesis of the lithium salt according to method 

(i) is severely hampered by the formation of side product (b), which 
is inert toward further attack of Lipz, while the yield of the thallium 

salt according to method (ii) is about 80% [97]. 

Alternatively, the [RB(pz
x
)3]

-
 ligands may be prepared from re-

action of alkyl- or aryl-boronic acids [96, 98] or RB(OR)2 esters 

[99, 100] with the pyrazolate ion and excess pyrazole (Fig. 9). 

A different route employs organoborohydrides RBH2 or 
LiRBH3 [101], obtained from reaction of the corresponding boronic 

acids RB(OH)2 with LiAlH4 [102], in the reaction with pyrazolate 
ion and excess pyrazole [103]. It is noteworthy that the lithium and 

thallium salts of the tert-butyl-tris(3-hydrocarbylpyrazol-1-
yl)borate ligands, [

t
Bu-B(3-R-Pz)3]

-
 (R = H, Me, 

i
Pr, 

t
Bu, Ph), have 

been prepared and characterized; because of steric congestion at the 
boron center, the reaction between Li[

t
BuBH3]

.
5Et2O and excess 

3,5-dimethylpyrazole afforded the derivative Tl[
t
BuBH(3,5-

(CH3)2pz)2] after metathesis with TlNO3 [104]. 
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Fig. (6). (i) NaBH4, THF, room temp.; (ii) 3-(trifluoromethyl)pyrazole, toluene, 70°C. 
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Fig. (7). Synthesis of Tl[FcB(pz)3]. 
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Bis(pyrazolyl)borate ligands type [R2B(pz
x
)2]

-
 may be prepared 

from trialkylboranes, triarylboranes, or tetraphenylborate ion. A 
typical reaction of an Ar3B or R3B species with pyrazole has to be 
preceded by the formation of an anionic species [R3B(pz

x
)]

-
, 

through the reaction of R3B with a pyrazolate ion, [pz
x
]
-
. The R 

groups in [R3B(pz
x
)]

-
 can be replaced by pz

x
 groups upon reaction 

with excess pyrazole (Fig. 10). 

The reaction in Fig. (10) generally stops at the di-substitution 
stage. With high boiling substituted pyrazoles, it can be driven one 
step further to obtain the [RB(pz

x
)3]

-
 species. As with the KBH4 

reaction, the pyrazole 3(5)-substituent ends up in the 3-position. It 
is necessary the presence of sufficient pyrazolate ion, (pz)

-
, to con-

vert quickly [R3B(pz
x
)]

-
 to [R2B(pz

x
)2]

-
 species, otherwise the 

[R2B(pz
x
)]

-
 species will dimerize to the stable pyrazabole R2B(μ-

pz
x
)2BR2 (Fig. 11), which is not readily convertible to scorpionate 

ligands [105, 106]. 
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Fig. (11). General structure of pyrazaboles. 
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Fig. (8). (i) 6 LiPz, -78°C; (ii) 2 LiPz, 4 HPz, toluene/THF, reflux, exc. TlNO3. 
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Polytopic poly(pyrazol-1-yl)borate ligands have shown great 
potential for the preparation of coordination polymers [107-109], 
multiple-decker sandwich complexes [110-113], metallo-
macrocycles [114], dinuclear complexes with cooperating metal 
ions [115-118], and metalloenzyme models [119]. The two ligating 
sites have been linked together by a direct B B bond [120-122], the 
1,1 -ferrocenylene moiety [97], and the m- or p-phenylene ring 
[115]. 

Starting from 1,4- and 1,3-diborylated benzene derivatives, di-
topic poly(1-pyrazolyl)borates (K2[1,4-(

t
BuBpz2)2C6H4]; M2[1,3-

(
t
BuBpz2)2C6H4] M = Li or K) and tris(1-pyrazolyl)borates (K2[1,4-

(Bpz3)2C6H4]) have been synthesized (Fig. 12) [115, 117]. 

Recently Wagner et al. [118] described the synthesis and full 

characterization of the ditopic lithium bis(pyrazol-1-yl)borates 

Li2[p-C6H4[B(Ph)(pz
R
)2]2] (pz

R
 = 3-phenylpyrazol-1-yl or 3-t-

butylpyrazol-1-yl) and they reported unexpected differences in the 

affinity of their lithium salts towards chloride ions (Fig. 13). 

In recent years, oligotopic poly(pyrazol-1-yl)borate ligands 
with polymeric or dendritic backbones have been prepared. Jäkle et 

al. [123] reported the syntheses of copolymers with different boron 
loadings by silicon/boron exchange, starting from poly(4-
trimethylsilyl)styrene and BBr3; in-situ treatment of the resulting 
BBr2 functionalized copolymer with a slight excess of Me3SiNMe2 
gave the B(NMe2)2-modified random copolymer. The product was 
converted to the oligotopic poly(pyrazol-1-yl)borate by treatment 
with pyrazole/sodium pyrazolide (Fig. 14). 
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Fig. (12). (i) 10 equiv. of HNMe2, toluene, -78°C to +80°C; + 2 equiv. of BCl3, toluene/heptane, -78°C to r.t.; + 2 equiv. of tBuLi, toluene, -78°C to r.t. (ii) 2 
equiv. of Mpz/2 equiv. of Hpz, toluene, reflux. (iii) 1,4-isomer + 10 equiv. of HNMe2, toluene, -78 to +80°C; 2 equiv. of Kpz/4 equiv. of Hpz, toluene, reflux. 
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Fig. (13). General structure of ditopic bis(pyrazol-1-yl)borates. 
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The first tritopic tris(pyrazol-1-yl)borate has been reported by 
Morawitz et al. [124] which is a promising building block for the 
generation of two-dimensional transition metal aggregates (Fig. 15). 

Simultaneous introduction of [RBpz2]
-
 moieties (R = pz, 

t
Bu) 

into the positions 1 and 2 of a benzene ring would result in severe 
steric congestion; overcrowding in hypothetical [1,2-
(RBpz2)2C6H4]2

-
 ligands can, however, be avoided when the two 

substituents R are replaced by a second bridging 1,2-phenylene 
bridge as in the 9,10-dihydro-9,10-diboraanthracene-based system 
K2[(Bpz2)2(C6H4)2] (Fig. 16) [115]. 

The ligands Na[(p-IC6H4)B(3-Rpz)3] (R = H, Me) have been 
prepared by converting I2C6H4 to IC6H4SiMe3 with Li

t
Bu and 

SiMe3Cl, and then to IC6H4BBr2 with BBr3 and subsequent reaction 
with 3 equiv. of unsubstituted pyrazole and 1 equiv. of NaO

t
Bu. 

The preparation of the bromophenylsubstituted Tp derivatives M[p-
BrC6H4B(pz)3] (M = Et3NH, Li) by the reaction of p-BrC6H4BBr2 
with pyrazole and a base follows the precedent synthetic procedure 
developed by Wagner et al. [97] and Reger and coworkers [125, 
126]. A related method was used by Trofimenko and coworkers to 
make the transition metal sandwich complexes [PhB(pz)3]2M (M = 
Mn, Fe, Co, Ni, Cu, Zn) from PhBCl2, excess pyrazole and a diva-
lent metal salt [96]. Also, [p-BrC6H4Tp]Na was made by reacting p-

BrC6H4B(OH)2 with pyrazole and sodiumpyrazolide [127]. The 
ligands Na[(p-IC6H4)B(pz

R
)3] react with FeBr2 to give either purple, 

low-spin Fe[(p-IC6H4)B(pz)3]2 or colorless, high-spin Fe[(p-
IC6H4)B(3-Mepz)3]2 derivatives (Fig. 17) [128]. 

The compound Fe[(p-IC6H4)B(pz)3]2 was smoothly converted 
to the dialkynylated bitopic Fe[(pz)3CCH2OCH2-C2-C6H4B(

3
-

N,N’,N’’-pz)3]2 by reaction with HC2CCH2OCH2C(pz)3 (Fig. 18, 
(i)) and a similar reaction with 3,5-[(pz)3CCH2OCH2]2C6H3(C2H) 
yields the tetratopic metalloligand Fe[{3,5-[(pz)3CCH2OCH2]2 

C6H3C2}C6H4B(
3
-N,N’,N’’-pz)3]2 (Fig. 18, (ii)) by using Sonoga-

shira coupling reactions [128]. 

The platinum trimethyl complex of a benzoic acid-
functionalized hydrotris(pyrazolyl)borate ligand [p-(HO2C) 
C6H4B(pz)3]PtMe3 has been synthesized from the corresponding p-
bromo complex [p-BrC6H4B(pz)3]PtMe3. The complex [p-
(HO2C)C6H4B(pz)3]PtMe3 may be readily coupled to biomolecules 
such as amino acids as exemplified by coupling to L-phenylalanine-
tert-butyl ester to provide [p-(

t
BuO–Phe–CO)C6H4B(pz)3]PtMe3 

(Fig. 19) [129]. As an extension of these studies Metzer-Nolte et al. 
reported the coupling between transition metal [p-
(HO2C)C6H4B(pz)3] complexes and biomolecules and also reported 
the solid-phase synthesis, isolation, and characterization of the la-
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Fig. (15). Synthesis of the tritopic tris(pyrazol-1-yl)borates: (i) 6 Me3SiNMe2, toluene, 0°C; (ii) 3 LiPz / 6 HPz, toluene, reflux. 
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Fig. (16). (i) Excess of BBr3, toluene, r.t.; (ii) 2 equiv. of Me3SiNMe2, toluene, -30°C to r.t.; (iii) 2 equiv. of Kpz/2 equiv. of Hpz, toluene, reflux. 
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Fig. (17). Synthesis of Fe[(p-IC6H4)B(pz)3]2 and Fe[(p-IC6H4)B(3-Mepz)3]2. 
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beled Enkephalin (Enk = -Tyr-Gly-Gly-Phe-Leu-) derivatives, [p-
(Enk-OH)COC6H4B(pz)3]PtMe3 and [p-(Enk-OH)COC6H4B(3-
Mepz)3]Re(CO)3 [130]. More recently several differently substi-
tuted mixed ligand sandwich complexes CpRu[(p-BrC6H4)B(pz)3], 
CpRu[(p-BrC6H4)B(3-Mepz)3], Cp*Ru[(p-BrC6H4)B(pz)3], Cp

iPr
Ru 

[(p-BrC6H4)B(3-Mepz)3], incorporating cyclopentadienyl (Cp) and 
functionalized tris(pyrazolyl)borate ligands, have been synthesized 
and characterized. Air-stable Cp

iPr
Ru[p-BrC6H4B(pz)3] has been 

converted to benzoic acid-functionalized Cp
iPr

Ru[p-(CO2H)C6H4)B 
(pz)3] and it has been coupled to the pentapeptide Enkephalin, to 
provide Cp

iPr
Ru[p-(CO-Tyr-Gly-Gly-Phe-Leu-OH)C6H4B(pz)3] as 

the first example of a mixed ligand sandwich ruthenium bioconju-
gate [131]. These studies are the first examples of Tp bioconjugates 
made using solid-phase peptide synthesis (SPPS). 

Casado et al. reported a synthetic strategy leading to an allyl-
bis(pyrazolyl)borate ligand, Li(TMED)[CH2=CHCH2B(pz)2], bi-
functionalized with a phosphine group [132] and an allyl-
tris(pyrazolyl)borate K[CH2=CHCH2B(pz)3] (Fig. 20) [133]. 

The boron compound CH2=CHCH2B(O
i
Pr)2 [99] is a highly 

versatile reagent, whose allyl group provides the linking to carbosi-
lane dendrimers through a platinum-catalyzed hydrosilylation proc-
ess; it has been linked to the periphery of a carbosilane dendrimer, 
resulting in the polyanionic dendrimer [Li(TMED)]4[Si{(CH2)3 

SiMe2(CH2)3B(CH2PPh2)(pz)2}4] (Fig. 21) [132]. 

The extension of this approach to the chemistry of tris(pyra-
zolyl)borate systems has allowed the preparation of stable dendritic 
polyanionic  assemblies  up  to  the  third generation. The procedure  
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Fig. (18). (i) HC2CH2OCH2C(pz)3, Pd(PPh3)2Cl2 (5 mol%), CuI (8 mol%), THF/piperidine; (ii) 3,5-[(pz)3CCH2OCH2]2C6H3(C2H), Pd(PPh3)2Cl2 (5 mol%), CuI 
(9 mol%), THF/piperidine. 
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Fig. (19). (i) nBuLi, -78°C in THF, CO2 (s), HCl (aq); (ii) N,N’-diisopropylethylamine, O-(1H-benzotriazo-1-yl)-N,N,N’,N’’-tetramethyluronium tetrafluorobo-

rate (TBTU), L-phenylalanine-tert-butyl ester hydrochloride in CH2Cl2 at r.t. 
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Fig. (20). (i) [Li(TMED)][CH2PPh2], 2 HPz, toluene; (ii) Kpz + 2 Hpz, refluxing toluene. 
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Fig. (21). (i) [Li(TMED)][CH2PPh2], toluene; (ii) Hpz, refluxing toluene. 
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Table 1. [H3B(pz
x
)]

-
 

No. Abbreviation and References Structure 

1 [H3B(5-(CF3)pz)]- [91] 
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Fig. (22). General structure of Tpx
2M and TpxM(L)n complexes. 

 
consists of platinum catalyzed hydrosilylation reactions involving 
the borate compound CH2=CHCH2B(O

i
Pr)2 and carbosilane den-

dritic cores adapted with terminal Si–H functionalities [134, 135] 
using the Karstedts catalyst, [O(SiMe2CH=CH2)2]3Pt2 to give selec-
tively the anti-Markovnikov addition products. Then, the dendritic 
intermediate Si[(CH2)3SiMe2(CH2)3B(O

i
Pr)2]4 was reacted with 

four molar equiv. of potassium pyrazolate and pyrazole in excess in 
refluxing toluene to give the tetraanionic dendrimer K4[Si{ 
(CH2)3SiMe2(CH2)3B(pz)3}4], peripherally functionalised with four 
tris(pyrazolyl)borate groups. Following this synthetic protocol, the 
anionic dendrimers K8[Si[(CH2)3SiMe{(CH2)3SiMe2(CH2)3 

B(pz)3)}2]4] and K16[Si[(CH2)3SiMe{(CH2)3SiMe[(CH2)3SiMe2 

(CH2)3B(pz)3]2}2]4] containing tris(pyrazolyl)borates on their pe-
ripheries were straightforwardly obtained by reaction of the den-
dritic borates with potassium pyrazolate and pyrazole under the 
appropriate molar ratio [133]. 

Procedures for the synthesis of specific and differently substi-
tuted poly(pyrazolyl)borates are given in the references in Tables 1-
16. 

4. PROPERTIES OF POLY(PYRAZOLYL)BORATES 

In a M[Tp
x
] fragment the x substituents protrude in space past 

the metal, enveloping it, and forming a protective pocket of varying 
size and shape. Then, evaluation of the size of the variously substi-
tuted Tp

x
 ligands is more important for developing and understand-

ing of the influence of pyrazolyl ring substituents on the chemistry 
of their metal complexes. Ligand size can be evaluated by the con-
cept of cone angle ( ). Refinements to the original method of cone 
angle determination, which was originally introduced for phosphine 
ligands [136], which attempt to take into account steric demand 
changes accompanying orientational variations have been intro-
duced. The smaller the cone angle, and the larger the wedge angle, 
the easier it is for other ligands coordination to the metal. Because 
of this feature, the proper choice of 3-R substituents does adjust the 
steric accessibility of the coordinated metal, in this fashion control-
ling the coordination chemistry of the Tp

x
M species [6, 137-140]. 

All of the Tp ligands have a cone angle ( ) larger then 180°, and the 
trends in the values of these angles were consistent with the trends 

in the coordination chemistry of the Tp
x
 ligands. Indeed, the ligands 

of small cone angle (i.e. [HB(pz)3], [HB(3-Mepz)3], etc.) are char-
acterized by a strong tendency to form Tp

x
2M (Fig. 22, (a)) com-

plexes with divalent first row transition metals, and the inability to 
form stable Tp

x
M(L)n species (Fig. 22, (b)) [6, 12, 14, 16, 17, 19, 

21, 22]. 

Ligands having an intermediate cone angle (i.e. [HB(3-
i
Prpz)3], 

[HB(3-Phpz)3], etc.) are capable of forming both Tp
x

2M and 
Tp

x
MX species. Indeed, coordination of a solvent (sol) molecule or 

stronger binding of an additional TpM unit to form five-coordinate 
(Tp

x
)MX(sol) or (Tp

x
)M(μ-L)nM(Tp

x
) dimers, respectively, are 

possible [141-143]. The most sterically demanding ligands (i.e., 
[HB(3-

t
Bupz)3], [HB(3-Mspz)3], etc.) inhibit formation of (Tp

x
)2M 

and heavily favour four-coordinate compounds (Tp
x
)MX with C3v-

distorted tetrahedral geometries [144]. The cone angles depend not 
only on the ligand itself, but also on the length of the N-M bond. 
The choice of thallium complexes (Tp

x
)Tl, the structures of which 

have been established by X-ray crystallography as “standard” sys-
tems for calculating the cone angles, seemed to be the best choice. 
These specifications can be used to establish a relative steric hierar-
chy for the various Tp

x
 ligands [21]. The combined results from 

experimental studies in which the structures, spectroscopic proper-
ties, and reactivity of a number of metal complexes were examined 
and in some cases directly compared, can be summarized by the 
following series according to effective steric bulk at a complexed 
metal center [17]: 

Tp
Cy

 > Tp
4Bo,3Me

 > Tp
Cy,4Br

 > Tp
Cpe

 > Tp
tBu

 > Tp
tBu,Me

  Tp
iPr,4Br

 
> Tp* > Tp

(CF3)2
 > Tp

4Bo,3Me
 > Tp

Br3
  Tp

Cbu
 > Tp

Cpr
 > Tp 

Comparison of the structure, physical and spectroscopic proper-
ties of similar compounds with homologous ligands provides in-
sight into the relative electron-donating or electron-withdrawing 
capabilities of Tp

x
 ligands. Much of these experimental data has 

been collected during efforts to compare tris(pyrazolyl)borate 
ligands with their formally iso-electronic analogues cyclopentadi-
enyls [145-150]. In particular M(Cp

x
)(CO)3 and M(Tp

x
)(CO)3 radi-

cals and anions (M = Cr, Mo, and W), have been employed to de-
rive a series of electrodonating ability. Tp

x
 ligands seem stronger 

electron donors and the following trend in ligand electronreleasing 
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capability: [HB(3,5-Me2pz)3] > [HB(pz)3]  Cp* > Cp has been 
proposed. However, conflicting reports can be found in the litera-
ture on the electron-donating properties of [HB(3,5-Me2pz)3] and 
[HB(pz)3] in comparison to Cp and Cp* [151]. Tellers and cowork-
ers [152] have summarized data useful in comparing the electron-
density at Tp

x
- and Cp

x
-bearing metal centers. A consistent trend 

across the periodic table in the relative electrondonating abilities of 
these two important ligand classes is clearly lacking. Instead, the 
electron donor ability varies with the identity of the metal, its oxi-
dation state, and the other ligands of the complex. These differences 
are undoubtedly the result of differences in the bonding nature of 
Tp

x
 and Cp

x
: Tp

x
 is a weak-field ligand possessing relatively hard 

nitrogen -donors, while Cp
x
 is relatively soft and capable of re-

donation. Tp
x
 also strictly enforces an octahedral geometry about 

the metal center, in contrast to Cp
x
. As reported by Kitajima and 

Tolman [17] the relative electron-donating or electron-releasing 
properties of the more hindered Tp

x
 ligands can be gained by com-

paring (CO) data for sets of like metal carbonyl complexes 
[Tp

x
]M(CO)n, that differ only in their pyrazolyl ring substituents: 

Tp
x
Cu(CO) [153-155], 

2
-Tp

x
Rh(CO)2 [138], 

3
-Tp

x
Rh(CO)2 [82], 

(NEt4)[TpW(CO)3] [148, 156] and Tp
x
Mo(CO)2(NO) [157]. Higher 

values for the carbonyl stretching frequencies reflect less electron 
density at the metal center and decreased electron donation by the 
Tp

x
 ligand for compounds within each set. 

Poly(pyrazolyl)borate ligands are so popular due to their reli-
ability and accountability as spectator ligands, which normally do 
not interfere with the reaction scenarios occurring at the metal cen-
ters. Tris(pyrazolyl)borates, Tp

x
, generally coordinate as tridentate 

ligands 
3
-N,N’,N” (Fig. 22, (b)), through three nitrogen atoms of 

the pyrazole rings thereby providing effective steric shielding of the 
metal center. Besides the very common 

3
-N,N’,N” coordination 

mode, the tridentate 
3
-N,N’,B-H type (Fig. 23, (a)) [158], the bi-

dentate 
2
-N,N’ (Fig. 23, (b)) [159] and 

2
-N,B-H coordination 

(Fig. 23, (c)) [160-162] are also known; Santini and coworkers have 
recently reported the synthesis of a new class of trihydro(5-
trifluoromethyl-pyrazolyl)borates able to coordinate to metals in 

2
-

N,B-H fashion [91]. 

In contrast to the relatively easy formation of agostic B-H-M 
bonds with Bp

x
 ligands, the formation of agostic B-C-H-M (Fig. 23, 

(d)) bonds does not occur very frequently [163]. The 
[R(Z)H2B(pz

x
)]

-
 ligands are generally tridentate, due to the presence 

of a heteroatom Z which can, and does, coordinate to the metal 
(Fig. 23, (e)). The [R(Z)H2B(pz

x
)]

-
 ligands also include those where 

Z is a pyrazolyl group, provided it is different from pz
x
, and is not 

its regioisomer. Lower denticity, such as 
1
-N, has been also re-

ported (Fig. 23, (f)) [164, 165]. Recently, Carmona et al. were able 
to prove a denticity changes in a rhodium pyrazolylborate system 
and thereby isolate the first ionic complex containing a 

0
-Tp

x
 

ligand
 
 as an uncoordinated counter ion [166]. It was possible to 

interconvert Tp
x
-

3
N, 

2
N, 

1
N, and 

0
 complexes; the stepwise 

change in the denticity of pyrazolylborate ligands from 
3
 to 

0
 may 

have important implications in catalytic uses of Tp
x
 metal com-

plexes. Expansion of Tp
x
 denticity beyond 

3
 can occur by way of 

the 3-R substituent containing donor atoms, as in the demonstrably 
hexadentate tris[3-(2-pyridyl)pyrazolyl]borate lanthanoids and acti-
noids complexes (Fig. 24, (a)) [167, 168],

 
or in the potentially 

hexadentate ligands tris[3-(2-methoxyphenyl)pyrazolyl]borate, 
[HB(3-(An)pz)3]

-
 [169] or tris[(dimethoxyphenyl)pyrazolyl]borate, 

B

N N

N N
R

H

MLn B

N N

N N
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H
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H
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H
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Fig. (23). Coordination modes in poly(pyrazolyl)borate complexes. 
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Fig. (24). Coordination modes of 3-substituted tris(pyrazolyl)borate complexes. 
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[HB((2,4-(OMe)2Ph)pz)3]
-
 [170]. On the other hand, tetradenticity 

has been reported in Tp
x
 ligands where R doesn’t contain donor 

atoms, either by way of agostic bonding [171], or through cyclo-
metalation taking place at one of the aliphatic R groups per ligand 
(Fig. 24, (b)) [172]. Recently Slugovc et al. [173] have reported an 
example of unusual 

5
 coordination of hydrotris(3-

phenylpyrazolyl)borate ligands ([HB(3-Phpz)3]
-
) (Fig. 24, (c)). Yet 

another entirely new aspect of scorpionate coordination chemistry 
is the 

5
 coordination of a pyrazole ring. Despite the formal  

similarities with the cyclopentadienyl ligands a  interaction  
between a pyrazolylborate ligand and a metal center has  
been recently reported only in a complex of composition 
[{K[HB((3-CF3-5-Me)pz)3]}2(CuCO3)]2 (Fig. 24, (d)) [174]. 

5. OPTICALLY ACTIVE LIGANDS 

The well-established ability of tris(pyrazolyl)borate ligands to 
strongly bind metal combined with the pronounced steric effects of 
substituents at the 3-position of the pyrazolyl rings on the properties 
of the resulting metal complexes, has led to target novel optically 
active variants of generalized structure Tp

R
* (Fig. 25) for synthetic 

studies [175, 176].  

B

NN

N N

N

N

H

*R

R*

R*

 

Fig. (25). General structure of optically active TpR* ligands. 

The C3-symmetric array of stereogenic centers in Tp
R
* is de-

signed to afford an unusual chiral "fence" about a coordinated metal 
ion that may induce interesting and potentially useful stereoselec-
tive metal-mediated reactivity [177] and chiral recognition [178]. 
Chiral derivatives of tris(pyrazolyl)borates have been studied prin-

cipally by Tolman and co-workers, who have investigated the syn-
thesis and coordination behaviour of several chiral 
tris(pyrazolyl)borate ligands [175, 176, 179] and the use of their 
complexes in asymmetric catalysis [180, 181]. All of the known 
chiral Tp

R
* ligands are potentially tridentate, with a chiral unit such 

as camphoryl or menthyl fused to two sites of the pyrazolyl ring, 
such that the coordination behaviour of the ligand is basically that 
of a conventional but sterically hindered Tp

x
 ligand [17]. 

The synthesis and structural characterization of several metal 
complexes of a relatively small class of such ligands derived via 
standard synthetic methods from (+)/(-)-camphor ([HB(camphpz)3]

-
 

[182] and [(BBN)Bp
+/-camph

]
-
 [183]), (2S,5R)-(-)-menthone 

([Tp
Menth

]
-
) or (R)-(+)-pulegone ([Tp

Mementh
]
-
) [171, 175, 179] were 

reported (see Table 16): they are specific examples of ligands that 
have the particular advantages of being accessible from readily 
available precursors and of having stereogenic centers of fixed ori-
entation resulting from their incorporation into fused ring systems 
[175]. Ligands analogous to [Tp

Menth
]
-
 and [Tp

Mementh
]
-
 but with aryl 

instead of simple branched alkyl substituents proximal to the metal 
binding site are particularly attractive; in particular they could more 
thoroughly modulate the nature of the chiral cavity provided by the 
strongly binding Tp

x
 unit and could give edgeface and/or face-face 

aromatic interactions in substrate recognition processes [184]. In 
this context, the (4R,7R)-4-methyl-7-phenyl-4,5,6,7-tetrahydro-2H-
indazole, with a phenyl substituent, was employed in the synthesis 
of enantiopure, multidentate C1-symmetric bis(pyrazolyl)diphenyl-
borate (Tl[cis-Ph2Bp

pm
]) and C3-symmetric tris(pyrazolyl)borate 

(K[trans-Tp
pm

]) ligands (see Table 16) [180]. Interestingly, epi-
merization of the benzylic stereogenic center occurred during the 
synthesis of K[trans-Tp

pm
]. Comparison of the abilities of copper 

complexes of the [cis-Ph2Bp
pm

]
-
 and [trans-Tp

pm
]
-
 ligands to cata-

lyze the cyclopropanation of styrene by ethyldiazoacetate revealed 
significantly enhanced enantioselectivity for the [trans-Tp

pm
]
-
 sys-

tem. This result represents the first example of a high degree of 
enantiocontrol in a catalytic reaction of any complex of a Tp

x
 ligand 

and provides experimental support for the possible efficacy of 
higher order rotational symmetry in metal-mediated stereoselective 
reactions [180]. 

 
Table 2. [H2B(pz

x
)2]

-
 

No. Abbreviation and References Structure 

3 Bp or [H2B(pz)2]
- [193] B

N

H

H

N N

N

 

4 Bp* or [H2B(3,5-Me2pz)2]
- [96] B

N

H

H

N N

N

 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

R = Me: [H2B(3-Mepz)2]
- [78] 

R = iPr: [H2B(3-iPrpz)2]
- [84] 

R = tBu: [H2B(3-tBupz)2]
- [76] 

R = Ph: [H2B(3-Phpz)2]
- [76] 

R = Ferrocenyl: [H2B(3-Fcpz)2]
- [194] 

R = CF3: [H2B(3-(CF3)pz)2]
- [95] 

R = NO2: [H2B(3-(NO2)pz)2]
- [95] 

R = 2-Pyridyl: Bp2Py [195] 

R = 3-Pyridyl: Bp3Py [196] 

R = 4-Pyridyl: Bp4Py [196] 

R = Bipyridyl: BpBipy [197] 

B

N

H

H

N N

N

R

R
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Table 2. contd… 

No. Abbreviation and References Structure 

16 Bptrip [198] 
B

N

H

H

N N

N

 

17 

18 

R =H: [H2B(pz)(3,5-Me2pz)]- [74] 

R = Ph: [H2B(3,5-Me2pz)(3,5-Ph2pz)]- [74] 
B

N

H

H

N N

N

RR  

19 

20 

21 

R = H: [H2B(pz)(pztBu2)]- [75] 

R = Me: [H2B(pzMe2)(pztBu2)]- [75] 

R = Tripticyl: [H2B(pztrip)(pztBu2)]- [75] 

B

N

H

H

N N

N

R R

 

22 Bp[2,4(OMe)2Ph] [170] 
B

N

H

H

N N

N

O

Me

O
Me

O

Me

O

Me  

23 [H2B(3-(CF3)pz)(5-(CF3)pz)]- [92] B

N

H

H

N N

N

CF3

F3C  

24 

25 

R = CF3: [H2B(3,5-(CF3)2pz)2]
- [199] 

R = Et: [H2B(3,5-Et2pz)2]
- [200] 

B

N

H

H

N N

N

R

R

R

R  
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Table 2. contd… 

No. Abbreviation and References Structure 

26 

27 

R = COOEt, R’ = CH3: BpCOOET,Me [201] 

R = tBu, R’ = iPr: BptBu,iPr [202] B

N

H

H

N N

N

R

R

R'

R'  

28 Bp(COC)Py [203] B

N

H

H

N N

N

N

N

MeO

MeO
 

29 

30 

31 

R = H: Bp4Bo [204] 

R = NO2: Bp4Bo,5NO2 [205] 

R = NH2: Bp4Bo,5NH2 [206] 

B
N

HH

N

NN

RR

 

32 Bp4Bo,6NO2 [207] B
N

HH

N

NN

NO2O2N

 

33 

34 

R = H: Bp4CN [208] 

R = Ph: BpPh,4CN [209] 

B
N

HH

N

NN
CNNC

R R  

35 BpBr3 [210] 

B
N

HH

N

NN
BrBr

Br Br

Br Br

 

 

Table 3. [(R)HB(pz
x
)2]

-
 

No. Abbreviation and References Structure 

36 

37 

R = Cp: [(C5H4)HB(3,5-Me2pz)2]
- [211] 

R = p-Tol-S: (p-TolS)Bp* [212] 
B

N

H

R

N N

N

 

38 (MeBzS)Bp [213] B

N

H

S

N N

N

 



Synthesis and Properties of Poly(pyrazolyl)borate Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2     99 

Table 3. contd… 

No. Abbreviation and References Structure 

39 

40 

41 

42 

43 

44 

45 

46 

47 

R = Me, R’ = R” = H: [(MeO)HB(pz)2]
- [214] 

R = Me, R’ = R” = Me: [(MeO)HB(3,5-Me2pz)2]
- [214] 

R = Me, R’ = tBu, R” = iPr: (MeO)BptBu,iPr  [202] 

R = Et, R’ = R” = H: [(EtO)HB(pz)2]
- [214] 

R = Et, R’ = R” = Me: [(EtO)HB(3,5-Me2pz)2]
- [214] 

R = Me, R’ = tBu, R” = H: [HB(MeO)(3-tBupz)2]
- [215] 

R = Et, R’ = tBu, R” = H: [HB(EtO)(3-tBupz)2]
- [215] 

R = iPr, R’ = tBu, R” = H: [HB(iPrO)(3-tBupz)2]
- [215] 

R = iPr, R’ = iPr, R” = Me: [HB(iPrO)(3-iPr-5-Mepz)2]
- [216] 

B

N

H

O

N N

N

R'

R'

R

"R

"R  

48 (HCOO)BptBu,iPr [217] B

N

H

O

N N

N
O

H

 

49 

50 

X = O: (Ph2CHO)BptBu,iPr [218] 

X = S: (Ph2CHS)BptBu,iPr [218] 
B

N

H

X

N N

N

 

 

Table 4. [R2B(pz
x
)2]

-
 

No. Abbreviation and References Structure 

51 

52 

53 

54 

55 

56 

57 

58 

R = Me: Me2Bp [219] 

R = Et: Et2Bp [96] 

R = Pr: Pr2Bp [220] 

R = Bu: Bu2Bp [96] 

R = Ph: Ph2Bp [96] 

R = MeO: (MeO)2Bp [214] 

R = EtO: (EtO)2Bp [214] 

R = Ferrocenyl: [Fc2B(pz)2]
- [112] 

B

N

R

R

N N

N

 

59 

60 

R = Ph, R’ = NMe2: [(Me2N)PhB(pz)2]
- [221] 

R = Ferrocenyl, R’ = Me: [Fc(Me)Bpz2]
- [112] 

B

N

R'

R

N N

N

 

61 [(C2H5)2B(3-Fcpz)2]
- [194] 

B

N N

NN Fe

��

Fe
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Table 4. contd… 

No. Abbreviation and References Structure 

62 

63 

64 

65 

66 

67 

68 

R = R’ = H: (BBN)Bp [222] 

R = H, R’ = Me: (BBN)BpMe [223] 

R = H, R’ = Ph: (BBN)BpPh [224] 

R = H, R’ = Ferrocenyl: (BBN)BpFc [194] 

R = R’ = Me: (BBN)Bp* [224] 

R = Me, R’ = Ph: (BBN)BpPh,Me [224] 

R = R’ = Ph: (BBN)BpPh2 [224] 

B

N

N N

N

R'

R'

R

R  

69 

70 

71 

R = Ph, R’ = H: Ph2BpPh [225] 

R = tBu, R’ = H: Ph2BptBu [225] 

R = Ph, R’ = Me: Ph2BpPh,Me [225] 

B

N

N N

RR'

N

R' R
 

72 

73 

74 

X = Cl: Cl2Bp [226] 

X = Br: Br2Bp [226] 

X = I: I2Bp [226] 

B

N

X

X

N N

N

 

75 

76 

R = R’ = F: F2Bp* [96] 

R = tBu, R’ = H: tBuBp* [104] 
B

N

R

R'

N N

N

 

77 (Me)(Ph)BpMe [99] B

N

N N

N

 

78 [(CH2=CHCH2)(CH2PPh2)B(pz)2]
- [132] 

B

N

N N

N

P
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Table 5. [HB(3-Rpz)3]
-
 

No. Abbreviation and References Structure 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

R= H: Tp or [HB(pz)3]
- [72, 193] 

R = Me: [HB(3-Mepz)3]
- [79] 

R = iPr: [HB(3-iPrpz)3]
- [84] 

R = tBu: [HB(3-tBupz)3]
- [76] 

R = Ph: [HB(3-Phpz)3]
- [76] 

R = CHPh2: TpCHPh2 [227] 

R = Neopentyl: [HB(3-nppz)3]
- [228] 

R = Cyclopropyl: TpCpr [140] 

R = Cyclobutyl: TpCbu [229] 

R = Cyclopentyl: TpCpe [229] 

R = Ciclohexyl: [HB(3-Cypz)3]
- [230, 231] 

R = Mesityl: TpMs [82] 

R = CF3: [HB(3-(CF3)pz)3]
- [232, 233] 

R = C2F5: [HB(3-(C2F5)pz)3]
- [234] 

R = C3F7: [HB(3-(C3F7)pz)3]
- [234] 

R = 2-thienyl: [HB(3-(2’-thienyl)pz)3]
- [137] 

R = 3-Pyridyl: Tp3Py [196] 

R = 4-Pyridyl: Tp4Py [196] 

R = tBuPy, R’ = H: TptBuPy [203] 

R = 4-benzonitrile: Tp4Bz [235] 

R = Carboxypyrrolidido: Tpcpd [236] 

R = C(CH3)2CH2OCH3: TpC(Me2)CH2OMe [237] 

B

NN

N N

N

N

H

R

R

R

 

101 

102 

103 

R = Me: [HB(3-(4-Tol)pz)3]
- [144, 238] 

R = F: [HB(3-(4-FC6H4)pz)3]
- [239] 

R = OMe: TppAn [144, 239] 

B

NN

N N

N

H

N

R R

R

 

104 

105 

106 

R = OMe, R’ = H: TpAn [169, 240] 

R = R’ = OMe: Tp[2,4(OMe)2Ph] [170] 

R = SMe, R’ = H: [HB(3-(2-MeSPh)pz)3]
- [241] 

B

NN

N N

NN

H

R'

R'

R'

R

R

R

 

107 TpTrip [198] B

N N

H
N N

N

N
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Table 5. contd… 

No. Abbreviation and References Structure 

108 TpAnt [242] 
B

NN

N N

N

H

N

 

109 Tp Nt [243, 244] 

B

NN

N N

N

H

N

 

110 Tp Nt [243, 244] 

B

NN

N N

N

H

N

 

111 

112 

X = O: [HB(3-(2-furyl)pz)3]
- [239] 

X = S: [HB(3-(2-thienyl)pz)3]
- [137] 

B

NN

N N

N

H

N

X

XX

 

113 

114 

115 

R’ = H, R = H: [HB(3-(2'-pyridyl)pz)3]
- [167, 241] 

R’ = H, R = Me: [HB(3-(6-Mepy)pz)3]
- [241, 245] 

R’ = tBu, R =H: TpBuPy [203] 

B

NN

N N

N

H

N

N

NN
R R

R

R'

R'

R'  
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Table 6. [HB(4-Rpz)3]
-
 

No. Abbreviation and References Structure 

116 

117 

118 

119 

120 

R = Me: [HB(4-Mepz)3]
- [246] 

R = iPr: [HB(4-iPrpz)3]
- [96] 

R = tBu: Tp4tBu [247] 

R = Cl: [HB(4-Clpz)3]
- [96] 

R = Br: [HB(4-Brpz)3]
- [248] 

B

NN

N N

N

H

N

R

RR  

 

Table 7. [HB(3R,4R’-pz)3]
-
 

No. Abbreviation and References Structure 

121 

122 

123 

R = iPr: TpiPr,4Br or [HB(3-iPr-4-Br-pz)3]
- [84] 

R = Cy: TpCy,4Br [231] 

R = p-ClPh: Tpp-ClPh,4Br [89] 

B

NN

N N

N

H

N

Br

BrBr

R

RR

 

124 

125 

R = Ph: TpPh,4CN [249] 

R = tBu: TptBu,4CN [250] 
B

NN

N N

N

H

N

CN

CNCN

R

RR

 

126 

127 

128 

R = Bz, R’ = Ph: TpBz,4Ph [251] 

R = iPr, R’ = tBu: TpiPr,4tBu [247] 

R = p-Tolyl, R’ = tBu: TpTol,4tBu [247] 

B

NN

N N

N

H

N

R'

R'R'

R

RR

 

129 

130 

R = Me: Tp3Bo,7Me [88] 

R = tBu: Tp3Bo,7tBu [88, 252] 
B

NN

N N

N

H

N

R R

R
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Table 7. contd… 

No. Abbreviation and References Structure 

131 Tpa* [88] BN

N
N N

N N
H

 

132 

133 

R = H: Tpa [138] 

R = Me: Tpa,Me [138] 
B

NN

N N

N

H

N

R

R

R

 

134 Tp(3(5),4-(CH2)3) [253] B

N
N

N

N

N

H

N

B

N
N

N

N

N

H

N

 

135 Tp(3(5),4-(CH2)6) [253] B

N
N

N N

N

H

N

B

N
N

N N

N

H

N

 

136 Tpb [138] B

NN

N N

N

H

N
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Table 8. [HB(3R,5R-pz)3]
-
 

No. Abbreviation and References Structure 

137 

138 

139 

140 

141 

142 

143 

R= Me: Tp* [96] 

R= Et: TpEt2 [96] 

R = iPr: [HB(3,5-iPr2pz)3]
- [254] 

R = tBu: TptBu2 [255] 

R = CF3: [HB(3,5-(CF3)2pz)3]
- [256, 257] 

R = Ph: [HB(3,5-Ph2pz)3]
- [254] 

R = p-tBuPh: [HB(3,5-(tBuPh)2pz)3]
- [258] 

B

N
N

N

N

N

N

H

R

R

R

R

R

R

 

144 

145 

146 

147 

148 

149 

150 

151 

152 

153 

154 

155 

R = iPr, R’ = Me: [HB(3-iPr-5-Mepz)]- [157] 

R = tBu, R’ = Me: TptBu,Me [144] 

R = tBu, R’ = iPr: TptBu,iPr [244] 

R = p-Tolyl, R’ = Me: Tpp-Tol,Me [259] 

R = CF3, R’ = Me: TpCF3,Me [260] 

R = C2F5, R’ = Me: TpC2F5,CH3 [261] 

R = Ph, R’ = Me: TpPh,Me [138] 

R = CO2Et, R’ = Me: TpCO2Et,Me [262] 

R = Mes, R’ = Me: TpMes,Me [263] 

R = Benzyl, R’ = Me: TpBz,Me [251] 

R = (CH3)2CC6H5, R’ = Me: TpMe2Bz,Me [264] 

R = Adamantyl, R’ = iPr: TpAd,iPr [265] 

B

N
N

N

N

N

N

H

R'

R

R'

R

R'

R  

156 

157 

R = iPr: TpCum,Me [266] 

R = tBu: Tp(p-tBuPh,Me) [267] 
B N

N
NN

NN

H

R

R

R

 

158 

159 

R = H: Tp3Py,Me [268] 

R = Me: Tp3Pic,Me [268] 
BN

N
N N

N N

H

N
N

N

R

R

R

 

160 

161 

X = S, R = CF3: TpCF3,Tn [86] 

X = S, R = Ph: HB(3-Ph-5-(2’-thie)pz)3]
- [269] 

B

N
N

N

N

N
N

H

R

R

R
X

X

X
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Table 8. contd… 

No. Abbreviation and References Structure 

162 

163 

X = S: TpTh,Me [270] 

X = O: TpFu,Me [271] 

B

N
N

N
N

N
N

H

Me

MeMe

X

XX

 

164 

165 

R = H: Tp(4Py),Me [272] 

R = Me: Tp(4-(2-MePy),Me [272] 

B

NN

N N

N

H

N

N

N

N

R

R

R

 

166 

167 

R = tBu: [HB(3-CONHtBu-5-Mepz)3]
- [272] 

R = Ph: [HB(3-CONHPh-5-Mepz)3]
- [272] 

BN

N
N N

N N
H

O

NH

O

NH

O

H
N

R

R

R

 

 

Table 9. [HB(4R,5R-pz)3]
-
 

No. Abbreviation and References Structure 

168 

169 

170 

171 

172 

173 

174 

R = H: Tp4Bo [87, 88] 

R = Me: Tp4Bo,5Me [88] 

R = Et: Tp4Bo,5Et [88] 

R = tBu: Tp4Bo,5tBu [88] 

R = Ph: Tp4Bo,5Ph [88] 

R = NH2: Tp4Bo,5NH2 [206] 

R = NO2: Tp4Bo,5NO2 [273] 

BN

N
N N

N N
H

R

R

R  

175 

176 

177 

178 

R = R’ = Me: Tp4Bo,4,6Me2 [88] 

R = NO2, R’ = H: Tp4Bo,6NO2 [207] 

R = COOEt, R’ = H: Tp4Bo,6-COOEt [189] 

R = CH2SEt, R’ = H: Tp4Bo,6-CH2SEt [189] 
B

N
N

N

N

N

N

H

R

R'

R

R'

R'

R
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Table 10. [HB(3R,4R’,5R”-pz)3]
-
 

No. Abbreviation and References Structure 

179 

180 

181 

182 

183 

184 

185 

R = Me: Tp*Me [96] 

R = Et: Tp*Et [274] 

R = nBu: Tp*Bu [96, 274] 

R = Amyl: Tp*Am [274] 

R = Cl: Tp*Cl [275] 

R = Br: Tp*Br [276] 

R = Benzyl: Tp*Bz [274, 277] 

B

N
N

N

N

N

N

HR R

R

 

186 

187 

188 

189 

190 

191 

R = R’ = iPr: TpiPr2,Br [278] 

R = R’ = Br: TpBr3 [210] 

R = Br, R’ = Ph: TpBr,Ph,Br [89] 

R = Br, R’ = p-Tolyl: TpBr,p-Tol,Br [89] 

R = Br, R’ = p-ClPh: TpBr,p-ClPh,Br [89] 

R = Ph, R’ = Me: TpPh,Me,Br [89] 

B

N
N

N

N

N
N

H

R'

R

R

R'

R
R'Br

Br

Br

 

192 TpPh,Me,Ph [279] 
B

N
N

N

N

N
N

H

 

193 Tp4Bo,3Me [88] 
B

N
N

N

N

N

N

H

 

194 F21-Tp4Bo,3CF3 [280] B

N
N

N

N

N
N

H

F3C

F3C

CF3

F
F

F

F

F

F F

F

F
F

F

F
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Table 10. contd… 

No. Abbreviation and References Structure 

195 Tpa*,3Me [88] BN

N
N N

N N

H

 

196 TpMe,mt3 [281] 
B

N
N

N

N

N

N

H

 

197 TpMe,mt4 [281] 
B

N
N

N

N

N

N

H

 

 

Table 11. [HB(pz
x
)(pz

y
)2]

-
 

No. Abbreviation and References Structure 

198 [HB(pz)2(dmpz)]- [282] B

N

H

N

N N

N

N

 

199 [HB(pz)(dmpz)2]
- [282] B

N

H

N

N N

N

N

 

200 (pz4CN)Bp [2] B

N

H

N

N N

N

N
NC

 



Synthesis and Properties of Poly(pyrazolyl)borate Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2     109 

Table 11. contd… 

No. Abbreviation and References Structure 

201 [HB(3-Me2C(OH)-5-iPrpz)(3,5-iPr2pz)2]
- [283] 

B

N
N

N

N

N
N

H

HO

 

 

Table 12. [(R)B(pz
x
)3]

-
 

No.  Abbreviation and References Structure 

202 

203 

204 

205 

206 

207 

208 

209 

210 

211 

212 

213 

214 

215 

216 

217 

218 

R = Me: MeTp [284] 

R = iBu: iBuTp [284] 

R = nBu: [BuB(pz)3]
- [96] 

R = tBu: tBuTp [104] 

R = Ph: [C6H5B(pz)3]
- [96] 

R = iPr: iPrTp [98] 

R = p-IC6H4: [(p-IC6H4)B(pz)3]
- [125] 

R = p-BrC6H4: [(p-BrC6H4)B(pz)3]
- [127] 

R = p-(COOH)C6H4: [p-(COOH)C6H4B(pz)3]
- [129] 

R = p-Me3SiC2C6H4: p-Me3SiC2C6H4Tp [126] 

R = p-PhC2C6H4: p-PhC2C6H4Tp [126] 

R = p-HC2C6H4: p-HC2C6H4Tp [126] 

R = C6D5: C6D5Tp [285] 

R = p-Tolyl: p-TolTp [286] 

R = m-Tolyl: m-TolTp [286] 

R = Ferrocenyl: FcTp [97, 107] 

R = Me2N: [Me2NB(pz)3]
- [221, 287, 288] 

B

N

R

N

N N

N

N

 

219 CH3S(CH2)3Tp [103] B

NN

N N

N

N

S

 

220 [CH2=CHCH2B(pz)3]
- [133] B

NN

N N

N

N
 

221 [p-(tBuO–Phe–CO)C6H4B(pz)3]
- [129] 

B

N N

N N

N N

O

NH

O

OtBu

 



110    Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2 Santini et al. 

 

Table 12. contd… 

No.  Abbreviation and References Structure 

222 

223 

224 

225 

226 

227 

228 

229 

230 

231 

232 

233 

234 

235 

236 

237 

238 

R = R’ = Me: MeTpMe [99] 

R = Me, R’ = CF3: MeTpCF3 [289] 

R = Me, R’ = C2F5: MeTpC2F5 [290] 

R = Me, R’ = mesityl: MeTpMs [291] 

R = Me, R’ = tBu: MeTptBu [291] 

R = Ph, R’ = CF3: PhTpCF3 [292] 

R = Ph, R’ = tBu: PhTptBu [293] 

R = tBu, R’ = Me: tBuTpMe [104] 

R = tBu, R’ = iPr: tBuTpiPr [104] 

R = tBu, R’ = tBu: tBuTptBu [104] 

R = tBu, R’ = Ph: tBuTpPh [104] 

R = p-IC6H4, R’ = Me: [(p-IC6H4)B(3-Mepz)3]
- [125] 

R = p-Me3SiC2C6H4, R’ = Me: [(p-Me3SiC2C6H4)B(3-Mepz)3]
- [126] 

R = p-HC2C6H4, R’ = H or Me: p-HC2C6H4Tp or p-HC2C6H4TpMe [126] 

R = Ferrocenyl, R’ = Me: FcTpMe [294] 

R = Ferrocenyl, R’ = Ph: FcTpPh [294] 

R = Tetramethylcyclopentadienyl, R’ = Me: C5Me4TpMe [295] 

B

N

R

N

N N

N

N

R'

R'

R'

 

239 MeTp* [296] B

N

Me

N

N N

N

N

 

240 [{(pz)3CCH2OCH2C2}C6H4B(pz)3]
- [128] O

N
N

N
N

B N

N

N

N

N
N

NN

 

241 [{3,5-[(pz)3CCH2OCH2]2C6H3C2}C6H4B(pz)3]
- [128] 

N
N

N
N

B

O

O

N

N

N

NN

N

N
N

N

N N

N

N
N

 

242 

243 

244 

245 

R = Cy: [FcB(pz4-Cy)3]
- [108] 

R = CH2Cy: [FcB(pz4-CH2Cy)3]
- [108] 

R = SiMe3: [FcB(pz4-SiMe3)3]
- [108] 

R = Ph: [FcB(pz4-Ph)3]
- [108] 

B

NN

N N

N

N

Fe

R

R

R
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Table 12. contd… 

No.  Abbreviation and References Structure 

246 

247 

248 

249 

R = R’ = H: [(Cym)B(pz)3]
- [297] 

R = H, R’ = Me: [(Cym’)B(pz)3]
- [297] 

R = Br, R’ = Me: [(Cym’)B(pz4-Br)3]
- [297] 

R = CH2Cy, R’ = Me: [(Cym’)B(pz4-CH2Cy)3]
- [297] 

B

NN

N N

N

N

Mo CO

OC CO

R'

R

R

R

 

250 

251 

R = H: FlTp [298] 

R = tBu: FlTptBu [298] 

B N

N

N
N

N

N

R

R

R

 

 

Table 13. Unsymmetrical Tp
x
* 

No. Abbreviation and References Structure 

252 

253 

254 

255 

R = Neopentyl: [HB(3-Nppz)2(5-Nppz)]- [228] 

R = Ph: [HB(3-Phpz)2(5-Phpz)]- [299] 

R = Cyclohexyl: TpCy* [231] 

R = Mesityl: TpMs* [82] 

B

NN

N N

N

N

H

R

R

R

 

256 

257 

258 

R = Cy, R’ = Br: Tp(Cy,4Br)* [231] 

R = Ph, R’ = CN: Tp(Ph,4CN)* [249] 

R = iPr, R’ = Br: Tp(iPr,4Br)* [84] 

B

NN

N N

N

H

N

R'

R'R'

RR

R

 

259 Tp(3Bo,7tBu)* [88] B

NN

N N

N

H

N
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Table 13. contd… 

No. Abbreviation and References Structure 

260 Tp(a*,3Me)* [88] B

N N

N N

HN

N

 

 

Table 14. [(pz
x
)B(pz

x
)3]

-
 

No. Abbreviation and References Structure 

261 

262 

263 

264 

265 

266 

267 

268 

269 

270 

271 

272 

R = H: pzTp [72, 193] 

R = Me: [B(pzMe)4]
- [79] 

R = p-Tolyl: [HB(3-(4-Tol)pz)4]
- [144, 238] 

R = iPr: [B(3-iPrpz)4]
- [84] 

R = tBu: [(3-tBupz)4]
- [76] 

R = Cyclopropyl: pz°TpCpr [300] 

R = Cyclobutyl: pz°TpCbu [229] 

R = Cyclopentyl: pz°TpCpe [229] 

R = Cyclohexyl: pz°TpCy [231, 301] 

R = p-anisyl: pz°TpAn [301] 

R = 3-Pyridyl: pz°Tp3Py [196] 

R = 4-Pyridyl: pz°Tp4Py [196] 

B

NN N N

N NNN

R

R R

R
 

273 Pz°Tp4Me [246] B

N

N

N

N

N

N

N

N
 

274 

275 

R = H: pz°Tp4Bo [302] 

R = NO2: pz°Tp4Bo,6NO2 [207] 
B

N

N

N N

N

N

NNR

R

R

R  

276 [Tkp
phos(O)]- [303] B

NN N N

N NNN

POPh2 Ph2OP

Ph2OPPOPh2  
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Table 15. [(pz
x
)nR’zBm(R)]

-m
 

No. Abbreviation and References Structure 

277 

278 

279 

R = H: [(pz)3B-B(pz)3]
2- [120] 

R = Me: [(pzMe)3B-B(pzMe)3]
2- [121] 

R = 2-Py: [(pz2-py)3B-B(pz2-py)3]
2- [121] 

B

N
N

N
N

NN

B

N
N

N
N

N N

R

R

R R

R

R

 

280 1,1’-fc[B(Me)2pz]2
2- [111, 113] 

B

Fe
Me

Me

N
N

B

Me

Me

NN

 

281 1,1’-fc[B(Me)pz2]2
2- [112] 

B

Fe
N N

Me

N
N

B

N
N

Me

NN

 

282 

283 

284 

R = H: Fc(Tp)2 [108] 

R = Me: Fc(TpMe)2 [294] 

R = Ph: Fc(TpPh)2 [294] 

B

Fe
N N

N N

N
N

R

R

R

B

N
N

N
N

NN

R

R

R  

285 

286 

287 

288 

R = tBu, R’ = H: [1,4-(tBuBpz2)2C6H4]
2- [115] 

R = tBu, R’ = H: [1,3-(tBuBpz2)2C6H4]
2- [115] 

R = Ph, R’ = Ph: [1,4-(PhBpzPh
2)2C6H4]

2- [118] 

R = Ph, R’ = tBu: [1,4-(PhBpztBu
2)2C6H4]

2- [118] 

B
R

N

N

N

N

B

R

N
N

N

N

R'

R'

R'

R'  
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Table 15. contd… 

No. Abbreviation and References Structure 

289 

290 

[1,4-(Bpz3)2C6H4]
2- [115] 

[1,3-(Bpz3)2C6H4]
2- [124] 

B

N

N
N

N

N

N

B

N

N

N

N

N

N

 

291 [1,3,5-(Bpz3)3C6H3]
3- [124] 

B

N

N
N

N

N

N

B

N

N

N

N

N
NB

N
N

NN

N
N

 

292 [Si[(CH2)3SiMe2(CH2)3B(CH2PPh2)pz2]4
4- [132] 

Si

Me

Me

B N

N
N

N

P

Si

Si

Me

Me

B

N

N

N

N

P

Si Me

Me

B

N

N

N

N

P

SiMe

Me

B

N

N

N

N

P

 

293 [(Bpz2)2(C6H4)2]
2- [115] 

B

B

N

N

N

N

N

N

N

N
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Table 16. Optically Active Tp
R
*-Type Ligands 

No. Abbreviation and References Structure 

294 [cis-Ph2Bppm] [180] 

B

N

N N

N

 

295 [trans-Tppm] [180] 

B

NN

N N

N

H

N

 

296 TpMenth [179] 
B

NN

N N

N

H

N

 

297 TpMenth* [179] 
B

N

N

N N

N

H

N

 

298 TpMementh [179] 
B

NN

N N

N

H

N
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Table 16. contd… 

No. Abbreviation and References Structure 

299 (BBN)Bp+/- camph [183] B

N

N N

N

 

300 (BBN)Bp+menth [183] 
B

N

N N

N

 

301 IpcTp [304] B

NN

N N

N

N
 

302 [HB(camphpz)3]
- [182] B

NN

N N

N

H

N

 

303 [B(camphpz)4]
- [182] B

N

N

N N

N

N

NN
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Table 16. contd… 

No. Abbreviation and References Structure 

304 TpPy* [185] 
B

NN

N N

N

H

N

N

N

N

 

305 [HB(P1)3]
- or TpCH2N(Me)EtPh [188] 

B

NN

N N

N

H

N

N

N

N

Me

Me

Me

H

H

H

 

 
The first example of a C3-symmetric hexadentate tripodal 

ligand, tris[3-{2-(pinene[4,5]pyridyl)}pyrazolyl]hydroborate 
([Tp

Py
*]

-
), based on a tris(pyrazolyl)borate core has been reported 

by McCleverty and co-workers [185]. The achiral hexadentate par-
ent ligand [Tp

Py
]
-
 has been extensively studied [25, 186, 187] and 

the addition of 2-pyridyl substituents to the C3 position of the pyra-
zolyl rings, such that each arm of the ligand is now a bidentate 
chelate, results in completely different coordination behaviour from 
the simpler terdentate Tp

x
 ligands. 

Optically active sodium salt of hydrotris((-)-3(5)-methyl-1-
phenylethylaminomethylpyrazolyl)borate, Na[HB(P1)3], was pre-
pared by Singh et al. [188] starting from (-)-3(5)-methyl-1-
phenylethylaminomethylpyrazole. Its use in various metal-catalysed 
enantioselective cyclopropanation reactions of styrene and several 
diazoacetates gave the corresponding trans- and cis-phenylcyclo-
propane-1-carboxylates with moderate to reasonably good enanti-
oselectivities [188].  

Chiral and C3-symmetrical hydrotris(indazolyl)borate ligands 
[189] have also a potential interest in the design of molecular ma-
chines, to prepare organometallic molecular turnstiles [190] or as 
building blocks in the synthesis of a family of surface-mounted 
electrically-driven molecular motors [63]. In order to conceive an 
unidirectional rotation in a molecular machine, which is still a chal-
lenge nowadays, a strong dissymmetrization of the two directions 
of rotation is required. In this context, Rapenne et al. [191] studied 
the synthesis of enantiopure chiral pyrazoles for the preparation of 
C3-symmetrical hydrotris(pyrazolyl)borate ligands focusing on 
pyrazoles derived from (5R)-dihydrocarvone. 

ACKNOWLEDGMENTS 

This work was financially supported by Ministero 
dell’Istruzione dell’Università e della Ricerca (PRIN 
20078EWK9B). We are grateful to CIRCMSB (Consorzio In-

teruniversitario di Ricerca in Chimica dei Metalli nei Sistemi  
Biologici). 

TABLES 

Structure of ligands and related references. For schematic con-
venience the ligands are identified with the name originally re-
ported from the authors and the counterions are omitted [6, 70, 71]. 

REFERENCES 

[1] Trofimenko, S. Boron-pyrazole chemistry. J. Am. Chem. Soc., 1966, 88, 
1842-1844. 

[2] Trofimenko, S. Polypyrazolylborates, a new class of ligands. Acc. Chem. 

Res., 1971, 4, 17-22. 

[3] Trofimenko, S. Coordination chemistry of pyrazole-derived ligands. Chem. 

Rev., 1972, 72, 497-509. 

[4] Niedenzu, K.; Trofimenko, S. Pyrazole derivatives of boron. Top. Curr. 

Chem., 1986, 131, 1-37. 

[5] Trofimenko, S. The coordination chemistry of pyrazole-derived ligands. 

Prog. Inorg. Chem., 1986, 34, 115-210. 
[6] Trofimenko, S. Recent advances in poly(pyrazolyl)borate (scorpionate) 

chemistry. Chem. Rev., 1993, 93, 943-980. 
[7] Trofimenko, S. Scorpionates: The Coordination Chemistry of 

Poly(pyrazolyl)borate Ligands. Imperial College Press: London, 1999. 
[8] Shaver, A. In Compr. Coord. Chem. II, Wilkinson, G., Ed. Pergamon Press: 

Oxford, 1982; Vol. 2, pp. 245-259. 
[9] McCleverty, J.A. Alkoxy, amido, hydrazido, and related compounds of 

molybdenum and tungsten. Chem. Soc. Rev., 1983, 12, 331-360. 
[10] Niedenzu, K. Advances in Boron and the Boranes: In Advances in Boron and 

the Boranes; Liebman, J.F.; Greenberg, A.; Williams, R.E., Eds. VXH Pub-
lishers: New York, 1988; Vol. 5, p. 357. 

[11] Byers, P.K.; Canty, A.J.; Honeyman, R.T. Organometallic chemistry of 

palladium and platinum with poly(pyrazol-1-yl)alkanes and poly(pyrazol-1-
yl)borates. Adv. Organomet. Chem., 1992, 34, 1-65. 

[12] Han, R.; Looney, A.; McNeill, K.; Parkin, G.; Rheingold, A.L.; Haggerty, 
B.S. Structural and spectroscopic studies on four-, five-, and six-coordinate 

complexes of zinc, copper, nickel, and cobalt: Structural models for the bi-
carbonate intermediate of the carbonic anhydrase catalytic cycle. J. Inorg. 

Biochem., 1993, 49, 105-121. 
[13] Kitajima, N.; Moro-oka, Y. Copper-Dioxygen complexes. inorganic and 

bioinorganic perspectives. Chem. Rev., 1994, 94, 737-757. 



118    Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2 Santini et al. 

 

[14] Santos, I.; Marques, N. Recent advances in the chemistry of f-element 

poly(pyrazolyl)borate complexes. New J. Chem., 1995, 19, 551-571. 
[15] Marques, N.; Sella, A.; Takats, J. Chemistry of the Lanthanides using Pyra-

zolylborate ligands. Chem. Rev., 2002, 102, 2137-2159. 
[16] Parkin, G. Alkyl, hydride, and hydroxide derivatives of the s- and p-block 

elements supported by poly(pyrazolyl)borato ligation: models for carbonic 
anhydrase, receptors for anions, and the study of controlled crystallographic 

disorder. Adv. Inorg. Chem., 1995, 42, 291-393. 

[17] Kitajima, N.; Tolman, W.B. Coordination chemistry with sterically hindered 
hydrotris(pyrazolyl)borate ligands: organometallic and bioinorganic perspec-

tives. Prog. Inorg. Chem., 1995, 43, 419-531. 
[18] Parkin, G. Effect of Tris(pyrazolyl)hydroborato Ligation. In Handbook of 

Grignard Reagents, Silverman, G.S.; Rakita, P.E., Eds. Marcel Dekker, Inc.: 
New York, 1996; pp. 291-305. 

[19] Reger, D.L. Poly(pyrazolyl)borate complexes of gallium and indium. Coord. 

Chem. Rev., 1996, 147, 571-595. 

[20] Etienne, M. Hydridotris(pyrazolyl)borato complexes of the Group 5 metals: 
inorganic and organometallic chemistry. Coord. Chem. Rev., 1996, 156, 201-

236. 
[21] Janiak, C. (Organo)thallium (I) and (II) chemistry: syntheses, structures, 

properties and applications of subvalent thallium complexes with alkyl, cy-

clopentadienyl, arene or hydrotris(pyrazolyl)borate ligands. Coord. Chem. 

Rev., 1997, 163, 107-215. 

[22] Janiak, C. Hydrotris(pyrazolyl)borate thallium(I) [TpTi(I)] chemistry synthe-
ses and applications. Main Group Metal Chem., 1998, 21, 33-49. 

[23] Young, C.G.; Wedd, A.G. Metal chemistry relevant to the mononuclear 
molybdenum and tungsten pterin enzymes. Chem. Commun., 1997, 1251-

1257. 
[24] McCleverty, J.A.; Ward, M.D. The role of bridging ligands in controlling 

electronic and magnetic properties in polynuclear complexes. Acc. Chem. 

Res., 1998, 31, 842-851. 

[25] Ward, M.D.; McCleverty, J.A.; Jeffery, J.C. Coordination and supramolecu-
lar chemistry of multinucleating ligands containing two or more pyrazolyl-

pyridine 'arms'. Coord. Chem. Rev., 2001, 222, 251-272. 

[26] Paulo, A.; Correia, J.D.G.; Santos, I. Rhenium complexes with 
poly(pyrazolyl)borates. Trends Inorg. Chem., 1998, 5, 57-87. 

[27] Vahrenkamp, H. Transitions, transition states, transition state analogs: zinc 
pyrazolylborate chemistry related to zinc enzymes. Acc. Chem. Res., 1999, 

32, 589-596. 
[28] Slugovc, C.; Schmid, R.; Kirchner, K. Hydridotris(pyrazolyl)borate ruthe-

nium complexes-properties and applications. Coord. Chem. Rev., 1999, 185-

186, 109-126. 

[29] Jia, G.; Lau, C.P. Structural, acidity and chemical properties of some dihy-
drogen/hydride complexes of Group 8 metals with cyclopentadienyls and re-

lated ligands. Coord. Chem. Rev., 1999, 190-192, 83-108. 
[30] Power, P.P. -Bonding and the lone pair effect in multiple bonds between 

heavier main group elements. Chem. Rev., 1999, 99, 3463-3503. 

[31] Hikichi, S.; Akita, M.; Moro-oka, Y. New aspects of the cobalt-dioxygen 

complex chemistry opened by hydrotris(pyrazolyl)borate ligands (TpR): 
unique properties of TpRCo-dioxygen complexes. Coord. Chem. Rev., 2000, 

198, 61-87. 
[32] Parkin, G. The bioinorganic chemistry of zinc: synthetic analogues of zinc 

enzymes that feature tripodal ligands. Chem. Commun., 2000, 1971-1985. 
[33] Parkin, G. Probing of proteins by metal ions and their low-molecular-weight 

complexes. In Metal Ions in Biological Systems, Sigel, A.; Sigel, H., Eds. 
Marcel Dekker, Inc.: New York, 2001; Vol. 38, pp. 411–460. 

[34] Frohnapfel, D.S.; Templeton, J.L. Transition metal 2-vinyl complexes. 

Coord. Chem. Rev., 2000, 206-207, 199-235. 
[35] Edelmann, F.T. Versatile scorpionates-new developments in the coordination 

chemistry of pyrazolylborate ligands. Angew. Chem. Int. Ed. Engl., 2001, 40, 
1656-1660. 

[36] Slugovc, C.; Padilla-Martinez, I.; Sirol, S.; Carmona, E. Rhodium- and 
iridium-trispyrazolylborate complexes C-H activation and coordination 

chemistry. Coord. Chem. Rev., 2001, 213, 129-157. 

[37] Sadimenko, A.P. Organometallic complexes of pyrazolylborates and related 
ligands. Adv. Heterocycl. Chem., 2001, 81, 167-252. 

[38] Akita, M.; Hikichi, S. Inorganic chemistry based on Tp ligands - from dioxy-
gen complexes to organometallic systems. Bull. Chem. Soc. Jpn., 2002, 75, 

1657-1679. 
[39] Wasser, I.M.; de Vries, S.; Moenne-Loccoz, P.; Schroder, I.; Karlin, K.D. 

nitric oxide in biological denitrification: Fe/Cu metalloenzyme and metal 
complex NOx Redox chemistry. Chem. Rev., 2002, 102, 1201-1234. 

[40] Kubas, G.J. Coordination and Activation of B-H and Other X-H and X-Y 
Bonds. In Metal Dihydrogen and sigma-Bond Complexes. Springer: Bertin, 

2001; pp. 417-439. 
[41] Kubas, G.J. Coordination and activation of Si-H, Ge-H and Sn-H bonds. In 

Metal Dihydrogen and sigma-Bond Complexes, Springer: 2001; pp. 327-364. 

[42] Ferrence, G.M.; Takats, J. [(Tpt-Bu,Me)Yb( -H)]2: a fecund precursor to a host 
of divalent, hydrotris(pyrazolyl)borate supported f-element complexes. J. 

Organomet. Chem., 2002, 647, 84-93. 
[43] Ritter, S.K. Pinch and Sting: the Scorpionates. Chem. Eng. News, 2003, 81, 

40-43. 
[44] Trofimenko, S. Scorpionates: genesis, milestones, prognosis. Polyhedron, 

2004, 23, 197-203. 

[45] Carmona, E.; Paneque, M.; Poveda, M.L. Generation and reactivity of steri-
cally hindered iridium carbenes. Competitive - vs. -hydrogen elimination 

in iridium(III) alkyls. Dalton Trans., 2003, 4022-4029. 
[46] Webster, C.E.; Hall, M.B. De Novo design in organometallic chemistry: 

stabilizing iridium(V). Coord. Chem. Rev., 2003, 238-239, 315-331. 
[47] Pettinari, C.; Santini, C. Polypyrazolylborate and scorpionate ligands. In 

Compr. Coord. Chem. II, McCleverty, J.A.; Meyer, T.J., Eds. Elsevier Per-
gamon: Fundamentals: Ligands, Complexes, Synthesis, Purification, and 

Structure, 2004, Vol. 1, pp. 159-210. 

[48] Mirica, L.M.; Ottenwaelder, X.; Stack, T.D.P. Structure and spectroscopy of 
Copper-Dioxygen Complexes. Chem. Rev., 2004, 104, 1013-1046. 

[49] Akita, M. Coordinatively unsaturated organometallic system based on Tp 
ligand: tetrahedral TpRM-R' and TpRM-M'Ln species. J. Organomet. Chem., 

2004, 689, 4540-4551. 
[50] Parkin, G. Synthetic analogues relevant to the structure and function of zinc 

enzymes. Chem. Rev., 2004, 104, 699-767. 
[51] Pettinari, C.; Cingolani, A.; Gioia Lobbia, G.; Marchetti, F.; Martini, D.; 

Pellei, M.; Pettinari, R.; Santini, C. Copper and silver derivatives of scorpio-
nates and related ligands. Polyhedron, 2004, 23, 451-469. 

[52] Paulo, A.; Correia, J.D.G.; Campello, M.P.C.; Santos, I. A short ride on 
scorpionates: from d- to f-elements. Polyhedron, 2004, 23, 331-360. 

[53] Long, G.J.; Grandjean, F.; Reger, D.L. Spin crossover in pyrazolylborate and 

pyrazolylmethane complexes. Top. Curr. Chem., 2004, 233, 91-122. 
[54] Carmona, E.; Paneque, M.; Santos, L.L.; Salazar, V. Iridium carboxycarbene 

complexes by CH bond activation of aliphatic ethers and of alkyl aryl ethers. 
Coord. Chem. Rev., 2005, 249, 1729-1735. 

[55] Diaz-Requejo, M.M.; Perez, P.J. Copper, silver and gold-based catalysts for 
carbene addition or insertion reactions. J. Organomet. Chem., 2005, 690, 

5441-5450. 
[56] Keane, J.M.; Harman, W.D. A new generation of pi-basic dearomatization 

agents. Organometallics, 2005, 24, 1786-1798. 
[57] Lescouezec, R.; Toma, L.M.; Vaissermann, J.; Verdaguer, M.; Delgado, F.S.; 

Ruiz-Perez, C.; Lloret, F.; Julve, M. Design of single chain magnets through 
cyanide-bearing six-coordinate complexes. Coord. Chem. Rev., 2005, 249, 

2691-2729. 

[58] Tolman, W.B. Using synthetic chemistry to understand copper protein active 
sites: a personal perspective. J. Biol. Inorg. Chem., 2006, 11, 261-271. 

[59] Sessler, J.L.; Melfi, P.J.; Pantos, G.D. Uranium complexes of multidentate 
N-donor ligands. Coord. Chem. Rev., 2006, 250, 816-843. 

[60] Dias, H.V.R.; Fianchini, M. Fluorinated Tris(Pyrazolyl)Borates and Silver(I) 
complexes of group 14 Ligands. Comments Inorg. Chem., 2007, 28, 73-92. 

[61] Pettinari, C. Scorpionates II: Chelating Borate Ligands Dedicated to Swia-

toslaw Trofimenko. Imperial College Press: London, 2008. 

[62] Dias, H.V.R.; Lovely, C.J. Carbonyl and olefin adducts of coinage metals 
supported by poly(pyrazolyl)borate and poly(pyrazolyl)alkane ligands and 

silver mediated atom transfer reactions. Chem. Rev., 2008, 108, 3223-3238. 
[63] Vives, G.; Carella, A.; Launay, J.-P.; Rapenne, G. The chemistry of 

1,2,3,4,5-pentaphenylcyclopentadienyl hydrotris(indazolyl)borate ruthe-

nium(II) complexes, building blocks for the construction of potential or-
ganometallic molecular motors. Coord. Chem. Rev., 2008, 252, 1451-1459. 

[64] Caldwell, L.M. Alkylidyne Complexes Ligated by Poly(pyrazolyl)borates. In 
Adv. Organomet. Chem., West, R.; Hill, A.F.; Fink, M.J., Eds. Elsevier Inc. 

London, UK, 2008; Vol. 56, pp. 1-94. 
[65] Lail, M.; Pittard, K.A.; Gunnoe, T.B., Chemistry Surrounding Group 7 

Complexes that Possess Poly(pyrazolyl)borate Ligands. In Adv. Organomet. 

Chem., West, R.; Hill, A.F.; Fink, M.J., Eds. Elsevier Inc.: 2008; Vol. 56, pp 

95-153. 
[66] Becker, E.; Pavlik, S.; Kirchner, K., The Organometallic Chemistry of Group 

8 Tris(pyrazolyl)borate Complexes. In Adv. Organomet. Chem., West, R.; 
Hill, A.F.; Fink, M.J. Eds. Elsevier Inc.: London, UK, 2008; Vol. 56, pp. 

155-197. 

[67] Crossley, I.R. The Organometallic Chemistry of Group 9 Poly(pyrazolyl) 
borate Complexes. In Adv. Organomet. Chem., West, R.; Hill, A.F.; Fink, 

M.J., Eds. Elsevier Inc.: London, UK, 2008; Vol. 56, pp. 199-321. 
[68] Etienne, M.; McGrady, J.E.; Maseras, F. Agostic interactions in alkyl deriva-

tives of sterically hindered tris(pyrazolyl)borate complexes of niobium. Co-

ord. Chem. Rev., 2009, 253, 635-646. 

[69] Spicer, M.D.; Reglinski, J. Soft Scorpionate ligands based on imidazole-2-
thione donors. Eur. J. Inorg. Chem., 2009, 1553-1574. 

[70] Curtis, M.D.; Shiu, K.B.; Butler, W.M. Sterically induced h2-acyl formation: 
syntheses and structures of TpMo(CO)2(

2-COR) (R = Me, Ph) and 

TpMo(CO)3Br (Tp = hydridotrispyrazolylborate). Organometallics, 1983, 2, 

1475-1477. 
[71] Curtis, M.D.; Shiu, K.B.; Butler, W.M. Synthetic, structural, and theoretical 

studies of 2-acyl complexes of molybdenum. J. Am. Chem. Soc., 1986, 108, 

1550-1561. 
[72] Trofimenko, S. Poly(1-pyrazolyl)borates, their transition-metal complexes, 

and pyrazaboles. Inorg. Synth., 1970, 12, 99-109. 
[73] Frauendorfer, E.; Agrifoglio, G. Chiral poly(pyrazolyl)borate ligands and 

complexes. 1. Inorg. Chem., 1982, 21, 4122-4125. 

[74] Agrifoglio, G. Unsymmetrical polypyrazolylborate via boron cations. Inorg. 

Chim. Acta, 1992, 197, 159-162. 

[75] Ghosh, P.; Hascall, T.; Dowling, C.; Parkin, G. Asymmetric 
bis(pyrazolyl)hydroborato ligands via direct synthesis: structural characteri-



Synthesis and Properties of Poly(pyrazolyl)borate Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2     119 

zation of thallium and zinc complexes. J. Chem. Soc., Dalton Trans., 1998, 

3355-3358. 
[76] Trofimenko, S.; Calabrese, J.C.; Thompson, J.S. Novel polypyrazolylborate 

ligands: coordination control through 3-substituents of the pyrazole ring. 
Inorg. Chem., 1987, 26, 1507-1514. 

[77] Kitamura, M.; Takenaka, Y.; Okuno, T.; Holl, R.; Wunsch, B. A new, effi-
cient and direct preparation of TlTp and related complexes with TlBH4. Eur. 

J. Inorg. Chem., 2008, 1188-1192. 

[78] McCurdy, W.H., Jr. Structure determination of dihydrobis(1-
pyrazolyl)borates by proton NMR of potassium salts and nickel(II) chelates. 

Inorg. Chem., 1975, 14, 2292-2294. 
[79] Niedenzu, K.; Niedenzu, P.M.; Warner, K.R. Boron-nitrogen compounds. 

105. Boron derivatives of 3-methylpyrazole. Inorg. Chem., 1985, 24, 1604-
1606. 

[80] Calabrese, J.C.; Trofimenko, S.; Thompson, J.S. A new class of polypyra-
zolylborate ligands. J. Chem. Soc., Chem. Commun., 1986, 1122-1123. 

[81] Cano, M.; Heras, J.V.; Jones, C.J.; McCleverty, J.A.; Trofimenko, S. Steri-
cally-induced rearrangements of the tripodal ligand HB(iso-PrMeC3N2H)3 in 

some molybdenum mononitrosyl derivatives. Polyhedron, 1990, 9, 619-621. 
[82] Rheingold, A.L.; White, C.B.; Trofimenko, S. Hydrotris(3-mesitylpyrazol-1-

yl)borate and hydrobis(3-mesitylpyrazol-1-yl)(5-mesitylpyrazol-1-yl)borate: 

symmetric and asymmetric ligands with rotationally restricted aryl substitu-
ents. Inorg. Chem., 1993, 32, 3471-3477. 

[83] Silva, M.; Domingos, A.; de Matos, A.P.; Marques, N.; Trofimenko, S. 
Hydrotris(mesitylpyrazol-1-yl)borate uranium(IV) compounds: synthesis, 

structure, and ligand isomerization. J. Chem. Soc. Dalton Trans., 2000, 4628-
4634. 

[84] Trofimenko, S.; Calabrese, J.C.; Domaille, P.J.; Thompson, J.S. Steric effects 
in polypyrazolylborate ligands. Poly(3-isopropylpyrazolyl)borates: ligands of 

intermediate steric requirements. Inorg. Chem., 1989, 28, 1091-1101. 
[85] Ghosh, C.K.; Hoyano, J.K.; Krentz, R.; Graham, W.A.G. A hydridovinylirid-

ium complex more stable than its 2-ethylene isomer. J. Am. Chem. Soc., 

1989, 111, 5480-5481. 
[86] Han, R.; Ghosh, P.; Desrosiers, P.J.; Trofimenko, S.; Parkin, G. Synthesis 

and structural characterization of tris[3-trifluoromethyl-5-(2-

thienyl)pyrazolyl]hydroborato thallium, Tl[TpCF3,Tn]: a monovalent thallium 
complex with a highly solvent dependent JTl-F coupling constant, ranging 

from 0 to 850 Hz. J. Chem. Soc., Dalton Trans., 1997, 3713-3717. 
[87] Rheingold, A.L.; Yap, G.; Trofimenko, S. Do Poly(indazolyl)borates have 

abnormal regiochemistry? Inorg. Chem., 1995, 34, 759-760. 
[88] Rheingold, A.L.; Haggerty, B.S.; Yap, G.P.A.; Trofimenko, S. Hydro-

tris(indazolyl)borates: Homoscorpionates with tunable regiochemistry. Inorg. 

Chem., 1997, 36, 5097-5103. 

[89] Yap, G.P.A.; Jove, F.; Urbano, J.; Alvarez, E.; Trofimenko, S.; Diaz-
Requejo, M.M.; Perez, P.J. Unusual polybrominated polypyrazolylborates 

and their copper(I) complexes: Synthesis, characterization, and catalytic ac-
tivity. Inorg. Chem., 2007, 46, 780-787. 

[90] Lopez, C.; Claramunt, R.M.; Trofimenko, S.; Elguero, J. A 13C NMR-

Spectroscopy study of the structure of N-H pyrazoles and indazoles. Can. J. 

Chem. Rev. Can. Chim., 1993, 71, 678-684. 

[91] Dias, H.V.R.; Alidori, S.; Gioia Lobbia, G.; Papini, G.; Pellei, M.; Santini, C. 
Small Scorpionate Ligands: Silver(I)-Organophosphane Complexes of 5-

CF3-Substituted Scorpionate Ligand Combining a B-H...Ag Coordination 
Motif. Inorg. Chem., 2007, 46, 9708-9714. 

[92] Dias, H.V.R.; Gioia Lobbia, G.; Papini, G.; Pellei, M.; Santini, C. Unsym-
metrical 3- and 5-substituted bis(pyrazolyl)borate system. Inorg. Chem. 

Commun., 2008, 11, 1417-1418. 
[93] Pellei, M.; Benetollo, F.; Gioia Lobbia, G.; Alidori, S.; Santini, C. The first 

nitro-substituted heteroscorpionate ligand. Inorg. Chem., 2005, 44, 846-848. 
[94] Marzano, C.; Pellei, M.; Alidori, S.; Brossa, A.; Gioia Lobbia, G.; Tisato, F.; 

Santini, C. New copper(I) phosphane complexes of dihydrobis(3-nitro-1,2,4-

triazolyl)borate ligand showing cytotoxic activity. J. Inorg. Biochem., 2006, 
100, 299-304. 

[95] Pellei, M.; Alidori, S.; Papini, G.; Gioia Lobbia, G.; Gorden, J.D.; Dias, 
H.V.R.; Santini, C. Silver(I)-organophosphane complexes of electron wi-

thdrawing CF3- or NO2-substituted scorpionate ligands. Dalton Trans., 2007, 
4845-4853. 

[96] Trofimenko, S. Boron-pyrazole chemistry. IV. Carbon- and boron-
substituted poly[(1-pyrazolyl) borates]. J. Am. Chem. Soc., 1967, 89, 6288-

6294. 
[97] Jäkle, F.; Polborn, K.; Wagner, M. Novel ferrocene-based mono- and bifunc-

tional tri-1-pyrazolylborate ligands. Chem. Ber., 1996, 129, 603-606. 
[98] Reger, D.L.; Tarquini, M.E. Poly(pyrazolyl)borate complexes of zirco-

nium(IV). Inorg. Chem., 1982, 21, 840-842. 

[99] Bucher, U.E.; Fassler, T.F.; Hunzinker, M.; Nesper, R.; Ruegger, H.; Ve-
nanzi, L.M. Rhodium(I) complexes with boron-substituted bis- and tris-

pyrazolylborate ligands and the x-ray crystal structure of MeTpMeRh(NBD). 
Gazz. Chim. Ital., 1995, 125, 181-188. 

[100] Chiou, S.-J.; Ge, P.; Riordan, C.G.; Liable-Sands, L.M.; Rheingold, A.L. 
Pyrazolyl[(methylthio)methyl]borates: hybrid ligands providing nitrogen and 

sulfur donors. Chem. Commun., 1999, 159-160. 
[101] Garcia, R.; Paulo, A.; Domingos, A.; Santos, I. Rhenium(I) organometallic 

complexes with novel bis(mercaptoimidazolyl)borates and with hydro-

tris(mercaptoimidazolyl)borate: chemical and structural studies. J. Or-

ganomet. Chem., 2001, 632, 41-48. 
[102] Singaram, B.; Cole, T.E.; Brown, H.C. Addition compounds of alkali-metal 

hydrides. 25. Rapid reaction of boronic esters and acids with lithium alumi-
num hydride. A novel and quantitative synthesis of lithium monoorganyl-

borohydrides. Organometallics, 1984, 3, 774-777. 
[103] Aubagnac, J.L.; Claramunt, R.M.; Elguero, J.; Gilles, I.; Sanz, D.; 

Trofimenko, S.; Virgili, A. Structural characterization of paramagnetic octa-

hedral homoscorpionate (polypyrazolylborate) cobalt complexes by 1H- and 
13C-NMR spectroscopy and by FAB-mass spectrometry. Bull. Des. Soc. 

Chim. Belges, 1995, 104, 473-482. 
[104] Graziani, O.; Hamon, P.; Thepot, J.-Y.; Toupet, L.; Szilagyi, P.A.; Molnar, 

G.; Bousseksou, A.; Tilset, M.; Hamon, J.-R. Novel tert-Butyl-tris(3-
hydrocarbylpyrazol-1-yl)borate ligands: synthesis, spectroscopic studies, and 

coordination chemistry. Inorg. Chem., 2006, 45, 5661-5674. 
[105] Companion, A.L.; Liu, F.; Niedenzu, K. Theoretical studies on N-bonded 

pyrazole derivatives of boron. Inorg. Chem., 1985, 24, 1738-1740. 
[106] von Ragué Schleyer, P.; Bühl, M. On the nature of pyrazolylborane. An Ab 

Initio/IGLO/NMR Study. Angew. Chem. Int. Ed., 1990, 29, 304-306. 
[107] Fabrizi de Biani, F.; Jäkle, F.; Spiegler, M.; Wagner, M.; Zanello, P. Fer-

rocene-Based Tris(1-pyrazolyl)borates: A new approach to heterooligometal-

lic complexes and organometallic polymers containing transition metal atoms 
in the backbone. Inorg. Chem., 1997, 36, 2103-2111. 

[108] Guo, S.L.; Peters, F.; Fabrizi de Biani, F.; Bats, J.W.; Herdtweck, E.; Zan-
ello, P.; Wagner, M. Electronic Communication in Oligometallic Complexes 

with Ferrocene-Based Tris(1-pyrazolyl)borate Ligands. Inorg. Chem., 2001, 
40, 4928-4936. 

[109] Morawitz, T.; Bolte, M.; Lerner, H.-W.; Wagner, M. A manganese(II) coor-
dination polymer with ditopic bis(pyrazol-1-yl)borate bridges. Z. Anorg. 

Allg. Chem., 2008, 634, 1409-1414. 
[110] Scholz, S.; Green, J.C.; Lerner, H.-W.; Bolte, M.; Wagner, M. A novel 

multidecker sandwich complex from the reaction of ferrocene with GaCl3. 
Chem. Commun., 2002, 36-37. 

[111] Ilkhechi, A.H.; Scheibitz, M.; Bolte, M.; Lerner, H.-W.; Wagner, M. On the 

way to ferrocene-based multiple-decker sandwich complexes. Polyhedron, 
2004, 23, 2597-2604. 

[112] Ilkhechi, A.H.; Bolte, M.; Lerner, H.-W.; Wagner, M. Synthesis and struc-
tural characterization of ferrocene-based bis(pyrazol-1-yl)borate ligands: 

FcB(Me)pz2K, Fc2Bpz2K, and 1,1'-fc[B(Me)pz2]2K2 (Fc: ferrocenyl, fc: fer-
rocenylene, pz: pyrazolyl). J. Organomet. Chem., 2005, 690, 1971-1977. 

[113] Ilkhechi, A.H.; Mercero, J.M.; Silanes, I.; Bolte, M.; Scheibitz, M.; Lerner, 
H.-W.; Ugalde, J.M.; Wagner, M. A Joint experimental and theoretical study 
of cation-  interactions: multiple-decker sandwich complexes of ferrocene 

with alkali metal ions (Li+, Na+, K+, Rb+, Cs+). J. Am. Chem. Soc., 2005, 127, 
10656-10666. 

[114] Zhang, F.; Morawitz, T.; Bieller, S.; Bolte, M.; Lerner, H.-W.; Wagner, M. 
Metallomacrocycles from ditopic chiral scorpionate ligands. Dalton Trans., 

2007, 4594-4598. 

[115] Bieller, S.; Zhang, F.; Bolte, M.; Bats, J.W.; Lerner, H.-W.; Wagner, M. 
Bitopic Bis- and Tris(1-pyrazolyl)borate ligands: syntheses and structural 

characterization. Organometallics, 2004, 23, 2107-2113. 
[116] Bieller, S.; Bolte, M.; Lerner, H.-W.; Wagner, M. A Chloro-Bridged diman-

ganese complex and an oxo-bridged dititanium complex of a ditopic 
Bis(pyrazol-1-yl)borate ligand. Inorg. Chem., 2005, 44, 9489-9496. 

[117] Zhang, F.; Bolte, M.; Lerner, H.W.; Wagner, M. Tl(I)-, Cu(I)-, and Ag(I) 
Complexes of the Ditopic 1,3-Phenylene-Bridged Heteroscorpionate Ligand 

[1,3-C6H4(
tBuBpz2)2]2. Organometallics, 2004, 23, 5075-5080. 

[118] Morawitz, T.; Bolte, M.; Lerner, H.-W.; Wagner, M. Synthesis and chloride 

affinity of sterically demanding ditopic lithium Bis(pyrazol-1-yl)borates. Z. 

Anorg. Allg. Chem., 2008, 634, 1570-1574. 

[119] Ruth, K.; Tuellmann, S.; Vitze, H.; Bolte, M.; Lerner, H.-W.; Holthausen, 

M.C.; Wagner, M. Copper complexes of mono- and ditopic [(meth-
ylthio)methyl]borates: missing links and linked systems en route to copper 

enzyme models. Chem. Eur. J., 2008, 14, 6754-6770. 
[120] Brock, C.P.; Das, M.K.; Minton, R.P.; Niedenzu, K. Pyrazole derivatives of 

diborane(4). J. Am. Chem. Soc., 1988, 110, 817-822. 
[121] Harden, N.C.; Jeffery, J.C.; McCleverty, J.A.; Rees, L.H.; Ward, M.D. 

Dinuclear molybdenum and gadolinium complexes of new 'back-to-back' B-
B linked bis[tris(pyrazolyl)borate] ligands. New J. Chem., 1998, 22, 661-663. 

[122] Armaroli, N.; Accorsi, G.; Barigelletti, F.; Couchman, S.M.; Fleming, J.S.; 
Harden, N.C.; Jeffery, J.C.; Mann, K.L.V.; McCleverty, J.A.; Rees, L.H.; 

Starling, S.R.; Ward, M.D. Structural and photophysical properties of mono-
nuclear and dinuclear Lanthanide(III) complexes of multidentate podand 

ligands based on Poly(pyrazolyl)borates. Inorg. Chem., 1999, 38, 5769-5776. 

[123] Qin, Y.; Cui, C.; Jäkle, F. Tris(1-pyrazolyl)borate (Scorpionate) Functional-
ized Polymers as Scaffolds for Metallopolymers. Macromolecules, 2008, 41, 

2972-2974. 
[124] Morawitz, T.; Zhang, F.; Bolte, M.; Bats, J.W.; Lerner, H.-W.; Wagner, M. 

Di- and Tritopic Poly(pyrazol-1-yl)borate ligands: synthesis, characteriza-
tion, and reactivity toward [Mn(CO)5Br]. Organometallics, 2008, 27, 5067-

5074. 
[125] Reger, D.L.; Gardinier, J.R.; Smith, M.D.; Shahin, A.M.; Long, G.J.; Reb-

bouh, L.; Grandjean, F. Polymorphism in Fe[(p-IC6H4)B(3-Mepz)3]2 (pz = 



120    Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2 Santini et al. 

 

Pyrazolyl): Impact of supramolecular structure on an Iron(II) electronic Spin-

state crossover. Inorg. Chem., 2005, 44, 1852-1866. 
[126] Reger, D.L.; Gardinier, J.R.; Gemmill, W.R.; Smith, M.D.; Shahin, A.M.; 

Long, G.J.; Rebbouh, L.; Grandjean, F. Formation of third generation 
Poly(pyrazolyl)borate ligands from alkyne coupling reactions of Fe[(p-

IC6H4)B(3-Rpz)3]2 (R = H, Me; pz = Pyrazolyl): Pathways toward controlling 
an Iron(II) electronic spin-state crossover. J. Am. Chem. Soc., 2005, 127, 

2303-2316. 

[127] White, D.L.; Faller, J.W. Covalently bound paramagnetic shift reagents. 1. A 
versatile lithium reagent derived from bis[(4-bromophenyl)tris(1-

pyrazolyl)borato]cobalt(II). J. Am. Chem. Soc., 1982, 104, 1548-1552. 
[128] Reger, D.L.; Gardinier, J.R.; Bakbak, S.; Semeniuc, R.F.; Bunz, U.H.F.; 

Smith, M.D. Multitopic third generation tris(pyrazolyl)methane ligands built 
on alkyne structural scaffolding: first preparation of mixed 

tris(pyrazolyl)methane/tris(pyrazolyl)borate ligands. New J. Chem., 2005, 29, 
1035-1043. 

[129] Kuchta, M.C.; Gemel, C.; Metzler-Nolte, N. An amino acid bioconjugate of 
an organoplatinum tris(pyrazolyl)borate complex: Synthesis and structure of 

[p-(tBuO-Phe-CO)C6H4Tp]PtMe3. J. Organomet. Chem., 2007, 692, 1310-
1314. 

[130] Kuchta, M.C.; Gross, A.; Pinto, A.; Metzler-Nolte, N. Labeling of the neu-

ropeptide enkephalin with functionalized tris(pyrazolyl)borate complexes: 
solid-phase synthesis and characterization of p-[Enk-OH]COC6H4TpPtMe3 

and p-[Enk-OH]COC6H4TpMeRe(CO)3. Inorg. Chem., 2007, 46, 9400-9404. 
[131] Zagermann, J.; Kuchta, M.C.; Merz, K.; Metzler-Nolte, N. Ruthenium-based 

bioconjugates: Synthesis and X-ray structure of the mixed ligand sandwich 
compound RuCpiPr(p-(CO2H)C6H4Tp) and labelling of amino acids and the 

neuropeptide enkephalin. J. Organomet. Chem., 2009, 694, 862-867. 
[132] Casado, M.A.; Hack, V.; Camerano, J.A.; Ciriano, M.A.; Tejel, C.; Oro, L.A. 

Unprecedented hybrid Scorpionate/Phosphine ligand able to be anchored to 
carbosilane dendrimers. Inorg. Chem., 2005, 44, 9122-9124. 

[133] Camerano, J.A.; Casado, M.A.; Ciriano, M.A.; Oro, L.A. 
Tris(pyrazolyl)borate carbosilane dendrimers and metallodendrimers. Dalton 

Trans., 2006, 5287-5293. 

[134] Chai, M.; Pi, Z.; Tessier, C.; Rinaldi, P.L. Preparation of Carbosilane Den-
drimers and Their Characterization Using 1H/13C/29Si Triple Resonance 3D 

NMR Methods. J. Am. Chem. Soc., 1999, 121, 273-279. 
[135] Seyferth, D.; Son, D.Y.; Rheingold, A.L.; Ostrander, R.L. Synthesis of an 

organosilicon dendrimer containing 324 Si-H bonds. Organometallics, 1994, 
13, 2682-2690. 

[136] Tolman, C.A. Steric effects of phosphorus ligands in organometallic chemis-
try and homogeneous catalysis. Chem. Rev., 1977, 77, 313-348. 

[137] Calabrese, J.C.; Domaille, P.J.; Trofimenko, S.; Long, G.J. Hydrotris[3(2'-
thienyl)pyrazol-1-yl]borate: a ligand of remarkably low steric requirements. 

Inorg. Chem., 1991, 30, 2795-2801. 
[138] Rheingold, A.L.; Ostrander, R.L.; Haggerty, B.S.; Trofimenko, S. Ho-

moscorpionate (Tris(pyrazolyl)borate) ligands containing tethered 3-Phenyl 

groups. Inorg. Chem., 1994, 33, 3666-3676. 
[139] Rheingold, A.L.; Haggerty, B.S.; Trofimenko, S. A novel homoscorpionate 

ligand and its unusual bonding in a molybdenum complex. J. Chem. Soc., 

Chem. Commun., 1994, 1973-1974. 

[140] Rheingold, A.L.; Liable-Sands, L.M.; Trofimenko, S. Formation of a tetra-
hedral Tl4 cluster directed by a novel homoscorpionate ligand. Chem. Com-

mun., 1997, 1691-1692. 
[141] Kitajima, N.; Fujisawa, K.; Morooka, Y. Tetrahedral copper(II) complexes 

supported by a hindered pyrazolylborate. Formation of the thiolato complex, 
which closely mimics the spectroscopic characteristics of blue copper pro-

teins. J. Am. Chem. Soc., 1990, 112, 3210-3212. 

[142] Kitajima, N.; Fujisawa, K.; Hikichi, S.; Morooka, Y. Formation of ( -
hydroxo)( -azido) dinuclear copper complex from - 2: 2-peroxo complex. 

J. Am. Chem. Soc., 1993, 115, 7874-7875. 

[143] Egan, J.W., Jr.; Haggerty, B.S.; Rheingold, A.L.; Sendlinger, S.C.; Theopold, 
K.H. Crystal structure of a side-on superoxo complex of cobalt and hydrogen 

abstraction by a reactive terminal oxo ligand. J. Am. Chem. Soc., 1990, 112, 
2445-2446. 

[144] Trofimenko, S.; Calabrese, J.C.; Kochi, J.K.; Wolowiec, S.; Hulsbergen, 
F.B.; Reedijk, J. Spectroscopic analysis, coordination geometry, and x-ray 

structures of nickel(II) compounds with sterically demanding 
tris(pyrazolyl)borate ligands and azide or (thio)cyanate anions. Crystal and 

molecular structures of bis[( -thiocyanato-N,S)(hydrotris(3-isopropyl-4-
bromopyrazol-1-yl)borato)nickel(II)]-3-heptane and (thiocyanato-

N)(hydrotris(3-tert-butyl-5-methylpyrazol-1-yl)borato)nickel(II). Inorg. 

Chem., 1992, 31, 3943-3950. 

[145] MacNeil, J.H.; Watkins, W.C.; Baird, M.C.; Preston, K.F. Synthesis and 
characterization of new chromium-centered radicals of the type { 3-

tris(pyrazolyl)borato}Cr(CO)2L (L = CO, PMe3): EPR spectra of organo-

chromium and -molybdenum compounds undergoing subtle Jahn-Teller dis-

tortions. Organometallics, 1992, 11, 2761-2762. 
[146] Curtis, M.D.; Shiu, K.B.; Butler, W.M.; Huffman, J.C. Metal-metal multiple 

bonds. Part 17. Syntheses, structures, and molecular orbital analysis of hy-
dridotris(pyrazolyl)borate (Tp) molybdenum carbonyls: paramagnetic 
TpMo(CO)3 and triply bonded Tp2Mo2(CO)4 (Mo Mo). J. Am. Chem. Soc., 

1986, 108, 3335-3343. 

[147] Shiu, K.B.; Lee, L.Y. Organotransition metal complexes of multidentate 

ligands. IV. Facile formation of a heat- and air-stable, 17-electron radical, 
Tp'Mo(CO)3, and a sulfur-bridged dimer, [Tp'Mo(CO)2]2S [Tp' = hydri-

dotris(3,5-dimethylpyrazol-1-yl)borate]. J. Organomet. Chem., 1988, 348, 
357-360. 

[148] Skagestad, V.; Tilset, M. Thermodynamics of heterolytic and homolytic 
metal-hydrogen bond cleavage reactions of 18-electron and 17-electron 

group 6 hydridotris(pyrazolyl)borate metal hydrides. J. Am. Chem. Soc., 

1993, 115, 5077-5083. 
[149] McNair, A.N.; Boyd, D.C.; Mann, K.R. Synthesis and characterization of 

mixed-ligand cyclopentadienyl-pyrazolylborate complexes of ruthenium. 
Organometallics, 1986, 5, 303-310. 

[150] Sharp, P.R.; Bard, A.J. Electrochemistry in liquid sulfur dioxide. 4. Electro-
chemical production of highly oxidized forms of ferrocene, decamethylfer-

rocene and iron bis(tris(1-pyrazolyl)borate). Inorg. Chem., 1983, 22, 2689-
2693. 

[151] Tellers, D.M.; Bergman, R.G. C-H bond activation by a rare cationic iridium 

dinitrogen complex. An important electronic effect in the chemistry of the 
Hydridotris(pyrazolyl)borate ligand. J. Am. Chem. Soc., 2000, 122, 954-955. 

[152] Tellers, D.M.; Skoog, S.J.; Bergman, R.G.; Gunnoe, T.B.; Harman, W.D. 
Comparison of the relative electron-donating abilities of hydri-

dotris(pyrazolyl)borate and cyclopentadienyl ligands: different interactions 
with different transition metals. Organometallics, 2000, 19, 2428-2432. 

[153] Mealli, C.; Arcus, C.S.; Wilkinson, J.L.; Marks, T.J.; Ibers, J.A. Structural 

studies of copper(I) binding by hydrotris(1-pyrazolyl)borate and hydro-
tris(3,5-dimethyl-1-pyrazolyl)borate in the solid state and in solution. J. Am. 

Chem. Soc., 1976, 98, 711-718. 

[154] Bruce, M.I.; Ostazewski, A.P.P. Group IB metal chemistry. I. Preparation 

and reactions of the carbonyl(hydrotrispyrazol-1-ylborato)copper(I) complex. 
J. Chem. Soc., Dalton Trans., 1973, 2433-2436. 

[155] Kitajima, N.; Koda, T.; Hashimoto, S.; Kitagawa, T.; Morooka, Y. Synthesis 
and characterization of the dinuclear copper(II) complexes [Cu(HB(3,5-

Me2pz)3)]2X (X = O2
-, (OH)2

2-, CO2
2-, O2

2-). J. Am. Chem. Soc., 1991, 113, 

5664-5671. 

[156] Caffyn, A.J.M.; Feng, S.G.; Dierdorf, A.; Gamble, A.S.; Eldredge, P.A.; 

Vossen, M.R.; White, P.S.; Templeton, J.L. Unusual proton NMR properties 
of tungsten(II) tris(pyrazolyl)borate hydride complexes. Organometallics, 

1991, 10, 2842-2848. 

[157] Cano, M.; Heras, J.V.; Trofimenko, S.; Monge, A.; Gutierrez, E.; Jones, C.J.; 

McCleverty, J.A. Syntheses of some transition metal complexes containing 
the tripodal ligand HB(iso-PrMeC3N2H)3 and the x-ray crystal structure of 

diethoxo[hydridotris(3-isopropyl-5-methylpyrazol-1-yl)borato]nitrosylmoly-

bdenum. J. Chem. Soc. Dalton Trans., 1990, 3577-3582. 

[158] Calabrese, J.C.; Domaille, P.J.; Thompson, J.S.; Trofimenko, S. Steric effects 

in polypyrazolylborates: mixed complexes M(HB(3-isopropyl-4-
bromopyrazolyl)3)L. Inorg. Chem., 1990, 29, 4429-4437. 

[159] Chauby, V.; Berre, C.S.L.; Kalck, P.; Daran, J.C.; Commenges, G. h2-
Bonded Hydrotris(3,5-dimethylpyrazolyl)borate in [Rh(HB(Me2pz)3)(CO) 

(PMe3)]. X-ray crystal structure and dynamic exchange in solution. Inorg. 

Chem., 1996, 35, 6354-6355. 

[160] Dias, H.V.R.; Lu, H.-L. Direct synthesis of a Bis(pyrazolyl)boratocopper(I) 

complex: synthesis and characterization of [H2B(3,5-(CF3)2Pz)2]Cu(PPh3)2 
displaying an unusual coordination mode for a Poly(pyrazolyl)borate ligand. 

Inorg. Chem., 2000, 39, 2246-2248. 

[161] Malbosc, F.; Kalck, P.; Daran, J.-C.; Etienne, M. An unprecedented k2N,H 

bonding mode for a hydridotris(pyrazolyl)borato ligand. J. Chem. Soc., 

Dalton Trans., 1999, 271-272. 

[162] Herberhold, M.; Eibl, S.; Milius, W.; Wrackmeyer, B. Synthesis and struc-

ture of [Tp*Rh{P(C7H7)3}] - Competition between the ligands tris(3,5-
dimethyl-1-pyrazolyl)borate (Tp*) and tris(1-cyclohepta-2,4,6-

trienyl)phosphane. Proof of the k2(N,B-H) coordination mode of the Tp* 
ligand. Z. Anorg. Allg. Chem., 2000, 626, 552-555. 

[163] Thakur, T.S.; Desiraju, G.R. Misassigned C-H...Cu agostic interaction in a 
copper(II) ephedrine derivative is actually a weak, multicentred hydrogen 

bond. Chem. Commun., 2006, 552-554. 

[164] Gutierrez, E.; Hudson, S.A.; Monge, A.; Nicasio, M.C.; Paneque, M.; Ruiz, 
C. Organometallic derivatives of Ni(II) with poly(pyrazolyl)borate ligands. J. 

Organomet. Chem., 1998, 551, 215-227. 

[165] Gutierrez, E.; Hudson, S.A.; Monge, A.; Nicasio, M.C.; Paneque, M.; 

Carmona, E. Monohapto coordination of poly(tert-butylpyrazolyl)borate 
ligands in nickel and palladium complexes. J. Chem. Soc., Dalton Trans., 

1992, 2651-2652. 

[166] Paneque, M.; Sirol, S.; Trujillo, M.; Gutierrez-Puebla, E.; Monge, M.A.; 

Carmona, E. Denticity changes of hydrotris(pyrazolyl)borate ligands in RhI 

and RhIII compounds: from k3- to ionic "k0"-Tp'. Angew. Chem. Int. Ed. 

Engl., 2000, 39, 218-221. 

[167] Amoroso, A.J.; Thompson, A.M.C.; Jeffery, J.C.; Jones, P.L.; McCleverty, 
J.A.; Ward, M.D. Synthesis of the new tripodal ligand tris-[3-(2'-

pyridyl)pyrazol-1-yl]hydroborate, and the crystal structure of its euro-
pium(III) complex. J. Chem. Soc., Chem. Commun., 1994, 2751-2752. 

[168] Amoroso, A.J.; Jeffery, J.C.; Jones, P.L.; McCleverty, J.A.; Rees, L.; Rhein-
gold, A.L.; Sun, Y.; Takats, J.; Trofimenko, S.; Ward, M.D.; Yap, G.P.A. 

Complexes of the podand ligand tris[3-(2-pyridyl)pyrazol-1-yl]borate with 



Synthesis and Properties of Poly(pyrazolyl)borate Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2     121 

lanthanoids and actinoids: rare examples of icosahedral N12 coordination. J. 

Chem. Soc., Chem. Commun., 1995, 1881-1882. 
[169] Jones, P.L.; Mann, K.L.V.; Jeffery, J.C.; McCleverty, J.A.; Ward, M.D. 

Complexes of main-group elements containing stereochemically active lone 
pairs: the crystal structures of [Tl(TpAn)] {TpAn = tris[3-(2-

methoxyphenyl)pyrazol-1-yl]hydroborate} and [Pb(TpPy)(NO3)]
.0.5Et2O 

{TpPy = tris[3-(2-pyridyl)pyrazol-1-yl]hydroborate}. Polyhedron, 1997, 16, 

2435-2440. 

[170] Rheingold, A.L.; Haggerty, B.S.; Liable-Sands, L.M.; Trofimenko, S. N,O-
polydentate scorpionate ligands. Inorg. Chem., 1999, 38, 6306-6308. 

[171] Keyes, M.C.; Young, V.G., Jr.; Tolman, W.B. Diastereoselective In-
tramolecular C-H bond activation by optically active 

Tris(pyrazolyl)hydroborate complexes of rhodium. Organometallics, 1996, 
15, 4133-4140. 

[172] Takahashi, Y.; Hikichi, S.; Akita, M.; Moro-oka, Y. A coordinatively unsatu-
rated species with an agostic C-H interaction, [(k4-TpiPr)Ru(dppe)]OSO2CF3, 

and its addition reaction. Organometallics, 1999, 18, 2571-2573. 
[173] Slugovc, C.; Carmona, E.; Mereiter, K.; Trofimenko, S. Unprecedented 

pentadenticity of the HB(3-Phpz)3 (= TpPh) ligand. Chem. Commun., 2000, 
121-122. 

[174] Hu, Z.; Gorun, S.M. Synthesis and characterization of fluorinated 
Tris(pyrazolyl)borate complexes. Observation of an ( 5-Pyrazole)-K+ interac-

tion in the solid state. Inorg. Chem., 2001, 40, 667-671. 
[175] LeCloux, D.D.; Tokar, C.J.; Osawa, M.; Houser, R.P.; Keyes, M.C.; Tolman, 

W.B. Optically active and C3-Symmetric Tris(pyrazolyl)hydroborate and 
Tris(pyrazolyl)phosphine oxide ligands: synthesis and structural characteri-

zation. Organometallics, 1994, 13, 2855-2866. 
[176] LeCloux, D.D.; Tolman, W.B. Synthesis and transition metal complexation 

of an enantiomerically pure tris(pyrazolyl)hydroborate ligand. J. Am. Chem. 

Soc., 1993, 115, 1153-1154. 

[177] Nugent, W.A.; Harlow, R.L. Early transition metal alkoxide complexes 
bearing homochiral trialkanolamine ligands. J. Am. Chem. Soc., 1994, 116, 

6142-6148. 
[178] Moberg, C. C3 symmetry in asymmetric catalysis and chiral recognition. 

Angew. Chem., 1998, 37, 248-268. 

[179] LeCloux, D.D.; Keyes, M.C.; Osawa, M.; Reynolds, V.; Tolman, W.B. 
Transition metal complexes of optically active Tris(pyrazolyl)hydroborates. 

Inorg. Chem., 1994, 33, 6361-6368. 
[180] Keyes, M.C.; Chamberlain, B.M.; Caltagirone, S.A.; Halfen, J.A.; Tolman, 

W.B. A new set of structurally related enantiopure polypyrazolyl ligands of 
varying rotational symmetry: synthesis, metal complexation, and comparison 

of asymmetric induction. Organometallics, 1998, 17, 1984-1992. 
[181] Chisholm, M.H.; Eilerts, N.W.; Huffman, J.C.; Iyer, S.S.; Pacold, M.; Phom-

phrai, K. Molecular Design of Single-Site Metal Alkoxide Catalyst Precur-
sors for Ring-Opening Polymerization Reactions Leading to Polyoxygenates. 

1. Polylactide Formation by Achiral and Chiral Magnesium and Zinc Alkox-
ides, ( 3-L)MOR, Where L = Trispyrazolyl- and Trisindazolylborate 

Ligands. J. Am. Chem. Soc., 2000, 122, 11845-11854. 

[182] Brunner, H.; Singh, U.P.; Boeck, T.; Altmann, S.; Scheck, T.; Wrackmeyer, 
B. Asymmetric catalysis. LXXX. An optically-active tetrakispyrazolylborate: 

Synthesis and use in Cu-catalyzed enantioselective cyclopropanation. J. Or-

ganomet. Chem., 1993, 443, C16-C18. 
[183] Chisholm, M.H.; Iyer, S.S.; Streib, W.E. Chiral C2 and C1 symmetric (cy-

clooctane-1,5-diyl)bis(2-pyrazolyl)borate complexes of potassium and thal-
lium. Preparation, structures and solution behavior. New J. Chem., 2000, 24, 

393-398. 
[184] Quan, R.W.; Li, Z.; Jacobsen, E.N. Enantiofacially selective binding of 

prochiral olefins to a chiral catalyst via simultaneous face-face and edge-face 
aromatic interactions. J. Am. Chem. Soc., 1996, 118, 8156-8157. 

[185] Motson, G.R.; Mamula, O.; Jeffery, J.C.; McCleverty, J.A.; Ward, M.D.; von 
Zelewsky, A. A C3-symmetric chiral hexadentate podand ligand based on a 

tris(pyrazolyl)borate core. J. Chem. Soc., Dalton Trans., 2001, 1389-1391. 
[186] Jones, P.L.; Amoroso, A.J.; Jeffery, J.C.; McCleverty, J.A.; Psillakis, E.; 

Rees, L.H.; Ward, M.D. lanthanide complexes of the hexadentate N-donor 

podand Tris[3-(2-pyridyl)pyrazolyl]hydroborate: Solid-State and Solution 
Properties. Inorg. Chem., 1997, 36, 10-18. 

[187] Paul, R.L.; Amoroso, A.J.; Jones, P.L.; Couchman, S.M.; Reeves, Z.R.; Rees, 
L.H.; Jeffery, J.C.; McCleverty, J.A.; Ward, M.D. Effects of metal coordina-

tion geometry on self-assembly: a monomeric complex with trigonal pris-
matic metal coordination vs. tetrameric complexes with octahedral metal co-

ordination. J. Chem. Soc., Dalton Trans., 1999, 1563-1568. 
[188] Singh, U.P.; Babbar, P.; Hassler, B.; Nishiyama, H.; Brunner, H. Optically 

active pyrazolylborate: synthesis, characterization and uses in enantioselec-
tive cyclopropanation reaction. J. Mol. Catal. A Chem., 2002, 185, 33-39. 

[189] Carella, A.; Vives, G.; Cox, T.; Jaud, J.; Rapenne, G.; Launay, J.-P. Synthe-
sis of new tripodal tri-functionalized hydrotris(indazol-1-yl)borate ligands 

and x-ray structures of their cyclopentadieneruthenium complexes. Eur. J. 

Inorg. Chem., 2006, 980-987. 
[190] Carella, A.; Launay, J.-P.; Poteau, R.; Rapenne, G. Synthesis and reactivity 

of [penta(4-halogenophenyl)cyclopentadienyl][hydrotris(indazolyl)borato] 
ruthenium(II) complexes: rotation-induced Fosbury flop in an organometallic 

molecular turnstile. Chem. Eur. J., 2008, 14, 8147-8156. 

[191] Jacquot de Rouville, H.-P.; Vives, G.; Tur, E.; Crassous, J.; Rapenne, G. 

Synthesis and analytical resolution of chiral pyrazoles derived from (5R)-
dihydrocarvone. New J. Chem., 2009, 33, 293-299. 

[192] Santini, C.; Dias, H.V.R.; Gioia Lobbia, G.; Papini, G.; Pellei, M. Unpub-
lished work. 

[193] Trofimenko, S. Boron-pyrazole chemistry. II. Poly(1-pyrazolyl)-borates. J. 

Am. Chem. Soc., 1967, 89, 3170-3177. 

[194] Niedenzu, K.; Serwatowski, J.; Trofimenko, S. Boron derivatives of 3-

ferrocenylpyrazole. Inorg. Chem., 1991, 30, 524-527. 
[195] Bardwell, D.A.; Jeffery, J.C.; Jones, P.L.; McCleverty, J.A.; Psillakis, E.; 

Reeves, Z.; Ward, M.D. Lanthanide complexes of the tetradentate N-donor 
ligand dihydrobis[3-(2-pyridyl)pyrazolyl]borate and the terdentate N-donor 

ligand 2,6-bis(1H-pyrazol-3-yl)pyridine: syntheses, crystal structures and so-
lution structures based on luminescence lifetime studies. J. Chem. Soc., 

Dalton Trans., 1997, 2079-2086. 
[196] Adams, H.; Batten, S.R.; Davies, G.M.; Duriska, M.B.; Jeffery, J.C.; Jensen, 

P.; Lu, J.; Motson, G.R.; Coles, S.J.; Hursthouse, M.B.; Ward, M.D. New 
bis-, tris- and tetrakis(pyrazolyl)borate ligands with 3-pyridyl and 4-pyridyl 

substituents: synthesis and coordination chemistry. Dalton Trans., 2005, 
1910-1923. 

[197] Psillakis, E.; Jeffery, J.C.; McCleverty, J.A.; Ward, M.D. A dinuclear dou-

ble-helical complex of potassium ions with a compartmental bridging ligand 
containing two terdentate N-donor fragments. Chem. Commun., 1997, 479-

480. 
[198] Fillebeen, T.; Hascall, T.; Parkin, G. Bis- and Tris(pyrazolyl)hydroborato 

Ligands with Bulky Triptycyl Substituents: The Synthesis and Structural 
Characterization of Tl[BpTrip] and Tl[TpTrip]. Inorg. Chem., 1997, 36, 3787-

3790. 
[199] Dias, H.V.R.; Gorden, J.D. Synthesis and characterization of Copper(II), 

Zinc(II), and potassium complexes of a highly fluorinated 
Bis(pyrazolyl)borate ligand. Inorg. Chem., 1996, 35, 318-324. 

[200] Trofimenko, S. Molybdenum complexes with noninert-gas configuration. 
Inorg. Chem., 1970, 9, 2493-2499. 

[201] Alidori, S.; Pellei, M.; Pettinari, C.; Santini, C.; Skelton, B.W.; White, A.H. 

A new ester substituted heteroscorpionate ligand. Inorg. Chem. Commun., 
2004, 7, 1075-1077. 

[202] Dowling, C.; Parkin, G. Elaboration of the bis(pyrazolyl)hydroborato ligand 
[BpBut,Pri] into the NNO donor ligand, [(MeO)BpBut,Pri]: structure characteriza-

tion of a complex in which the [(MeO)BpBut,Pri] ligand models the binding of 
zinc to the peptide backbone in thermolysin. Polyhedron, 1996, 15, 2463-

2465. 
[203] Bell, Z.R.; Motson, G.R.; Jeffery, J.C.; McCleverty, J.A.; Ward, M.D. Syn-

theses and structures of lanthanide(III) complexes with some 
bis(pyrazolyl)borate and tris(pyrazolyl)borate podand ligands. Polyhedron, 

2001, 20, 2045-2053. 
[204] Zaidi, S.A.A.; Neyazi, M.A. The synthesis and ligand properties of the 

dihydro-bis(1-indazolyl)borate anion. Trans. Met. Chem., 1979, 4, 164-167. 

[205] Siddiqi, Z.A.; Khan, S.; Zaidi, S.A.A. The synthesis and ligand properties of 
the dihydrobis(5-nitroindazolyl)borate anion. Synth. React. Inorg. Met. Org. 

Chem., 1982, 12, 433-453. 
[206] Siddiqi, K.S.; Neyazi, M.A.; Tabassum, S.; Lutfullah; Zaidi, S.A.A. Synthe-

sis and characterization of transition metal complexes with 5-
aminoindazolylborates. Indian J. Chem., 1991, 30A, 724-726. 

[207] Siddiqi, Z.A.; Khan, S.; Siddiqi, K.S.; Zaidi, S.A.A. The synthesis and ligand 
properties of the dihydrobis-, hydrotris- and tetrakis(6-nitroindazolyl)borate 

anions. Synth. React. Inorg. Met. Org. Chem., 1984, 14, 303-324. 
[208] Rheingold, A.L.; Incarvito, C.D.; Trofimenko, S. Dihydrobis(4-

cyanopyrazol-1-yl)borate, [Bp4CN], a functionalized heteroscorpionate ligand 

with cross-linking potential. Inorg. Chem., 2000, 39, 5569-5571. 
[209] Siemer, C.J.; Goswami, N.; Kahol, P.K.; Van Stipdonk, M.J.; Eichhorn, 

D.M. Dihydrobis(4-cyano-3-phenylpyrazol-1-yl)borate: Homoleptic mono-
nuclear Cobalt(II) and Copper(II) complexes with a cyano-substituted scor-

pionate ligand. Inorg. Chem., 2001, 40, 4081-4084. 
[210] Rheingold, A.L.; Liable-Sands, L.M.; Incarvito, C.L.; Trofimenko, S. Novel 

scorpionate ligands devoid of C-H bonds: BpBr3 and TpBr3. J. Chem. Soc., 

Dalton Trans., 2002, 2297-2301. 

[211] Lopes, I.; Lin, G.Y.; Domingos, A.; McDonald, R.; Marques, N.; Takats, J. 
Unprecedented transformation of a Hydrotris(pyrazolyl)borate ligand at a 

metal center: synthesis and rearrangement of the first mixed Tp/Cp lantha-
nide complex, Sm(TpMe2)2(Cp). J. Am. Chem. Soc., 1999, 121, 8110-8111. 

[212] Thompson, J.S.; Zitzmann, J.L.; Marks, T.J.; Ibers, J.A. Synthesis and char-

acterization of M(II)(N2S)(SR) complexes (M = Co, Cu): synthetic approxi-
mations to the active site in poplar plastocyanin. Inorg. Chim. Acta, 1980, 46, 

L101-L105. 
[213] Hill, A.F.; Malget, J.M. Intramolecular thioacyl hydroboration: synthesis of 

[W( 2-S2CR)(CO)2{
3-HB(pz)2(SCH2R)}] (pz = pyrazol-1-yl, R = C6H4Me-

4). J. Chem. Soc., Dalton Trans., 1997, 2003-2004. 
[214] Paulo, A.; Ascenso, J.; Domingos, A.; Galvao, A.; Santos, I. Rhenium-(III) 

and -(V) hydride complexes with modified poly(pyrazolyl)borates. J. Chem. 

Soc., Dalton Trans., 1999, 1293-1300. 

[215] Gorrell, I.B.; Looney, A.; Parkin, G.; Rheingold, A.L. [Bis(3-tert-
butylpyrazolyl)hydroborato]zinc alkyl derivatives: competitive reactivity of 

zinc-carbon and boron-hydrogen bonds. J. Am. Chem. Soc., 1990, 112, 4068-
4069. 



122    Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2 Santini et al. 

 

[216] Cano, M.; Heras, J.V.; Santamaria, E.; Pinilla, E.; Monge, A.; Jones, C.J.; 

McCleverty, J.A. Trispyrazolylborate degradation and the crystal structure of 
the molybdenum complex, [Mo(NO)(CO)2{HB(OPr-iso)(3-Pr-iso-5-

MeC3HN2)2}]. Polyhedron, 1993, 12, 1711-1714. 
[217] Ghosh, P.; Parkin, G. Mimicking the binding of glutamate to zinc in thermo-

lysin and carboxypeptidase: the synthesis of [ 3-(HCO2)BpBut,Pri]ZnCl by in-

sertion of CO2 into a B-H bond of the bis(pyrazolyl)hydroborato zinc com-
plex [BpBut,Pri]ZnCl. J. Chem. Soc., Dalton Trans., 1998, 2281-2284. 

[218] Ghosh, P.; Parkin, G. Modeling the active sites of bacteriophage T7 

lysozyme, bovine 5-aminolevulinate dehydratase, and peptide deformylase: 
synthesis and structural characterization of a 

bis(pyrazolyl)(thioalkoxy)hydroborato zinc complex, [(Ph2CHS)BpBut,Pri]ZnI. 
Chem. Commun., 1998, 413-414. 

[219] Breakell, K.R.; Patmore, D.J.; Storr, A. Synthesis of pyrazolylborate, -
aluminate, -gallate, and -indate ligands, and their chelating properties to-

wards cobalt(II), nickel(II), copper(II), and zinc(II). J. Chem. Soc., Dalton 

Trans., 1975, 749-754. 

[220] Komorowski, L.; Maringgele, W.; Meller, A.; Niedenzu, K.; Serwatowski, J. 
Boron-nitrogen compounds. 125. Pyrazole complexes of three-coordinated 

boranes. Inorg. Chem., 1990, 29, 3845-3849. 
[221] Niedenzu, K.; Seelig, S.S.; Weber, W. Boron-nitrogen compounds. 94. 

Reactions of dimethylaminoboranes with pyrazole. Z. Anorg. Allg. Chem., 

1981, 483, 51-62. 
[222] Trofimenko, S.; Calabrese, J.C.; Thompson, J.S. 1,5-

Cyclooctanediylbis(pyrazol-1-yl)borate: a ligand with enhanced agostic in-
teraction. Inorg. Chem., 1992, 31, 974-979. 

[223] Bortolin, M.; Bucher, U.E.; Ruegger, H.; Venanzi, L.M.; Albinati, A.; 
Lianza, F.; Trofimenko, S. Synthesis and 2D NMR studies of 

{bis(pyrazolyl)borato}rhodium(I) complexes with weak Rh...H...C interac-
tions and the x-ray crystal structure of {(cyclooctane-1,5-diyl)bis(pyrazol-1-

yl)borato}(1,5-cyclooctadiene)rhodium. Organometallics, 1992, 11, 2514-
2521. 

[224] Yalpani, M.; Boese, R.; Koester, R. Pyrazole organoboranes. VII. Addition 
complexes of pyrazolylboranes. Chem. Ber., 1990, 123, 1285-1291. 

[225] Wagner, M.; Limberg, C.; Ziemer, B. Low-Coordinate iron complexes based 

on Bis(pyrazolyl)borate and their reactivity. Eur. J. Inorg. Chem., 2008, 
2008, 3970-3976. 

[226] Dey, D.K.; Das, M.K.; Bansal, R.K. Studies on some di- and triorganotin(IV) 
derivatives of bis(1-pyrazolyl)borates and some related compounds. J. Or-

ganomet. Chem., 1997, 535, 7-15. 
[227] Rheingold, A.L.; Liable-Sands, L.M.; Golen, J.A.; Yap, G.P.A.; Trofimenko, 

S. The coordination chemistry of the hydrotris(3-diphenylmethylpyrazol-1-
yl)borate (TpCHPh2) ligand. Dalton Trans., 2004, 598-604. 

[228] Calabrese, J.C.; Trofimenko, S. Hydrotris(3-neopentylpyrazol-1-yl)borates: a 
new type of sterically hindered poly(pyrazolyl)borates. Inorg. Chem., 1992, 

31, 4810-4814. 
[229] Rheingold, A.L.; Yap, G.P.A.; Zakharov, L.N.; Trofimenko, S. Homoscor-

pionate ligands based on 3-(cyclobutyl)pyrazole and 3-

(cyclopentyl)pyrazole. Eur. J. Inorg. Chem., 2002, 2335-2343. 
[230] Rheingold, A.L.; Haggerty, B.S.; Trofimenko, S. The first structurally char-

acterized metal-complex involving the free acid of a new 
Tris(Pyrazolyl)Borate as ligand. Angew. Chem. Int. Edit. Engl., 1994, 33, 

1983-1985. 
[231] Trofimenko, S.; Rheingold, A.L.; Liable-Sands, L.M. Coordination Chemis-

try of Novel Scorpionate Ligands Based on 3-Cyclohexylpyrazole and 3-
Cyclohexyl-4-bromopyrazole. Inorg. Chem., 2002, 41, 1889-1896. 

[232] Dias, H.V.R.; Jin, W.; Kim, H.-J.; Lu, H.-L. Polyfluorinated 
Tris(pyrazolyl)borates. Syntheses and spectroscopic and structural charac-

terization of group 1 and group 11 metal complexes of [HB(3,5-(CF3)2Pz)3]
- 

and [HB(3-(CF3)Pz)3]. Inorg. Chem., 1996, 35, 2317-2328. 

[233] Dias, H.V.R.; Kim, H.-J.; Lu, H.-L.; Rajeshwar, K.; de Tacconi, N.R.; 

Derecskei-Kovacs, A.; Marynick, D.S. Investigation of the electronic and 
geometric effects of trifluoromethyl substituents on Tris(pyrazolyl)borate 

ligands using Manganese(I) and Copper(I) complexes. Organometallics, 
1996, 15, 2994-3003. 

[234] Dias, H.V.R.; Kim, H.-J. Novel Tris(pyrazolyl)borates Bearing Perfluoroal-
kyl Pigtails. Syntheses and Characterization of the Sodium and Copper(I) 

Complexes of [HB(3-(R)Pz)3]
- (R = C2F5, C3F7; Pz = Pyrazolyl). Or-

ganometallics, 1996, 15, 5374-5379. 

[235] Batten, S.R.; Duriska, M.B.; Jensen, P.; Lu, J. Synthesis and complexes of 
the new scorpionate ligand Tris[3-(4-benzonitrile)-pyrazol-1-yl]borate. Aust. 

J. Chem., 2007, 60, 72-74. 
[236] Rheingold, A.L.; Incarvito, C.D.; Trofimenko, S. Hydrotris[3-

(pyrrolidylcarbonyl)pyrazol-1-yl]borate, the first proven N3O3-hexadentate 

homoscorpionate ligand. J. Chem. Soc., Dalton Trans., 2000, 1233-1234. 
[237] Chisholm, M.H.; Gallucci, J.C.; Yaman, G. A tris-pyrazolylborate ligand 

with hemilabile O-donor groups. Examples of 3, 5, 6 and bridging modes 

of bonding to Li+, Na+, K+, Tl+ and Ca2+ ions. Chem. Commun., 2006, 1872-
1874. 

[238] Lalor, F.J.; Desmond, T.J.; Cotter, G.M.; Shanahan, C.A.; Ferguson, G.; 
Parvez, M.; Ruhl, B. Transition metal organometallic complexes containing 
3-substituted poly(pyrazolyl)borate ligands. Part 1. Formation of 2-aroyl, 

1-halocarbyne or sterically crowded aryldiazenide ligands in the reactions of 

ring-substituted tricarbonyl[hydrotris(pyrazolyl)borato]molybdate and -

tungstate anions with arenediazonium cations and related oxidants. J. Chem. 

Soc., Dalton Trans., 1995, 1709-1726. 
[239] Halcrow, M.A.; McInnes, E.J.L.; Mabbs, F.E.; Scowen, I.J.; McPartlin, M.; 

Powell, H.R.; Davies, J.E. Syntheses, structures and electrochemistry of 
[CuL1(LR)]BF4 [L1 = 3-(2,5-dimethoxyphenyl)-1-(2-pyridyl)pyrazole; LR = 

tris(3-arylpyrazolyl)hydroborate] and [CuL1
2][BF4]2. Effects of graphitic in-

teractions on the stability of an aryl radical cation. J. Chem. Soc., Dalton 

Trans., 1997, 4025-4036. 

[240] Humphrey, E.R.; Harden, N.C.; Rees, L.H.; Jeffery, J.C.; McCleverty, J.A.; 
Ward, M.D. An unprecedented trinucleating bridging mode ( 3- 1: 1: 1) of a 

tris(pyrazolyl)borate ligand in a trinuclear silver(I) complex. J. Chem. Soc., 

Dalton Trans., 1998, 3353-3354. 
[241] Humphrey, E.R.; Mann, K.L.V.; Reeves, Z.R.; Behrendt, A.; Jeffery, J.C.; 

Maher, J.P.; McCleverty, J.A.; Ward, M.D. Copper(II) complexes of new po-
tentially hexadentate N3S3- or N6-donor podand ligands based on the 

tris(pyrazolyl)borate or tris(pyrazolyl)methane core. New J. Chem., 1999, 23, 
417-424. 

[242] Han, R.; Parkin, G.; Trofimenko, S. The tris[3-(9-anthryl)pyrazol-1-
yl]hydroborato ligand, [TpAnt]: compositional disorder between a vacancy 

and a chain of three atoms. Polyhedron, 1995, 14, 387-391. 
[243] Rheingold, A.L.; Liable-Sands, L.M.; Trofimenko, S. Hydrotris[3-(1-

naphthylpyrazol-1-yl)]borate and Hydrotris[3-(2-naphthylpyrazol-1-

yl)]borate: two novel homoscorpionate ligands of varying coordination be-
havior. Inorg. Chem., 2001, 40, 6509-6513. 

[244] Lopez, C.; Sanz, D.; Claramunt, R.M.; Trofimenko, S.; Elguero, J. An 1H 
and 13C NMR spectroscopic study of the structure of potassium and thallium 

salts of tris- and tetrakis-(pyrazol-1-yl) borates in solution. Some 13C-11B and 
13C-205Tl residual coupling constants. J. Organomet. Chem., 1995, 503, 265-

276. 
[245] Reeves, Z.R.; Mann, K.L.V.; Jeffery, J.C.; McCleverty, J.A.; Ward, M.D.; 

Barigelletti, F.; Armaroli, N. Lanthanide complexes of a new sterically hin-
dered potentially hexadentate podand ligand based on a tris(pyrazolyl)borate 

core; crystal structures, solution structures and luminescence properties. J. 

Chem. Soc., Dalton Trans., 1999, 349-356. 

[246] Gioia Lobbia, G.; Valle, G.; Calogero, S.; Cecchi, P.; Santini, C.; Marchetti, 

F. Organotin polypyrazolylborates. Part 11. Trichloro-, mono-, di- and tri-
organotin(IV) derivatives of hydridotris(4-methylpyrazol-1-yl)borates. J. 

Chem. Soc., Dalton Trans., 1996, 2475-2483. 
[247] Rheingold, A.L.; Liable-Sands, L.M.; Golan, J.A.; Trofimenko, S. Remote 

rotamer control: The effect of a 4-tert-butyl group on the coordination chem-
istry of TpR ligands. Eur. J. Inorg. Chem., 2003, 2767-2773. 

[248] Gioia Lobbia, G.; Bovio, B.; Santini, C.; Cecchi, P.; Pettinari, C.; Marchetti, 
F. Tris(4-bromo-1H-pyrazol-1-yl) borato derivatives of first-row transition 

and group 12 and 14 metals. X-ray crystal structure of [HB(4-Brpz)3]2Cd. 
113Cd solution NMR study of bis[poly(pyrazolyl)borato]cadmium complexes. 

Polyhedron, 1997, 17, 17-26. 
[249] Zhao, N.; VanStipdonk, M.J.; Bauer, C.; Campana, C.; Eichhorn, D.M. 

Sandwich compounds of cyanotrispyrazolylborates: complexation-induced 

ligand isomerization. Inorg. Chem., 2007, 46, 8662-8667. 
[250] Zhao, N.; Bullinger, J.C.; Van Stipdonk, M.J.; Stern, C.L.; Eichhorn, D.M. 

Cyanoscorpionates: synthesis and crystallographic characterization of one-
dimensional Cu(I) coordination polymers. Inorg. Chem., 2008, 47, 5945-

5950. 
[251] Rheingold, A.L.; Zakharov, L.N.; Trofimenko, S. The effect of a 3-Benzyl 

group on the coordination chemistry of homoscorpionate ligands. Inorg. 

Chem., 2003, 42, 827-833. 

[252] Rheingold, A.; Liable-Sands, L.M.; Yap, G.P.A.; Trofimenko, S. Hydro-
tris(7-tert-butylindazol-2-yl)borate: a super-hindered homoscorpionate 

ligand. Chem. Commun., 1996, 1233-1234. 
[253] Claramunt, R.M.; Santa Maria, M.D.; Elguero, J.; Trofimenko, S. Isomer 

distribution in thallium hydrotris(polymethylenepyrazol-1-yl)borates (thal-

lium scorpionates): a multinuclear NMR study. Polyhedron, 2004, 23, 2985-
2991. 

[254] Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Morooka, Y.; Hashimoto, S.; 
Kitagawa, T.; Toriumi, K.; Tatsumi, K.; Nakamura, A. A new model for di-

oxygen binding in hemocyanin. Synthesis, characterization, and molecular 
structure of the - 2: 2 peroxo dinuclear copper(II) complexes, [Cu(HB(3,5-

R2pz)3)]2(O2) (R = isopropyl and Ph). J. Am. Chem. Soc., 1992, 114, 1277-

1291. 
[255] Dowling, C.M.; Leslie, D.; Chisholm, M.H.; Parkin, G. The synthesis and 

structural characterization of the sterically demanding tris(3,5-di-t-
butylpyrazolyl)hydroborato ligand, [TpBut2]: a highly twisted, propeller-like, 

ligand system. Main Group Chem., 1995, 1, 29-52. 
[256] Dias, H.V.R.; Lu, H.-L.; Ratcliff, R.E.; Bott, S.G. Synthesis and structure of 

[Hydridotris(3,5-bis(trifluoromethyl)pyrazolyl)borato]potassium. Inorg. 

Chem., 1995, 34, 1975-1976. 

[257] Renn, O.; Venanzi, L.M.; Marteletti, A.; Gramlich, V. High-yield syntheses 

of sodium, potassium, and thallium hydrotris[3,5-
bis(trifluoromethyl)pyrazolyl]borates and the x-ray crystal structure of {hy-

drotris[3,5-bis(trifluoromethyl)pyrazolyl]borato}thallium(I). Helv. Chim. 

Acta, 1995, 78, 993-1000. 

[258] Libertini, E.; Yoon, K.; Parkin, G. The synthesis of [HB[3,5-(tert-
Buph)2pz]3]

- (tert-Buph = p-C6H4-tert-Bu), a new tris(pyrazolyl)hydroborato 



Synthesis and Properties of Poly(pyrazolyl)borate Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2     123 

ligand: the crystal and molecular structure of Tl{ 3-HB[3,5-(tert-

Buph)2pz]3}. Polyhedron, 1993, 12, 2539-2542. 
[259] Klaeui, W.; Schilde, U.; Schmidt, M. Fluoro[ 3-hydrotris(3-R-5-

methylpyrazol-1-yl)borato]zinc(II): The First TpZnF complexes, convenient 
precursors to zinc hydride complexes. Inorg. Chem., 1997, 36, 1598-1601. 

[260] Bucher, U.E.; Currao, A.; Nesper, R.; Rueegger, H.; Venanzi, L.M.; 
Younger, E. k2-k3 Isomerism in Rhodium(I) Tris(pyrazolyl)borate Com-

plexes of the Type Tp3R,4R,5RRh(LL) (LL = 2CO, COD, and NBD) and their 
dynamic behavior in solution. X-ray crystal structure of TpMeRh(NBD). 

Inorg. Chem., 1995, 34, 66-74. 
[261] Hu, Z.; Loas, A.; Gorun, S.M. Synthesis and molecular and solid state struc-

tural characterization of mixed CH3-CF3 and CH3-C2F5 fluoroalkyl pyrazoles 

and a new, TpC2F5,CH3 ligand. Inorg. Chim. Acta, 2009, 362, 4639-4645. 
[262] Hammes, B.S.; Carrano, M.W.; Carrano, C.J. New H-bond accepting 

tris(pyrazolyl)borates: stabilization of metal aquo species as models for the 
vicinal oxygen chelate enzyme superfamily. J. Chem. Soc., Dalton Trans., 

2001, 1448-1451. 
[263] Lopes, I.; Dias, R.; Domingos, A.; Marques, N. Organo-f-element chemistry 

with multidentate nitrogen ligands. J. Alloys Compds., 2002, 344, 60-64. 
[264] Biagini, P.; Calderazzo, F.; Marchetti, F.; Romano, A.M.; Spera, S. Synthesis 

and structural characterization of sterically crowded hydri-
dotris(pyrazolyl)borato complexes: Unusual double 1,2-borotropic shift at a 

titanium center. J. Organomet. Chem., 2006, 691, 4172-4180. 
[265] Fujisawa, K.; Tada, N.; Ishikawa, Y.; Higashimura, H.; Miyashita, Y.; Oka-

moto, K. The most hindered hydrotris(pyrazolyl)borate ligand, X-ray struc-

ture of chlorocopper(II) complex: [Cu(Cl){HB(3-Ad-5-Pripz)3}] as com-
pared with [Cu(Cl){HB(3-But-5-Pripz)3}]. Inorg. Chem. Commun., 2004, 7, 

209-212. 
[266] Ruf, M.; Weis, K.; Vahrenkamp, H. A new pyrazolylborate zinc hydroxide 

complex capable of cleaving esters, amides and phosphates. J. Chem. Soc., 

Chem. Commun., 1994, 135-136. 

[267] Ghosh, P.; Parkin, G. Synthesis and structure of a magnesium hydroxide 
complex supported by Tris(pyrazolyl)hydroborato ligation, {[TpAr,Me]Mg( -

OH)}2 (Ar = p-ButC6H4). Inorg. Chem., 1996, 35, 1429-1430. 
[268] Weis, K.; Vahrenkamp, H. Two new pyridyl substituted tris(pyrazolyl)borate 

ligands and their potassium salts. Inorg. Chem., 1997, 36, 5589-5591. 
[269] Guo, S.; Ding, E.; Yin, Y.; Yu, K. Synthesis and structures of 

tris(pyrazolyl)hydroborato metal complexes as structural model compounds 

of carbonic anhydrase. Polyhedron, 1998, 17, 3841-3849. 
[270] Kisala, J.; Bialonska, A.; Ciunik, Z.; Kurek, S.; Wolowiec, S. Complexes of 

heteroscorpionate trispyrazolylborate ligands. Part XIII: Molybdenum com-
plexes of hydrobis(5-methyl-3-phenylpyrazolyl)(3-methyl-5-phenylpyra-

zolyl)borate, hydrotris(3-(2-thienyl)-5-methylpyrazolyl)borate and tetranu-
clear molybdenum(V) complex of hydrotris(3,5-dimethylpyrazolyl)borate. 

Polyhedron, 2006, 25, 3222-3230. 
[271] Maldonado Calvo, J.A.; Vahrenkamp, H. A new tris(2-furyl) substituted 

pyrazolylborate ligand and its zinc complex chemistry. Inorg. Chim. Acta, 
2006, 359, 4079-4086. 

[272] Olmo, C.P.; Boehmerle, K.; Steinfeld, G.; Vahrenkamp, H. New polar pyra-
zolylborate ligands and their basic zinc complex chemistry. Eur. J. Inorg. 

Chem., 2006, 3869-3877. 

[273] Siddiqi, Z.A.; Khan, S.; Zaidi, S.A.A. The synthesis and ligand properties of 
potassium hydrotris- and tetrakis(5-nitroindazolyl)borates. Synth. React. 

Inorg. Met. Org. Chem., 1983, 13, 425-447. 
[274] Wlodarczyk, A.; Richardson, R.M.; Ward, M.D.; McCleverty, J.A.; Hurst-

house, M.H.B.; Coles, S.J. Complexes of tris(3,5-dimethylpyrazolyl)borates 
alkylated on the 4-position of the pyrazolyl rings. X-ray crystal structure of 

molybdenum dicarbonyl nitrosyl tris(3,5-dimethyl-4-butylpyrazolyl)borate. 
Polyhedron, 1996, 15, 27-35. 

[275] McCleverty, J.A.; Seddon, D.; Bailey, N.A.; Walker, N.W.J. The chemistry 
of cyclopentadienyl and related nitrosyl complexes of molybdenum. Part V. 

Dihalogenonitrosyl[tris(pyrazolyl)borato]molybdenum complexes, their al-
coholysis, and the crystal structure of chloronitrosylisopropoxy[tris(4-chloro-

3,5-dimethylpyrazolyl)borato]molybdenum. J. Chem. Soc., Dalton Trans., 

1976, 898-908. 
[276] Albinati, A.; Bovens, M.; Rueegger, H.; Venanzi, L.M. Hydro-

tris(pyrazolyl)borato Cycloocta-1,5-diene complexes of Iridium(I): Synthetic 
studies and equilibria in solution. X-ray crystal structures of a four- and a 

five-coordinate Iridium(I) Hydrotris(pyrazolyl)borato complex. Inorg. 

Chem., 1997, 36, 5991-5999. 

[277] Jeffery, J.C.; Kurek, S.S.; McCleverty, J.A.; Psillakis, E.; Richardson, R.M.; 
Ward, M.D.; Wlodarczyk, A. Syntheses of 4-benzyl-3,5-

dimethylpyrazolylborato complexes of molybdenum and tungsten nitrosyls: 
molecular structure of [Mo(CO)2(NO){HB(3,5-Me2-4-PhCH2C3N2)3}], a 

complex with an inverted bowl-like structure. J. Chem. Soc., Dalton Trans., 
1994, 2559-2564. 

[278] Takahashi, Y.; Akita, M.; Hikichi, S.; Moro-oka, Y. Two isomeric structures 

of hydridoruthenium complexes supported by hydrotrispyrazolylborates, 
TpRRu(H)(1,5-cyclooctadiene): an octahedral structure with additional 3-

center-2-electron Ru-H-B interaction is more stable than a square-pyramidal 
structure with a k2-TpR ligand. Organometallics, 1998, 17, 4884-4888. 

[279] Huang, J.; Lee, L.; Haggerty, B.S.; Rheingold, A.L.; Walters, M.A. Hydro-
tris(3,4-diphenyl-5-methylpyrazol-1-yl)borate: Control of coordination num-

ber via an equatorial substituent. Inorg. Chem., 1995, 34, 4268-4270. 

[280] Despagnet-Ayoub, E.; Jacob, K.; Vendier, L.; Etienne, M.; Alvarez, E.; 

Caballero, A.; Diaz-Requejo, M.M.; Perez, P.J. A new perfluorinated F21-Tp 
scorpionate ligand: enhanced alkane functionalization by carbene insertion 

with (F21-Tp)M catalysts (M = Cu, Ag). Organometallics, 2008, 27, 4779-
4787. 

[281] Rheingold, A.L.; Liable-Sands, L.M.; Trofimenko, S. Analogues of the Tp* 

ligand containing a 3-Me but Non-Methyl 5-R groups. Inorg. Chem., 2000, 
39, 1333-1335. 

[282] Buchen, T.; Guetlich, P. Substituent effects on the spin equilibrium in 
iron(II) pyrazolylborate complexes. Inorg. Chim. Acta, 1995, 231, 221-223. 

[283] Osawa, M.; Tanaka, M.; Fujisawa, K.; Kitajima, N.; Moro-oka, Y. A mono-
meric zinc complex ligated by an unsymmetric hydrotris(pyrazolyl)borate 

containing an OH group. Chem. Lett., 1996, 397-398. 

[284] Wang, C.-F.; Liu, W.; Song, Y.; Zhou, X.-H.; Zuo, J.-L.; You, X.-Z. Synthe-
ses, structures, and electrochemical and magnetic properties of rectangular 

heterobimetallic clusters based on tricyanometallic building blocks. Eur. J. 

Inorg. Chem., 2008, 717-727. 

[285] Domaille, P.J. Direct measurement of the electron susceptibility anisotropy 
in paramagnetic complexes using high-field deuterium NMR. J. Am. Chem. 

Soc., 1980, 102, 5392-5393. 

[286] Bothner-By, A.A.; Domaille, P.J.; Gayathri, C. Ultra-high field NMR spec-
troscopy: observation of proton-proton dipolar coupling in paramagnetic 

bis[tolyltris(pyrazolyl)borato]cobalt(II). J. Am. Chem. Soc., 1981, 103, 5602-
5603. 

[287] Niedenzu, K.; Trofimenko, S. The (dimethylamido)tri-1-pyrazolylborate(1-) 
ion, a new hybrid poly-1-pyrazolylborate ligand. Inorg. Chem., 1985, 24, 

4222-4223. 

[288] Bieller, S.; Bolte, M.; Lerner, H.-W.; Wagner, M. Unusual coordination 

modes of tris(pyrazol-1-yl)borates: synthesis and solid state structures of so-

dium[(dimethylamino)tris(pyrazol-1-yl)borate], potassium[(dimethylamino) 
tris(pyrazol-1-yl)borate], and potassium[phenyltris(pyrazol-1-yl)borate]. Z. 

Anorg. Allg. Chem., 2006, 632, 319-324. 

[289] Dias, H.V.R.; Wang, X.; Diyabalanage, H.V.K. Fluorinated 

Tris(pyrazolyl)borate ligands without the problematic hydride moiety: isola-
tion of Copper(I) Ethylene and Copper(I)-Tin(II) complexes using [MeB(3-

(CF3)Pz)3]. Inorg. Chem., 2005, 44, 7322-7324. 

[290] Dias, H.V.R.; Wang, X. Silver(I) carbonyl and silver(I) ethylene complexes 

of a B-protected fluorinated tris(pyrazolyl)borate ligand. Dalton Trans., 

2005, 2985-2987. 

[291] Dias, H.V.R.; Wang, X. Sterically demanding methyltris(pyrazolyl)borate 

ligands: synthesis and characterization of thallium(I) complexes supported by 
[MeB(3-(t-Bu)Pz)3]

- and [MeB(3-(Mes)Pz)3]. Polyhedron, 2004, 23, 2533-

2539. 

[292] Dias, H.V.R.; Wu, J.; Wang, X.; Rangan, K. Structural variations of silver 

ethylene complexes supported by boron-protected fluorinated scorpionates 
and the isolation of a ligand-directed silver helix. Inorg. Chem., 2007, 46, 

1960-1962. 

[293] Kisko, J.L.; Hascall, T.; Parkin, G. The Synthesis, structure, and reactivity of 
phenyl Tris(3-tert-butylpyrazolyl)borato iron methyl, [PhTpBut]FeMe: isola-

tion of a four-coordinate monovalent iron carbonyl complex, [PhTpBut]FeCO. 
J. Am. Chem. Soc., 1998, 120, 10561-10562. 

[294] Herdtweck, E.; Peters, F.; Scherer, W.; Wagner, M. Sterically demanding 
ferrocene-based tris(1-pyrazolyl)borate ligands. Polyhedron, 1998, 17, 1149-

1157. 

[295] Roitershtein, D.; Domingos, A.; Marques, N. Alkali-Metal Complexes of a 
Tetramethylcyclopentadienyl-Functionalized Pyrazolylborate Ligand. Struc-

tures of [Li2(THF)3B(3-Mepz)3(C5Me4)] and [K2(THF)2B(3-Mepz)3(C5Me4)]. 
Organometallics, 2004, 23, 3483-3487. 

[296] Janiak, C.; Braun, L.; Girgsdies, F. A new route to tris(pyrazolyl)borate 
ligands and new structural variations in TlTp complexes. J. Chem. Soc., 

Dalton Trans., 1999, 3133-3136. 

[297] Guo, S.; Bats, J.W.; Bolte, M.; Wagner, M. Tl(I) complexes of cymantrene-
based tris(1-pyrazolyl)borates: polymers and macrocycles. J. Chem. Soc., 

Dalton Trans., 2001, 3572-3576. 

[298] Bieller, S.; Bolte, M.; Lerner, H.-W.; Wagner, M. Synthesis and structural 

characterization of fluorenyltris(pyrazol-1-yl)borate ligands as new examples 
of cyclopentadienyl/scorpionate hybrid ligands. J. Organomet. Chem., 2005, 

690, 1935-1946. 

[299] Darensbourg, D.J.; Maynard, E.L.; Holtcamp, M.W.; Klausmeyer, K.K.; 

Reibenspies, J.H. Synthesis and X-ray Structure of the Novel Aluminum 
Complex [{ 3-HB(3-Phpz)2(5-Phpz)}2Al][AlCl4]. Catalysis of 

CO2/Propylene Oxide to propylene carbonate by the AlCl4
- anion. Inorg. 

Chem., 1996, 35, 2682-2684. 

[300] Rheingold, A.L.; Yap, G.P.A.; Liable-Sands, L.M.; Guzei, I.A.; Trofimenko, 
S. Coordination chemistry of homoscorpionate ligands with 3-Cyclopropyl 

substituents. Inorg. Chem., 1997, 36, 6261-6265. 

[301] Campo, J.A.; Cano, M.; Heras, J.V.; Pinilla, E.; Monge, A.; McCleverty, J.A. 

Chemistry of bulky tetrakis(pyrazolyl)borate ligands [B(pzR)4]
- (R = p-

CH3OC6H4 or C6H11). J. Chem. Soc., Dalton Trans., 1998, 3065-3070. 

[302] Lalor, F.J.; Miller, S.M.; Garvey, N. Poly(benzotriazolyl)borates. I. Ligand 

synthesis and characterization. Polyhedron, 1990, 9, 63-68. 



124    Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2 Santini et al. 

 

[303] Kealey, S.; Long, N.J.; White, A.J.P.; Gee, A.D. A novel 

tetrakis(pyrazolyl)borate ligand bearing triphenylphosphine oxide substitu-
ents. Dalton Trans., 2007, 4763-4765. 

[304] Bailey, P.J.; Pinho, P.; Parsons, S. A Chiral Alkyltris(pyrazolyl)borate 

Ligand: Synthesis of [(Ipc)B(pz)3Mn(CO)3] and [(Ipc)B(pz)3Ru(p-
cymene)]PF6 (Ipc = Isopinocampheyl). Inorg. Chem., 2003, 42, 8872-8877. 

 

 

 

Received: June 11, 2009 Revised: July 20, 2009 Accepted: October 14, 2009 

 


