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Versatile ScorpionatesÐNew Developments in the Coordination Chemistry of
Pyrazolylborate Ligands

Frank T. Edelmann*

More than 30 years after their discovery poly(pyrazolyl)-
borate ligands (scorpionates) still belong to the work horses in
coordination chemistry.[1] These anions, normally associated
with the name Trofimenko, are among the most often used
complex ligands.[2, 3] This is true for various main group
elements as well as numerous transition metals, lanthanoids,
and actinoids. These ligands are so popular due to their
reliability and accountability as spectator ligands, which
normally do not interfere with the reaction scenarios occur-
ring at the metal centers. Tris(pyrazolyl)borates (Tp�
HB(pz)3) generally coordinate as tridentate ligands through
three nitrogen atoms of the pyrazole rings (k3N,N',N''),
thereby providing effective steric shielding of the metal
center.[3, 4] By introducing suitable substituents (e.g. Me, CF3,
tBu, Ph) particularly in the 3-position of the pyrazolyl rings
this effect can be tuned to a large extent. Cone angles much
larger than 1808 can be achieved with the use of such sterically
demanding scorpionate ligands, which, for example, have
been utilized to realize unusual bonding (e.g. monomeric zinc
hydroxides).[3] Besides the very common k3N,N',N'' coordina-
tion mode the tridentate k3N,N,B-H type[5] and the bidentate
k2N,N' coordination[6] are also known. Higher hapticities
could thus far only be achieved in cases where the substituents
in 3-position of the pyrazole rings contained additional donor
atoms. For example, the three pyridyl substituents of the
ligand Tppy make it potentially hexadentate.[7] Due to their
identical charge, facial coordination, and the fact that both
may formally act as six-electron donors, the Tpÿ ions have
often been compared to the cyclopentadienyl ligands.[3]

Several recent contributions have demonstrated that the
coordination modes of tris(pyrazolyl)borate ligands can be far
more versatile than hitherto anticipated. In addition to new
findings concerning the electronic properties of the scorpion-

ates, unknown coordination modes as well as novel reaction
patterns have been discovered.

1. Electronic Effects

With respect to its steric bulk the hydrotris(3,5-dimethyl-
pyrazolyl)borate anion (TpMe2)ÿ is regarded as a steric
equivalent of the pentamethylcyclopentadienyl (Cp*) li-
gand.[3d] However, conflicting reports can be found in the
literature on the electron-donating properties of hydrotris-
(pyrazolyl)borate (Tp) and TpMe2 in comparison to C5H5 (Cp)
and C5Me5 (Cp*).[8] Most researchers claim that the ligands
Tp and TpMe2 are stronger electron donors than Cp and Cp*.
In a recent study on CÿH activation reactions by [(TpMe2)Ir]
complexes Bergman et al. were able to show the opposite
effect, that is that the TpMe2 derivatives are less electron rich
than the corresponding [Cp*Ir] complexes.[9] The starting
point for this investigation was the known fact that the
iridium(iii) complexes [Cp*(PMe3)Ir(Me)][OTf] (1, OTf�
OSO2CF3) and [Cp*(PMe3)IrMe(ClCH2Cl)][BArf] (2,
BArf�B[3,5-(CF3)2C6H3]4) are capable of cleaving CÿH
bonds in a wide variety of hydrocarbons under extremely
mild conditions.[10] As part of the search for robust ligands for
the stabilization of the reactive cationic IrIII species the triflate
3 was synthesized as the first target molecule (Scheme 1).

The first evidence for a reverse electronic effect of the TpMe2

ligand came from the finding that the IrÿO bond
(212.8(5) pm) in 3 is shorter than that in the Cp* derivative
1 (221.6(10) pm).[10] In good agreement it was found that the
reaction of [Cp*(PMe3)Ir(H)2] (4) with [(TpMe2)(PMe3)-
Ir(H)2H][OTf] (5) results in quantitative formation of
[Cp*(PMe3)Ir(H)3][OTf] (6) and [(TpMe2)(PMe3)Ir(H)2] (7).
Thus the equilibrium lies heavily in favor of the protonated
(i.e. more strongly basic) Cp* complex. This result was further
confirmed by a comparison of the IR stretching absorbances
of [(TpMe2)Ir(CO)2] (8, 2039, 1960 cmÿ1)[6a] and [Cp*Ir(CO)2]
(9, 2020, 1953 cmÿ1) which were reported by Graham et al.[11]

Here too it becomes clear that the metal center in the TpMe2

compound is less electron rich.
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In the case of CÿH activation by [Cp*Ir] complexes it was
possible to substantially increase the reactivity of
[Cp*(PMe3)Ir(Me)][OTf] (1) through formation of the cat-
ionic complex [Cp*(PMe3)IrMe(ClCH2Cl)][BArf] (2).[10b]

Analogous treatment of 3 with NaBArf in CH2Cl2 surprisingly
afforded the cationic dinitrogen complex 10 ´ N2 (Scheme 1),

Scheme 1. Preparation and reactivity of the cationic [(TpMe2)IrIII] com-
plexes 10 ´ CH2Cl2 and 10 ´ N2.[9]

which is the first reported structurally characterized complex
of this type. The thermally very labile CH2Cl2 complex 10 ´
CH2Cl2 can be isolated in the absence of N2, while under
nitrogen atmosphere 10 ´ N2 is instantaneously generated
again. Both N2 and CH2Cl2 are rapidly displaced by donor
ligands such as CO or MeCN under quantitative formation of
the cationic complexes 11. Benzene reacts with 10 ´ N2 at room
temperature to yield the phenyliridium complex 12 and
methane.[9]

2. Novel Coordination Modes

Recently several authors have reported on new coordina-
tion modes of tris(pyrazolyl)borate anions. Both unusually
low (k1, ªk0º) and high (k5) hapticities have been realized or
unambiguously proven for the first time. Here too a compar-
ison with the corresponding cyclopentadienyl complexes is of
interest. Variable coordination modes are well documented
for cyclopentadienyl complexes.[12] An instructive example is
the reaction of [CpRe(NO)(Me)(PMe3)] with PMe3 in which
products with h5-C5H5, h3-C5H5, and h1-C5H5 coordination and
even ionic ªh0º-C5H5

ÿ derivatives have been detected.[13]

Recently, Paneque, Monge, and Carmona et al. were able to
realize similar denticity changes in a rhodium pyrazolylborate
system and thereby isolate for the first time an ionic complex
containing a ªnakedº k0ª-TpMe2 ligand.[14] In the course of this
investigation it was possible to interconvert TpMe2-k3N, k2N,
k1N, and ºk0ª complexes. Treatment of either
[(TpMe2)Rh(C2H4)2] (13) or [(TpMe2)Rh(C2H4)(PMe3)] (14)
with an excess of PMe3 (ca. 5 ± 6 equivalents, 20 8C) according
to Scheme 2 afforded the stable tris(phosphane) complex 16
as the final product. Under modified reaction conditions it
was possible to isolate the bis(phosphane) intermediate 15,
albeit not in an analytically pure form.

Scheme 2. Formation of the tris(phosphane)rhodium(i) complex 16 in-
volving TpMe2-k1N coordination.[14]

The long Rh ´´´ H(B) separation of 259(4) pm in 16 is in
agreement with the presence of a TpMe2 k1N coordination.[14]

The reaction sequence shown in Scheme 3 produced the most

Scheme 3. Preparation of the saltlike compound 19 containing a ªnakedº
tris(pyrazolyl)borate ion (Tp-ªk0º).[14]

interesting result. Heating of the dihydrido complex [(TpMe2-
k3N)Rh(H)2(PMe3)] (17) in the presence of PMe3 initially
yielded the isolable bis(phosphane) TpMe2-k2N complex 18
and subsequently the unusual ionic compound
[Rh(H)2(PMe3)4][TpMe2] (19), which could also be generated
by treatment of [Rh(H)2(PMe3)4]Cl (20) with KTpMe2. A
crystal structure determination of the analogous complex
[Rh(H)2(PMe3)4][Tp] (21) confirmed the presence of the first
saltlike complex containing ªnakedº tris(pyrazolyl)borate
anions (Tpÿ-ªk0º). There is no bonding interaction between
the RhIII center and the Tpÿ ion. The stepwise change in the
denticity of pyrazolylborate ligands from k3 to ªk0º as
reported here for the first time may have important implica-
tions in catalytic uses of Tp metal complexes. As another
novelty among the low-denticity coordination modes of
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scorpionate ligands the k2N,B-H coordination involving an
agostic B ± (m-H) metal interaction should be mentioned here.
Two examples have been reported recently, that is the
compounds [(TpMe2,4-Cl-k2N,B-H)Rh(CO)(PMePh2)2] (22)[15]

and [TpMe2-k2N,B-H)Rh{P(C7H7)3}] (23).[16] According to
studies by Herberhold et al. 23 is a rhodium(i) complex of
the sterically demanding tris(1-cyclohepta-2,4,6-trienyl)phos-
phane ligand, for which the TpMe2-k2N,B-H coordination
involving a nonlinear B-(m-H)-Rh bridge could be unambig-
uously proven by X-ray diffraction.[16]

Denticities beyond k4 were unknown for TpR ligands where
R contained no heteroatom. Recently, Slugovc and Carmona
et al. reported for the first time on the unusual k5 coordination
of hydrotris(3-phenylpyrazolyl)borate ligands (TpPh).[17] The
reaction of [{IrCl(coe)2}2] (24, coe� cyclooctene) with ethyl-
ene and TlTpPh in CH2Cl2 initially produced the cyclometa-
lated complex [(TpPh-k4N,N,N,CPh)Ir(Et)(h2-C2H4)] (25)
(Scheme 4). Prolonged heating (17 h) in refluxing benzene

Scheme 4. Preparation of the cyclometalated complexes [(TpPh-
k4N,N,N,CPh)Ir(Et)(h2-C2H4)] (25) and [(TpPh-k5N,N,N,CPh,CPh)Ir-
(h2-C2H4)] (26).[17]

converted 25 into the novel bis-cyclometalated species [(TpPh-
k5N,N,N,CPh,CPh)Ir(h2-C2H4)] (26) which was formed as the
only product. This compound is the first instance of k5

coordination of a scorpionate ligand in which the substituents
at the pyrazolyl rings contain no donor atoms. If the same
thermolysis reaction is carried out in refluxing THF the
Fischer-carbene complex 27 is formed as the sole product.

Yet another entirely new aspect of scorpionate coordina-
tion chemistry is the h5 coordination of a pyrazole ring.
Despite the formal similarities with the cyclopentadienyl
ligands (vide supra),[3] a p interaction between a pyrazolylbo-
rate ligand and a metal center has never been encountered. A
first successful approach was recently reported by Gorun
et al.[18] The reaction of CuCl with KTpCF3,Me (TpCF3,Me� hy-
drotris(3-trifluoromethyl-5-methylpyrazolyl)borate) unex-
pectedly afforded a blue complex of the composition
[{(KTpCF3,Me)2(CuCO3)}2] (28) in 11 % yield. Atmospheric

CO2 must be responsible for the formation of the carbonato
ligand, since the preparation of 28 was carried out in air. A
[(m4-CO3)2Cu2K4] unit forms the central part of the complex
molecule. Of special interest is the coordination environment
around the potassium center (Figure 1). One of the coordi-
nation hemispheres of K1 is occupied by two carbonate

Figure 1. Section of the molecular structure of [{(KTpCF3,Me)2(CuCO3)}2]
(28) clearly showing the p coordination of a pyrazolyl ring.[18]

oxygen atoms, one N atom of the TpCF3,Me ligand, and three
fluorine atoms. On the opposite side the potassium ion is
located directly above the center of a pyrazole ring, thus
allowing a comparison with the h5-cyclopentadienyl coordi-
nation in polymeric KCp.[19] With an average value of 337 pm
the corresponding KÿC (pyrazolyl) distances are somewhat
longer than those in KCp (av 305.6 pm). Nevertheless these
values clearly indicate for the first time the presence of h5

coordination involving a scorpionate pyrazole ring, which
results in a formal coordination number of 9 around the K1
center.

3. New Ligands

Very recent work on scorpionate coordination chemistry
has also made important contributions to increase the number
of potentially useful ligands, either through deliberate syn-
theses or by unexpected transformations of coordinated
ligands. The most interesting achievements in this area will
be discussed here. A hitherto unsolved problem in the
chemistry of hydrotris(pyrazolyl)borates and related anions
was the preparation of water-soluble ligands by introduction
of suitable substituents. Such derivatives are expected to be
highly useful in the synthesis of enzyme model complexes,
which are soluble and stable under physiological conditions.
Two recent papers by Kläui et al.[19] as well as Mews et al.[20]

provide decisive new impulses. Both synthetic routes are
remarkably simple.

Kläui�s approach involves treatment of lithiated tris(pyr-
azolyl)methane (29) with sulfur trioxide ± triethylamine com-
plex to afford the lithium salt of tris(pyrazolyl)methane
sulfonic acid (30) in one step (Scheme 5, 48 % yield).[19]
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Scheme 5. Preparation of tris(pyrazolyl)methanesulfonate (30).[19]

Compound 30 is highly water-soluble and the solutions are
stable over a wide pH range. At pH 0 traces of free pyrazole
can be detected only after several weeks, while at pH 13 no
decomposition is observed at all. The analogous potassium
salt can be prepared from 30 through a metathetical reaction
with K2CO3. With respect to potentially useful ligands for
enzyme models[3c, 21] the lithium salt of the sterically demand-
ing tris(3-tert-butylpyrazolyl)methane sulfonate anion
(TpmstBu)ÿ was also prepared according to Scheme 5. Treat-
ment of this compound with TlNO3 in methanol/water
afforded the thallium salt TlTpmstBu, which was shown to
adopt a dimeric structure in the solid state. Initial experiments
already revealed that the new anions may act as tripodal
nitrogen donor ligands in transition metal complexes.

A completely different, though no less straightforward
synthetic route was reported by Mews et al.[20] The basic idea
of this work is the nucleophilic substitution of the fluorine
atoms in the CF3Sÿ ion (present as the [CF3S(NMe2)2]� salt
31) by five-membered nitrogen heterocycles, which are
employed as their N-silylated derivatives (32). For example,
treatment with three equivalents of N-trimethylsilylpyrazole
yields the hitherto unknown tris(pyrazolyl)methane thiolate
(pz3CS) ion (present as the [CF3S(NMe2)2]� salt 33 ;
Scheme 6). This synthesis is highly variable since different
cations as well as other N-trimethylsilyl azoles can be
successfully employed. These new anions too can be expected
to exhibit a rich coordination chemistry with main group and
transition metals.

Scheme 6. Synthesis of [CF3S(NMe2)2][pz3CS] (33).[20]

The synthesis of the unprecedented cyclopentadienylbis-
(pyrazolyl)borate ligand in the coordination sphere of sama-
rium, which was reported by Marques and Takats et al,[22] was
certainly not anticipated. Despite its insolubility in the usual
organic solvents the samarium(ii) complex [Sm(TpMe2)2] (34) is
highly reactive.[23] Treatment with [TlCp] in THF solution
leads to precipitation of metallic thallium and formation of
the first mixed Tp/Cp lanthanoid complex, [(TpMe2)2Sm(Cp)]
(35), which could be structurally characterized by X-ray
diffraction (Figure 2). The cyclopentadienyl ligand in 35 is h5-

Figure 2. Molecular structure of [(TpMe2)2Sm(Cp)] (35).[22]

coordinated to samarium. As a response one of the TpMe2

ligands partially peals off by adopting a k3N,N,B-H coordina-
tion mode. Prolonged heating of 35 under vacuum at 165 8C
transformed it into an intensely yellow colored solid,
from which the novel complex [(TpMe2)Sm{HB(3,5-
Me2pz)2(C5H4)}] (36 ; 3,5-Me2pz� 3,5-dimethylpyrazolyl)
could be isolated by fractional crystallization from a tol-
uene/hexane mixture. A single-crystal X-ray structure analy-
sis (Figure 3) revealed the presence of one intact TpMe2 unit
and one uniquely modified ligand in which a pyrazolyl moiety
has been replaced by a C5H4 ring. The synthesis of the new
dianionic [HB(3,5-Me2pz)2(C5H4)]2ÿ ligand by thermally
induced intramolecular CÿH activation in 35 opens the way
to a new class of ªheteroscorpionatesº which can be expected
to offer versatile applications in coordination chemistry.

Figure 3. Molecular structure of [(TpMe2)Sm{HB(3,5-Me2pz)2(C5H4)}]
(36).[22]



HIGHLIGHTS

1660 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4009-1660 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2001, 40, No. 9

[1] S. Trofimenko, J. Am. Chem. Soc. 1967, 89, 5288.
[2] S. Trofimenko, ScorpionatesÐThe Coordination Chemistry of Poly-

pyrazolylborate Ligands, World Scientific, London 1999.
[3] Reviews: a) S. Trofimenko, Acc. Chem. Res. 1971, 4, 17; b) S.

Trofimenko, Chem. Rev. 1993, 93, 943; c) G. Parkin, Adv. Inorg.
Chem. 1995, 42, 291; d) N. Kitajima, W. B. Tolman, Prog. Inorg. Chem.
1995, 43, 418.

[4] a) M. D. Curtis, K. B. Shiu, W. M. Butler, J. Am. Chem. Soc. 1986, 108,
1550; b) M. D. Curtis, K. B. Shiu, W. M. Butler, J. C. Huffman, J. Am.
Chem. Soc. 1986, 108, 3335.

[5] a) J. C. Calabrese, P. J. Domaille, J. S. Thompson, S. Trofimenko,
Inorg. Chem. 1990, 29, 4429; b) A. Kremer-Aach, W. Kläui, R. Bell, A.
Strerath, H. Wunderlich, D. Mootz, Inorg. Chem. 1997, 36, 1552.

[6] a) R. G. Ball, C. K. Ghosh, J. K. Hoyano, A. D. McMaster, W. A. G.
Graham, J. Chem. Soc. Chem. Commun. 1989, 341; b) U. E. Bucher,
A. Currao, R. Nesper, H. Rüegger, L. M. Venanzi, E. Younger, Inorg.
Chem. 1995, 34, 66; c) V. Chauby, C. Serra Le Berre, P. Kalck, J.-C.
Daran, G. Commenges, Inorg. Chem. 1996, 35, 6354.

[7] a) A. J. Amoroso, J. C. Jeffery, P. L. Jones, J. A. McCleverty, E.
Psillakis, M. D. Ward, J. Chem. Soc. Chem. Commun. 1994, 2751;
b) A. J. Amoroso, J. C. Jeffery, P. L. Jones, J. A. McCleverty, L. Rees,
A. L. Rheingold, Y. Sun, J. Takats, S. Trofimenko, M. D. Ward, G. P. A.
Yap, J. Chem. Soc. Chem. Commun. 1995, 1881.

[8] a) J. K. Koch, P. A. Shapley, Organometallics 1997, 16, 4071; b) T. B.
Gunnoe, M. Sabat, W. D. Harman, J. Am. Chem. Soc. 1998, 120, 8747;
c) D. M. Tellers, S. J. Skoog, R. G. Bergman, T. B. Gunnoe, W. D.
Harman, Organometallics 2000, 19, 2428.

[9] D. M. Tellers, R. G. Bergman, J. Am. Chem. Soc. 2000, 122, 954.
[10] a) P. Burger, R. G. Bergman, J. Am. Chem. Soc. 1993, 115, 10462;

b) B. A. Arndtsen, R. G. Bergman, Science 1995, 270, 1970.
[11] J. K. Hoyano, W. A. G. Graham, J. Am. Chem. Soc. 1982, 104, 3723.

[12] a) Reviews: J. M. O�Connor, C. P. Casey, Chem. Rev. 1987, 87, 307;
b) B. W. Hames, P. Legzdins, D. T. Martin, Inorg. Chem. 1978, 17, 3644;
c) H. Werner, H.-J. Kraus, Angew. Chem. 1979, 91, 1013; Angew.
Chem. Int. Ed. Engl. 1979, 18, 948; d) M. D. Butts, R. G. Bergman,
Organometallics 1994, 13, 1899; e) W. D. Jones, V. L. Kuykendall,
A. D. Selmeczy, Organometallics 1991, 10, 1577.

[13] C. P. Casey, J. M. O�Connor, K. J. Haller, J. Am. Chem. Soc. 1985, 107,
1241.

[14] M. Paneque, S. Sirol, M. Trujillo, E. GutieÂrrez-Puebla, M. A. Monge,
E. Carmona, Angew. Chem. 2000, 112, 224; Angew. Chem. Int. Ed.
2000, 39, 218.

[15] F. Malbosc, P. Kalck, J.-C. Daran, M. Etienne, J. Chem. Soc. Dalton
Trans. 1999, 271.

[16] M. Herberhold, S. Eibl, W. Milius, B. Wrackmeyer, Z. Anorg. Allg.
Chem. 2000, 626, 552.

[17] C. Slugovc, K. Mereiter, S. Trofimenko, E. Carmona, Chem. Commun.
2000, 121.

[18] Z. Hu, S. M. Gorun, Inorg. Chem. 2001, 40, 667 ± 671..
[19] W. Kläui, M. Berghahn, G. Rheinwald, H. Lang, Angew. Chem. 2000,

112, 2590; Angew. Chem. Int. Ed. 2000, 39, 2464.
[20] M. Müller, E. Lork, R. Mews, Angew. Chem. 2001, 113, 1285; Angew.

Chem. Int. Ed. 2001, 40, 1247.
[21] a) N. Kitajima, Y. Moro-oka, Chem. Rev. 1994, 94, 737; b) N. Kitajima,

M. Osawa, Y. Moro-oka, T. Hirano, M. Hirobe, T. Nagano, Inorg.
Chem. 1993, 32, 1879; M. Ruf, K. Weiû, H. Vahrenkamp, J. Chem. Soc.
Chem. Commun. 1994, 135.

[22] I. Lopes, G. Y. Lin, A. Domingos, R. McDonald, N. Marques, J. Takats,
J. Am. Chem. Soc. 1999, 121, 8110.

[23] a) J. Takats, J. Alloys Compd. 1997, 249, 52; b) G. H. Maunder, A.
Sella, D. A. Tocher, J. Chem. Soc. Chem. Commun. 1994, 885; c) A. C.
Hillier, S. Y. Liu, A. Sella, O. Zekria, M. R. J. Elsegood, J. Organomet.
Chem. 1997, 528, 209.


