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This review concerns the recent studies carried out by our
research group and others aimed at the design of heteroscor-
pionate ligands based on bis(pyrazol-1-yl)methane-contain-
ing stereogenic centres. The capability of these systems to
stabilize chiral complexes from early to late transition metals,

through their behaviour as multidentate hybrid ligands, is
also described.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

In the last few years the design of heteroscorpionate li-
gands derived from bis(pyrazol-1-yl)ymethane has been ex-
tended because these systems can be adapted to a range of
metals, can be sterically and electronically tuned and consti-
tute a useful type of multidentate hybrid ligand.!'! In this
field, our research group and others have developed efficient
synthetic methodologies for the synthesis of this type of li-
gand; for example our method consists of the deprotonation
of bis(pyrazol-1-yl)methanes at the methylene group with
nBulLi followed by an insertion reaction with different classes
of heterocumulene molecules, such as carbon dioxide, carbon
disulfide and fulvenes, into the lithium—carbon bond to yield
lithium salts of these ligands. These lithium compounds are
excellent reagents as precursors for the preparation of hetero-
scorpionate-containing metal complexes (Scheme 1).
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These compounds have been widely employed with dif-
ferent metals to stabilize complexes where, in general, the
metal centre is facially capped by the tridentate heteroscor-
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pionate ligand. Furthermore, the synthesis of chiral ligands
of high enantiopurity is an important goal in organometal-
lic chemistry in order to prepare metal-based reagents from
efficient asymmetric processes.”! Unfortunately this aspect
often proves arduous, severely hampering the optimization
of the asymmetric processes.’) Our group and others have
recently undertaken the design of chiral heteroscorpionates
based on bis(pyrazol-1-yl)methane and an in-depth account
of these studies into the synthesis and characterization of
metal complexes with this class of ligands is presented.

2. Discussion

2.1. Synthetic Strategies Employed in the Preparation of
the Different Classes of Heteroscorpionate Ligands Based
on Bis(pyrazol-1-yl)methane-Containing Stereogenic
Centres

Chiral heteroscorpionate ligands derived from bis(pyr-
azol-1-yl)methane have been prepared by three different
methods: (a) The use of two different pyrazolyl donor
groups bound to the carbon-bridge atom. This method
leads to racemic mixtures of bis(pyrazol-1-yl)acetate tripod
ligands. (b) The use of an enantiopure heterocycle to obtain
a bis(pyrazol-1-yl)methane or a carbonyl- or sulfinylbis-
(pyrazole) and subsequent introduction of the third coordi-
nating moiety at the methylene bridge. (c) The third method
corresponds to the introduction of chirality in the substitu-
ent bound to the methyne bridge.

2.1.(a) Introduction of Chirality Through the Use of Two
Different Pyrazole Rings

One of the first routes to synthesize new chiral hetero-
scorpionate ligands based on bis(pyrazol-1-yl)methane in-
volved the design of new unsymmetrical bis(pyrazol-1-yl)-
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methanes with different substituted pyrazole rings, which
were subsequently used as the starting materials. Two dif-
ferent synthetic pathways to prepare this type of precursor
have been reported. The first approach, which is the most
convenient, is based on the synthesis of bis(3,5-dimethylpy-
razol-1-yl)methane and was published by Elguero et al.[*]
In this method the unsymmetrical (3,5-diphenylpyrazol-1-
yl-3’,5'-dimethylpyrazol-1-yl)methane!®  (dpmpzm) and
(3,5-di-tert-butylpyrazol-1-yl-3’,5’-dimethylpyrazol-1-yl)-
methanel® (bpm™B'>Me2) were obtained by a one-step

phase-transfer-catalyzed reaction of 3,5-dimethylpyrazole
with  3,5-diphenylpyrazole or 3,5-di-tert-butylpyrazole,
dichloromethane, a base and tetrabutylammonium bromide
(TBAB) (Scheme 2).

The compound dpmpzm was separated by exploiting dif-
ferences in solubility between the three possible products
and it could be isolated in up to 25% yield from the reac-
tion mixture. However, the compound bpm/B42>Me2 was iso-
lated by column chromatography on silica gel in up to 17%
yield from the reaction mixture.
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The second route is more challenging and has only been
reported to prepare and isolate bpmBv>Me2 [6] This method
involves a phase-transfer-catalyzed reaction of I-chlo-
romethyl-3,5-dimethylpyrazole hydrochloride with 3,5-di-
tert-butylpyrazole under basic conditions (Scheme 3).

On the basis of the early procedure published by us!”! for
the synthesis of [{Li(bdmpza)(H,O)}4], the deprotonation
process at the methylene group of dpmpzm and bpmBu2:-Me2

with nBuLi, followed by treatment with carbon dioxide,
yielded a racemic mixture of the new chiral NNO-scorpi-
onate ligands as a lithium salt for [{Li(dpmpza)(H,0)}4]
[dpmpza = (3,5-diphenylpyrazol-1-yl-3’,5’-dimethylpyrazol-
I-yl)acetate] in a yield of up to 96% and as a carboxylic
acid for compound bpaH™Bu2Me2 [ppaH/Bu2Me2 = (3 5_di-
tert-butylpyrazol-1-yl-3',5’'-dimethylpyrazol-1-yl)acetic acid]
in a yield of up to 53% (Scheme 4).
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In these compounds the bridging carbon atom is a chiral
centre and the presence of the corresponding two enantio-
mers has been confirmed in solution and in the solid state.

2.1.(b) Introduction of Chirality by the Use of Enantiopure
Chiral Pyrazole Rings

Burzlaff and Hegelmann reported a new approach to ob-
taining enantiopure facially-binding tripod ligands from
C,-symmetric precursors.8] A chiral C,-symmetric biden-
tate ligand results when two identical enantiopure donor
groups Y* are connected by a tetrahedral bridging atom. If
any additional donor group Z is attached to the tetrahedral
bridging atom a homochiral tripod ligand can be obtained
without any additional separation of enantiomers or dia-
stereoisomers. Inversion of the configuration at the tetrahe-
dral bridging atom yields identical compounds. This meth-
odology was used to obtain a series of enantiopure chiral
C,-symmetric bis(pyrazol-1-yl)methane derivatives by the
treatment of CH,Cl, with a pyrazole ring fused to cam-
phor® or menthonel® in a two-phase system (Scheme 5). In
both cases, the three possible structural isomers were ob-
tained but only one isomer (C or F) could exclusively be
deprotonated at the methylene bridge with nBuLi. The
other isomers would also be deprotonated at the pyrazole

/

) — CH,Cl,
NH
|
N KOH, K,CO,4
TEBA
= CH,Cl,
2 NH
=N KOH, K,CO4
TEBA

Scheme 5.
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CS5 atom because of the absence of substituents on this car-
bon atom.l'9 After isolation the compounds were depro-
tonated with nBuLi and the subsequent treatment with car-
bon dioxide and acidic workup yielded tripodal and
enantiopure bis(pyrazol-1-yl)acetic acid derivatives in a
yield of about 60% (Scheme 6).18-1

An enantiopure NNO-scorpionate ligand was recently
synthesized by Burzlaff et al.l''l using the C,-symmetric
2,2'-carbonyl(camphorpyrazole) or 2,2'-sulfinylbis(cam-
phorpyrazole) compounds. The reaction of camphorpyr-
azole with triphosgene under reflux in toluene or benzene
gave only the C,-symmetrical compound in very high yield
(Scheme 7). When the reaction was performed with triphos-
gene and triethylamine in diethyl ether the C,-symmetrical
isomer 1,2'-carbonyl(camphorpyrazole) was obtained first
and this was then transformed into the C,-symmetrical
compound upon standing in solution for several days. The
NNO-tripodal ligand (o-hydroxyphenyl)bis(camphorpyra-
zol-1-yl)methane was synthesized by treatment with salicyl-
aldehyde and pyridine in reproducible yields of up to 70 %.
The cobalt-catalyzed (CoCl,) reaction gave the same prod-
uct but with quite erratic yields (ca. 30%).

The 2,2'-sulfinylbis(camphorpyrazole) approach enabled
the enantiopure ligand to be synthesized in a one-pot pro-
cedure on a multigram scale, starting with the reaction of

Eur. J. Inorg. Chem. 2008, 5309-5326
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camphorpyrazole with sodium hydride and thionyl chloride.
Pyridine and salicylaldehyde were added to the reaction
mixture without purification of the resulting sulfinyl com-
pound. This process gave ligands in yields of up to 60%.

2.1.(¢c) Introduction of Chirality in the Substituent Bound
to the Methyne Bridge

We initially prepared!'? a series of new chiral heteroscor-
pionate ligands by following our previously described
method!” for the preparation of this type of system. Thus,
deprotonation at the methylene group of bis(3,5-dimeth-
ylpyrazol-1-yl)methane (bdmpzm)® with nBuLi, followed
by treatment with a series of chiral isocyanates [(R)-(+)- or
(S)-(-)-o-methylbenzyl and (S)-(-)-1-phenylpropyl isocyan-
ates] and isothiocyanates [(S)-(-)-1-phenylpropyl isothiocy-
anates] yielded the chiral lithium compounds (see

Eur. J. Inorg. Chem. 2008, 5309-5326
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Scheme 8), which were isolated as enantiopure ligands. This
method constitutes a simple and efficient synthetic route for
the preparation of acetamidate/thioacetamidate-containing
enantiopure chiral, heteroscorpionate ligands. It was also
interesting to assess the validity of the procedure with other
types of substituted bis(pyrazol-1-yl)methanes. With this
aim in mind, we also carried out the reactions with bis(3,5-
diphenylpyrazol-1-yl)methane (bdphpzm)* and bis(3,5-di-
tert-butylpyrazol-1-yl)methane (bdtbpzm)!'3! and a chiral
isocyanate [(R)-(+)-a-methylbenzyl isocyanate] to give the
corresponding lithium compounds in yields of around 80%
(Scheme 8) with an excellent enantiomeric excess (>99) es-
tablished by adding a chiral shift reagent, namely, (R)-(-)-9-
anthryl-2,2,2-trifluoroethanol. This process gave rise to two
signals for each proton in the '"H NMR spectrum resulting
from the two diastereoisomers. A diastereoisomer ratio de-
5313
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noted as “>99:1” signifies that only the major diastereoiso-
mer was detected. This methodology has been employed
throughout our work to establish the values of enantiopur-
ity of the different classes of compounds. These results con-
firm that the procedure can be applied to any type of substi-
tuted bis(pyrazol-1-yl)methane and it is worth noting the
possibility of selecting the most appropriate pyrazole build-
ing block in the construction of the desired heteroscorpion-
ate in order to tune both the electronic and steric effects in
the subsequent coordination to a metal centre. The enantio-
pure lithium compounds can be seen in Scheme 8.

These compounds are dinuclear and the geometry
around the Li atom can be described as a distorted tetrahe-
dron with a “heteroscorpionate” ligand that acts in a tri-
dentate fashion (two coordinated pyrazole rings and an
oxygen/sulfur atom from the amidate/thioamidate fragment
bridging the lithium atoms) (see Scheme 8). The dimeric ag-
gregate is based on Li,O, four-membered rings, which have
previously been observed in other lithium compounds.!'4

The synthesis of hybrid chiral scorpionate/cyclopen-
tadienyl ligands by a simple one-pot procedure has also
been described.['s) Thus, deprotonation at the methylene
group of bdmpzm followed by reaction with 6-terz-butylful-
venel'% yielded a chiral lithium compound in good yield
(ca. 85%) (see Scheme 9). However, when the same reaction
was carried out with 6-phenylfulvenel'® a mixture of two
scorpionate/cyclopentadiene regioisomers was obtained in
a yield of around 80% (see Scheme 10). Although the latter
reaction was carried out in anhydrous THF, a hydrolysis
process from the adventitious water in the workup oc-
curred. It was established by DFT calculations!'*®! that elec-
tronic effects due to the substituents on the fulvene carbon
atom play an important role in the stabilization of the lith-
ium scorpionate/cyclopentadienyl derivatives, meaning that
the choice of substituents would be critical in designing a
5314
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successful synthetic route. Deprotonation of these regioiso-
mers with nBuLi was also carried out, but the expected lith-
ium scorpionate/cyclopentadienyl compound was not iso-
lated because an uncontrolled hydrolysis process occurred
during the workup to give the starting material. Finally,
treatment of a solution of the aforementioned chiral lithium
complex with saturated aqueous ammonium chloride gave
a mixture of two new scorpionate/cyclopentadiene regioiso-
mers (see Scheme 11). This process gave ligands in yields
of up to 90%. These compounds are the first examples of
bis(pyrazol-1-yl)methanes to contain a cyclopenta-
diene moiety in the carbon bridge.

Me

)

N\N
> 1. nBuLi, THF, -70 °C
tBu
N 2. HH— : , THF, 0 °C
N\ / Me

Me

Scheme 9.

The lithium complexes have a monomeric structure and
the geometry around the Li atom can be described as a
distorted tetrahedron with a “heteroscorpionate” ligand,
which acts in a tridentate fashion (two coordinated pyrazole
rings and a cyclopentadienyl ring), and one molecule of
THEF. Furthermore, the C-C distances of the cyclopentadi-
ene moiety found in the scorpionate/cyclopentadiene are
comparable to those typically found for the classic cyclo-
pentadiene.l'” The pyrazole rings of this compound are ori-
entated in a quasi-antiparallel manner with respect to each
other, presumably to minimize the intramolecular electronic
repulsion of the nitrogen lone pairs of the two rings. This

Eur. J. Inorg. Chem. 2008, 5309-5326
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conformation is similar to that found in the (2-hy-
droxyphenyl)bis(pyrazolyl)methane derivative.'8! The cy-
clopentadiene and phenyl rings are probably in this quasi-
antiparallel disposition to minimize steric interactions be-
tween the two rings. In addition, the structures of the lith-
ium compounds were established on the basis of full-geom-
etry optimizations at a DFT level and it was found that
they agree very well with those determined by X-ray crystal
structure studies.!'>?!

An efficient and highly diastereoselective one-pot prepa-
ration of an enantiopure scorpionate ligand by means of a
1,2-addition of a lithium bis(pyrazol-1-yl)methane deriva-
tive to (1R)-(—)-myrtenal has recently been reported.l'”] In
this process a cold THF solution of lithium bis(3,5-dimeth-
ylpyrazol-1-yl)methide was added to a THF solution con-
taining 1 equiv. of the commercially available (1 R)-(—)-myrt-
enal and, after the appropriate workup, the enantiopure
heteroscorpionate compound (R,R)-bpzmmH {(R,R)-
bpzmmH = (1R)-1-[(1R)-6,6-dimethylbicyclo[3.1.1]hept-2-
en-2-yl]-2,2-bis(3,5-dimethylpyrazol-1-yl)ethanol} was iso-
lated in a good yield (83%) and with an excellent dia-
stereomeric excess (>99% de) (Scheme 12). This procedure
constitutes an efficient and highly diastereoselective method

Eur. J. Inorg. Chem. 2008, 5309-5326
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to prepare enantiopure scorpionate ligands in a one-pot
process. Initial evidence for the stereochemical route was
obtained from the X-ray molecular structure, which shows
the R configuration for the newly formed chiral centre. This
shows that the diastereofacial attack of the nucleophile pro-
ceeded through the Si face of the carbonyl group in an s-
trans conformation. The steric effects from the methyl
groups of the bicycle moiety are probably the main driving
force for the diastereoselectivity observed in the process

(Scheme 12).
o D

b

| s o AL

- - p
P

CH Q Re attack

|.| Si attack

Scheme 12.

2.2. Coordination Chemistry with Heteroscorpionate
Ligands Based on Bis(pyrazol-1-yl)methane-Containing
Stereogenic Centres

2.2.(a) Complexes of Early Transition and Lanthanide
Metals

The research into biodegradable polymers, which are not
harmful to the environment, is an important task in the

5315
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field of polymer catalysis. Some of the aliphatic polymers
are currently commercially available as poly(g-caprolac-
tone) and poly(lactic acids). In the last few years the ring-
opening polymerization (ROP) of cyclic esters with organo-
metallic Lewis acid catalysts has emerged as an effective
procedure of synthesis. In this field, we have recently de-
scribed a series of efficient heteroscorpionate-containing or-
ganometallic initiators for this purpose; some bearing ste-
reogenic centres are compiled in this review. They have been
found to be excellent initiators in the well-controlled ROP
processes of lactones and lactides.

The new chiral monoanionic NNO-tripod ligand
[{Li(dpmpza)(H,0)}4], prepared as a racemic mixture, has
proven to be a good precursor for the introduction of this
scorpionate ligand into transition-metal complexes. For ex-
ample, this ligand was used in the formation of a number
of niobium complexes.[>’! Previously we prepared and char-
acterized a series of non-chiral scorpionate-containing ni-
obium complexes.’! It was found that the lithium com-
pound reacted at room temperature in a 0.25:1 molar ratio
with the precursors [NbCl;(dme)(RC=CR")|?! (dme =
1,2-dimethoxyethane) to give the complexes
[NbCl,(dpmpza)(RC=CR’)] in good yield (ca. 70%) after
the appropriate workup (Scheme 13).

Ph H Me
1"
R N~ b_¢N
[NbCls(dme)(RC=CR))] y / ‘ o ‘ \ y
—dme. - 0
. dme, -H,O N ' N,
N
-LiHCI o AN A Mo
1/4 {Li(H,0)(dpmpza)} Y R
Cl é C//
Cl 7
R
Scheme 13.

On the basis of spectroscopic data, an octahedral dispo-
sition was proposed in which the niobium atom is sur-
rounded by an NNO-coordinated scorpionate ligand, an al-
kyne group and two chloride ligands. The proposed struc-
tures for the three possible diastereoisomers for these com-
plexes are depicted in Scheme 14, where the alkyne ligand
can be found in the cis disposition with respect to the 3,5-
dimethylpyrazole ring (isomer a), in a cis disposition with
respect to the 3,5-diphenylpyrazole ring (isomer b) or trans
with respect to the oxygen atom (isomer c). On the basis of
NOE experiments it has been established that diastereoiso-
mer (a) is the only one present in the unsymmetrical alkyne
complexes as well as being the major isomer of the two
present in the symmetrical alkyne complexes. Diastereoiso-
mer (c) is the minor isomer and has a trans disposition of
alkyne ligands with respect to the oxygen atom. The '3C
NMR spectroscopic data indicate that in this type of com-
plex the alkyne ligand behaves as a four-electron donor.[??!
It is also noteworthy that in solution these complexes show
a rotation of the alkyne ligand around the bisector of the
metal-alkyne isosceles triangle. Free energy values, AGF,
were calculated from variable-temperature NMR spectro-
5316
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scopic studies. Additionally, the calculated values allowed
us to establish a relationship between the steric demand of
the alkyne and the rotation phenomenon, in such a way
that the higher AG* values and coalescence temperatures
were found in the cases with the bulkier alkyne substituents.

Rh Me Ph Me
Ei H
N 8
I C’| H a &0\
| 1
N o N | 0 |
oa N
Me N e Me
Ph N;b\ c-R Ph Nb.
= // >
cl E /// R_C\\ _’E\Cl
a g ¢
R R
a b
Rh E e
N/i';"’c’;N
i
0
N
NG, Me
" /~ \CI
Cl ::’c
C—
/ AN
R
c
Scheme 14.

The reactivity of [NbCly(dpmpza)(Me;SiC=CSiMe;)]
towards oxygen was particularly notable since it led to the
formation of the first gem-diolate niobium species,
[(NbCL0)5(u-n'-0,0-tpzpdo)] [tpzpdo = 1,3-bis(3,5-di-
phenylpyrazol-1-yl)-1,3-bis(3’,5'-dimethylpyrazol-1-yl)-2,2'-
propanediolate] (Scheme 15). A novel anionic gem-diolate
bridging two niobium centres is present in this complex.
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Scheme 15.

In addition, this unusual ligand contains two chiral car-
bon centres as well as two bis(pyrazol-1-yl) moieties, which
are also coordinated to both metals in such a way that the
ligand behaves as a tripod in its coordination to each metal
atom. For this complex the presence of three diastereoiso-
mers is possible, each as a racemic mixture (Scheme 16),
namely [rac(aR,R,R + a§,S,S)], [rac(aS,R,R + aR,S,S)] and
[rac(aS,R,S + aR,R,S)].>*
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The X-ray crystal data and the NMR spectroscopic re-
sults indicate the presence of only one diastereoisomer
[Fac(aR,R,R + aS§,S,9)].

The aforementioned enantiopure ligands [Li(R-
mbbpam)], [R-mbbpam = (R)-(+)-N-a-methylbenzyl-2,2-
bis(3,5-dimethylpyrazol-1-yl)acetamidate], [Li(S-mbbpam)],

[S-mbbpam = (S)-(-)-N-a-methylbenzyl-2,2-bis(3,5-di-
methyl-pyrazol-1-yl)acetamidate],  [Li(S-ppbpam)]  [S-
ppbpam = (S)(-)-N-1-phenylpropyl-2,2-bis(3,5-dimethylpyr-
azol-1-yl)acetamidate and [Li(S-ppbptam)],] [S-ppbptam =
(S)-(-)-N-1-phenylpropyl-2,2-bis(3,5-dimethylpyrazol-1-yl)-
thioacetamide], prepared in one step by a simple, versatile
and efficient synthetic path involving an insertion reaction
of commercial, enantiopure isocyanates or isothiocyanates
into bis(3,5-dimethylpyrazol-1-yl)methane,['?! were used to
prepare new scorpionate-containing titanium, zirconium
and hafnium complexes. The lithium precursors reacted
with [TiCly(THF),], or [MCly] (M = Zr, Hf) to give the
complexes [MCl;{x3-NNE(H)}]CIl in moderate yield (ca.
60%) (Scheme 17).['?l The reactions were carried out under
rigorously anhydrous experimental conditions, but the pres-
ence of adventitious HCI arising from MCly in the reaction
mixture during the workup procedure was probably respon-
sible for the protonation of the acetamidate or thioacetam-
idate moieties and their transformation into acetamide or
thioacetamide units, respectively. The complexes have an
octahedral geometry and were isolated in an enantiopure
form.

In order to avoid the presence of adventitious HCI arising
from the MCly precursors an alternative reaction with an-
other reagent, namely Ti(NMe,);, was considered. Treat-
ment of a THF solution of Ti(NMe,); with [Li(S-
mbbpam)], afforded the triamido-derivative [Ti(NMe,);(.S-
mbbpam)] in moderate yield (60%) (Scheme 18). Addition-
ally, the reactivity of this complex with Me;SiCl in different
molar ratios and under different experimental conditions led
to the preparation of the halide-amide-containing complexes
[TiCI(NMe,),(S-mbbpam)] and [TiCl,(NMe,)(S-mbbpam)]
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in good yield (ca. 70%) (Scheme 18). On the basis of 'H
NOESY-1D experiments the structure suggested for
[TiClI(NMe,),(S-mbbpam)] is that depicted for the isomer in
which the chloride ligand is frans to the oxygen atom. In the
case of complex [TiCl,(NMe,)(S-mbbpam)] it was proposed
that both of the isomers depicted in Scheme 18 are present.
Furthermore, a number of enantiopure derivatives of
[TiCl3(S-mbbpamH)]Cl containing alkoxide ancillary li-
gands were prepared using two different experimental meth-
ods. The first approach involved the direct reaction of this
complex with a series of alcohols, thus allowing the isolation
of only one alkoxide complex with the zerz-butoxide moiety
(Scheme 19). The second method involved deprotonation of
the alcohol group of 2,6-dimethylphenol with #nBulLi,
followed by treatment with [TiCly(S-mbbpamH)]Cl to
give the complex [TiCl,(OC4H;s-2,6-Me,)(S-mbbpamH)]Cl
(Scheme 19). Additionally, '"H NOESY-1D experiments for
the tert-butoxide-containing complex indicate the presence
of the isomer in which the chloride ligand is trans to the
oxygen of the acetamide group, but for the second derivative
the aforementioned experiments suggest a cis or trans dispo-
sition of the aryloxide ligand with respect to one of the pyr-
azolyl rings, i.e. two isomers.

Hybrid scorpionate/cyclopentadienyl ligands have been
successfully employed in the stabilization of group-4 and
lanthanide metal complexes. This class of ligand was first
described by us!!'*l and we have developed a well-established
synthetic methodology to prepare a wide variety of these

kinds of ligands. Among them, as outlined in Section 2.1,
two classes of ligands containing stereogenic centres have
been  described. These are lithium  derivatives
[Li(bpztcp)(THF)] [bpztcp = 2,2-bis(3,5-dimethylpyrazol-1-
yl)-1-tert-butylethylcyclopentadienyl], which exist as a mix-
ture of the two enantiomers in the solid state and in solu-
tion, and scorpionate/cyclopentadienes [2,2-bis(3,5-dimeth-
ylpyrazol-1-yl)-1-phenylethyl]-1,3-cyclopentadiene (bpzpcpH)
and [2,2-bis(3,5-dimethylpyrazol-1-yl)-1-fert-butylethyl]-1,3-
cyclopentadiene (bpztcpH), which in solution are present as
a mixture of tautomers (Scheme 20).

Having prepared this new class of hybrid scorpionate/
cyclopentadienyl precursors we explored their potential
utility as tridentate ligands in the preparation of new group-
4 metal complexes.l'! Thus, [Li(bpztcp)(THF)] reacted with
[TiCly(THF),] or [MCly] (M = Zr, Hf) in a 1:1 molar ratio
to give the complexes [MCly(bpztcp)] (M = Ti, Zr, Hf)
(Scheme 21). An interesting reaction was observed when a
mixture of the precursors [MCl,] (M = Zr, Hf) and
bpzpcpH was heated under reflux to give the new com-
plexes [MCls(bpzpep)] (Scheme 22). These processes gave
complexes in yields of up to 90%. The analogous reaction
with TiCl4(THF), gave a complex mixture of products that
could not be separated. This process involved an unusual
deprotonation of the cyclopentadiene moiety with the for-
mation of hydrogen chloride. The deprotonation of cyclo-
pentadiene is a well-known process and it normally pro-
ceeds by either acid—base or protonolysis processes.>*! The
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process described here represents the second examplel® of
a novel and direct one-pot procedure for the synthesis of
monocyclopentadienyl group-4 metal trichloride complexes
with a side chain containing a group, in our case two pyr-
azoles, that is able to coordinate to the metal centre by the
reaction of the appropriate MCly precursor and cyclopenta-
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X'=Cl, X2= OAr
or
X'= 0Ar, X2=Cl

dienes. The different complexes were found to have an octa-
hedral geometry, as depicted in Schemes 21 and 22, and
their structures contain a heteroscorpionate ligand bonded
to the metal centre though the two nitrogen atoms and the
cyclopentadienyl ring in a k>-NNn?>-Cp coordination mode.
These complexes were isolated as a mixture of enantiomers.
5319
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tBu

Scheme 21.

THF,
reflux
+ MCly (M= Zr, Hf) ——>
—-HCI

Scheme 22.

In addition, the structures of some of these complexes were
obtained by full-geometry optimizations at the DFT level.
We also proceeded to explore the synthesis of alkyl deriv-
atives starting from the complex [ZrCls(bpztcp)] by treat-
ment with MeLi in different molar ratios. In this way the
dialkyl and the trialkyl complexes [ZrClMe,(bpztcp)] and
[ZrMes(bpztcp)], respectively, were prepared (Scheme 23).
The first examples of group-3 metal halide complexes
bearing a hybrid scorpionate/cyclopentadienyl ligand have
also been described.?®! The reagents [Li(bpztcp)(THF)] and
bpzpcpH/nBuLi reacted with MCL3(THF); (M = Sc, Y) to

tBu

+ nMeli |

TICI4(THF),

Scheme 23.
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give a series of new complexes, namely [MCl,(bpztcp)-
(THF)] and [MCl,(bpzpcp)] (Scheme 24). These processes
gave complexes in yields of up to 8§0%. The complexes have
an octahedral arrangement in which a k2-NNn?>-Cp coordi-
nation is present. In these asymmetric complexes the carbon
atom (C?) is a stereogenic centre and we found evidence for
the presence in solution of the two corresponding enantio-
mers by adding a chiral shift reagent, namely (R)-(-)-9-an-
thryl-2,2,2-trifluoroethanol. This process gave rise to two
signals for each proton in the '"H NMR spectrum resulting
from the two diastereoisomers of the corresponding two
enantiomers. However, it is worth noting that the complex
crystallized to give an enantiopure product.

[Li(bpztcp)(THF)]
MCI3(THF); + or
bpzpcpH) + nBulLi
M =Sc.Y (bpzpcpH)
R'=tBu,R2=H;M =S¢, Y
R'=Ph,RZ=H;M=Sc, Y
Scheme 24.
tBu

tBu

Eur. J. Inorg. Chem. 2008, 5309-5326



Coordination Chemistry of Heteroscorpionate Ligands

Eur|IC

[M(CH2SiMe3)x( THF)3]

European Journal
of Inorganic Chemistry

My

Scheme 25.

Group-3 alkyl compounds were also prepared.l?”l Indeed,
having prepared the reagent bpztcpH we explored its poten-
tial utility as a ligand in the preparation of new alkyl group-
3 metal complexes. It is well known that the alkane elimi-
nation reaction is frequently the route of choice to prepare
early transition-metal organometallics as the precursors are
readily available and “ate” complex formation is avoided.
As mentioned above, deprotonation of the cyclopentadiene
moiety is a well-known procedure that normally proceeds
by either acid—base or protonolysis processes.”?* Thus, the
reaction of bpztcpH with [M(CH,SiMes);(THF);]?% (M =
Sc, Y) yielded the THF-free scandium and yttrium alkyl
complexes [M(CH,SiMejs),(bpztcp)] bearing a hybrid scor-
pionate/cyclopentadienyl ligand with a stereogenic centre
(Scheme 25). This process gave complexes in yields of up to
70%.

In these complexes the heteroscorpionate ligand is x!-
NNn’-Cp coordinated and they exhibit a pseudo-four-co-
ordinate tetrahedral structure with C; symmetry. However,
in solution a dynamic behaviour was found and this was
studied by means of VT NMR spectroscopy. The dynamic
behaviour was found to be due to an exchange process be-
tween the coordinated and the noncoordinated pyrazole
rings, a process that results in the interconversion from one
stereoisomer to the other (Scheme 26).

Scheme 26.

An enantiopure scorpionate ligand, namely (R,R)-
bpzmmH [(R,R)-bpzmmH = (1R)-1-[(1R)-6,6-dimethylbicy-
clo[3.1.1]2-hepten-2-yl]-2,2-bis(3,5-dimethylpyrazol-1-yl)eth-
anol], has been prepared through a highly diastereoslective
nucleophilic 1,2-addition of a lithium bis(pyrazol-1-yl)-
methane derivative to (1R)-(-)-myrtenal, as mentioned in
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Section 2.1. In a preliminary study we explored the poten-
tial utility of this compound as a tridentate ligand in the
preparation of chiral group-4 metal complexes.['”) Depro-
tonation of the alcohol group of this ligand with NaH fol-
lowed by treatment with TiCl, in a 1:1 molar ratio yielded
the enantiopure titanium complex [TiCl;3{(R,R)-bpzmm}]
in good yield (ca. 70%). In addition, treatment of Ti(NMe,)4
with the same ligand afforded the enantiopure triamido
derivative [Ti(NMe,)3{(R,R)-bpzmm}] (Scheme 27). The ti-
tanium centre has a distorted octahedral geometry in which
the heteroscorpionate ligand is coordinated by two nitrogen
atoms of the pyrazole rings and the oxygen atom of the
alkoxide group. The scorpionate ligand maintains the R
configuration at the C* atom. It is worth noting the close
proximity of the stereogenic carbon C* to the metal, an ar-
rangement that is able to create an effective chiral pocket
around the Ti centre. This characteristic may be very useful
in subsequent studies on the reactivity of this complex in
enantioselective processes.

Me
NI \ Me o
~N /H i) NaH \ gl
WWOH ii) TiCly /
cu W e & o T~
: toluene, r.t. IN'N\ Cl
—N Me e
/‘N|\>*Me NN “
\
Me % Me&)\Me
Scheme 27.

2.2.(b) Complexes of Late Transition Metals and Zn

Enzymes are chiral compounds and, as a result, there has
been a major effort in bioinorganic chemistry to supply chi-
ral models for the active sites of metalloenzymes. In this
sense, Burzlaff et al.l developed zinc complexes with NNO
ligands that can serve as models for the active site of zinc-
containing enzymes that bind the metal ion with two histi-
dine groups and one aspartate or glutamate group. Exam-
5321

www.eurjic.org



MICROREVIEW

A. Otero et al.

ples include carboxypeptidase A, thermolysin and other
proteases.*”! In this way, the aforementioned novel chiral
ligand (3,5-di-tert-butylpyrazol-1-yl)(3',5'-dimethylpyrazol-
1-yl)acetic acid (bpaH™B'2Me2) was transferred to zinc to
yield the complex [Zn(bpa™'>Me2)Cl] in good yield (ca.
70%) (Scheme 28).

(o]
\

COH
tBu

: H=,
/ ,\\I/K,i‘ \ KOtBu, CHsCN ’////N_N\\\\'Z“\Q

N N < ZnCly, -KCl A e

tBu

fBU&)\tBu

Scheme 28.

The analogous reaction of (3,5-di-tert-butylpyrazol-1-
y1)(3’,5’-dimethylpyrazol-1-yl)acetic acid (bpaHBu2-Me2)
with dimethylzinc gave the chiral methylzinc complex
[Zn(bpa™®v>Me2)(CH;)] in very good yield (ca. 93%). The
reactivity of this complex towards acetic acid was examined
and led to an acetate complex [Zn(bpa®'>M¢2)(OAc)] as a
useful precursor to enzyme models (Scheme 29).

The synthesis of this complex was carried out in acetoni-
trile solution and the sandwich complex [Zn(bpaBu2-Me2) ]
was formed as a byproduct during this process. The facile
formation of the related six-coordinate complexes
[Zn(TpR),] in the reactions of [Zn(TpR)X] (X = OH, CHs,
Cl) has already been reported by Vahrenkamp et al.,1’%! Par-
kin et al.’" and Kliui et al.’?! with either octahedral®*! or
tetrahedrall®?! structures for the complexes [Zn(Tp*),]. This
redistribution seems to be favoured by polar solvents and
sterically less demanding ligands. In contrast, we recently
proved®3 that sandwich heteroscorpionate complexes were
not formed from alkylzinc complexes of the type
[Zn(NNN)(R)] [where NNN = N-ethyl-N'-tert-butylbis-

By CO,H
N N ZnMe,
CT Y .
_—N N=_
tBu

(3,5-dimethylpyrazol-1-yl)acetamidinate  (tbpamd) and
N,N'’-diisopropylbis(3,5-dimethylpyrazol-1-yl)acetamidinate
(pbpamd)],24 even in refluxing toluene over several days.
Furthermore, when the reaction was carried out with
2 equiv. of ligand with respect to Zn, even under reflux in
toluene, formation of the sandwich species was not de-
tected. In contrast, related monoalkyl heteroscorpionate
magnesium complexest®! readily give the corresponding
sandwich units.

Burzlaff and Hegelmann also described the preparation
of a series of ruthenium complexes by using the aforemen-
tioned enantiopure facially-binding tripod NNO-ligands bi-
s(camphorpyrazol-1-yl)acetic acid (Hbpa**™) and bis(men-
thylpyrazol-1-yl)acetic acid (Hbpz*™¢'h). Thus, the ruthe-
nium complex [Ru(bpa*a™)CI(PPh;),] was prepared in
moderate yield (ca. 51%) by the treatment of the potassium
carboxylate with [RuCl,(PPh;);]1® (Scheme 30).

A similar reaction of the potassium salt of Hbpz*meth
with [RuCl,(PPhs);] yielded [Ru(bpa*™en")CIl(PPhs;),]®!
(Scheme 31). Furthermore, treatment of the pentacarbonyl
complexes [MnBr(CO)s] and [ReBr(CO)s] with the potas-
sium bis(menthylpyrazol-1-yl)acetate K[bpa*™""] afforded
the chiral bis(menthylpyrazol-1-yl)acetate tricarbonyl com-
plexes [Mn(bpa*™menth)(CO);]! and [Re(bpa*™enth)(CO);]
(Scheme 31).’1 These processes gave complexes in yields of
around 70 %.

The synthesis of rhenium and zinc complexes using the
enantiopure NNO-scorpionate ligand HOPhbpm3®%™ de-
rived from (+)-camphor!!!l has also been described
(Scheme 32).

The reaction of the analogous NNO-scorpionate ligand
2,2-bis(3,5-dimethylpyrazol-1-yl)-3-acetatopropionic acid,®]
which is suitable for solid-phase immobilization, with
[MBr(CO)s] yielded the chiral complexes [Mn(bdmpzap)-
(CO);] and [Re(bdmpzap)(CO)s] (Scheme 33). In both
complexes the acetyl fragment remains uncoordinated
indicating its ability to act as a linking group to solid
phases.

N—N
tBu \)\tBu

Scheme 29.

5322

www.eurjic.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Inorg. Chem. 2008, 5309-5326



Coordination Chemistry of Heteroscorpionate Ligands

Eur|IC

_2IRuCl{PPhd

1. KOtBu
N N
| |
=N N=
Scheme 30.
—
1. KOtBu
2. [RuCL(PPha)] ) /FON A\
-KCl, -PPhs <
\\ S
Ph3P/ : PPhs
cl
\ 1. KOtBu
~ COsH 2. [MnBr(CO)s]
P | -Kel-2c0 N\
D !
~ — =
oc/ H \co
praAmenth oc
N
1. KOtBu
2 ReBICORI /7N LT
-KC1,-2CO 3 =N g N
- A
Re.
oc” o
co
Scheme 31.

Marchio et al.l*7 recently reported the high yielding syn-
thesis of a new chiral pyrazole—pyridine-based NN’ O-scor-
pionate ligand, namely 1-(4-methoxy-3,5-dimethylpyridin-
2-yl)-2-methyl-1-(pyrazol-1-yl)propan-2-ol (LOH). The co-

European Journal
of Inorganic Chemistry

“,
/PN
/N N>

Ph3P

PPh,

ordination properties of LOH were explored and the ligand
exhibits a 3-N,N’,0O coordination mode towards late tran-
sition divalent ions (M?* = Ni?*, Cu?>* and Zn?*), as evi-
denced by X-ray structures of the resulting complexes.
Interestingly, in the solid state only octahedral centrosym-
metric [M(LOH),]** complexes can be isolated, with the
[MCly] anionic species as the counterion: a similar situa-
tion is also found for a 1:1 M?*/LOH ratio (Scheme 34).
The speciation of the M>*/LOH systems in methanol/water
(95:5) was investigated by UV/Vis (Ni** and Cu?*) and 'H
NMR (Zn>*) spectroscopic titrations. The structural de-
scription of the Zn?>*/LOH system in solution was per-
formed in detail by means of ESI-MS, 'H-'H EXSY NMR
spectroscopy and DFT calculations. The results revealed
the occurrence of equilibria between different [Zn-
(LOH),J** octahedral isomers and the [Zn(LOH)CI]?* tet-
rahedral species.

The same group is currently exploring the coordination
properties of NS, polydentate ligands derived from the
pyrazole—pyridine moiety.l*¥! They are studying the coordi-
nation properties of two C-centred tetradentate NN'SS’ do-
nor ligands (L? and LP, Scheme 35) with Cul. L? and LP
are based on an NN'S-donor-substituted pyrazole—pyridine
platform, with an alkylthioether group as the fourth coordi-
nation site. These compounds were designed with the aim
of obtaining geometrically preorganized ligands with a suit-
able donor set that satisfies the electronic and steric require-

Zn(CH3)2
4_>
OH
/NN
N N\ \
1. KOtBu o
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Scheme 32.
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ments of Cu! to yield mononuclear tetrahedral complexes.
However, the Cu' complexes synthesized, [Cu(L®)],(BF,),
and [Cu(LP)],(BF,),, are dinuclear in the solid state, where
each copper centre exhibits a distorted tetrahedral NN'SS’-

(et

[Cu(CH,CN),IBF, + o/

Scheme 35.
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coordination environment. However, the solution proper-
ties, particularly in acetonitrile, show evidence for the for-
mation of mononuclear species in equilibrium with the di-
mers.
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3. Concluding Remarks

The different synthetic methodologies that we, and
others, have described for a type of heteroscorpionate
ligand based on bis(pyrazol-1-yl)methane containing
stereogenic centres have been discussed. The coordinative
ability of these ligands to stabilize chiral complexes from
early to late transition metals has also been described. This
chemistry opens new avenues to a promising research area
focused on the synthesis of enantiopure ligands that can be
used in the preparation of useful chiral complexes. Further
studies focused on the design of new strategies to prepare
enantiopure ligands as well as on the efficient chirality
transfer to different types of metal centres will be welcome,
for example to prepare alternative highly effective single-
component living initiators for the well-controlled ring-
opening polymerization of cyclic esters.
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