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Monoanionic bi- and tridentate ligand systems emulating the
structural features of the well-known poly(pyrazolyl)borates
are created by bridging heteroaromatic rings with formally
negatively charged p-block elements. Their properties and
versatility are exemplified by their complexes with main
group metals. Due to their N(g)-donating and n-interacting
ability, as well as the flexibility of the substituent bonding,
these ligand systems have the potential to adapt both geomet-
rically and electronically to the coordination requirements of

the complexed metal. Within these complexes, the heteroaro-
matic substituents operate as charge spacers between the
formally anionic center and the metal cation without encap-
sulating either site. This provides possible applications in the
creation of reactive soft/hard bimetallic reagents, the realiza-
tion of multinuclear arrays, and the design of preorganized
CVD precursors, particularly en route to III/V-semiconduc-
ting thin films.

Introduction

A principal strategy in synthetic inorganic and or-
ganometallic chemistry is the employment of tailor-made
ligand systems to create metal complexes of specific nu-
clearity, coordination number, geometry, and reactivity.

Typical functions of such ligands are to inhibit oligomeri-
zation reactions, to stabilize the low valent form and/or the
low oxidation state of the metal center, and to model the
shape of the periphery of the complex. In main group
chemistry, aryl and cyclopentadienyl rings are widely used
examples of sterically and electronically active substituents.
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Appropriately substituted aryl ligands are able to stabilize
multiple bonds between higher main group elements by
combining steric shielding and electronic stabilization
through their n-system.! The monoanionic cyclopen-
tadienyl substituent and its derivatives are used to generate
low valent cyclopentadienyl n-complexes of s- and p-block
elements.!* Very recently, anionic homologues of such
systems have been constructed by nucleophilic addition of
Cp~ to neutral metallocenes. !

In addition to the ability of m-interaction in homoaro-
matic groups, aromatic nitrogen heterocycles can o-coordi-
nate to a metal center through the lone pair localized at the
nitrogen atom. This provides the ligand with a significantly
higher flexibility since metal centers of both soft and hard
Lewis acidity can be suitably complexed. Hence, it is not
surprising that pyridyl and pyrazolyl groups, the isoelec-
tronic analogues of the phenyl- and the cyclopentadienyl-
substituents, adopt a key role as donor ligands in the coor-
dination chcmistry of transition metal compounds.””) The
pyridine ring constitutes an essential element in a variety
of macrocyclic ligand systems.!®! Bidentate ligands such as
pyridazine or monoanionic pyrazolyl and imidazolyl sys-
tems are able to form a bridge between two transition metal
centers, resulting in multinuclear complexes. ™7} The -
system in these ligands can participate in electron transfer
and magnetic coupling processes between the separated
metal centers in heteronuclear and mixed valence transition
metal complexes.®! Bicyclic or macrocyclic chelate ligands
with distinct steric and electronic characteristics are created
when different aromatic and heteroaromatic ring systems
are fused. PO Examples of this phenomenon include
spontaneous molecular self-organization, in which such
macrocyeles are involved in the formation of multinuclear
inorganic helices.[1!]

In addition to the electronic flexibility, a multifunctional
chelate system should have geometric adaptability, 1.e. the
ligand should be variable enough to complex metal centers
of different sizes. In general, this cannot be achieved by
employing conjugated heteroaromatic ring systems. Instead,
the single heteroaromatic rings have to be linked by a bridg-
ing group in order to allow the ring substituents to change
their orientation with respect to the complex center. The
poly(pyrazolyl)borates, first introduced in 1966 by Trofi-
menco,t!! represent well-known cxamples of this class of
heteroaromatic substituted chelate ligands. A common fea-
ture of the pyrazolylborates is the R—B-group (R = H or
an organic unit) which connects two or three pyrazolyl rings
each at the l-position. By varying the pyrazolyl ring sub-
stituents, specific properties of the corresponding metal
complexes can be tuned sterically (i.e. by modification of
the cone angle of the ligand) and electronically. Numerous
articles reporting the successful preparation of so-called
scorpionate complexes with most metals or metalloids in
the periodic table demonstrate the versatility of this ligand
concept.7I2 The tri(pyrazolyl)methane derivatives are im-
portant examples of analogous ligand systems containing
bridging atoms other than boron.!'21'31 [t has been shown
very recently that even an aryl ring can be employed as a
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bridging group, providing an additional n-donor func-
tion. [13]

Monoanionic ligands with similar characteristics can be
prepared by introducing, for instance, p-block elements as
bridging atoms with a formally negative charge (Figure 1).
Bidentate ligands result when group 15 (a) or monosubsti-
tuted group 14 (b) elements are used to bridge two heteroar-
omatic rings. The bridging of three heteroaryl groups by
unsubstituted group 14 elements creates monoanionic tri-
dentate claw ligands (c).

Figure 1
B E E
R Q
M L M
(a) {b) {c)

= aromatic heterocycle
with donor function

The monoeanionic ligand svstems depicted in Figure 1 are
potentially able to vary the grip of the ligand periphery by
rotation of the heteroaryl rings about the central bonds, 1.e.
they can geometrically adapt to the size of the complexed
metal center. In addition, the heteroaromatic substituents
operate as charge spacers between the negatively charged
bridging position and the metal cation. This provides the
complex with the potential to react as both a nucleophilic
and an electrophilic reagent. The clectronic and steric
properties of the complex can be modified by variation of
the bridging atoms, the heteroaromatic substituents, and the
metal center. Therefore, the preference of the complex to
take part in a nucleophilic or an clectrophilic reaction can
be tuned.

In this article we summarize our recent studies on the
introduction of p-block elements as bridging groups in N-
heteroaromatic substituted scorpionate-like ligand systems.
The properties and versatility of these ligands have been
examined by studying their complexation with main group
metals.

= group 14 or group 15 element

zm
1l

|

main group metal

Pyridyl-Methyl Ligands

Replacement of a single phenyl group of the tni-
phenylmethyl carbanion by a pyridyl group has a dramatic
effect on the electronic properties and the coordinative be-
haviour. The potential energy surface involving ions capable
of delocalizing the negative charge to a maximum extent,
such as in the triphenylmethyl carbanion, is often quite
flat.!1* As a consequence, in the series of monomeric alkali-
metalated triphenylmethane complexes (Ph,CM:'L,; L =
donor solvent, M = Li,[% Na, '8! K"l the cation shifts
from the position above a Cijs— Ceenral bond (Li*)!!51 to a
position above the center of the anion (K) (Figure 2, left).
This shift is a consequence of the decrease in the charge-
polarizing effect of the metal cation. In complexes with the
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Ph,PyC~-system (Py = pyridyl), however, the metal cation
(Li, Na, K) seems to be locked in almost the same position,
always prelerring to coordinate to the nitrogen atom (Fig-
ure 2, right),[18]

Figure 2. Sugexgosition of monomeric alkali metalated triphenyl-

107 (left; Li* and LiP refer to structures with different

and of alkali metalated diphenylpyridyl-
methane!'® (right)

methanel!3Il
donor solvents),

The predetermined position of the alkali metal in com-
plexes with the Ph,PyC™ ligand can be rationalized quite
well by comparing the mesomeric formulae of the anions.
In alkali-metalated triphenylmethane the formulae depicted
in Figure 3a become increasingly important when the size
of the cation is increased. In accordance with this, the ex-
tent of the bond length variation with respect to the three
central C—Cj,s, bonds drops from 4 pm to 0.9 pm on going
from the lithium to the potassium derivative ['3I16IIV7] Fyp-
thermore, the observation that some or all cations of the
polymeric potassium, rubidium and cesium analogues!’]
are n’-coordinated by phenyl-substituents is readily ex-
plained by charge delocalization over the whole anion.

Figure 3

©_0_0o o
epelopcleaclNcNe

In the pyridyl derivative, the charge delocalization over
the aromatic system is distorted considerably as the negative
charge is almost exclusively located at the nitrogen atom of
the pyridyl substituent (Figure 3b). As a result, the C—C
distance between the central carbon atom and the pyridyl
ipso carbon atom is, on average, 5.5 pm shorter than the
two others. This effect cannot be attributed to the difference
between a C—Py and a C—Ph bond since all central
C—Cipso bonds in the hydrogen substituted precursor
Ph,C(H)Py are of equal length within their standard
deviation'® (average 152.2 pm) and do not differ from
the respective C—Cipy, bonds in Py;CH and Ph;CH
[152(1)pm]. 2"

Although the diphenylpyridylmethyl ligand only formally
appears to be a carbanion, it enhances and extrapolates dis-
tinct structural features of the PhyC- system and is therefore
a valuable ‘'magnifying glass’, revealing small energetic dif-
ferences. An important result in terms of the design of geo-
metrically flexible ligand systems is the observation that the
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environment of the central carbon atom in the pyridyl de-
rivatives is not planar, and a small degree of rotation about
the shortest C—Cjps, bond should be possible despite its
partial double bond character. This encouraged us to inves-
tigate main group metal complexes with the C—H func-
tionalized monoanionic di(2-pyridyl)methyl ligand. The hy-
drogen precursor Py,CH, 112%1121] hag alrcady been intro-
duced as a neutral bidentate ligand in a variety of transition
metal complexes (e.g. with Hg?" 22 and Cu?*%) to tune
the electronic properties of the metal center in question.
The monoanionic ligand is accessible by deprotonation of 1
with strong bases like alkyllithium compounds or Grignard
reagents. The metalation reaction with »-BuLi in hydro-
carbon solvents proceeds via the formation of the inter-
mediary bipyridylmethane adduct 2% (Scheme 1), which
can be isolated at —80 °C and structurally characterized by
applying cryo-crystallographic techniques.”® On the ad-
dition of a polar solvent, such as THF, the lithiated product
[Py-C(H)Li-2THF] (3) is obtained in an equimolar conver-
sion, 24

Scheme |

-80°C in toluene
2 PyZCH2 + 2 NByli “BuH [(Py2CH2)L1(Py2CH)] + NBuLj

1 2

-80°C in hexane/THF
-2MBuH

> 2 {(THF)ZLi(Pych)]
3

The exclusive coordination in 2 and 3 of lithium by nitro-
gen (Figure 4) demonstrates that the anion in these com-
plexes has to be classified as an amide rather than as a
carbanion. The Li—N,,;,, distances, which range from
196.0 pm to 197.6 pm, agree well with Li—N distances ob-
served in typical lithium amides®® while the Li—N dis-
tances to the neutral bipyridylmethane molecule in 2 are
significantly longer (205.8 pm and 207.1 pm, respectively).
A prerequisite for the amide-type bonding by the pyridyl
groups is that the ligand system has to be completely conju-
gated. Indeed, the chelating anions are essentially planar
(the mean deviation from the average plane through the
anion skeleton is only 4 pm in 2 and 5.8 pm in 3) and the
deprotonated carbon atom is sp>-hybridized as indicated by
the geometric parameters: on average, the C—C,,qy1 bond
lengths are 140 pm and the Cpypiay—C—Cpyrigyr angles are
132° in 2 and 3. In addition, the remaining hydrogen atom
at the central carbon atom was located in the ligand plane
by Difference Fourier synthesis in both structures. For com-
parison, the C—Cpy g1 bond lengths and Cpypg—C—
Chyriayir angle for the central sp3-hybridized carbon atom in
the donating bis(2-pyridyl)methane (3) are 150 pm [which
agrees well with a standard C(sp*)—C(sp?) single bond of
151 pmP™] and 115°.

The 'H-NMR shifts can be used as another probe to il-
lustrate the extent of clectron displacement from the for-
mally anionic center into the pyridyl rings. While the reso-
nance signal of H(Cepira1) appears at almost the same posi-
tion as in the neutral molecule (& = 4.63 versus & = 4.37 in
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Figure 4. Molecular structures?!! of [Py,C(H)Li-Py,CH,] (2), and
[Py,C(H)Li-2THF] (3)

dipyridylmethane?'®}), the pyridyl hydrogen atoms show a
significant upfield shift (8 = 5.80-7.59 versus § =
7.07—8.58 in dipyridylmethane).

On the one hand, the complete conjugation of the anion
facilitates strong bonding of the cation but, on the other
hand, the flexibility of the ligand, i.e. the variability of the
chelate bite, is drastically reduced by the partial double
bond character between the pyridyl rings and the bridging
C(H)-group. As a consequence, cations which are much
larger than Li* should not be complexed by the bipyridyl-
methyl ligand. This is demonstrated by structural compari-
son of the respective lithium and sodium lithates. Reaction
of 3 with 1 equivalent of 12-crown-4 leads to the removal
of coordinating THF molecules to afford the solvent sepa-
rated ion pair 4 (Figure 5, left). The anion consists of two
monoanionic dipyridylmethyl ligands complexing one lith-
lum cation in a tetrahedral arrangement. The second lith-
um cation, which is complexed by two crown ether mol-
ecules, constitutes the overall cation of 4. The transmetal-
ation reaction of 3 with NaO'Bu affords the sodium lithate
5 (Figure 5, right). Formally, the Li(12-crown-4), cation of
4 is replaced with the Na(THF);, cation. 2!

Figure 5. Molecular structures?¥ of the lithates 4 and 5

pm, respectively) are almost exactly halfway between the
short Li—N distances in the contact ion pairs of 2 and 3
and the long L—N donor distances in 3. The dipyridylme-
thyl ligand planes approach an orthogonal arrangement
with respect to each other (angles between the average li-
gand planes are 8§2.3° in 4 and 88.3° in 5). Despite the rigid
bridging of the pyridyl rings by the C(H)-group, the
monoanionic ligand still allows a certain flexibility as re-
vealed by the geometric parameters in the Py,C(H)-anion
in 4. The ligand framework in these systems deviates from
planarity by 12.4 pm, and the pyridyl rings are twisted by
15.6° (for comparison, the twisting angles in the other
anions are between 3.0° and 7.6°). However, the extent of
flexibility is apparently not sufficient to cause the rather
unfavorable Na(THF)4 arrangement to disassemble,

As predicted, the replacement of lithium in 2 with main
group metals of similar cation size yields the corresponding
chelate complexes. The dimethylaluminum (6) and the di-
methylgallium (7) analogues (Figure 6) can be synthesized
by a transmetalation reaction of 2 with the corresponding
metal chlorides or by deprotonation of 1 with Me3Al and
Me;Ga, respectively.?¥ Compound 6 adopts an unusual
monomeric structure in the solid state.®” The extent of n-
conjugation within the Py,C(H) anions is almost at maxi-
mum (0.8 pm deviation from planarity and a 0.8° ring twist
angle of the pyridyl groups), hence the aluminum cation
seems to have the optimum size for complexation by the
Py,C(H) ligand. In agreement with this, the AlI—N bond
lengths (190.8 and 190.9 pm) correspond well with litera-
ture values3%1 and the Al-C distances (195.3 and 195.9
pm) are comparable with those in Me;AlLPY ie. they are
not influenced by the complexing ligand. The gallium struc-
ture 7 shows a close relationship to the lithium structure 2
with respect to the Ga—N distances as well as to the con-
formation of the chelate ligands, and this reflects the similar
cation size of gallium and lithium.

Figure 6. Molecular structures®* of the dimethylaluminum 6 and
the dimethylgallium complex 7 of the dipyridylmethyl anion

Clearly the chelate bite of the Py,C(H) anion is well
adapted to the size of the lithium cation, leading to the
rarely observed formation of lithates (only two lithium
structures of this type were known,?! and the sodium lith-
ate is unprecedented). The sodium cation, however, is too
large to be complexed efficiently and so total metal ex-
change does not occur. Within the lithate anions of 4 and
5, the Li—N distances (average value 201.1 pm and 200.0
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Comparison of the bond lengths in the structures 1—7
illustrates the presence of partially localized double bonds
in the monoanionic ligand system (positions 1, 3 and 5 in
Figure 7a). This prevents the chelate bite from adapting to
the size of the metal cation. Thus, the Py,C(H) ligand is
comparable to other chelating amides such as Me,-
Si(N'Bu),>~,[*21  PhC(NSiMe;),,*¥  RS(NR),,[2o0134]
and Ph,P(NSiMe;),.[25¢]
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Figure 7

Pyridyl Phosphides and -Arsenides

The isoelectronic replacement of the C(H) bridging group
in the pyridylmethyl anions by groups of lower n-acceptor/
donor capabilities is one option to increase the geometric
flexibility of the complexing ligand system. The heavier
group 15 elements with a formally negative charge meet this
criterion due to the ylide-character of the respective ele-
ment—carbon bonds. In addition, these elements are of
great interest as precursors for 11I/V semiconductors when
integrated in low molecular aggregates with group 13 ele-
ments. 3 Usually, monomeric group 13/15 compounds are
obtained only when extremely bulky substituents are used
to protect the low valence metal center against nucleophilic
attack.®! In analogy to the bipyridylmethyl compounds,
group 13 metal cations in complexes with bipyridyl phos-
phides and arsenides should be well separated from the for-
mally anionic group 15 element and be exclusively coordi-
nated by the nitrogen atoms of the pyridy! groups.

Synthetic routes to the group 13 bipyridyl phosphides
and arsenides are summarized in Scheme 2.1%71 Reaction of
the trisubstituted pyridylphosphines and arsines with lith-
ium metal in THF vyields the lithium precursors
[Py:ELi-2THF] (8: E = P; 9: E = As) and bipyridyl, which
forms by a ligand coupling reaction of the initial product,
2-pyridyllithium, with Py;E. The group 13 derivatives
Me;MPy,E(10: M = ALE=P; 11: M = ALLE = As; 12:
M = Ga, E = As) can be prepared either by transmetal-
ation of LiPy,E with group 13 dimethylchlorides (10—12)
or by metalation of Py,EH (from the hydrolysis of LiPy,E)
with the corresponding trimethylated group 13 derivatives
(10). In contrast to analogous reactions with organolithium
compounds, treatment of tris(2-pyridyl)phosphine with tri-
methylaluminum yields the adduct complex 13. The satu-
rated coordination sphere of the aluminum atom and the
strong Al—C bonds in 13 presumably prevent methyl trans-
fer to the phosphorus atom.

The structures of the complexes 8 and 10—12 were inves-
tigated.*” In each case, a monomeric compound similar to
the corresponding C(H) analogue is formed. Only the pyri-
dyl nitrogen atoms of the Py,E ligand coordinate to the
metal center, leaving the bridging group 15 atom separated
from the cation. The structure of the lithium precursor 8 is
almost exactly the same as that of [Py,C(H)Li-2THF] (3).
Geometric differences are apparent in terms of the ligand
when comparing the group 13 metal complexes. While the
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Scheme 2
+ MesAl / EtO . MeyAljuPy)PP
" » exAlp-Fy y
PysE  «L/THF (iv) ® 2
E=PAs ~ 2P| 3
(') + HO
(ii)l - LiCH |
(THF),Li{(p-Py),E Py;EH
E = P(8), As(9) M E=P
- n-BuH
v)
+ Mes Al
CHz
= P As As E
M= Al Al Ga ON\ M/NO
10 11 12 Mé T\Ae

analogous C(H) ligand system remains coplanar, the corre-
sponding group 15 derivatives of aluminum reveal a distinct
deviation from planarity in the anion. Figure 8 illustrates
these deviations in contrast to the lithium complex 8. In 10
and isotypic 11, the pyridyl ring planes intersect at an angle
of 155°. The bridging angle C—E—C’ becomes more acute:
110.4(2)" in 8, 106.6(1)° in 10, and, as a consequence ol the
increased p-character in the C—As bonds, 103.0(3)° in 11.
In addition, the intramolecular N---N’ distance (the "bite")
of the ligand differs in both phosphorus compounds (8:
306.4 pm; 10: 292.2 pm).

Figure 8. View along the axis through the bridging group 15 ele-
ment and the metal cation in the molecular structures?” of 8, 10,
and 11

10

1"

On the other hand, the two E—C bond lengths are both
equal, within the standard deviation, in all of the anions
with a bond order belween a single and a double bond (av.
P—C = 179 pm vs. 185 pm for a single bond and 161 to
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171 pm for a double bond in phosphaalkenes®¥ ; av.
As—C = 190 pm vs. 198 pm in diphenylarsenides?”! and
182 pm in arsaalkenes!%)). Moreover, the pyridyl rings have
alternating bond lengths, indicating partial double bond
localization in the 3- and 5-positions, as well as the accumu-
lation of the negative charge on the nitrogen atoms (Fig-
ure 9).

Figure 9
,5\ 3 )1 E
/- 8% Ny
/ a \
AN ENPEN
L0 OO0
/'V',__ /M,__ E=P,As

) ) MaLi, Al Ga

b c

Although an X-ray structure analysis of the gallium com-
plex Py,AsGaMe, (12) could not be obtained, a geometry
identical to that of 11 can be deduced from its very similar
spectroscopic properties. Compared to the starting material
Py;As, the energetically highest pyridyl ring deformation vi-
bration in the IR spectrum of 11 and 12 is shifted to higher
wave numbers by coordination to the metal centers [V =
1570 (AsPy4),B1 1600 (11), 1595 (12) cm™!]. Metal coordi-
nation also causes an upfield shift of the 6-H signal in the
'TH-NMR spectrum of more than | ppm [6 = 8.67 (Py;As),
7.61 (11), 7.49 (12)]. Hence, the monoanionic ligands of the
heavier group 15 elements show a certain coordination
flexibility toward different metal centers without losing full
conjugation. However, the bent conformation of the anion
is not static, as verified by the 'H- and '*C-NMR spectra.
Despite the nonequivalence of both (M)methyl groups in
the solid state, only a single signal is detected in solution
even at low temperature (—80 °C). Nevertheless, coordi-
nation of the mixed group 13/15 complexes 10—12 to soft
d-block metal centers might provide a route to hard/soft
bimetallic reagents due to coordination site selectivity.

Pyrazolyl Germanates and -Stannates

A different route to monoanionic N-heteroaromatic sub-
stituted ligand systems featuring an increased geometric
flexibility is the bridging of three heteroaromatic rings
rather than two by suitable bridging groups. As emphasized
earlier, the poly(pyrazol-l-yl)borates represent the best
known examples among this class of ligand system.['!1112]
In the corresponding metal complexes the central cation is
effectively shielded on one side by the tripodal ligand while
being open for nucleophilic attack on the other side. Differ-
ent bridging groups have to be employed to provide a com-
plex with the ability to attract electrophiles. We chose
Ge(Il) and Sn(II) to replace the B(H) unit in the scor-
pionate ligand system because the known amphoteric
properties of Ge(Il) and Sn(Il) compoundsBA™2 promise
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an even greater variability in the coordination behaviour.
The anionic group 14 metal centers can interact with elec-
trophiles because of their lone pair, and also with nucleo-
philes which saturate their coordination sphere,

Depending on the size and acidity of the cation, several
coordination modes are conccivable in metal complexes
with the monoanionic tripodal poly(pyrazolyl)germani-
um(Il) and -tin(Il) ligand systems E(Pz);M (E = Ge, Sn,
Pz = pyrazol-1-yl, M = main-group metal). The three ar-
rangements observed are illustrated in Figure 10; coordi-
nation to the bridging group 14 element has never been
ascertained. A tridentate (a) or a monodentate (b) coordi-
nation mode is the consequence of an exclusive N(c) do-
nation of the pyrazolyl ring nitrogen atoms to the metal
center. A combination of the N(s) donating capacity and
the n-interacting potential of the heteroaromatic rings re-
sults in the coordination mode depicted in ¢ (Figure 10).

Figure 10

N @”‘M Fnes
N N

/7 N
@E N '@ PN 3
\; @N i@ N\M

E=Ge; M= Na E=86n,M=Na

In all types of bonding, rotation of the N-heteroaromatic
substituents about the E—N bond should be quite facile,
permitting a high variability with respect to the grip of the
monoanionic ligand. In related ligand systems like
[(‘BuO);E]” (E = Ge, Sn, Pb)#?ll42d and {[Ph(*Bu)C=
NLE}~ (E = Sn, Pb)!** the rotation about the E-O or
E—N bond does not influence the grip. One important as-
pect of our studies was therefore to compare the coordi-
nation mode in complexes of main group metals with differ-
ent cation sizes and basicities.

Complexes of the tripodal monoanionic ligands E(Pz);~
(E = Ge, Sn; Pz = pyrazol-1-yl) are acccssible by the reac-
tion of El-halides with an excess of metal pyrazolyl deriva-
tives, such as alkali metal or alkaline earth metal pyrazolyl
compounds. The resulting ET(Pz), unit interacts with unre-
acted M'(Pz) or M(Pz), species to form an acid—base ad-
duct (Scheme 3).1*! When pyrazolylsodium is used, the re-
sulting sodium tri(pyrazolyl)germanate 14 is a monomeric
complex corresponding to type (a), while the sodium tri(py-
razolyl)stannate 15 forms dimeric type (b)-like aggregates in
the solid state.

The monoanionic ligands E(Pz);~ complex the hard
Lewis acid Na™ by coordination to the hard 2-nitrogen
atoms of the pyrazolyl rings. Germanium and tin are not
involved in metal coordination (Scheme 3). The pyrazolyl
ligands in the contact ion pairs of 14 and 15 separate the
positive charge on sodium from the formally negative
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Scheme 3
O\ . (O
INaH + 3 N7 toluene / 25°C 3 N/N
| -3H, ]
H Na
GeCly' dioxane / THF / -78°C SNnCi, | THE 1 -78°C
-2 NaCl -2NaC!

3 |
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THE_ | N\ THF
14 1/2 pzH—Na Na-/—sz
THF /\THF

charge on germanium and tin. A different situation is cru-
cial in [Li(12-crown-4),][Ge(SiMes)s]. 3 In this case, the al-
kali metal is solvent separated from the negatively charged
group 14 atom. Due to the crystallographic symmetry, all
Ge—N distances [196.5(6)pm] and N-Ge—N’ angles
[96.2(3)°] are equal in 14, and the structural pattern is simi-
lar to those found in tridentate tri(pyrazolyl)borate ligand
systems.!'?l The dimeric structure of 15 can be interpreted
as a twelve-membered ring system composed of alternating
sodium and tin atoms which are connected by pyrazolyl
substituents.

The orientation of the pyrazolyl substituents in the
[Sn(Pz);]~ unit may give an insight as to why a tridentate
coordination mode, as in 14, is not observed in 15. As illus-
trated in Figure 11, the pyrazolyl rings are arranged pecrpen-
dicular to each other, with the nitrogen atoms facing out-
ward from the ligand cone. Given the pyramidal environ-
ment of tin, this seems to be the conformation providing
the least steric strain, particularly with respect to the free
electron pairs at the nitrogen atoms in the 2-positions. Al-
though the average Sn—N distance of 217 pm (which is
about 20 pm longer than the corresponding Ge—N distance
in 14) creates a larger pocket to host the sodium cation,
per se, this effect is outweighed by the significantly smallet
bridging angle at tin (87.4° vs. 96.2° for N—Ge—N' in 14).
Apparently, the cavity in the type (a) form of [Sn(Pz)3]™ is
too small to accommodate a sodium cation on condition of
appropriate Na—N distances. As derived from both struc-
tures, the Na—N distances seem to be quite restricted (244
and 243 pm in 14 and 15, respectively).

In order to further study the different space restrictions
in the tripodal type (a) pyrazolyl germanates and -stannates
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Figure 1]. Arrangement of the pyrazolyl substituents in 1514

the 'homobimetallic’ cations [E(Pz*);E]" [Pz* = 3,5-di-
methylpyrazol-1-yi; E = Ge (16), Sn (17)] containing ECI;~
as counterions were synthesized and their structures charac-
terized.™#! Pz* rather than Pz was used to sterically hinder
an orientation of the heteroaromatic substituents corre-
sponding to the type (b) mode as observed in 15.

Figure 12. Structures™#Y of the cations in 16 (left) and 17 (right)

The very similar structures of the cations of 16 and 17
can be described as 'paddle-wheels’ with a Ge(IT) or Sn(Il)
shaft. The two E(II) centers are bridged exo-bidentate by
three Pz* substituents in such a way that dicapped trigonal
prisms result. The average E—N distances (E = Ge: 197,
Sn: 220 pm) agree with the E—N distances in the related
sodium complexes. A notable effect, however, concerns the
N—E—N’ bridging angles. Whereas this angle varies by
only about 1° in the tin compounds 15 and 17, a remarkable
difference of 6° is observed in the germanium analogues.
Hence, the bridging angle at germanium is [lexible enough
to allow a tripodal ligation of sodium in 14. With the anal-
ogous tin anion this angle is quite rigid, and an "open” ar-
rangement of the pyrazolyl substituents with respect to the
sodium cation results in 15.

The flexibility of the monoanionic Ge(Pz*); ligand, in
particular, can be utilized to complex bivalent cations which
are far larger than the sodium cation. Ba[Ge(Pz*);], (18) is
formed by the reaction of Ba(Pz*), with germanium di-
chloride in a 3:2 molar ratio.[**"! The reaction of Ba(Pz*),
with GeCl, or SnCl, in a 1:2 molar ratio yields the "homo-
bimetallic' complexes 16 and 17. The molecular structure
of 18 is monomeric in the solid state (Iigure 13). Two
Ge(Pz*),~ ligands envelop the central barium cation in
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such a way that a homoleptic complex is formed. The coor-
dination sphere of barium consists of four o-donating nitro-
gen atoms and two m-interacting Pz* substituents, to re-
semble the type (¢) coordination mode. To our knowledge,
18 is the first example of side-on coordination by a pyrazo-
Iyl ligand to an alkaline earth metal, and this demonstrates
the versatility of the E(Pz*);~ ligand system. In the elec-
tronically  isovalent  poly(pyrazolyl)borate  complex
Ba[BH(Pz*);] all six nitrogen atoms coordinate exclusively
with the metal center in an N(c) manner, and an Sg-sym-
metry of the complex results.**] Due to the accumulation
of the negative charge at the nitrogen atoms, however, the
n-coordination by the two pyrazolyl substituents is not
symmetrical as it is, for instance, in cyclopentadienyl sys-
tems. While the Ba—N side-on distances are not much
longer than the Ba—N(o) bonds (294 vs. 280 pm on aver-
age), the Ba—C(CH;) contacts are significantly weaker
[Ba—C(CHs;) distances range from 328 to 339 pm].

Figure 13. Molecular structure™*! of Ba[Ge(Pz*);], 18

The structures of the germanium complexes 14, 16, and
18 prove that the size of the concave side of the ligand is
tunable to accommodate a wide range of cation sizes. In
addition, the ligand is able to adapt to the electronic re-
quirements of the complex center, i.e. coordinate to both
soft and hard Lewis acids. This combination provides a re-
markably high coordination flexibility with the potential to
create low aggregated complexes hosting almost any kind
of metal cation. In particular, the monoanionic Ge(Pz);~
ligand is a very promising candidate to design hard/soft bi-
metallic reagents in complexes with soft acid d-block
metal centers.

Conclusion

Monoanionic ligand systems emulating the structural
features of the well-known poly(pyrazolyl)borates have
been designed by bridging heteroaromatic rings with for-
mally negatively charged group 14 and group 15 elements.
Their complexes with main group metals are best described
as Lewis acid—base adducts. The coordination of the com-
plex center is generally accomplished by N(o)-interactions
with the heteroaromatic substituents and always leaves the
anionic center at the bridging position separated from the
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metal cation. The extent to which the complete anion is
conjugated is one important factor which determines the
geometric flexibility of the bidentate ligand systems. Due to
the high tendency of carbon to form multiple bonds, the
monoanionic bipyridylmethyl ligand is essentially planar,
and the chelate bite is basically invariable. Isoelectronic re-
placement of the C(H) bridging group with heavier group
15 elements disturbs the n-conjugation and a nonplanar ge-
ometry of the ligand system results which is most pro-
nounced in the corresponding arsenic complex.
Monoanionic tridentate ligands were investigated which in-
corporate heavier group 14 elements as the bridging func-
tion between three pyrazolyl substituents. The germanium-
bridged ligand system combines the ability to geometrically
and electronically adapt to the needs of the coordinated
metal cation. Examples of this include the complexation of
the small sodium cation and the formation of the barium
complex Ba[Ge(Pz*);], where both the N(o)-donating and
the m-interacting coordination modes are realized. Hence,
this ligand system is a prime candidate to host both hard
and soft Lewis acids in a suitable fashion.

In all the complexes discussed here the heteroaromatic
substituents operate as charge spacers between the formally
anionic center and the metal cation without encapsulating
either site. This allows the complexes to react as nucleo-
philes due to the presence of the lone pair at the bridging
clement, or as Lewis acids through the cation. As an appli-
cation for these systems, soft/hard bimetallic reagents with
specific characteristics can be designed by introducing d-
block metals as complex centers. Multinuclear linear arrays
are created when soft main group elements in the bridging
position connect two complex units by pn-dn interactions.
A different possibility lies in their application in CVD pro-
cesses. As the ligand systems are composed of volatile but
stable substituents the monomeric binuclear complexes may
prove to be valuable precursors, particularly en route to I1I/
V-semiconducting thin films.
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