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Alkali-Metal Pyrazolate Complexes with Unusual Pyrazolate Coordination
Modes and Pseudocubane Motifs
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Introduction

The chemistry of pyrazolate (pz) ligands[1] has become a
popular research area, owing to the observation of increas-
ingly versatile binding modes[2] and the enhancement of the
scope of h2 binding from f-block elements to main-group
and d-block elements,[3–5] as well as their role as precursors
to scorpionate ligands.[6] Although bridging coordination
modes are still dominant in main-group and d-block transi-
tion-metal pyrazolate complexes, recent advances in this
field have found an increasing number of h2-coordinated
complexes.[3–5,7,8] The polynuclear potassium pyrazolato spe-
cies obtained by Winter and co-workers,[2j] [KACHTUNGTRENNUNG(Ph2pz) ACHTUNGTRENNUNG(thf)]6,
was the first structurally documented Group 1 complex to

contain the h2 pyrazolato coordination unit, which was in-
corporated into the then new m3-h

1:h2:h1 arrangement. It was
suggested that this type of bonding should be common
among Group 1 metal derivatives, and this was further sup-
ported by the subsequent isolation of the monomeric [K(h2-
3,5-Ph2pz)(h

6-18-crown-6)].[7] Novel features of the potassi-
um complexes include a case of p-h2 K coordination[7] and
examples of “slipped”, unsymmetrical h2 binding, thus sug-
gesting possible reversion to h1 binding with the smaller
Na+ or Li+ cations. Alternatively, if bridging prevails, the m-
h1:h2 :h1 arrangement observed with potassium may be cur-
tailed to the rare m-h1:h2 mode, which has been observed
only twice before.[2g,9]

As part of our study of the binding modes of pyrazolate
ligands with lanthanoid and main-group elements,[2b–i,4a,5a–c]

we report herein the synthesis and structural characteriza-
tion of [Li ACHTUNGTRENNUNG(Ph2pz)ACHTUNGTRENNUNG(OEt2)]2 (1), [NaACHTUNGTRENNUNG(Ph2pz)ACHTUNGTRENNUNG(thf)]4 (2), [Na-
ACHTUNGTRENNUNG(tBu2pz)] (3), and [Na4ACHTUNGTRENNUNG(tBu2pz)2ACHTUNGTRENNUNG(thf)3ACHTUNGTRENNUNG(obds)]2 (4). These
complexes illustrate the wide variety of coordination modes
possible for pyrazolate ligands, including the appearance of
three new binding modes, with 2 and 4 providing variations
on the cubane structural theme. Since this work was com-
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Abstract: The dimeric complex [Li-
ACHTUNGTRENNUNG(Ph2pz)ACHTUNGTRENNUNG(OEt2)]2 (1) and tetrameric
cluster [Na ACHTUNGTRENNUNG(Ph2pz)ACHTUNGTRENNUNG(thf)]4 (2) were pre-
pared by treatment of alkali-metal re-
agents (nBuLi and Na{N ACHTUNGTRENNUNG(SiMe3)2}, re-
spectively) with 3,5-diphenylpyrazole
(Ph2pzH) in Et2O (1) or THF (2). The
polymer [NaACHTUNGTRENNUNG(tBu2pz)]n (3) was ob-
tained from reaction at elevated tem-
perature in a sealed tube between Na
metal and 3,5-di-tert-butylpyrazole
(tBu2pzH). The complex [Na4 ACHTUNGTRENNUNG(tBu2pz)2
ACHTUNGTRENNUNG(thf)3 ACHTUNGTRENNUNG(obds)]2 (4 ; obds= (OSiMe2)2O)
was obtained as a minor product from
prolonged treatment of tBu2pzH with
elemental sodium in a silicone-greased
flask. All four alkali-metal pyrazolato

complexes were characterized by IR
and 1H NMR spectroscopy and X-ray
crystallography.The Li dimer 1 displays
m-h2:h1 lithium–pyrazolato binding, in
which both lithium atoms are four-co-
ordinate. Room- and variable-tempera-
ture NMR studies (1H, 13C, and 7Li) of
1 suggest similar behavior in solution,
with peaks coalescing at low tempera-
tures. Complexes 2 and 4 display dis-
torted cubane structures. In 2, all the
sodium atoms are five-coordinate,
whereas 4 contains two sodium/pyrazo-

late/thf clusters (4:2:3 ratio) bridged by
two obds2� units, as well as two four-
coordinate and two five-coordinate
sodium atoms. Compound 3 is com-
posed of two independent chains with
the unusual coordination modes m3-
h5 :h2 :h2, m3-h

5 :h2 :h1, and m3-h
4:h2:h1,

with five-, six-, and seven-coordinate
sodium atoms. Two oxo-centered M8

cage complexes [(tBu2pz)6Li8O] (5) and
[(tBu2pz)6Na8O] (6) were obtained as
by-products from attempted prepara-
tion of [Li ACHTUNGTRENNUNG(tBu2pz)] and [NaACHTUNGTRENNUNG(tBu2pz)],
respectively, and their structures were
determined.Keywords: cubane · lithium · oxo

ligands · pyrazolate · sodium
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pleted, a number of related lithium and sodium pyrazolates
have been reported.[9] We also report the structures of oxo-
centered M8 cages [(tBu2pz)6Li8O] (5) and [(tBu2pz)6Na8O]
(6), obtained as by-products.

Results and Discussion

Synthesis and Structure of [Li ACHTUNGTRENNUNG(Ph2pz)ACHTUNGTRENNUNG(OEt2)]2 (1)

Treatment of 3,5-diphenylpyrazole (Ph2pzH) with nBuLi at
room temperature in diethyl ether (Et2O) afforded colorless
crystals of 1 after filtration and concentration of the solution
[Eq. (1)].

2Ph2pzHþ 2nBuLi Et2O
��! LiðPh2pzÞðOEt2Þ½ �2þ2nBuH ð1Þ

The 1H NMR spectrum of the product revealed a 1:1 ratio
of pyrazolate to Et2O signals and showed complete conver-
sion of the pyrazole through the absence of the NH reso-
nance at about 10 ppm and the lack of an NH stretching ab-
sorption at 3500–3150 cm�1 in the IR spectrum. The micro-
analytical data suggested some decomposition of the com-
pound during travel for analysis, despite being sealed under
nitrogen.
X-ray crystallography confirmed the formation of an

Et2O-solvated dimeric lithium pyrazolate complex (Fig-
ure 1a), with two four-coordinate lithium ions bridged by
two pyrazolate ligands bound in an h2 fashion to one lithium
ion and h1 to the other. Thus, 1 has the highly unusual (pyra-
zolate) coordination of m-h2 :h1,[2g,9] which is reminiscent of
carboxylate[10] and formamidinate[11] chemistry.
The coordination sphere of the lithium ion is completed

by one Et2O molecule (Figure 1a). Truncation of the m3-
h1:h2 :h1 coordination of Ph2pz in [KACHTUNGTRENNUNG(Ph2pz)ACHTUNGTRENNUNG(thf)]6

[2j] to m-
h2 :h1 in 1 can be attributed to the small size of Li+ .[12] Simi-
larly, the transition from m-h2 :h2 Ph2pz bridging to m-h2:h1 in
dimeric rare-earth [Ln2ACHTUNGTRENNUNG(Ph2pz)6] complexes occurs only with
the smallest rare-earth metal, Sc.[2g] There is also truncation
from the m3-h

1:h1:h1 coordination of the pyrazolate ligand in
[Li ACHTUNGTRENNUNG(tBu2pz)]4

[9] owing to solvation by Et2O in 1. Recently,
the structure of [Li ACHTUNGTRENNUNG(tBu2pz) ACHTUNGTRENNUNG(tBu2pzH)]2 has been reported as
having m-h2:h1 binding,[9] but it displays significant differen-
ces in overall geometry from that of 1. Whilst both com-
plexes are nonplanar, the pyrazolato ligands in [Li ACHTUNGTRENNUNG(tBu2pz)-
ACHTUNGTRENNUNG(tBu2pzH)] are twisted further away from the Li–Li vector
than in 1 (Li�N�N�Li torsion angles of 69.3 and 60.28, re-
spectively) to accommodate the greater steric bulk of the
tBu groups relative to the phenyl groups. Furthermore, the
former complex has a strong hydrogen-bonding contact
from the pyrazole NH group to the center of the pyrazolate
ring (H···cen=2.40 O);[9] there is no equivalent contact in 1.
The twisting of the ligand in turn brings about a shorter
Li(1)–Li(1)* distance in [Li ACHTUNGTRENNUNG(tBu2pz) ACHTUNGTRENNUNG(tBu2pzH)]2 compared to
1 (2.587 and 2.829 O, respectively). As a further conse-
quence, the difference between the Li�N bond length in the
h1 interaction and the corresponding nonbonding Li···N dis-
tance is greater in 1 (0.90 O) than in [Li ACHTUNGTRENNUNG(tBu2pz) ACHTUNGTRENNUNG(tBu2pzH)]2

(0.751 O), thus making the attribution of m-h2:h1 bonding in
the present case clearer. In [Sc2ACHTUNGTRENNUNG(Ph2pz)6],

[2] the difference
between bonding and nonbonding Sc–N distances in the m-
h2 :h1 interactions is 0.76–0.82 O, whereas the largest differ-
ence between M�N bond lengths in cases of proposed h2

binding (slipped h2) of triazolates and pyrazolates is about
0.60 O.[2h,13] The less-twisted orientation of the pyrazolato li-
gands in 1 gives rise to greater variation in the Li�N bond
lengths in the h2 interaction (difference=0.25 O) than in
[Li ACHTUNGTRENNUNG(tBu2pz)ACHTUNGTRENNUNG(tBu2pzH)] (difference=0.10 O) (Table 1). This
asymmetric bonding is also reflected by the larger N(2)�
N(1)�Li(1) angle (82.25(11)8) with respect to N(1)�N(2)�
Li(1) (60.01(9)8 ; Table 1). Comparable variations in Li–N

Figure 1. X-ray crystal structure of the dimeric [Li ACHTUNGTRENNUNG(Ph2pz) ACHTUNGTRENNUNG(OEt2)]2 (1)
showing a) the atom labels and b) the relative orientations of the phenyl
rings. Symmetry operator: #=1�x, 2�y, �z. Ellipsoids are shown at 50%
probability. Selected bond lengths and angles are listed in Table 1.
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distances, similar bond-length values, and similar bond-angle
variations were observed in the dimer [Li(m-h2:h1-TolForm)-
ACHTUNGTRENNUNG(OEt2)]2

[14] (TolForm=N,N’-di(p-tolylformamidinate)). A
further example of the h2 :h1 binding mode in a bidentate N-
donor ligand was observed in a ruthenium triazenide com-
plex.[15] The Li–OEt2 interaction is within the normal range
for Li–O distances for dimeric structures and is comparable
with that in both [Li ACHTUNGTRENNUNG(TolForm) ACHTUNGTRENNUNG(OEt2)]2)

[14] and [Li{N-
ACHTUNGTRENNUNG(SiMe3)2}ACHTUNGTRENNUNG(OEt2)]2.

[16] Another interesting feature of the
structure of 1 is that the phenyl rings are in different posi-
tions with respect to the plane of the pyrazolate (Figure 1b).
Planar angle calculations showed that one phenyl ring is
close to being coplanar with the pyrazolate ring (19.43(8)8),
whereas the other adopts a more-intersecting orientation
(37.97(5)8).
The 7Li NMR spectra of 1 at room temperature in both

C6D6 and C7D8 showed four different lithium resonances
(two major and two minor signals) that are consistent with
the 1H and 13C NMR spectra, both of which showed overlap-
ping signals corresponding to Ph2pz

� and Et2O at room tem-
perature. Notably, there are two ortho- and two meta-carbon
resonances. Plausibly, a series of exchange equilibria are set
up at room temperature between the fully solvated lithium
complex [Li ACHTUNGTRENNUNG(Ph2pz)ACHTUNGTRENNUNG(OEt2)]2, the partly desolvated dimer,
and the unsolvated dimer and/or trimer, and so on [Eq. (2)].

n ½LiðPh2pzÞðOEt2Þ�2 Ð nOEt2 þ n ½Li2ðPh2pzÞ2ðOEt2Þ�
Ð 2nOEt2 þ n ½Li2ðPh2pzÞ2� Ð ½LiðPh2pzÞ�2n

ð2Þ

Variable-temperature 1H NMR spectra of 1 in C7D8

showed that the multiple signals observed for both Ph2pz
�

and Et2O coalesced at 30 8C, as the temperature is de-
creased. At �40 8C one major species, plausibly [Li ACHTUNGTRENNUNG(Ph2pz)-
ACHTUNGTRENNUNG(OEt2)]2, is clearly dominant, with the three minor Et2O res-
onances seen at 30 8C much less evident at �40 8C. A similar
temperature-dependent phenomenon was observed for the
lithium dimer [{Li(N ACHTUNGTRENNUNG(SiMe3)CH2CH2N ACHTUNGTRENNUNG(SiMe3))Li ACHTUNGTRENNUNG(OEt2)}2];
the compound was found to undergo rapid exchange be-
tween complexed and uncomplexed diethyl ether adducts.[17]

The 7Li NMR spectra, recorded whilst the sample was
cooled in 10 8C steps from 30 to �40 8C, displayed a coales-
cence of the four signals seen at room temperature into a
dominant single resonance (Figure 2). This behavior sug-
gests that the main signal corresponds to the symmetrical di-
meric ether-complexed solid-state structure, which should

display only one 7Li resonance. An analogous shift was ob-
served for [8-Me2NC10H6Li ACHTUNGTRENNUNG(OEt2)]2 upon cooling from 0 to
�90 8C, with the ether-free species [8-Me2NC10H6Li]2 ob-
served at the highest temperature, and the etherate alone at
a lower frequency at the lowest temperature.[18] A similar
low-frequency shift was observed for [Li ACHTUNGTRENNUNG(Me2pz) ACHTUNGTRENNUNG(thf)]
(Me2pz=3,5-dimethylpyrazolate) on complexation of thf
relative to [Li ACHTUNGTRENNUNG(tBu2pz)]4,

[9] as well as with [Li ACHTUNGTRENNUNG(thf)nAl-
ACHTUNGTRENNUNG(Mes)2(NH ACHTUNGTRENNUNG(tBu))2].

[19]

Synthesis and Structure of [Na ACHTUNGTRENNUNG(Ph2pz) ACHTUNGTRENNUNG(thf)]4 (2)

[Na ACHTUNGTRENNUNG(Ph2pz) ACHTUNGTRENNUNG(thf)]4 (2) was prepared by treating Na{N-
ACHTUNGTRENNUNG(SiMe3)2} with Ph2pzH at room temperature [Eq. (3)]. Large

Table 1. A comparison of selected bond lengths (O) and angles (8) for 1, [Li ACHTUNGTRENNUNG(Ph2pz) ACHTUNGTRENNUNG(Ph2pzH)]2, 2, and [Na ACHTUNGTRENNUNG(Me2pz) ACHTUNGTRENNUNG(thf)]4.
[a]

[Li ACHTUNGTRENNUNG(Ph2pz) ACHTUNGTRENNUNG(OEt2)]2 (1) [Li ACHTUNGTRENNUNG(tBu2pz) ACHTUNGTRENNUNG(tBu2pzH)]2
[9] [Na ACHTUNGTRENNUNG(Ph2pz)ACHTUNGTRENNUNG(thf)]4 (2) [Na ACHTUNGTRENNUNG(Me2pz) ACHTUNGTRENNUNG(thf)]4

[9]

Li(1)�O(1) 1.945(3) Na(1)�O(1) 2.270(2) Na(2)�O(1) 2.330(1)
Li(1)�N(1) 1.954(3) Li(1)�N(1) 2.009(4) Na(1)�N(1) 2.866(3) Na(2)�N(3) 2.757(2)
Li(1)�N(2) 2.235(3) Li(1)�N(2) 2.022(4) Na(1)�N(2) 2.426(3) Na(2)�N(4) 2.448(2)
Li(1)�N(2)# 2.042(3) Li(1)�N ACHTUNGTRENNUNG(2 A) 2.048(4) Na(1)�N(1)† 2.345(2) Na(2)�N(1) 2.382(2)

Na(1)�N(3)† 2.438(3) Na(2)�N(4)* 2.401(2)

N(1)�Li(1)�N(2) 37.71(7) N(1)�Li(1)�N(2) 39.73(10) N(1)�Na(1)�N(2) 28.68(7) N(1)�Na(1)�N(2) 30.88(5)
N(2)-N(1)-Li(1) 82.25(11)
N(1)�N(2)�Li(1) 60.01(9)

[a] Symmetry operators: #=1�x, 2�y, �z ; †=�x, y, �z+ 1=2; *=x, y, �z+ 1=2.

Figure 2. Selected variable-temperature 7Li NMR spectra of 1 in C7D8.
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colorless crystals were obtained after the solution was con-
centrated and cooled.

4Ph2pzHþ 4Na NðSiMe3Þ2f g thf
�! NaðPh2pzÞðthfÞ½ �4

þ4HNðSiMe3Þ2
ð3Þ

Complete reaction was confirmed by the IR spectrum of
the crystalline product, which was devoid of the NH absorp-
tion at 3400–3150 cm�1. This was supported by the 1H NMR
spectrum in C6D6, which had no broad NH signal for
Ph2pzH at 10 ppm and showed a Ph2pz/thf ratio of 1:1. The
resonances for the pyrazolate phenyl protons showed evi-
dence of splitting, a phenomenon also observed for the thf
peaks. The splitting of the signal is consistent with partial
loss of thf from associated solvated sodium pyrazolate in so-
lution [Eq. (4)].

½NaðPh2pzÞðthfÞ�n Ð m thf þ ½NanðPh2pzÞnðthfÞn�m� ð4Þ

The aggregated nature of the product was confirmed by
X-ray crystallography, which revealed a tetranuclear pyrazo-
latosodium cage [Na ACHTUNGTRENNUNG(Ph2pz) ACHTUNGTRENNUNG(thf)]4 (2) (Figure 3a) compris-
ing four sodium atoms, four tetrahydrofuran molecules, and
four 3,5-diphenylpyrazolato ligands. The asymmetric unit
contains half of the complex, the other half being generated
by a two-fold rotation axis. Each sodium atom is five-coordi-
nate, with h2 coordination of one pyrazolate and h1 binding
of two adjacent pyrazolate ligands, in addition to interaction
with one tetrahydrofuran molecule. The arrangement of the
sodium ions and the pyrazolato ligands is analogous to the
cubane-type Na4O4 cluster that is often observed, for exam-
ple, in the structure of [Na(4-MeC6H4O) ACHTUNGTRENNUNG(dme)]4

[20] (dme=
1,2-dimethoxyethane) and is also seen with lithium[21] and
potassium phenolates.[22] Recently, the cubane motif was
seen in an extended form in an Na9O9 cluster that forms
four face-sharing cubes.[23] Complex 2 represents, to the best
of our knowledge, the closest example to a cubane geometry
in which m3-bridging pyrazolato ligands replace m3 oxygen
atoms; the only other Na4pz4 cluster, [Na ACHTUNGTRENNUNG(Me2pz)ACHTUNGTRENNUNG(thf)]4, is
more significantly distorted.[9] We previously published an
unsolvated Tl4pz4 cluster, [Tl ACHTUNGTRENNUNG(Ph2pz)]4,

[2i] with a similar
metal-ion arrangement, although two of the pyrazolato li-
gands bridge with the m3-h

1:h1:h1 rather than the m3-h
1:h2:h1

arrangement observed in 2 and [Na ACHTUNGTRENNUNG(Me2pz) ACHTUNGTRENNUNG(thf)]4, presuma-
bly due to the larger ionic radius of thallium.[24] The m3-
h1:h2 :h1 coordination mode was first observed in the analo-
gous [KACHTUNGTRENNUNG(Ph2pz)ACHTUNGTRENNUNG(thf)]6, in which a larger cage than a cube
was obtained.[2j] The cubic motif within 2 is best seen when
the midpoints of the pyrazolate N�N bonds are used to
form the vertices of the cube (Figure 3b). The replacement
of oxygen bridges results in a significant distortion of the
cube with corner angles in the range 81.05–100.008. The
same angles within [Na ACHTUNGTRENNUNG(Me2pz) ACHTUNGTRENNUNG(thf)]4 are in the range
73.86–106.038, which confirms a greater distortion than in 2.
The h2 binding of the 3,5-diphenylpyrazolate ligands to

the sodium atoms comprises Na(1)–N(1)/N(2) and Na(2)–
N(3)/N(4) interactions, whereas the h1 interactions are

through N(1)–Na(1)†, N(2)–Na(2), N(3)–Na(1)†, and N(4)–
Na(2)† contacts. Whereas most Na�N bond lengths are near
2.40 O, Na(1)–N(1) and Na(2)–N(4) distances are considera-
bly longer, as part of a skewed h2 binding. The range of Na–
N distances is similar to but slightly larger (�0.1 O) than
that observed for [Na ACHTUNGTRENNUNG(Me2pz)ACHTUNGTRENNUNG(thf)]4, and the bite angles are

Figure 3. a) X-ray crystal structure of the tetranuclear sodium cluster
[Na ACHTUNGTRENNUNG(Ph2pz)ACHTUNGTRENNUNG(thf)]4 (2) showing the atom labels (ellipsoids shown at 50%
probability). b) The cubane-type geometry adopted by the Na4pz4 unit
(sodium atoms shown as spheres); heavy lines are formed between Na
and the N–N centroids. Selected bond lengths and angles are reported in
Table 1. Symmetry operator: †=�x, y, 1=2�z.
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smaller for 2 than for the Me2pz complex.[9] Both effects re-
flect the greater bulk of Ph2pz relative to Me2pz. All values
are within the wider range observed for the Na�N bonds of
[Na{LnACHTUNGTRENNUNG(tBu2pz)4}]n complexes.[2h]

Synthesis and Structure of the Polymeric Unsolvated
[Na ACHTUNGTRENNUNG(tBu2pz)]n (3)

The double-stranded sodium 3,5-di-tert-butylpyrazolate
polymers {[Na ACHTUNGTRENNUNG(tBu2pz)]3}1 and [Na ACHTUNGTRENNUNG(tBu2pz)]6}1 were first
obtained as by-products in the high-temperature reaction
between Yb metal filings, Na metal, and tBu2pzH. They
were then deliberately prepared in a sealed Carius tube by
direct treatment of tBu2pzH with Na metal at 200 8C
[Eq. (5)].

nNaþ ntBu2pzH
200
C
���! Na tBu2pzð Þ½ �nþ

n
2
H2 ð5Þ

Use of a 50% excess of sodium metal ensured full con-
sumption of the tBu2pzH ligand. This complex was obtained
earlier by reaction of sodium metal with pyrazole in THF,
but attempts to obtain crystals gave the cage [Na7(OH)-
ACHTUNGTRENNUNG(tBu2pz)6].

[9] The 1H NMR and IR spectra of 3 showed the
presence of the pyrazolate ligand and neither an NH reso-
nance nor a n(NH) absorption. X-ray crystal-structure deter-
mination showed two independent sodium pyrazolate poly-
mer strands, in which nine unique sodium atoms (six in one
strand, three in the other) are surrounded by only pyrazo-
late ligands (nine independent) (Figure 4).
The structure differs from the single ladder recently ob-

served in [KACHTUNGTRENNUNG(tBu2pz)]n, which has only one unique potassium
atom.[9] More significantly, the present complex exhibits the
new pyrazolate binding modes m3-h

5 :h2 :h2, m3-h
5:h2:h1, and

m3-h
4 :h2 :h1 (6:2:1), in contrast with the (new) m3-h

5 :h4 :h2 liga-
tion of the potassium derivative.[9] Each sodium atom is
bound by three bridging ligands either through an h5 and
two h2 interactions (formal seven-coordination), an h5, an h2,
and an h1 interaction (formal six-coordination), or h4, h2,
and h1 interactions (formal five-coordination). In the chain
with six unique sodium atoms, two pairs of seven-coordinate
sodium atoms (Na ACHTUNGTRENNUNG(1,2) and Na ACHTUNGTRENNUNG(5,6)) flank two six-coordi-
nate ones (Na ACHTUNGTRENNUNG(3,4)). By contrast, the three-sodium chain has
two seven-coordinate sodium atoms (Na ACHTUNGTRENNUNG(9,8)) followed by a
five-coordinate sodium atom (Na(7)).
In the three cases in which h1 (N) rather than h2 (N2) liga-

tion is proposed, the difference between Na�Nbonding and
Na···Nnonbonding is 0.8–0.9 O (Table 2), which is comparable to
the analogous differences in 1 and [Sc2ACHTUNGTRENNUNG(Ph2pz)6].

[2g] Further-
more, the corresponding Na�Nbonding�Nnonbonding and Na�
Nbonding�Cnonbonding angles are near trigonal (�115 and 1328,
respectively). Virtually all the h2 bonding interactions (com-
ponents of more-complex binding modes) are highly unsym-
metrical (slipped),[2j] with differences between the two Na�
N bond lengths in the range 0.09–0.62 O (Table 2). Values
near the upper limit have been reported for slipped h2 bind-
ing in triazolatopotassium and [Na{Ln ACHTUNGTRENNUNG(tBu2pz)4}] complex-
ACHTUNGTRENNUNGes.[2h,13a] Although this stretches the concept of h2 binding to

the limit, the longest proposed Na�N bonds are still 0.20 O
shorter than the Na···N distances that are considered non-
bonding (Table 2) as part of the assignment of h1 binding.
Na�N bond lengths comparable to the longest Na�N values

Figure 4. Structure of [Na ACHTUNGTRENNUNG(tBu2pz)] showing the two independent sodium
pyrazolate strands a) {[Na ACHTUNGTRENNUNG(tBu2pz)]3}1 and b) {[Na ACHTUNGTRENNUNG(tBu2pz)]6}1. tBu
groups are removed for clarity, ellipsoids shown at 50% probability. Sym-
metry operators: #1=x�1, y, z, #2=x+1, y, z, #3=�x+1, �y+2, �z,
#4=�x+2, �y+2, �z.
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(Table 2) have been reported for [Na{Ln ACHTUNGTRENNUNG(tBu2pz)4}] com-
plexes.[2h] Six of the pyrazolate ligands have m-h2:h2 compo-
nents in their binding, but as a consequence of the asymme-
try in the h2-(N2)�Na bonding, the intersection angle be-
tween the NaN2 and pyrazolate planes varies widely from
the 458 of symmetrical binding (19.14–61.238). By contrast,
the corresponding angles for the h2 component of m-h2:h1

moieties have a 41.13–48.708 range. In the case of the pro-
posed h5 (and h4) coordination of tBu2pz, there are several
ligands with a small variation (0.1–0.2 O) between the five
Na�N/Na�C bond lengths, and some with larger differences
(0.3–0.4 O) between the longest and shortest bonds
(Table 2), which is indicative of a more-skewed ligation.
However, the average of all five Na�N/Na�C bond lengths
differs from the average Na�C bond length by less than
0.15 O for all ligands, and usually one of the Na�C bond
lengths is as short as the Na�N bond lengths. Consistent
with p-h5 (and -h4) binding, the Na�cen�C ACHTUNGTRENNUNG(tBu) (cen=cent-

roid of tBu2pz) angles are near 908 (80.57–105.848), with the
average of two such angles per ligand closer to 908.
The average Na�C bond lengths for the pyrazolate rings

(2.802–2.961 O), are near the reported values for cyclopen-
tadienylsodium compounds, namely, 2.849–2.948,[24] 2.678–
2.845,[25] 2.76–2.92,[26] and 2.914–2.935 O.[27] ([Na(S)Cp] and
[Na(S)CpMe]; Cp=cyclopentadienyl, CpMe=1,2,3,4,5-methyl-
cyclopentadienyl, S=dme, 15 ACHTUNGTRENNUNG[crown]-5, 18 ACHTUNGTRENNUNG[crown]-6, or
N,N,N’,N’-tetramethylethylenediamine (tmeda)).[24–27] De-
spite the long Na–centroid distances of Na(3), Na(4), and
Na(7) from their respective p-bonded pyrazolate ligands,
the average Na–pzcentroid distances of 2.578 ({[Na ACHTUNGTRENNUNG(tBu2pz)]3}1)
and 2.590 O ([Na ACHTUNGTRENNUNG(tBu2pz)]6}1) correspond to literature
values for Na–centroid distances (e.g., 2.649[24] and
2.667 O[27]). From consideration of bond lengths in p-arene–
Na complexes, for example, [Na ACHTUNGTRENNUNG(h6-PhMe)Sn(Si-
ACHTUNGTRENNUNG(SiMe3)3)3],

[28] [Na ACHTUNGTRENNUNG(h4-PhMe)GaMe3(Si ACHTUNGTRENNUNG(SiMe3)3)],
[29] [Na6ACHTUNGTRENNUNG(h

6-
PhMe)2ACHTUNGTRENNUNG(SSiPh3)6],

[30] and [Na ACHTUNGTRENNUNG(h6-PhMe)2(Al ACHTUNGTRENNUNG(SiMe3)4)],
[31]

Table 2. Selected bond lengths (O) and angles (8) for 3.[a]

{[Na ACHTUNGTRENNUNG(tBu2pz)]6}n {[Na ACHTUNGTRENNUNG(tBu2pz)]3}n

Na(1)�N(1) 2.877(4) Na(4)�N(9) 2.772(4) Na(7)�N(13) 2.717(4)
Na(1)�N(2) 2.791(4) Na(4)�N(10) 3.023(4) Na(7)�N(14) 3.038(4)
Na(1)�C(1) 2.896(4) Na(4)�C(45) 2.749(4) Na(7)�C(67) 2.725(4)
Na(1)�C(2) 2.833(5) Na(4)�C(46) 2.945(5) Na(7)�C(68) 3.026(5)
Na(1)�C(3) 2.763(5) Na(4)�C(47) 3.125(4) Na(7)�C(69)* 3.216(4)
Na(1)�N(3) 2.487(4) Na(4)�N(5) 2.898(4) Na(7)�N(17) 2.348(4)
Na(1)�N(4) 2.970(4) Na(4)�N(6) 2.368(3) Na(7)�N(18)* 3.210(4)
Na(1)�N(11)#1 2.527(4) Na(4)�N(7)* 3.216 Na(7)�N(17)#3 2.906(4)
Na(1)�N(12)#1 2.412(4) Na(4)�N(8) 2.372(4) Na(7)�N(18)#3 2.368(4)

Na(2)�N(5) 2.618(4) Na(5)�N(7) 2.598(4) Na(8)�N(17) 2.624(4)
Na(2)�N(6) 2.646(4) Na(5)�N(8) 2.636(4) Na(8)�N(18) 2.571(4)
Na(2)�C(23) 2.789(4) Na(5)�C(34) 2.785(5) Na(8)�C(89) 2.932(4)
Na(2)�C(24) 2.915(5) Na(5)�C(35) 2.938(5) Na(8)�C(90) 3.043(5)
Na(2)�C(25) 2.832(5) Na(5)�C(36) 2.844(4) Na(8)�C(91) 2.838(4)
Na(2)�N(3) 2.987(4) Na(5)�N(9) 2.359(4) Na(8)�N(13) 2.375(4)
Na(2)�N(4) 2.369(4) Na(5)�N(10) 2.940(4) Na(8)�N(14) 2.892(4)
Na(2)�N(11)#1 3.043(3) Na(5)�N(1)#2 2.413(4) Na(8)�N(16)#4 2.701(4)
Na(2)�N(12)#1 2.432(4) Na(5)�N(2)#2 2.944(3) Na(8)�N(15)#4 2.457(4)

Na(3)�N(3) 2.978(4) Na(6)�N(11) 2.707(4) Na(9)�N(15) 2.901(3)
Na(3)�N(4) 2.722(4) Na(6)�N(12) 2.785(4) Na(9)�N(16) 2.851(3)
Na(3)�C(12) 3.129(5) Na(6)�C(56) 2.747(5) Na(9)�C(78) 2.775(4)
Na(3)�C(13) 2.999(5) Na(6)�C(57) 2.854(5) Na(9)�C(79) 2.772(5)
Na(3)�C(14) 2.754(4) Na(6)�C(58) 2.864(4) Na(9)�C(80) 2.859(4)
Na(3)�N(5) 2.367(4) Na(6)�N(9) 2.955(3) Na(9)�N(13) 2.915(4)
Na(3)�N(6)* 3.230(4) Na(6)�N(10) 2.443(4) Na(9)�N(14) 2.446(3)
Na(3)�N(7) 2.358(4) Na(6)�N(1)#2 2.405(4) Na(9)�N(15)#4 2.382(4)
Na(3)�N(8) 2.891(4) Na(6)�N(2)#2 2.498(4) Na(9)�N(16)#4 2.555(4)

Na(1)�cen(1) 2.579 Na(4)�cen(4) 2.682 Na(7)�cen(7) 2.649
Na(2)�cen(2) 2.500 Na(5)�cen(5) 2.504 Na(8)�cen(8) 2.549
Na(3)�cen(3) 2.673 Na(6)�cen(6) 2.535 Na(9)�cen(9) 2.577

N(12)#1�Na(1)�N(11)#1 32.79(11) N(6)�Na(4)�N(5) 28.57(10) N(18)#3�Na(7)�N(17)#3 28.53(10)
N(3)�Na(1)�N(4) 28.02(10) N(9)�Na(5)�N(10) 27.93(10) N(15)#4�Na(8)�N(16)#4 31.25(10)
N(4)�Na(2)�N(3) 27.36(10) N(1)#2�Na(5)�N(2)#2 28.07(10) N(13)�Na(8)�N(14) 28.56(11)
N(12)#1�Na(2)�N(11)#1 26.75(10) N(1)#2�Na(6)�N(2)#2 33.05(11) N(14)�Na(9)�N(13) 28.42(10)
N(7)�Na(3)�N(8) 28.47(10) N(10)�Na(6)�N(9) 28.01(10) N(15)#4�Na(9)�N(16)#4 32.92(11)

[a] Symmetry operators: #1=x�1, y, z ; #2=x+1, y, z ; #3=�x+1, �y+2, �z ; #4=�x+2, �y+2, �z ; * denotes nonbonding. [b] Na–centroid distances
calculated from h5-bound pyrazolate ligands to their respective sodium atoms.
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Na–C ACHTUNGTRENNUNG(tBu2pz) distances of up to about 3.1 O but not greater
than 3.2 O in [Na ACHTUNGTRENNUNG(h4-PhMe){Ln ACHTUNGTRENNUNG(tBu2pz)4}] were considered
to be bonding.[2h] On this basis, Na(7)···C(69) (3.216(4) O)
was excluded as a bonding interaction; hence, coordination
of the pyrazolate ligand N ACHTUNGTRENNUNG(13,14)�C ACHTUNGTRENNUNG(67,68,69) is viewed as
h4. Furthermore, the excluded contact is about 0.2 O longer
than the longest proposed bond from this ligand, Na(7)�
N(14) (Table 2).
The 1H NMR spectrum of [NaACHTUNGTRENNUNG(tBu2pz)] in C6D6 at room

temperature showed two pyrazolate resonances (3:1), whilst
a similar spectrum in C7D8 showed one major and two
minor (one broad) pz H4 resonances. At 60 8C in C7D8,
these coalesced into two resonances. Upon cooling to
�60 8C, the minor resonances became better-resolved
(Figure 5) with a low-frequency shift and increased separa-

tion of all signals. Dissolution of the polymeric complex in
C7D8 must involve truncation of the infinite chains, aided by
the well-established Na–toluene coordination,[2h] resulting in
a species with bridging and terminal tBu2pz groups. Because
of the different pyrazolate coordination modes and complex
bridging in the structure (Figure 4), it is likely that different
terminal groups are obtained in solution. Accordingly, the

main resonance is assigned to bridging tBu2pz ligands and
the smaller peaks to terminal pyrazolate groups, with slow
exchange occurring. This contrasts with the fast exchange
observed for [Mg ACHTUNGTRENNUNG(tBu2pz)2]2 in C6D6 even at low temper-
ACHTUNGTRENNUNGature.[4c]

Formation and Structure of [Na4 ACHTUNGTRENNUNG(tBu2pz)2ACHTUNGTRENNUNG(thf)3ACHTUNGTRENNUNG(obds)]2 (4)

Upon reaction of 3,5-di-tert-butylpyrazole with a large
excess of sodium metal in THF at room temperature over
several months in a silicone-greased Schlenk flask, a small
number of single crystals of the obds-bridged complex [Na4
ACHTUNGTRENNUNG(tBu2pz)2ACHTUNGTRENNUNG(thf)3ACHTUNGTRENNUNG(obds)]2 (4) was obtained [Eq. (6)].

ðSiMe2OÞn
Na

NaðpzÞ
���!½Na4ðtBu2pzÞ2ðthfÞ3ðobdsÞ�2 ð6Þ

A variety of units derived from the degradation of silicone
grease have been incorporated into metal–organic spe-
cies[32,33] (for a review, see reference [32a]). Germane prece-
dents for the formation of the obds anion come from the re-
action of silicone grease with thallium(I) ethoxide[33a] and
with barium metal and 3,5-dimethylpyrazole in tetrahydro-
furan.[33b] The IR and NMR spectra of 4 showed neither a
pyrazole NH absorption nor an NH resonance thereby indi-
cating complete conversion into pyrazolate ligands. Integra-
tion of the 1H NMR signals gave a thf/tBu2pz/obds ratio of
3:2:1, and the composition of 4 was established by X-ray
crystallography.
The structure of 4 consists of two tetranuclear sodium

cages bridged by the obds groups. Each Na4 cluster contains
two h2 :h1:h1 pyrazolate ligands chelated to five-coordinate
sodium atoms, Na(1) and Na(2). The coordination spheres
of these two sodium atoms are different. Na(1) is coordinat-
ed to an h2-pyrazolate, one thf molecule, and one oxygen
atom from each obds ligand, whereas Na(2) has one of the
obds oxygen atoms replaced by an h1-pyrazolate interaction.
The h2 interactions are asymmetric with Na�N bond-length
differences of 0.251 and 0.588 O for Na(1) and Na(2), re-
spectively (Table 3). The position of the N(3)/N(4) pyrazo-

Figure 5. Variable-temperature 1H NMR spectra of 3 in C7D8.

Table 3. Selected bond lengths (O) and angles (8) for the oxobis(di-
ACHTUNGTRENNUNGmethylsilyl oxide)-bridged complex 4.[a]

Na(1)�N(1) 2.446(4) Na(2)�N(1) 2.442(4)
Na(1)�N(2) 2.697(3) Na(2)�N(3) 2.446(4)
Na(1)�O(1) 2.288(3) Na(2)�N(4) 3.034(4)
Na(1)�O(4) 2.310(3) Na(2)�O(2) 2.337(3)
Na(1)�O(6)� 2.256(3) Na(2)�O(6)� 2.240(3)
Na(3)�N(2) 2.407(3) Na(2)�N(2) 3.255*
Na(3)�N(3) 2.436(4) Na(4)�N(4) 2.392(4)
Na(3)�O(3) 2.341(3) Na(4)�O(4) 2.271(3)
Na(3)�O(4) 2.271(3) Na(4)�O(5)� 2.489(3)
Na(3)�N(4) 3.116(3)* Na(4)�O(6)� 2.318(3)

Na(4)�N(3) 3.162(3)*

N(1)�Na(1)�N(2) 31.09(9) N(3)�Na(2)�N(4) 26.80(9)
N(1)�N(2)�Na(1) 64.53(17) N(3)�N(4)�Na(2) 52.33(17)
N(2)�N(1)�Na(1) 84.38(19) N(4)�N(3)�Na(2) 100.9(2)
N(2)�Na(3)�N(3) 100.53(9)

[a] Symmetry operator: �=�x+1, �y+1, �z ; * denotes nonbonding.
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late means that it is close to forming an h2 interaction with
Na(4) with a nonbonding N(3)–Na(4) distance of 3.162(3) O
(compare the longest bond length (N(3)�Na(2)) of 3.03 O).
Both of these distances are well within the sum of the van
der Waals radii,[34] but an upper limit of about 3.0 O seems
to be necessary for a credible Na�N bond. The more-distort-
ed pyrazolate environment at Na(2) is also evidenced in the
greater difference in the N�N�Na angles compared with
those of Na(1) (Table 3). Na(3) is four-coordinate, being
bound (h1) almost symmetrically by the two pyrazolate li-
gands (Na(3)�N(2)=2.407(3) O, Na(3)�N(3)=2.436(4) O),
one thf molecule, and one obds oxygen atom. Na(4) is near
symmetrically chelated by two oxygen atoms from one obds
ligand, O(5)� and O(6)�, in addition to interacting with
one oxygen from the other obds ligand and a pyrazolate ni-
trogen atom (N(4)).
The two terminal oxygen atoms of the obds ligands, O(4)

and O(6), act as m3 bridges between Na(1)/Na(3)/Na(4) and
Na(1)/Na(2)/Na(4), respectively. In both cases the three Na–
O interactions are similar in length, within the range 2.240–
2.318 O. These m3-oxygen atoms act as two of the vertices of
the pseudocubane geometry formed by the Na4 cluster (Fig-
ure 6b), with O�Na�O angles in the range 86.74–95.738.
The two pyrazolate ligands occupy the two remaining verti-
ces to produce a cubane-type structure that is significantly
distorted at the pyrazolate end. This novel Na4 cluster repre-
sents the midpoint between the traditionally observed
Na4O4 clusters and the Na4pz4 pseudocube found in 2. Simi-
lar m3 bridging of obds to that in 4 was observed in [Ba6-
(Me2pz)8 ACHTUNGTRENNUNG(thf)6ACHTUNGTRENNUNG(obds)2].

[33b]

The bulk product could not be crystallized for X-ray crys-
tallography and was instead analyzed by NMR and IR spec-
troscopy. The 1H NMR spectrum showed the presence of
two species, one minor and one major. The main component
showed a tBu2pz/thf ratio of 1:1, and the indicated [Na-
ACHTUNGTRENNUNG(tBu2pz) ACHTUNGTRENNUNG(thf)] species may be tetranuclear like [Na ACHTUNGTRENNUNG(Ph2pz)-
ACHTUNGTRENNUNG(thf)]4 (2). For the minor component, the tBu and H4 reso-
nances were similar to those of the main signals of [Na-
ACHTUNGTRENNUNG(tBu2pz)] (3), and no Me2Si resonance was detected. Ex-
change of tBu2pz groups between this compound and [Na-
ACHTUNGTRENNUNG(tBu2pz) ACHTUNGTRENNUNG(thf)] is evidently slow.

Structural Analysis of Li and Na Cage Complexes

The isomorphous oxygen cage complexes [Li8 ACHTUNGTRENNUNG(tBu2pz)6O]
(5) and [Na8ACHTUNGTRENNUNG(tBu2pz)6O] (6) (Figure 7) were produced as im-
purities in the attempted preparation of the respective lithi-
um and sodium 3,5-di-tert-butylpyrazolates, and as such
were analyzed only by X-ray crystallography and 1H NMR
spectroscopy. The latter revealed only a single tBu reso-
nance and a single H4 resonance in each case. A contrasting
asymmetric, more-open cage was observed for [Na7-
(tBu2pz)6(OH)][9] with a m7-hydroxide core rather than the
m8-oxide of 5 and 6.
Of the eight lithium atoms bound to the central oxygen

atom in 5, only two are unique. All lithium atoms are four-
coordinate, being bound to the central oxygen atom and in

an h1 mode to the nitrogen atoms of three adjacent pyrazo-
late ligands. The arrangement of the lithium atoms is almost
perfectly cubic, with equal Li–Li distances around the edges
of the cube (2.397(11) and 2.395(12) O). The pyrazolate li-
gands are situated over the center of the faces of the cube
and perpendicular to it with each nitrogen atom bridging
h1:h1 between two lithium atoms at almost-identical distan-
ces (Figure 7c, Table 4), and with the novel overall m4-
h1:h1:h1:h1 coordination first reported recently for [Na7-
(tBu2pz)6(OH)].[9] The ligands are staggered so as to be mu-
tually perpendicular around the complex, presumably to
avoid steric clashes between the bulky tert-butyl groups. The
structure of the sodium analogue 6 is isomorphous with the
lithium counterpart, with all angles similar and bond lengths
longer to accommodate the larger metal ions (Table 4). The
sides of the M8 cube expand from 2.39 O in the case of Li to
2.91 O for the Na complex, as a result of the increase in
ionic radius in moving from Li to Na.[12]

Figure 6. a) X-ray structure of the oxobis(dimethylsilyl oxide)-bridged
complex [Na4ACHTUNGTRENNUNG(tBu2pz)2ACHTUNGTRENNUNG(thf)3 ACHTUNGTRENNUNG(obds)]2 (4). b) The pseudocubane cluster
Na4O2pz2, with tBu groups, thf molecules, and obds carbon atoms omitted
for clarity. Ellipsoids are shown at 50% probability. Symmetry operator:
�=1�x, 1�y, �z.
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Conclusions

Our study of alkali-metal pyrazolates has illustrated the ver-
satility of pyrazolate coordination. In dimeric [Li ACHTUNGTRENNUNG(Ph2pz)-
ACHTUNGTRENNUNG(OEt2)]2 (1), the small size of the metal forces the rarely ob-
served m-h2:h1 coordination mode to occur. The pseudocu-
bane [NaACHTUNGTRENNUNG(Ph2pz) ACHTUNGTRENNUNG(thf)]4 (2) has a solely m3-h

1:h2:h1 pyrazolate
coordination. Unsolvated [NaACHTUNGTRENNUNG(tBu2pz)]n (3) has two inde-
pendent polymer chains that exhibit the new pyrazolate co-
ordination modes m3-h

5:h2:h2, m5-h
5 :h2 :h1, and m3-h

4:h2:h1. In
the fortuitously obtained [Na4 ACHTUNGTRENNUNG(tBu2pz)2ACHTUNGTRENNUNG(thf)3 ACHTUNGTRENNUNG(obds)]2 (4), two
tetranuclear units are linked by obds bridging, and the pyra-
zolate groups show m3-h

1:h2:h1 binding as in tetranuclear 2.
The extreme sensitivity of alkali-metal pyrazolates to hy-
drolysis is indicated by the isolation of crystals of the iso-
morphous near-cubic cages [M8ACHTUNGTRENNUNG(tBu2pz)6O] (M=Li (5) and
Na (6)), in which all pyrazolates have the recently observed
m4-h

1:h1:h1:h1 binding mode. In contrast with [Na7-
(tBu2pz)6(OH)],[9] which has both m4-h

1:h1:h1:h1 and m3-
h1:h1:h1 coordination, 5 and 6 have exclusively the former in
a highly symmetrical arrangement.

Experimental Section

General Remarks

All reactions were carried out under dry nitrogen with standard Schlenk
and dry-box equipment. Et2O and THF were freshly distilled over
sodium/benzophenone prior to use. IR spectra (4000–650 cm�1) were re-
corded as nujol mulls with a Perkin–Elmer 1600 FTIR spectrophotome-
ter. 1H and 13C NMR spectra were recorded on a Bruker DPX 300-MHz
or DRX 400-MHz spectrometer with dry (freeze-thawed over sodium
metal) degassed perdeuterobenzene or perdeuterotoluene; resonances
were referenced to residual hydrogen from the solvent. 7Li NMR spectra
were recorded on a Bruker DRX 400 and were referenced to LiCl (1m in
D2O) as an external reference. Microanalysis samples were sealed in
glass ampoules under purified N2 and were determined by the Campbell
Microanalytical Service, University of Otago, New Zealand. 3,5-Diphen-
ACHTUNGTRENNUNGylpyrazole and 3,5-di-tert-butylpyrazole were prepared according to the
literature.[35]

Figure 7. Central M8O units of a) [Li8ACHTUNGTRENNUNG(tBu2pz)6O] (5) and b) [Na8-
(tBu2pz)6O] (6). Only the nitrogen atoms of the pyrazolate rings are
shown for clarity, ellipsoids are shown at 30% probability. Symmetry op-
erators: †=y, �x+y, �z, �=�x+y, �x, z. c) The pyrazolate ligands are
situated over the faces of the Li8 or Na8 cube in the structures of both 5
(displayed) and 6.

Table 4. Selected bond lengths (O) and angles (8) for the Li and Na cage
complexes 5 and 6.[a]

ACHTUNGTRENNUNG[Li8 ACHTUNGTRENNUNG(tBu2pz)6O] (5) ACHTUNGTRENNUNG[Na8 ACHTUNGTRENNUNG(tBu2pz)6O] (6)

Li(1)�O(1) 2.070(15) Na(1)�O(1) 2.480(5)
Li(2)�O(1) 2.072(9) Na(2)�O(1) 2.530(3)
Li(1)�Li(2) 2.394(12) Na(1)�Na(2) 2.910(4)
Li(2)�Li(2)† 2.389(11) Na(2)�Na(2)† 2.905(4)
N(1)�Li(1) 2.097(4) N(1)�Na(1) 2.426(5)
N(1)�Li(2)� 2.100(9) N(1)�Na(2)� 2.425(5)
N(2)�Li(2) 2.108(9) N(2)�Na(2) 2.410(5)
N(2)�Li(2)† 2.097(8) N(2)�Na(2)† 2.413(5)

Li(1)�O(1)�Li(2) 70.6(2) Na(1)�O(1)�Na(2) 71.00(6)
Li(2)�O(1)�Li(2)† 70.4(2) Na(2)�O(1)�Na(2)† 70.06(6)
Li(1)�O(1)�Li(2)† 109.4(2) Na(1)�O(1)�Na(2)† 109.00(6)
Li(2)�O(1)�Li(2)� 109.6(2) Na(2)�O(1)�Na(2)� 109.94(6)

[a] Symmetry operators as for Figure 7. Only 1=6 of the molecule is
described owing to symmetry.
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Syntheses

1: nBuLi (6.34 mL of a 1.6m solution in hexanes, 10.1 mmol) was added
by a syringe to a stirring solution of Ph2pzH (1.86 g, 8.45 mmol) in Et2O
(30 mL). After 1 h of stirring, the solution was concentrated to about
10 mL and cooled overnight (5 8C), which resulted in the formation of a
white precipitate. The Et2O filtrate was collected by a filter cannula and
concentrated to a volume of about 5 mL. Cooling of the solution to 5 8C
resulted in the formation of a colorless crystalline material. IR (nujol):
ñ=1603 (s), 1512 (w), 1289 (m), 1246 (w), 1159 (m), 1129 (m), 1068 (m),
1029 (m), 978 (m), 948 (w), 937 (w), 913 (w), 788 (w), 753 (vs), 722 (m),
689 cm�1 (s); 1H NMR (300 MHz, C6D6, 25 8C): (spectrum of precipitate
showed loss of one Et2O molecule due to drying the solid under vacuum
after removal of Et2O filtrate) d=1.06 (t, 6H, CH3CH2O (Et2O)), 3.21
(q, 4H, CH3CH2O (Et2O)), 6.73 (br s, 2H, H4 (pz)), 6.92–6.94 (brm,
10H, m-, p-H), 7.32 ppm (br s, 8H, o-H); variable-temperature NMR
spectra (1H, 13C, and 7Li) were obtained on the crystalline material;
1H NMR (400 MHz, C6D5CD3, 25 8C): d=0.87 (t, 12H, CH3CH2O
(Et2O)), 3.06 (q, 8H, CH3CH2O (Et2O)), 6.78 (t, 3J=7.20 Hz, 4H, p-H),
6.87 (t, 3J=7.10 Hz, 8H, m-H), 7.14 (s, 2H, H4 (pz)), 7.18 (d, 3J=
6.98 Hz, 8H, o-H), 7.64 ppm (br s, minor); 1H NMR (400 MHz, C6D5CD3,
�40 8C): d=0.35 (br s, 12H, CH3CH2O (Et2O)), 0.84–0.94 (m, 3H, Et2O
(minor)), 1.19–1.26 (m, 2H, Et2O (minor)), 2.66 (br s, 8H, CH3CH2O
(Et2O)), 4.38 (dt, 0.40H, Et2O (minor)), 6.84–6.89 (brm, 12H, m-, p-H),
7.16 (s, 2H, H4 (pz)), 7.50 (br s, 8H, o-H), 7.90 ppm (d, 2J=7.39 Hz,
minor); 13C{1H} NMR (100.6 MHz, C6D5CD3, 25 8C): d=�14.6 (s, Et2O),
65.2 (s, Et2O), 102.4 (s, C4 (Ph2pz)), 125.3 (s, o-CACHTUNGTRENNUNG(Ph2pz)), 125.8 (s, o-C-
ACHTUNGTRENNUNG(Ph2pz)), 126.4 (s, p-C ACHTUNGTRENNUNG(Ph2pz)), 126.7 (s, p-C ACHTUNGTRENNUNG(Ph2pz)), 127.2 (s, m-C-
ACHTUNGTRENNUNG(Ph2pz)), 128.8 (s, m-C ACHTUNGTRENNUNG(Ph2pz)), 133.4 (s, quaternary-CACHTUNGTRENNUNG(Ph2pz)),
159.4 ppm (s, C3, C5 (Ph2pz));

7Li NMR (155.5 MHz, C6D6, 25 8C): d=
�5.51 (1Li), �4.73 (0.26Li), �4.39 ppm (0.1Li); 7Li NMR (155.5 MHz,
C6D5CD3, �40 8C): d=�2.95 (1Li), �2.43 ppm (0.18Li); 7Li NMR
(155.5 MHz, C6D5CD3, 40 8C): d=�2.97 (1Li), �2.16 (0.23Li), �1.82
(0.08Li), �1.18 ppm (0.34Li); elemental analysis: calcd (%) for
C38H42Li2N4O2: C 75.98, H 7.05, N 9.33; found: C 74.71, 73.54, H 6.93,
6.91, N 9.87, 9.13.

2 : Na{N ACHTUNGTRENNUNG(SiMe3)2} (10.9 mL of a 1.0m solution in hexanes, 10.9 mmol) was
added by syringe to a stirred solution of Ph2pzH (2.41 g, 10.9 mmol) in
THF (30 mL). The resulting mixture was stirred for 1 h, after which the
solution was concentrated to about 10 mL. A colorless crystalline materi-
al (2.06 g, 60%) formed upon standing at room temperature (over a few
months). IR (nujol): ñ=1602 (s), 1511 (w), 1264 (m), 1216 (m), 1154 (w),
1068 (s), 1026 (w), 974 (s), 913 (m), 753 (vs), 722 (w), 699 (s), 689 cm�1

(s); 1H NMR (300 MHz, C6D6, 25 8C): (spectrum showed “splitting” of
thf signals) d=1.12–1.19 (m, 16H, thf), 3.01–3.19 (m, 16H, thf), 7.05 (t,
8H, p-H), 7.17–7.22 (m, 20H, m-H, H4 (pz)), 7.85 ppm (d, 16H, o-H); el-
emental analysis: calcd (%) for C76H76N8Na4O4: C 72.59, H 6.09, N 8.91;
found: C 72.38, H 6.12, N 9.07.

3 : Fortuitous synthesis: Yb metal filings (0.68 g, 3.91 mmol), tBu2pzH
(0.18 g, 1.01 mmol), and Na metal (0.04 g, 1.71 mmol) were placed in a
Carius tube and sealed under a vacuum of about 10�2 Torr. The Carius
tube was then heated at 200 8C, and large colorless crystals formed within
30 min. The tube was left at this temperature overnight, whereby a mix-
ture of fine yellow crystals and large colorless crystals (major product)
was obtained. X-ray analysis indicated that the colorless crystals were
those of 3. Deliberate synthesis: Na metal (0.26 g, 11.5 mmol), tBu2pzH
(1.31 g, 7.29 mmol), and a drop of Hg were placed in a Carius tube and
sealed under a vacuum of about 10�2 Torr. The Carius tube was then
heated at 200 8C, and large colorless crystals formed within 30 min. The
tube was left at this temperature overnight, which resulted in a mixture
of crystals and white precipitate (1.20 g, 82%). Both crystalline material
and white precipitate were identified by IR and 1H NMR spectroscopy as
Na ACHTUNGTRENNUNG(tBu2pz). A unit cell of the crystals confirmed the identity of the com-
pound as 3. IR (nujol): ñ=1633 (w), 1515 (m), 1498 (m), 1307 (m), 1248
(m), 1205 (w), 1016 (s), 997 (s), 880 (m), 810 (m), 779 (s), 745 (m), 726
(s), 655 cm�1 (w); 1H NMR (400 MHz, C6D6, 25 8C): d=1.14 (s, 54H,
tBu), 1.24 (s, 18H, tBu) 6.10 (s, 3H, H4), 6.13 ppm (br s, 1H, H4); varia-
ble-temperature 1H NMR (400 MHz, C7D8, 25 8C): d=1.12 (s, 54H, tBu),
1.13 (s, 9H, tBu), 1.25 (s, 18H, tBu), 6.04 (s, 3H, H4 (pz)), 6.06 (br s, 1H,

H4 (pz)), 6.07 ppm (br s, 0.5H, H4); 1H NMR (400 MHz, C7D8, 60 8C):
1.10 (s, 108H, tBu), 1.21 (s, 18H, tBu), 6.02 (br s, 6H, H4 (pz)), 6.03 ppm
(br s, 1H, H4 (pz)); 1H NMR (400 MHz, C7D8, �60 8C): 1.17 (s, 162H,
tBu), 1.31 (s, 18H, tBu), 1.33 (s, 9H, tBu), 6.13 (s, 9H, H4 (pz)), 6.20
(br s, 1H, H4 (pz)), 6.25 (br s, 0.5H, H4 (pz)).

4 : A solution of tBu2pzH (1.00 g, 5.55 mmol) in THF (75 mL) was stirred
over finely chopped sodium metal (1.00 g, 43.5 mmol, washed in hexane)
for 24 h in a silicone-greased Schlenk flask. The reaction mixture was left
to stand for approximately six months, which resulted in the inclusion of
grease from the apparatus into the solution. The solution of THF was re-
moved by a filter cannula and concentrated to about 20 mL. Crystals
formed after approximately one week at 3 8C and were identified by X-
ray crystallography as [Na4 ACHTUNGTRENNUNG(tBu2pz)2 ACHTUNGTRENNUNG(thf)3 ACHTUNGTRENNUNG(obds)]2. IR (nujol): ñ=3105
(m), 1615 (w), 1508 (m), 1492 (m), 1398 (m), 1310 (vs), 1247 (vs), 1204
(m), 1073 (s), 1014 (m), 998 (s), 953 (m), 914 (ms), 837 (m), 804 (w), 767
(vs), 680 (w), 638 cm�1 (w); 1H NMR (300 MHz, C6D6, 25 8C): d=1.14 (s,
72H, tBu), 1.26 (s, 24H, obds), 1.39–1.45 (m, 24H, thf), 3.52–3.57 (m,
24H, thf), 6.09 ppm (s, 4H, H4 (pz)); 13C{1H} NMR (100.6 MHz, C6D6,
25 8C): d=25.8 (s, CH2 (thf)), 31.6 (s, tBu), 32.0 (s, Me2Si) 67.8 (s, CH2O
(thf)), 96.9 (C4), 165.5 ppm (C3, C5). After removal of THF under re-
duced pressure a white precipitate was obtained, which was identified by
1H NMR spectroscopy as mainly [Na ACHTUNGTRENNUNG(tBu2pz) ACHTUNGTRENNUNG(thf)]n (1.47 g, �70%). IR
(nujol): ñ=3106 (w), 1618 (m), 1510 (m), 1496 (m), 1398 (m), 1359 (s),
1306 (s), 1248 (vs), 1206 (s), 1053 (vs), 1014 (vs), 997 (s), 954 (w), 916
(m), 895 (m), 836 (w), 798 (m), 773 (vs), 724 (vs), 628 cm�1 (m); 1H NMR
(300 MHz, C6D6, 25 8C): (spectrum of white precipitate showed two dif-
ferent pyrazolate environments, presumably attributable to [Na ACHTUNGTRENNUNG(tBu2pz)-
ACHTUNGTRENNUNG(thf)] and an unsolvated [Na ACHTUNGTRENNUNG(tBu2pz)] species in a 3:1 ratio) d=1.14 (s,
18H, tBu), 1.31 (s, 54H, tBu), 1.37–1.41 (brm, 12H, thf), 3.38–3.51 (brm,
12H, thf), 6.09 (br s, 3H, H4 (pz)), 6.10 ppm (br s, 1H, H4 (pz)); elemen-
tal analysis: calcd (%) for C15H27N2NaO: C 65.66, H 9.91, N 10.21;
found: C 62.53, H 9.66, N 10.42.

5 : nBuLi (7.71 mL of a 1.6m solution in hexanes, 12.3 mmol) was added
dropwise to a solution of tBu2pzH (1.85 g, 10.3 mmol) in Et2O (50 mL).
The resulting solution was stirred for 1 h, after which it was concentrated
to about 25 mL. Cooling of the solution to 5 8C resulted in a small
amount of colorless crystalline material. IR (nujol): ñ=1568 (w), 1504
(m), 1404 (w), 1306 (s), 1250 (s), 1213 (m), 1125 (m), 1028 (s), 1002 (s),
940 (w), 794 (s), 734 (s), 632 (m), 501 cm�1 (w); 1H NMR (300 MHz,
C6D6, 25 8C): d=1.21 (s, 108H, tBu), 6.01 ppm (s, 6H, H4 (pz)).

6 : tBu2pzH (0.50 g, 2.77 mmol) was dissolved in toluene (50 mL) and stir-
red over finely chopped sodium metal (0.50 g, 21.75 mmol, washed in
hexane) for 24 h at room temperature. The solution was recovered by fil-
tration, concentrated, and left to stand at room temperature for one
week, during which a small amount of colorless crystalline product
formed. 1H NMR (300 MHz, C6D6, 25 8C): d=1.14 (s, 108H, tBu),
6.09 ppm (s, 6H, H4 (pz)).

Crystallographic Data and Refinement

Complexes 1–4 and the cage complexes 5 and 6 were mounted on glass
fibers in viscous hydrocarbon oil. Crystal data were collected with a
Nonius Kappa CCD instrument with monochromated MoKa radiation
(l=0.71073 O). All data were collected at 123 K maintained by an open
flow of nitrogen in an Oxford Cryostreams cryostat. X-ray data were
processed with the DENZO program.[36] Structures were solved by direct
methods with SHELXS-97[37] and refined by full-matrix least squares
against F2 of all reflections with SHELXl-97[38] and the graphical inter-
face X-Seed.[39] Non-hydrogen atoms were refined anisotropically. All hy-
drogen atoms were placed in calculated positions with the riding model.

The structure of 3 contains one disordered tert-butyl group, which was
successfully modeled over two positions. The structure of 4 contains two
disordered tert-butyl groups, the occupancies of which were allowed to
refine freely. One tBu group required AFIX and SADI restraints to be
applied.

The structures of both 5 and 6 contain significant disorder of the tBu
groups, as evidenced by large thermal ellipsoids. The high symmetry of
the structure is clearly a description of the central core unit and not an
accurate reflection of the pendant groups. The Na structure 6 contains
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what appears to be disordered hexane over a special position which was
refined isotropically with no hydrogen atoms added. The Li structure 5
contains some residual electron density in a similar position, although
any solvent here appeared highly disordered and with partial occupancy
and therefore cannot be accurately included in the final model. In both
cases, solvent was not observed in the 1H NMR spectra as the samples
were dried prior to analysis, and the crystals showed signs of rapid sol-
vent loss under a microscope.

CCDC-612579 (1), -612580 (2), -632619 (3), -612581 (4), -612582 (5), and
-612583 (6) contain the supplementary crystallographic data (excluding
structure factors) for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge, CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail : de-
posit@ccdc.cam.ac.uk) or at www.ccdc.cam.ac.uk/data_request.cif.

1: C38H42Li2N4O2, Mr=600.64, colorless block, 0.35W0.32W0.30 mm3, tri-
clinic, space group P1̄ (No. 2), a=8.0614(2), b=9.8482(3), c=
11.7819(5) O, a=107.699(1), b=98.410(1), g=101.873(1)8, V=

849.88(5) O3, Z=1, 1cald=1.174 gcm�3, F000=320, 2qmax=55.08, 14585 re-
flections collected, 3895 unique (Rint=0.0792). Final GoF=0.995, R1=
0.0504, wR2=0.1072, R indices based on 2351 reflections with I>2s(I)
(refinement on F2), 210 parameters, no restraints. Lp and absorption cor-
rections applied, m=0.072 mm�1.

2 : C76H76N8Na4O4, Mr=1257.41, colorless needle, 0.40W0.20W0.05 mm3,
monoclinic, space group C2/c (No. 15), a=25.550(5), b=12.490(3), c=
24.420(5) O, b=118.54(3)8, V=6846(2) O3, Z=4, 1cald=1.220 gcm�3,
F000=2656, 2qmax=55.08, 31229 reflections collected, 7808 unique (Rint=

0.1024). Final GoF=1.017, R1=0.0670, wR2=0.1133, R indices based on
3667 reflections with I>2s(I) (refinement on F2), 415 parameters, no re-
straints. Lp and absorption corrections applied, m=0.098 mm�1.

3 : C99H171N18Na9, Mr=1820.45, colorless rod, 0.25W0.18W0.17 mm3, tri-
clinic, space group P1̄ (No. 2), a=15.0632(5), b=19.9474(8), c=
20.1230(5) O, a=69.2910(10), b=75.6470(10), g=83.697(3)8, V=

5477.6(3) O3, Z=2, 1cald=1.104 gcm�3, F000=1980, 2qmax=50.08, 46604
reflections collected, 19230 unique (Rint=0.0970). Final GoF=1.014,
R1=0.0766, wR2=0.1483, R indices based on 8552 reflections with I>
2s(I) (refinement on F2), 1220 parameters, 12 restraints. Lp and absorp-
tion corrections applied, m=0.096 mm�1.

4 : C76H148N8Na8O12Si4, Mr=1662.30, colorless block, 0.18W 0.16W
0.12 mm3, monoclinic, space group P21/c (No. 14), a=12.858(3), b=
21.160(4), c=18.693(4) O, b=105.33(3)8, V=4905.2(17) O3, Z=2, 1cald=
1.125 gcm�3, F000=1800, 2qmax=52.08, 31035 reflections collected, 9624
unique (Rint=0.1163). Final GoF=1.016, R1=0.0728, wR2=0.1322, R in-
dices based on 4818 reflections with I>2s(I) (refinement on F2), 565 pa-
rameters, nine restraints. Lp and absorption corrections applied, m=

0.150 mm�1.

5 : C66H114Li8N12O, Mr=1147.21, colorless plate, 0.14W0.12W0.08 mm3,
trigonal, space group R3̄ (No. 148), a=b=14.1079(3), c=33.8466(4) O,
V=5834.05(19) O3, Z=3, 1cald=0.980 gcm�3, F000=1878, 2qmax=50.08,
23090 reflections collected, 2284 unique (Rint=0.1012). Final GoF=
1.249, R1=0.1442, wR2=0.3210, R indices based on 1862 reflections with
I>2s(I) (refinement on F2), 208 parameters, no restraints. Lp and ab-
sorption corrections applied, m=0.057 mm�1.

6 : C72H128N12Na8O, Mr=1361.78, colorless plate, 0.12W0.12W0.06 mm3,
trigonal, space group R3̄ (No. 148), a=b=14.399(2), c=34.744(7) O, V=

6238.4(17) O3, Z=3, 1cald=1.087 gcm�3, F000=2220, 2qmax=50.08, 14938
reflections collected, 2429 unique (Rint=0.1105). Final GoF=1.116, R1=
0.1414, wR2=0.3058, R indices based on 1522 reflections with I>2s(I)
(refinement on F2), 180 parameters, no restraints. Lp and absorption cor-
rections applied, m=0.101 mm�1.
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