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Summary: Sodium reduction of (t-Bsk),ZrCl, in diethyl ether
gives [ (t-BuGH,)(t-BuGH3)Zr(u-H)Na} »-OEL] ,, 1; toluene
extraction of 1 produces the self-assembled tetramé§(t{
BUGsH,)(t-BuGH3)Zr(u-H)Na} 2] 4, 2 (the NaZrg linkage of2
resembles the seams of a “tennis ball”). Bothand 2 are

diamagnetic, which may be attributed to the presence of direct

Zr—Zr bonds (ZrZr: 3.2930(16) A 1), 3.3076(7) A 2)).

Introduction

Promising applications in synthesis, catalysis, and mat&rfals

encourage the construction of well-defined molecular capsules

and cage&71? Can three-dimensional hollow architectures

involving organometallic transition metal compounds be achieved

via self-assembly? While many organometallic macrocycles Figure 1. Molecular structure ofl (thermal ellipsoids shown at
have been obtained by this “bottom-up” synthetic technique, the 30% probability levels; hydrogen atoms on carbon omitted for
examples of the self-assembly of three-dimensional organome-Clarity). Selected bond lengths (A) and angles (deg): ZrZr)2)

tallic molecules with inner cavities are sc&ft!34We now

report the synthesis and molecular structure of the self-assemblecg

organometallic spherg ({t-BuCsH)(t-BuCsH3)Zr(u-H)Na} 2] 4
(2), consisting of anionic, low-valent zirconocene hydrides.

Results and Discussion

The recent conversion of dinitrogen to ammonia utilizing low-
valent zirconocene derivatividgurther increased our enthusiasm
for exploring the chemistry of low-valent group 4 transition
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3.2930(16), Zr(1}C(19) 2.358(11), Zr(BrH(1) 1.86(11), Zr(2)-
(1) 2.335(11), Zr(2YH(2) 1.85(13); C(1}Zr(2)—Zr(1) 45.1(3),
(19)y-Zr(1)~Zr(2) 46.7(2), H()Zr(1)—2Zr(2) 128(3), H(2)
Zr(2)-2zr(1) 122(3).

metal complexe&®1” Indeed, sodium metal reduction of (
BuGsHy)2ZrCl; in Et;O led to the formation of very air- and
moisture-sensitive red crystals df(f-BuCsHa)(t-BuCsHz)Zr-
(u-H)Na} ,-OEL],, 1 (Figure 1) (eq 1).

Et,0
8(+-BuCsHy),ZrCl, + 24Na — > 2[{(+-BuCsH,)(+-BuCsH3)Zr(u-H)Na},- OEty], (1)
1
- 4Et20¢ toluene

[{(t-BuCsH)(#-BuCsHy)Zr(-H)Na}ols ()
2

X-ray analysis ofl reveals a dimeri¢(t-BuGsH,)(t-BuCsH3)-
Zr(u-H)Na} ,»OEt, structure withC, symmetry. The monomeric
units are bound ionically by Nainteractions with the-BuCsH3
ligand in an#°-fashion. The charges of the dinuclear and
dianionic zirconocene hydride moieties in ed¢tBuCsH,)(t-
BuGsH3)Zr(u-H)Na} :OEt, unit are balanced by two Na
cations. The coordination of D to the terminal N& cations
is important in stabilizing the dimer. We suspected that
interesting, perhaps more complex aggregates might self-
assemble in the absence of such@Estabilized coordination.
Indeed, our successful isolation of the.@tfreetetrameric2,
by toluene extraction of (eq 2), realized this expectation.

Isolated as air- and moisture-sensitive dark red crysgals,
exhibits remarkably high thermal stability (mp 3063807 °C).
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Notes

Figure 2. (a) Molecular structure df (thermal ellipsoids are shown

at the 30% probability levels; hydrogen atoms on carbon are omitted
for clarity). Selected bond lengths (A) and angles (deg): Z(1)
Zr(2) 3.3076(7), Zr(1yH(3) 1.94(6), Zr(2-H(1) 1.91(5); Zr(2)-
Zr(1)—H(3) 128.3(18), Zr(1)yZr(2)—H(1) 129.9(14). (b) Ngrg
“linkage” of 2 (bridging ligands are omitted for clarity). (c)
Approximately tetrahedral cavity & (side lengths of the cavity
are in A).

X-ray analysis shows that the ligand-bridgedsRig metallic
framework of 2 (Figure 2a) results in a hollow spherical
structure. Interestingly, th& symmetry and the shape of the
NagZrg “linkage” resemble the seams of a tennis ball (Figure
2b). The midpoints of the four ZrZr moieties in this “molecular
tennis ball” are oriented tetrahedrally (Figure 2c). Based on the
7.45, 7.45, and 8.78 A
volume of the roughly tetrahedral inner cavity2is calculated
to be ca. 53 A The quasi-spher2 has a diameter of ca. 16.1
A (as defined by tha-BuGsH, ligand hydrogen separations)
and encloses a volume of 2183.A

Compound? is a tetramer of thé (t-BuCsHy)(t-BuCsHz)Zr-
(u-H)Na} 2 subunit,3 (Figure 3a). The aggregation involves two
ionic bonding arrangements (Figure 2a): (P)coordination
of Na' cations to bridging-BuCsHs rings and (2) Na cation
interaction with a hydride of the neighboring subunit. In contrast,
the 1 ensemble involves only the’ Na--t-BuCsH3 interaction
(Figure 1). Consequently, the spatial orientation relationships
of the neighboring subunits i& and 1 differ.
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(b)

Figure 3. (a) Structure of the subun® of complexesl and 2
(thermal ellipsoids shown at the 30% probability levels; hydrogen
atoms on carbon omitted for clarity). (b) Representation of the
HOMO of 3Cp (sodium atoms are omitted for clarity).

The dimeric unit3 is common to both complexesand 2.
Each of the monomeric subunits & adopts a staggered
conformation. Besides being bath ando-coordinated by the
bridgingt-BuCsH3 ligands, each zirconium alsodsbonded to
a freet-BuGsH4 ligand ando-bonded to a hydride-hydrogen.
The structure of subun (Figure 3a) supports the ring-to-metal
hydrogen migration, as does the observedHmabsorption band
(at 1200-1510 cn11).18 The two hydrides in the subung
bridge the zirconium and sodium atoms. All of the-& bond
distances inl (1.85(13) and 1.86(11) A) an# (1.91(5) and
1.94(6) A) are within the reported 1.73(72.26(8) A rangé?
The *bridging” character of the hydride ligands also was
confirmed by!H NMR spectroscopy. Thé H Zr—H reso-
nances oflL and2, at —2.36 and—2.71 ppm, respectively, are
close to the-3.17 ppm reported for [(CpCMpZr(u-H)H]2*°
and the—1.66 ppm value computed for tH€Cp)(GHa)Zr(u-
H)Na}, (3Cp) model of3.2° Note that the sodium cation also
interacts with the-BuCsHs ligand in anyp-fashion.

The d electronic configuration of zirconium id and 2
corresponds to a formal oxidation state of Ill. However, hbth
and?2 are diamagnetic, with 3.2930(16) and 3.3076(7) A-Zr

lengths of the sides of each face, the z; gistances, respectively. Zirconiurairconium bond distances

have been reported for the range 3.099(2)8608(8) A2l.22
However, the Z+Zr distance may be perturbed by the steric
constraints imposed by the bridgindBuCsHsz ligands. Hence,

a simplified model 8Cp) of the subunit3 of 1 and 2 was
computed at the BALYP/LANL2DZ DFT levét Similar to
subunit3, the optimized3Cp minimun?3 hasC, symmetry and
two staggered (Cp)(#Ei4)Zr(u-H)Na fragments. The computed
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Zr—2Zr distance (3.314 A) in3Cp agrees well with the
experimental Z+Zr values forl and2. The computed 1.965
A Zr—H distance for3Cp fits 2 (1.91(5) and 1.94(6) A) better
than1 (1.85(13) and 1.86(11) A), but lies within or near the
experimental uncertainty ranges.

The 3Cp HOMO (see Figure 3b) describes the—Zr
o-bonding orbital (the high-lying LUM@523 s its antibonding
counterpart). Similar to the bent FTi bond in [Cpg-1L:n®-
CsHy)Ti(PMe3)] 2,24 this HOMO shows a distinctly bent ZiZr
o-bond, which may be attributed to the strain effect of the
bridging ligand<* The Wiberg bond index, WBI, value of 0.453
for the Zr—Zr interaction (given by natural bond orbital (NBO)
analysis) supports the presence of aZr bond. Notably, this
bond order value for the ZZr interaction is comparable to
Mo—Mo bond orders, 0.328 and 0.333, reported favip(y°-
Cp)(COY} 5] and [ Mo(;7°-Cp)(COY} »(u-PMey)], respectively?s
Thus, we attribute the diamagnetism bfand 2 to the direct
Zr—Zr bonding in these 18-electron compounds.

The self-assembly of the title compound will be used as a
benchmark as we continue these studies.

Experimental Section

All reactions were performed under purified argon using Schlenk
techniques in conjunction with an inert atmosphere drybox (MBraun
LabMaster 130). ttBuCsH,),ZrCl, was purchased from Strem
Chemical Co. and used as received. Solvents were dried and
collected under nitrogen using an MBraun MB-SP Series solvent
purification system!H NMR spectra were recorded on a Bruker
AC-300 spectrometer. IR spectra were recorded on a Nicolet-
AVATAR 360 FT-IR ESP spectrometer. Elemental analyses were
performed by Complete Analytical Laboratory, Inc. (Parsippany,
NJ).

Synthesis of 1 and 2(a) Under an inert atmosphere of dry argon,
60 mL of diethyl ether was added to a flask containinBCsH,)»-
ZrCl, (1.00 g, 2.472 mmol) and finely cut sodium (0.25 g, 10.870
mmol) at ambient temperature. After being powerfully stirred over
5 days, the dark purple-red solution was filtered. The filtrate was
concentrated to 5 mL and then kept standing at ambient temperature
Over 4 days, red crystals 4f(0.31 g, 32% yield) were observed.
Mp: 281-284°C. H NMR (THF-dg): ¢ —2.36 (s, 4H, Zr-H—

Na), 1.12 [t, 12H, (CHCH,),0], 1.18 (s, 36H}-Bu), 1.33 (s, 36H,
t-Bu), 3.39 (q, 8H, (CHCH,):0], 3.93 (bd, 4H, Cp), 4.41 (q, 4H,
Cp), 4.53 (q, 4H, Cp), 4.60 (q, 4H, Cp), 4.82 (t, 4H, Cp), 5.10 (t,
4H, Cp), 5.29 (g, 4H, Cp). IR (cm, KBr): v (Zr—H) = 1200~
1510. Anal. (CALI, Parsippany, NJ) Calcd (found) fogg81240-
NasZr, (1574.69): C, 61.02 (60.84); H, 7.94 (7.79). ©}0.50 g)
was extracted by using toluene. After filtration, the toluene solution

(20) The IH chemical shift was evaluated at GIAO-PW91PW91/
LANL2DZ //B3LYP/LANL2DZ. The expected absolute proton shieldings,
o, were converted to chemical shift§, as the difference from proton
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Notes

was concentrated to 5 mL and kept standing at ambient temperature.
Over one week, dark red crystals ®f(0.25 g, 56% yield) were
observed. Mp: 305307°C.H NMR (THF-dg): 6 —2.71 (s, 8H,
Zr—H—Na), 1.09 (s, 72Ht-Bu), 1.41 (s, 72Ht-Bu), 3.67 (bs, 8H,

Cp), 4.53 (m, 24H, Cp), 5.12 (bd, 8H, Cp), 5.35 (bs, 8H, Cp), 5.66
(bs, 8H, Cp). IR (cm?, KBr): v (Zr—H) = 1200-1510. Anal.
Calcd (found) for GsgH224NagZrg (3037.18): C, 62.48 (62.59); H
7.43 (7.19).

X-ray Crystal Structure Determination of 1 and 2. Crystals
of 1 and2 were mounted in glass capillaries under an atmosphere
of argon in the drybox. Crystal data ftr CgoH1240.NayZrs, fw =
1574.69, monoclinicC2/c (No. 15),a = 33.464(12) Ap = 13.172-
(5) A, c=19.356(7) A8 = 108.274(6), V = 8101(5) B, Z = 4,
R1 = 0.0752, wR2= 0.1712. The X-ray intensity data were
collected at 100(2) K on a Bruker SMART APEX Il X-ray
diffractometer system with graphite-monochromated Moriddia-
tion (1 = 0.710 73 A), using the»-scan technique. The structure
was solved by direct methods using the SHELXTL 6.1 bundled
software packag®. Absorption corrections were applied with
SADABS. All non-hydrogen atoms were refined anisotropically
except for the disordered carbon atoms of diethyl ether, which were
divided into two sets labeled as C37, C38, C39, C40 with 39.486%
occupancies and C37C38, C39, C40 with 60.514% occupancies.
The corresponding hydrogen atoms of diethyl ether were added in
the correct calculated positions. The two hydrides and two hydrogen
atoms on C22, C23 of Cp are located from a difference Fourier
map and refined. The rest of the hydrogen atom positions were
calculated and allowed to ride on the attached carbon atoms with
the isotropic temperature factors fixed at 1.1 times those of the
corresponding carbon atoms. Crystal dataZorC;sgH,/NagZrsg,
fw = 3037.18, tetragonaly/acd (No. 142),a = 30.6848(12) Ab
= 30.6848(12) Ac = 33.474(2) AV = 31518(3) B, Zz=8,R1
= 0.0397, wR2= 0.1001. The X-ray intensity data were collected
at room temperature on a Bruker SMART TM CCD-based X-ray
diffractometer system with graphite-monochromated Moriddia-
tion (1 = 0.710 73 A), using the»-scan technique. The structure
was solved by direct methods using the SHELXTL 6.1 bundled
software packag®. Absorption corrections were applied with
SADABS. All non-hydrogen atoms were refined anisotropically
except for the half toluene solvent molecule with symmetry.
The methyl group of toluene was found disordered in the 1- and
3-positions of the phenyl ring with half-occupancies of each. The
two hydrides and three hydrogen atoms on one Cp group were
located from a difference Fourier map and refined. Except for the
hydrogen atoms of the disordered toluene, the rest of the hydrogen
atom positions were calculated and allowed to ride on the attached
carbon atoms with the isotropic temperature factors fixed at 1.1
times those of the corresponding carbon atoms.
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