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Polycyclic aromatic hydrocarbon— or polyarene-transition
metal complexes continue to be exciting reagents for the
exploration of low-valent chemistry of their constituent
metals because of the substantial lability of the coordinated
polyarenes in numerous reactions."?) For example, bis(an-
thracene)ferrate(1—) was recently shown to be a unique
storable source of the atomic Fe™ ion in its reactions with CO
and 1,3-butadiene to afford [Fe,(CO)s]*~ and the first isolable
homoleptic butadiene iron complex, [Fe(C,H;),]™.1*! The first
well-characterized homoleptic polyarenemetalate, tris(naph-
thalene)zirconate(2—) (1), was reported nearly 15 years ago,
and related complexes are now documented for Nb,P! Ta,/
Fe,Pl and Co." However, little or nothing is known about the
analogous metalates of other d-block elements.*® We report
herein the synthesis, isolation, and structural characterization
of the first set of homoleptic polyarenemetalates for a triad of
transition metals: the tris(anthracene)metalates(2—), [M-
(Ci,Hyp)s]*~, M=Ti (2), Zr (3), and Hf (4). In addition, the
triad of Group 4 elements has been “completed” for homo-
leptic naphthalene complexes with access to the tris(naph-
thalene)metalates(2—), [M(C;,Hg);]*", for M ="Ti (5), Hf (6).
Hafnates 4 and 6 are of particular interest as they are the first
polyarene complexes of Hf and are unprecedented examples
of hydrocarbon-stabilized negative-valent hafnium, Hf*",
previously established for only one other compound,
[HE(CO),J>~. 1
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Reactions of [MCl,(thf),] (M =Ti, Zr) with monopotas-
sium anthracene (K[C,H,o]) in THF were carried out under
nearly the same conditions as recently described for the
synthesis of bis(anthracene)cobaltate(1—),” and resulted in
the formation of anions 2 or 3, isolated in 30-40% yields as
dark purple [K([18]crown-6)] salts [Eq.(1)], where L=

[MCI, (thf),] 4 6 K[Cy,H,p]——

_
60-20°C, —~KCl

1)

[18]crown-6, M =Ti, 2, or Zr, 3."! An analogous reaction of
[TiCly(thf),] with monopotassium naphthalene (K[C,,Hg]) in
THF provided titanate 5 in 70-80 % isolated yields as brown-
black to black microcrystalline [K([18]crown-6)] or [K-

([2.2.2]cryptand)] salts (see the Experimental Section).
Numerous attempts to obtain hafnates 4 and 6 by
analogous procedures have been entirely unsuccessful in the
past. However, we recently discovered that reduction of a 1:4
mole ratio of [HfCl,(thf),]/PMe; by six equivalents of K-
[CiHyp] or K[C,(H] in dimethoxyethane (DME) afforded the
first examples of anthracene or naphthalene complexes of
hafnium. The long-sought anions 4 or 6 were isolated from
these reactions in approximately 20 % yield as dark purple or
deep red-brown [K([18]crown-6)] salts [Eq.(2)], where
% LK(L)),[Hf(ArH),] + 3 ArH
2)

[HICI, (thf),] + 6 K[ArH]

ArH=CH; or CHy;, or in 36% yield as [K-
([2.2.2]cryptand)],[6]."" Efforts are underway to identify
intermediates in these intriguing formal six-electron phos-
phane-mediated reductions, in order to help understand why
HfCl, behaves differently from ZrCl, and TiCl,, which do not
require the presence of PMe; to directly access negative-
valent complexes. Other significant differences in the chemis-
try of the Group4 elements have been highlighted
recently.’>' Treatment of 6 with three equivalents of
anthracene between —60 and 20°C resulted in full displace-
ment of naphthalene after 16 h and provided a more facile
route to [K([18]crown-6)],[4], isolated in 70 % yield (based on
6)." Anion 6 also readily undergoes carbonylation at
atmospheric pressure to afford the previously poorly acces-
sible [Hf(CO)¢]>~,l"! details of which will be reported sepa-
rately.'”)
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'H and C NMR spectra of 2-6 were cation independent
and in good agreement with corresponding spectra previously
reported for 1.4 For example, proton-coupled *C NMR
spectra of these species show only one singlet between 150—
155 ppm, which is in the characteristic region for quaternary
carbons in 1,2,3,4-n*anthracene (bound ring only) and n'-
naphthalene complexes.['®!7]

Single-crystal X-ray structural characterizations of the
zirconate 3 and hafnates 4 and 6 confirmed the deductions
from solution NMR data about the nature of these anions. In
particular, the anthracenemetalates 3 and 4 contain three
essentially identical n*-anthracene groups coordinated
through an outer ring to Zr and Hf in a trigonal prismatic
array.'!! Also, the naphthalenehafnate 6 has a nearly identical
structure to that previously reported for 1. Because the
solution NMR spectra of 2 and 5 are consistent with the
presence of three equivalent n*-polyarene ligands,"" it was a
surprise to discover that their solid-state structures are much
less symmetrical, and best formulated as [Ti(n*-polyare-
ne),(n’-polyarene)]*", the first tris(arene) complexes of 3d
metals (the structure of 2 is shown in Figure 1).%! These
compounds are also of interest as they are the only
homoleptic polyarene complexes to contain arenes of differ-
ent hapticities within the same molecule, a feature previously
observed for only one homoleptic arene sandwich complex,
[Ru(n®-C¢Meg)(n*-CsMeg)] 2" Anions 2 and 5 are unprece-
dented examples of well-defined 16-electron homoleptic
polyarene complexes. Only 17- and 18-electron complexes
of this type were previously known. An interesting interplay
of electronic and steric effects is likely to contribute to the
structural character of 2 and 5 in the solid state. These
structures are unusual compared to other known tris(polyar-
ene)metal complexes. Thus, although titanium has approx-

Figure 1. Molecular structure of anion 2. Thermal ellipsoids are set at
the 50% probability level, with hydrogen atoms omitted for clarity.
Selected bond lengths [A] and angles[°]: Ti-C1 2.341(3), Ti-C2
2.272(3), Ti—C3 2.286(3), Ti-C4 2.376(3), Ti~C15 2.366(3), Ti-C16
2.302(2), Ti-C17 2.300(2), Ti~C18 2.370(3), Ti—C29 2.290(2), Ti-C30
2.326(2), C1-C2 1.426(4), C2-C3 1.380(4), C3-C4 1.428(4), C15-C16
1.426(4), C16-C17 1.376(4), C17-C18 1.434(4), C29-C30 1.447(4), Ti-
(*(C1-C4)) 1.953, Ti—(n*(C15-C18)) 1.975, Ti—(1?) 2.191, (*Ti-")
131.1, (M*Ti-n*(C1-C4)) 117.5, (n*-Tim*(C15-C18)) 111.3.
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imately the same atomic and covalent radii as Nb and Ta,PU
which provide unexceptional 18-electron tris(1,2,3,4-n*
anthracene)metalates®™® and tris(n'-naphthalene)tantalate,®
the Ti—C bonds in 2 and 5 are all significantly shorter (on
average about 0.05 A) than the corresponding M—C bonds in
the Group 5 complexes.”? Undoubtedly this difference arises
from a greater degree of 8- or back-bonding from Ti to the
polyarene, which draws the polyarene groups closer to the Ti
centers and results in sufficiently strong intramolecular
polyarene repulsions to cause reduced hapticity (n?) in one
ring in both 2 and 5.2 Steric crowding around the titanium
centers in 2 and 5 is also indicated by the presence of a well-
developed long-short-short-long pattern in the Ti—C bond
lengths of the n*-diene units.”! This is an unusual feature for
early transition metal n*-polyarene complexes and is diag-
nostic of a crowded metal center, as recently observed and
discussed for [Nb(n*-C,oHz),(PMe;),] .l Interestingly, com-
parison of the average M-C distances in [Ti(CO)¢*,
2.038(3),”)  [Nb(CO)s]", 2.089(5), and [Ta(CO)e
2.083(6) A, shows a very similar influence of enhanced
metal-to-ligand back-bonding for the more electron-rich Ti*~
relative to the Group 5 M~ complexes. Finally, crystalline-
lattice or cation—anion interactions appear unlikely to con-
tribute significantly to the structures of the anthracene and
naphthalene titanates in [K([2.2.2]cryptand)],[2] and
[K([18]crown-6)],[5], respectively, because the coordination
environments of titanium are nearly identical, despite the
different crystal systems (triclinic versus monoclinic, respec-
tively) of the salts and packing arrangements of cations and
anions.”! Based on a prior study,” there has been concern
that the structure of anion 5§ could be cation-dependent.
However, crystal structures of the [K([18]crown-6)] and
[K([2.2.2]cryptand)] salts of 5 showed the presence of statisti-
cally identical anionic units.'*

Facile chemical reactions of naphthalenehafnate 6 with
CO and anthracene, mentioned above, are consistent with its
characterization as a source of the to date unknown atomic
Hf*". Because of the paucity of well-defined anionic homo-
leptic 1,3,5,7-cyclooctatetraene (cot) transition metal com-
plexes, of which only [M(n-cot);]~ (M = Nb, Ta)** and [Co(x-
cot),]” have been reported to date,”! the reaction of 6 with cot
was also examined; this was shown to provide the first well-
defined Group 4 complex of this type, [Hf(n-cot);]*~ (7).
Complex 7 was isolated as an air-sensitive orange micro-
crystalline [K([18]crown-6)] salt in 85% yield.''l 'H and
BC NMR spectra of 7 were independent of cation, solvent,
and temperature (to —95°C in THF) and showed sharp
singlets at 03 =4.99 and 0-=97.3 ppm, respectively, with
Jer=150.3 Hz, indicative of significant carbanion character
for the cot groups in 7. The solution NMR data therefore
indicate that 7 is highly fluxional and is analogous to many
other cot complexes, including [M(n*-cot)(n*-cot)] (M =Zr,
Hf).” A single-crystal X-ray study of 7 revealed the presence
of an unusual 16-electron species, [Hf(n*cot)(n’-cot),]*,
which is of interest as the first Group 4 complex to contain
an unsubstituted n*-cot group.*! Steric effects do not appear
to favor this structure over that of the unknown [Hf(1-4-n*-
cot);]*~.”4 Previously, only Group 5 complexes, e.g., [Nb(n’-
cot)(1>-cot),] P! and [Cp*M(n*butadiene)(n’-cot)] (Cp* =
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CsMes, M =Nb,*! and Ta (8))"! were established to possess
this unusual cot binding mode. The n*-cot group in 7 is normal
and quite similar to that present in [Cp*Zr(allyl)(cot)].””
However, the n’-cot groups in 7 are best formulated as
coordinated allylic units, with Hf—C bond distances in the
range 2.298-2.529 A, where all other ring carbons are more
than 3.10 A from the metal (Figure 2). Essentially planar exo-
pentadienyl units (deviation from planarity, 0.016(1) A) are
also present in the n’-cot ligands, with nearly identical C-C
distances (on average 1.392(8) A). Erker etal. previously
proposed that the almost structurally identical n’-cot group in
8 was effectively a dianionic ligand, comprising coordinated
allylic and uncoordinated exo-pentadienyl anion units.!
Interestingly, a computational study on neutral [Zr(n’-cot)-
(n"-cot)] indicated that the known (n=4)® and unknown
(n=3) isomers have essentially equal stabilities and should be
regarded as Zr'" complexes.* On this basis, 7, is provisionally
formulated to contain Hf". However, a theoretical study may
help to shed more light on the nature of the metal-cot
interactions in this unusual species.

In conclusion, the first examples of homoleptic anthra-
cene complexes [M(n-C,H,,);]*" for a triad of transition
metals have been obtained, M ="Ti (2), Zr (3), and Hf (4), as
well as naphthalene analogs, [M(n-C;,Hs);]*~, for M=Ti (5)
and Hf (6). Hafnates 4 and 6 are of interest as unprecedented
formally negative-valent hydrocarbon complexes of Hf, and
potentially important precursors for studies on low-valent Hf
chemistry, which remains very poorly explored. Titanates 2
and 5 are the first examples of isolable 16-electron homoleptic
polyarene complexes and contain polyarenes of different
hapticities within the same molecule, a feature previously
observed only in the heteroleptic Ti’ species, [Ti(n’-An)(n'-
An)(dmpe)] and [Ti(n’-Cp*)(n*-An)(n*-An)]~, An = anthra-
cene.*!

"
c4 £
C3
=
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i
=

Figure 2. Molecular structure of anion 7. Thermal ellipsoids are set at
50% probability level, with hydrogen atoms omitted for clarity.
Selected bond lengths [A] and angles[®]: Hf-C1 2.528(4), Hf-C2
2.354(4), Hf—C3 2.386(4), Hf-C4 2.624(4), Hf-C9 2.529(4), Hf-C10
2.309(4), HF~C11 2.512(4), H-C17 2.494(4), HF-C18 2.298(4), HF-C19
2.466(4), C1-C2 1.428(8), C2—C3 1.386(8), C3-C4 1.399(7), C9-C10
1.416(5), C10-C11 1.415(6), C17-C18 1.421(7), C18-C19 1.411(7), Hf-
(M%) 2.072, HF~(n*(C9-C11)) 2.196, Hf-(n*(C17-C19)) 2.163, (n*-Hf1®)
116.5, (m*-Hf?*(C9-C11)) 117.1, (n'-Hfn*(C17-19)) 126.4.
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Experimental Section

5: A yellow solution of [TiCl,(thf),] (1.000 g, 3.00 mmol) in THF
(80 mL, —60°C) was added to a dark green slurry of K[C,Hs]
(18.0 mmol) and [18]crown-6 (1.583 g, 5.99 mmol) in THF (80 mL,
—60°C). The resulting red-brown reaction mixture was warmed to
room temperature with stirring over a 16 h period and filtered. After
thoroughly washing the filter cake with THF (10 mL), solvent was
removed in vacuo until about 5 mL remained. Diethyl ether (100 mL)
was then added to precipitate a nearly black solid, which was isolated
by filtration, thoroughly washed with ether, and dried in vacuo to
provide pure black-brown microcrystalline [K([18]crown-6)],[5]
(2.256 g, 73 % based on [TiCly(thf),)]. Elemental anal. (%) calcd for
C5,H,,K,0,Ti: C 62.41, H 6.98; found: C 61.99, H 7.15; m.p. 101-
104°C (dec); '"H NMR (300 MHz, [Ds]THF, —35°C, cation resonan-
ces omitted): 0 =2.85 (br, 6H, H1,H4), 4.45 (br, 6H, H2,H3), 5.27,
5.48 ppm (br, 6H each, H5,H8 or H6,H7); “C{'H} NMR (75 MHz,
[Dg]THF, —35°C): 6=78.5 (C1,C4), 109.0 (C2,C3), 114.1, 117.9
(C5,C8 or C6,C7), 150.7 ppm (C9, C10). Identification of CH
resonances was based on previous trends*® and 'H-"*C HMQC
and COSY 2D NMR spectroscopy, but no unique assignments for the
exo-benzene hydrogen atoms or corresponding carbon atoms were
possible. Solution NMR spectra of 5 (and 2) are quite temperature
dependent, details of which will be reported separately. X-ray quality
single-crystals of [K([18]crown-6)],[5] were grown as green-black
blocks from a THF/HMPA (10:1) solution layered at 0 °C with diethyl
ether (see Figure S3 in the Supporting Information).'"”¥ Synthesis and
characterization of [K([2.2.2]cryptand)],[5] and preparation of 2-7
and the structures of anions 3, 4, 5, and 6 are described in the
Supporting Information.
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