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Summary: The reactions of [Zr&thf)(-CgHg)] with K[H 2B- Chart 1. Variations in Cyclooctatetraene Hapticity: (a)
(pz)], K[HB(pzMey)3], and Na[H.B(mt)] (pz = pyrazolyl, mt [Zr(C ¢H2Mes-2,4,6)(CgHg)]; 49 (b) [Zr(C gHs)2); % ()
= methimazolyl) proide the complexes [Z&€-L)Cl(1-CgHs)] [ZrH(C sMes)(CsHg)]; 4 (d) [Zr(C 3Hs)(CsMes)(CgHsg)]*s

(L = H2B(pz), HB(pzMe)s, H2B(mt)). In each case the metal
is electronically unsaturated (16 electrons), despite the capabil-

=000 IS
ity, in principle, of each of the ligands “L” to increase the metal (@) (b)
coordination number. The only product isolated so far from the
corresponding reaction with K[bB(pzMe),] is, however, the
organometallic oxide cluster [4(u-O)a(u-Cl)2Cla(1-CgHg)al.

Since the isolation of the first cyclooctatetraene complex by
Stonet this hydrocarbon has proven to be an intriguing ligand
in organometallic chemistry. This exceptional versatility effig W}:@f{)ﬁ
may be traced, in part, to variable hapticity such that it may (©

(d)
provide, as an aromatic dianion (charged formalism), up to 10 O\, O
valence electrons to a suitably receptive metal center (Chart 1).
In practice, it is only metal centers with sufficiently low (ideally
nil) d configurations that are capable of accepting so many

valence electrons to one face of a coordination polyhedron. Thus,
structurally authenticatéd;® coordination to transition metals
is commonly encountered in groug*4s rare in group %,and

is unheard of for metals from other groups. Within the chemistry have now turned our attention to the synthesis of poly(azolyl)-
of zirconium? a range of hapticities has been observed, porate complexes of the “Zr@lg)” fragment. The study has

depending on the number of valence electrons provided by the
remaining coligands. Thus, for exemplary zirconium complexes  (4) (a) Cisarova, |.; Varga, V.; Horacek, M.; Kubista, J.; MachQgllect.

i i ini i i Czech. Chem. Commu2004 69, 2036. (b) Horacek, M.; Hiller, J.; Thewalt,
(Chart 1) in which the remaining coligands may contribute two, U+ Stepnicka, P.. Mach, KI. Organomet. Chenl998 571, 77. (c) Binger,

four, six, or eight electrons, thegBg hapticity progressively P.! Glaser, G.; Albus, S.; Krueger, Chem. Ber.1995 128 1261. (d)
decreases. Kool, L. B.; Rausch, M. D.; Rogers, R. D. Organomet. Cheni985
We have recently been concerned with the organometallic 297 289. (e) Kolesnikov, S. P.; Dobson, J. E.; Skell, PJSAm. Chem.

. . - Soc.1978 100, 999. (f) Van der Wal, H. R.; Overzet, F.; Van Oven, H.
chemistry of poly(methimazolyl)boratesind poly(methima- 5 '5e'goer, J. L.: De Liefemeijer, H. J.; Jellinek, F.Organomet. Chem.

zolyl)boranes (“metallaboratrane$3jnd have noted a recurrent 1975 92, 329. (g) Dietrich, H.; Dierks, HAngew. Chem., Int. Ed. Engl.
tendency for the dihydrobis(methimazolyl)borate ligandgH 1966 5, 943. (h) Cloke, F. G. N.; Green, J. C.; Hitchcock, P. B.; Joseph,

— ; ; - _S. C. P.; Mountford, P.; Kaltsoyannis, N.; McCamley, A.Chem. Soc.,
(mt)2, mt = methimazolyl) to enter into three-center, two Dalton Trans.1994 2867. (i) Kempe, R.; Sieler, J.; Ritter, U.; Walther, D.

electron (3e-2e) B-H—M bonding with a range of metals. 7z Kristallogr. 1992 201, 290. (j) Blenkers, J.; Bruin, P.; Teuben, J. H.
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; - - Skell, P. SJ. Am. Chem. Sod978 100, 999. (I) Blake, A. J.; Dunn, S.
first encountergﬂ for the complex [Mog CSHB)(.CO)z{Ing C.; Moody, A. G.; Mountford, P.; Dunn, S. C.; Green, J. C.; Jones, N. M.
(pzMey)2}] (pz = pyrazolyl), discovered by TrofimenkoWe Chem. Commurl998 1235. (m) Karl, J.; Erker, G.; Frohlich, R.; Zippel,

are accumulating a body of circumstantial evidence which F.; Bickelhaupt, F.; Goedheijt, M. S.; Akkerman, O. S.; Binger, P.; Stannek,
suggests that the #B(mt), ligand shows a greater propensity J-Angew. Chem., Int. EA997 36, 2771. (n) Joseph, S. C. P.; Cloke, F.

. . . G. N.; Cardin, C. J.; Hitchcock, P. Barganometallicsl995 14, 3566. (0)
for such interactions than do the more familiaiBpz), or H,B- Sinnema, P. J.; Meetsma, A.; Teuben, JOrganometallics1993 12, 184.

(PzMe)2 ligands but sought a means of assessing this. Given (p) Berno, P.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, Q. Chem. Soc., Dalton
the apparent ability of cyclooctatetraene to act as a “reporter \T/Tﬁ”SAlggl 3985’03?931 (a) gemobPl.; SEFeII:’::{]5 gé;q legggné,)%; Chiesi-
: " : f illa, A.; Guastini, C.J. em. Soc., Dalton Tral . (r) Rogers,
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J.; Mills, R. M.; Spencer, J. L.; Woodward, Petdr.Chem. Soc., Dalton
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anu.edu.au. Organomet. Cheml985 297, 61. (u) Binger, P.; Stutzmann, S.; Stannek,
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(3) The establishment of hapticity in cyclooctatetraene coordination (5) (a) Swisher, R. G.; Sinn, E.; Brewer, G. A.; Grimes, R.INAm.
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provided the first zirconium complex of a dihydrobis(methi-
mazolyl)borate ligand. Although this class of ligand is more
commonly associated with later “soft” transition-metal cen-
ters1%-14 a small number of reports of poly(methimazolyl)borate
complexes of selected early transition metals have appéared.
Of particular relevance is the very recent report by Parkin of
the first zirconium complex bearing a HB(mtligand: viz.,
[ZrCl(n-CsHs){ HB(mt)3} .1

Though not isolated therein, the formation of Wilke’s complex
[ZrCly(thf)(-CsHg)] (1)Y7 is implicit in Spencer’'s one-pot

(6) (@) Foreman, M. R. St.-J.; Hill, A. F.; White, A. J. P.; Williams, D.
J. Organometallics2003 22, 3831. (b) Abernethy, R. J.; Hill, A. F.;
Neumann, H.; Willis, A. Clnorg. Chim. Acte2005 358 1605. (c) Foreman,
M. R. St.-J,; Hill, A. F.; Tshabang, N.; White, A. J. P.; Williams, D. J.
Organometallic2003 22, 5593. (d) Crossley, I. R.; Hill, A. F.; Willis, A.
C. Organometallic2005 24, 4889. (e) Foreman, M. R. St.-J.; Hill, A. F;
Smith, M. K.; Tshabang, NOrganometallics2005 24, 5224.

(7) (&) Hill, A. F.; Owen, G. R.; White, A. J. P.; Williams, D. Angew.
Chem., Int. Ed1999 38, 2759. (b) Foreman, M. R. St.-J.; Hill, A. F.; Owen,
G. R.; White, A. J. P.; Williams, D. Drganometallic2003 22, 4446. (c)
Foreman, M. R. St.-J.; Hill, A. F.; White, A. J. P.; Williams, D. J.
Organometallic2004 23, 913. (d) Crossley, I. R.; Hill, A. FOrganome-
tallics 2004 23, 5656. (e) Crossley, I. R.; Hill, A. F.; Willis, A. C.
Organometallic2005 24, 1062. (f) Crossley, I. R.; Foreman, M. R. St.-J.;
Hill, A. F.; White, A. J. P.; Williams, D. JChem. Commur2005 221. (g)
Crossley, I. R.; Hill, A. F.; Humphrey, E. R.; Willis, A. ©rganometallics
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2006 25, 289.
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Scheme 1. Cyclooctatetraene Poly(azolyl)borato Complexes
of Zirconium: (a) K[H 2B(pz),]; (b) K[HB(pzMe »)3]; (c)
Na[H,B(mt)]

cl
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al THF o~ Ko = Pro

(1)

synthesis of [ZrCl(GMes)(17-CgHg)].*s Although 1 prepared in
this manner is somewhat difficult to completely separate from
residual traces of KClI, this does not interfere with the subsequent
chemistry. Reger has reported that the reaction of [{d@ie)-
(n-CsHs)] with K[H 2B(pz),] provides the complex [ZrG{n-
CsHs){ H2B(pz):} 1, which features a 3e2e B—H—Zr interaction
(Zr—H = 2.273 A, z—B = 2.958 A)!8 We find that the
reaction ofl with Na[H,B(pz),] provides an orange complex
with the composition [ZrGIH2B(pz):} (CsHs)] (2) (Scheme 1),
the connectivity of which does not, however, follow unequivo-
cally from spectroscopic data alo#&? Thus, the appearance

(18) Reger, D. L.; Mahtab, R.; Baxter, J. C.; Lebioda/riorg. Chem.
1986 25, 2046.

(19) 2: a suspension of [Zr@(thf)(-CgHs) (0.100 g, 0.30 mmol) in thf
(10 mL) was cooled (dry ice/propanone) and treated withBftdz),] (0.056
g, 0.30 mmol), and then this mixture was warmed to room temperature
and stirred for 12 h. The orange suspension was freed of volatiles and the
residue extracted with Ci€l,. The combined filtered extracts were
concentrated and cooled 20 °C to provide orange crystals. Yield: 0.066
g (58%). NMR (CDCly, 25°C): H, on 3.5 (S v br ,~2H, BH,, gy =
210 Hz), 6.09 (dd, 2H, Hpz), 33y = 2.3 Hz), 6.99 (s, 8H, §Hg), 7.37,
7.65 (dX 2, 2H x 2, H3’5(pZ),3JHH =21 HZ);13C{1H}, (Sc 100.0 (CgHg),
104.2 (C(pz)), 135.6, 141.4 (&(pz)). Anal. Found: C, 44.03; H, 4.58;
N, 14.52. Calcd for @H16BCIN4Zr: C, 44.51; H, 4.27; N, 14.83%. Crystal
data for2: Ci14H16BCIN4Zr, My, = 377.79, monoclinicP2;/c, a= 11.512-
5&2) A, b=9.5680(19) Ac = 14.109(3) A8 = 97.74(3}, V = 1539.9(5)

3,7 =4,D,=1.630 Mg n73, (Mo Ka) = 0.884 mnT, T = 200(2) K,

3534 independent reflections? refinement,R = 0.032,R,, = 0.078 for
2830 reflections|(> 20(1), 20max = 55°), 197 parameters (CCDC 285124).
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of a single GHg resonance in théH NMR spectrum ¢y 6.99)
does not necessarily signify® coordination. In contrast to
[ZrCl{ H2B(pz)} (7-CsHs)], which is unstable in solutiot, 2
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Figure S3 (Supporting Information)) adopts, as2land 3, a
three-legged piano-stool arrangement that leaves the borohydride
group distal from zirconium (Zrt-H2B1=3.78(7) A, Zrt--B1

appears robust under ambient, strictly anaerobic conditions. The= 4.20(8) A). In contrast to the chelates thand 3, which

ground-state structure @fwas established by a crystallographic

approach localCssymmetric B(pz)Zr boat geometries, the

study, the results of which are summarized in Scheme 1 andchelate ir4 appears to actually undergo quite substantial twisting
Figure S1 (Supporting Information), from which it is apparent to avoid interaction between zirconium and the Bioup, in
that, despite the 16-electron zirconium center being coordina- contrast to the symmetric sigmoideédSS chelate in [TiEN!-
tively unsaturated, the borohydride group remains beyond what Bu){ H.B(mt)} 2].252 A corollary of this twisting is that the
would be considered an appropriate distance for invoking molecule is chiral (racemi®l crystal), althoughtH and3C

B—H—Zr 3c—2e bonding (Zr+H2B1 = 3.47(7) A, Zrt-B1
=3.56(6) A). In the absence of such an interaction, the Zspz)
unit adopts a shallow boat conformation.

The reaction of the potentially tridentate proligand salt K[HB-

NMR data indicate that, in solution, inversion is rapid.

In each of the moleculeg—4, a three-legged piano-stool
geometry is adopted, leaving the zirconium center electronically
unsaturated (16 electrons) despite the presence of potential, but

(pzMey)] also proceeded by simple halide metathesis to provide pendant, donors (BH or N). This is in stark contrast to the

[ZrCI{HB(pzMe&y)3} (CsHg)] (3),2° the IH NMR spectrum of
which indicates the presence of two pzMsavironments (in a
2:1 ratio) in addition to a singledEls resonancedy 6.57). These
data would be consistent with either a tridentate HB(p2ble

complex [ZrH¢;5-CsMes)(178-CgHg)],*s which accommodates the
bulky CsMes ligand in an® manner. This reluctance on the part
of complexe®2—4 to attain electronic saturation by adopting a
four-legged piano-stool geometry may perhaps be traced to the

ligand straddling a molecular plane of symmetry or, alterna- effect of cyclooctatetraene coordination upon the relative

tively, bidentate ¥°N,N’) chelation. Bidentate coordination of

energies of the zirconium orbitals. A geometric consequence

tris(pyrazolyl)borates to metal centers with less than®a d of 58-CgHg coordination is that the ring centroid is drawn close

configuration is uncommofthough it is occasionally encoun-
tered?! The molecular geometry & adopted in the solid state

to the metal, affording more effective orbital overlap. This,
coupled with the increase in energy and occupatiof-sym-

is depicted in Scheme 1 and Figure S2 (Supporting Information), metry orbitals of cyclo-GR, ligands as h” increases, means

which reveals that in fact the HB(pzM)e ligand does indeed

thatd bonding with the metal becomes significant. Thus, for a

adopt a bidentate mode of coordination that leaves one pendantoordinate system whemss the unique axis, theglandd,e—,2
pzMe, donor uncoordinated and the zirconium center coordi- (4e) orbitals are strongly destabilized relative to the remaining
natively unsaturated. The orientation of the three pyrazolyl three orbitals g, d,,, and g, (62, 5&) available for bonding to

groups allows (or results from) weak interligand hydrogen-

three coligands. For the hypothetical “[Zff-CgHg)]>™ frag-

bonding interactions between (a) the chloride ligand and two ment, a substantial energy gap (1.76 eV) has been estitAated

pyrazolyl methyl substituents (H16GCI1 = 2.65(4) A,
H26A---Cl1 = 2.70(4) A) and (b) &H---z(pzMe>) and the
third (pendant) pyrazolyl ring drawing it toward thghd ring.
The reaction ofl with Na[H,B(mt),] proceeded similarly to
that with Na[H:B(pz),] to provide the yellow-orange complex
[ZrCI{H,B(mt);} (CgHg)] (4) in moderate yield? One methi-
mazolyl environment is indicated by thel NMR data, which
again also include only a single resonance due to ghi [Byand
(0w 6.83). Although4 is the first zirconium complex bearing
the H:B(mt), ligand, we have recently isolated the titanium
complex [TiIENCMes){ HoB(mt),} 2], in which the two HB(mt),
ligands adopt distinat?S S and«®H,SS coordination mode®a
Accordingly, tridentatec®H,SS coordination of the kB(mt),
ligand might also appear feasible fér however, this proves
not to be the case. The molecular structuredqfScheme 1,

(20)3: a mixture of [ZrCh(thf)(y-CgHsg)] (0.150 g, 0.45 mmol) and
K[HB(pzMe,-3,5)] (0.135 g, 0.40 mmol) in thf (5 mL) was stirred for 12
h. The solvent was removed, the residue extracted withGlHand the
extract filtered, concentrated, and coole®( °C) to provide orange crystals
of 3. Yield: 0.097 g (41%). NMR (CECl,, 25°C): 6n 1.49 (3 H), 2.29 (6
H), 2.34 (3 H), 2.66 (6 H) (s< 4, pzCH), 5.85 (2 H), 6.00 (1 H) (< 2,
H4(pz)), 6.57 (s, 8H, gHg); 13C{H}, dc 11.00 (1 C), 13.72 (1 C), 14.01
(2 C), 16.29 (2 C) (pzCh), 99.58 (GHs), 107.7 (C(pz)), 143.3 (1 C),
147.9 (2 C), 148.7 (1 C), 151.4 (2 C){&pz)). Anal. Found: C, 52.01; H,
5.94; N, 15.45. Calcd for £H30BCINgZr: C, 52.32; H, 5.73; N, 15.92.
Crystal data foB: Cy3H30BCINeZr, My, = 528.01, monoclinicP2i/c, a =
11.077(2) Ab = 15.937(3) Ac = 27.729(6) Ap = 99.38(3}, V = 4829.6-
(17) A3, Z = 8, Dx = 1.452 Mg m3, u(Mo Ka) = 0.589 mm?, T =
200(2) K, 8507 independent reflectiorfs refinementR = 0.042,R, =
0.093 for 6468 reflectiond & 20(1), 20max= 50°), 593 parameters (CCDC
285125).

(21) lllustrative examples include: (a) Connelly, N. C.; Emslie, D. J.
H.; Metz, B.; Orpen, A. G.; Quayle, M. J. Chem. Soc., Chem. Commun.
1996 2289. (b) Bohanna, C.; Esteruelas, M. A/;rtez, A. V.; Lopez, A.
M.; Martinéz, M. P.Organometallics1997, 16, 4464. (c) Burns, 1. D.; Hill,
A. F.; White, A. J. P.; Williams, D. J.; Wilton-Ely, J. D. E. Organo-
metallics1998 17, 1552. (d) Paulo, A.; Domingos, A.; Santos,liorg.
Chem.1996 35, 1798.

between the 5eand 4g pairs of orbitals. Since it is the latter
pair that would constitute the LUMOs of &-ZrL 3(8-CgHg)]
complex, it appears that there is little to be gained in employing
one of these for bonding to either the pendant pziyteup of
3 or the borohydride groups idand4. Neither is the loss ob
bonding that would accompany reducegHg hapticity appar-
ently compensated for by increased denticity on the partBf H
(pz), HB(pzMe)s, or H,B(mt), ligands. This again contrasts
with the ground-state structure of [Z#CsHs)(175-CsMes) (17
CgHg)] (Chart 1d), wherein the allyl and cyclopentadienyl
ligands adopt their maximum hapticity, accommodated §isC
ring slippage's

Finally, it should be noted that an obvious omission from
the above set of compounds would be the derivative [ZrCl-
{H2:B(pzMe,)2} (CgHsg)], given the pivotal role that the 4B-
(pzMe&), has played in the discovery of such—BI—M

(22)4: a suspension of [Zr@(thf)(1-CgHsg)] (0.200 g, 0.59 mmol) in
thf (15 mL) was cooled (dry ice/propanone) and treated with N&(Rht),]
(0.153 g, 0.58 mmol) and stirred at that temperature for 30 min. The mixture
was then warmed to room temperature and stirred for 12 h to provide a red
solution and white precipitate, which was removed by filtration. The filtrate
was concentrated in vacuo and then diluted with hexane and coei2a (
°C) to provide orange-red crystals 4f2thf (by 'H NMR). Yield: 0.19 g
(72%). NMR (CDCly, 25°C): H, oy 3.54 (s, 6H, NCH), 6.73, 6.81 (d
x 2, 2H x 2, NCHCHN, 33y = 2.1 Hz), 6.83 (s, 8H, §Hs); 3C{*H}, oc
35.1, 36.0 (NCH), 98.9 (GHs), 119.6, 124.0 (NCHCHN), 154.0 (CS).
Satisfactory elemental microanalytical data could not be obtained, due to
partial desolvation. Crystals suitable for diffractometry were obtained from
a cooled saturated thf solution as a bis(thf) solvate. Crystal dataZtrf:
C15HngC|N4SzZr.(C4HgO)2, My = 614.17, triclinic,Pl (NO. 2),a =10.126-
(2) A, b=11.608(2) A,c = 13.690(3) A,a = 75.95(3}, B = 72.01(3},
y =69.47(3), V= 1416.8(56) &, Z = 2, Dy = 1.440 Mg n73, u(Mo Ko
= 0.658 mnT?, T = 200(2) K, 6528 independent reflectiof&.refinement,
R = 0.050,R, = 0.135 for 5449 reflectiond (> 20(l), 20max = 55°), 324
parameters (CCDC 285126).

(23) Belanzoni, P.; Rosi, M.; Sgamellotti, ££hem. Phys. Let001
344, 536.
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Figure 1. Molecular geometry 05 in a crystal 0f5-MeCN-CH,-
Cl; (40% displacement ellipsoids, Hydrogen atoms are omitted.

interactions’ We have not yet been successful in obtaining this
compound; however, from the reaction &f with K[H:B-

Organometallics, Vol. 26, No. 16, 208203

the plane of the three zirconium atoms to which it binds; (ii)
the second (01Z, 02Z) adopts a flattened-pyramidal geometry
with more similar Zr-O—Zr angles (117.99, 102.93 2, sum

of angles 323.9. While there exist copious structural data for
organometallic oxide clusters of the formy{C,R,)xMx(O),]?

(x > 2) with cyclopentadienyl ligandsn(= 5), including
examples based on zirconiuihthere is only one structurally
characterized cycloheptatrienyl example, the hydroxocubane
[Mo4(u-OH)4(C7H7)4][Mo 2(u-Cl)2(u-OH) (37-C7H7)2],° and 5
represents the first such cyclooctatetraene derivative g).
While the synthesis 0b remains frustratingly irreproducible,

its isolation and structural characterization do point to a
potentially diverse new class of compounds for study.

To conclude, despite an increasingly recognized propensity
for ¥®H,S,S coordination by the EB(mt); ligand and precedent
for B—H—Zr bonding being provided by Reger's complex
[ZrCl{ HoB(pz)s} (7-CsHs)],Y7 in the present system®-CgHg
coordination is retained in preference to the formation of 3c

(pzMey)7] we have isolated, in trace amounts, crystals of a novel 2e B—H—Zr associations or, indeed, tridentate coordination of

borate-free clusters, derived presumably from adventitious

the HB(pzMe)s ligand. Nevertheless, the isolation #kstab-

moisture. Unfortunately, despite attempts at the controlled lishes, for the first time, the viability of bis(methimazolyl)borate

hydrolysis ofl, we have not been able to obtdinn sufficient

guantity for spectroscopic or elemental analysis. However, given
the novelty and aesthetic appeal, we include herein the results
of a crystallographic study, which are summarized in Figure

1.24 The cluster may be most simply viewed as a [4}€]
adduct of the tetrameric dianion [£#-O)4(u-Cl)»(CgHg)]%~ or,
alternatively, as a cyclooctatetraenediyl-stabilized(4€1,]8"
cluster. The cluster has two distinct typesgafoxo ligands:

ligands in organozirconium chemistry.
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of the crystal structure determinations f(CCDC 285124),3
(CCDC 285125)4 (CCDC 285126), anéd (CCDC 645677) and
figures giving the structures d@—4, along with selected bond

(i) the first (O1) has an approximate T-shaped geometry (anglesdistances and angles. This material is available free of charge via

at O1 157.55, 100.61x 2; sum of angles 3588 and lies in

(24)5: K[H:B(pzMey);] (0.113 g, 0.50 mmol) and (0.200 g, 0.59
mmol) were stirred in thf (15 mL) for 12 h, and the mixture was then freed
of volatiles. The residue was extracted with £LHb (20 mL) and the extract
filtered and cooled to afford a small number of red crystals, which were
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