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A series of zirconium and hafnium heteroscorpionate complexes have been prepared by the reaction of MCl, (M
= Zr, Hf) with the compounds [{ Li(bdmpza)(H.0)} 4] [odmpza = bis(3,5-dimethylpyrazol-1-yl)acetate], [{ Li(bdmpzdta)-
(H.0)}4] [bdmpzdta = bis(3,5-dimethylpyrazol-1-yl)dithioacetate], and (Hbdmpze) [bdmpze = 2,2-bis(3,5-
dimethylpyrazol-1-yl)ethoxide] (the latter with the prior addition of Bu"Li). Under the appropriate experimental conditions,
mononuclear complexes, namely, [MCls(«*-bdmpzx)] [x = a, M = Zr (1), Hf (2); x = dta, M = Zr (3), Hf (4); x =
e, M = Zr (5), Hf (6)], and dinuclear complexes, namely, [{ MCly(u-OH)(«3-bdmpzx)} ;] [x = a, M = Zr (7), Hf (8);
x = dta, M = Zr (9); x = e, M = Zr (10)], were isolated. A family of alkoxide-containing complexes of the general
formula [ZrCly(k*-bdmpzx)(OR)] [x = a, R = Me (11), Et (12), 'Pr (13), Bu (14); x = dta, R = Me (15), Et (16),
Pr (17), Bu (18); x = e, R = Me (19), Et (20), 'Pr (21), 'Bu (22)] was also prepared. Complexes 11-14 underwent
an interesting hydrolysis process to give the cluster complex [Zrg(te3-OH)g(OH)s(«c>-bdmpza)g] (23). The structures
of these complexes have been determined by spectroscopic methods, and the X-ray crystal structures of 7, 8, and
23 were also established.

Introduction compounds are related to the tris(pyrazol-1-yl)methane
Since the initial development of tris(pyrazol-1-yl)borate Systent, but one of the pyrazole groups has been replaced

or “scorpionate” ligands by Trofimenko in the late 1960s, a Py @ carboxylate, dithiocarboxylate, or ethoxide group,
significant number of complexes using most metals of the Namely, bis(3,5-dimethylpyrazol-1-yl)acetate (bdmpza), bis-
periodic table has been prepared with these liganis.a  (3,5-dimethylpyrazol-1-yl)dithioacetate (bdmpzdta), and 2,2-
result of our research in the field of niobium complexes with PiS(3,5-dimethylpyrazol-1-yl)ethoxide (bdmpze). These ligands

Tp or Tp* ligands [Tp= hydridotris(pyrazol-1-yl)borate, Tp* (3) (a) Otero, A.; Feradez-Baeza, J.; Tejeda, J.; Aftilo, A.; Carillo-

= hydridotris(3,5-dimethylpyrazol-1-yl)borate], some of us
reported the preparation of several complexes of the type
TpNb(CIR(RC=CR) or Tp*Nb(O)(Cl)(OR)? We subse-
quently carried out research on the synthesis of new
“heteroscopionate” ligandsvith pyrazole rings. The target
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New Complexes of Zirconium(lV) and Hafnium(IV)

were prepared in order to provide a small degree of steric The complexes ZrGland HfCL, were purchased from Aldrich.
hindrance and considerable coordinative flexibility. The The compounds{Li (bdmpza)(HO)}], [{Li(bdmpzdta)(HO)} 4],
compounds were found to be excellent reagents for the and (Hbdmpze) were prepared as reported previcasis:
introduction of scorpionate ligands into niobium complexes, ~ Synthesis of [ZrCly(«*-bdmpza)] (1). To a THF (50 mL)
and a series of alkyne-containing niobium complexes were Solution of ZrC (0.50 g, 2.14 mmol) was added an equimolar

isolated and charateriz&dlhese complexes were found to duantity of fLi(bdmpza)(HO)}4] (0.58 g, 0.53 mmol). The solution
have an interesting dynamic behavior in solution, and this was stirred for 12 h at room temperature. The solvent was removed

died b iabl NMR hni M under vacuum, and the solid was extracted with,Clll A white
was studied by variable-temperature techniques. More solid was obtained after removal of the gb,. Yield: 92%. Anal.

recently, we reported the preparation of heteroscorpionate-cajcd for G,H1CleN4O.Zr: C, 32.4; H, 3.3; N, 12.6. Found: C,
containing titanium complexes that through an interesting 32.5; H, 3.5; N, 12.81H NMR (CDCl;, 293 K) 5: 6.61 (s, 1 H,
nucleophilic THF ring-opening process give rise to alkoxide CH), 6.11 (s, 2 H, H), 2.65 (s, 6 H, M&), 2.51 (s, 6 H, M#).
species. We also described a preliminary study of the 13C{!H} NMR (CDCl) ¢: 67.1 (CH), 155.9, 143.0 @' 9, 109.0
ethylene polymerization activities for some of these com- (C%), 15.4 (Mé), 11.3 (Mé), 162.8 (CQ"). IR (Nujol mull, cnr):
plexes® We are now interested in extending the scope of 1691 Pasyn(CO;7)], 1452 [rsyn(CO,7)], 418, 295 p(Zr—Cl)]. MS
the chemistry to include the preparation of new heteroscor- [FAB (m/z assignment, % intensity)]: 409 [M Cl], 100.
pionate complexes of the rest of the group 4 metals. We Synthesis of [HfCh(«*-bdmpza)] (2). The synthetic procedure

describe here the synthesis and characterization of three nevx‘i"aj It{hL‘?(zzme as)zg%;?aignzgtemgigg HfCLI()Ot.SO_gél.SG m'm')

. . . P an | mpza 4 . g, 0. mmol) to give as a white

ﬁﬁ‘”sdsgs ho':jrzo';‘;gg'“;“n dar;?kg)%?éur;n;ﬁ;pl?:; dcsonfrar'lg'sng solid. Yield: 93%. Anal. Calcd for GHyClsHf N4O,: C, 27.0;
» Ny , y 9 : ,2.8: N, 10.5. Found: C, 27.2; H, 2.9; N, 10}l NMR (CDCl,

target complexes constitute the first examples of this class g5 K)o: 6.62 (s, 1 H, CH), 6.14 (s, 2 H, % 2.67 (s, 6 H, M),
of compounds with a heteroscorpionate ligand. In addition, 5 51 (s, 6 H, M&). 13C{1H} NMR (CDCk) &: 68.7 (CH), 154.2,
the complexes [ZrG(«*-bdmpza)(OR)] 11-14) undergo an 1413 (G © 9, 107.9 (C), 15.8 (Mé), 11.3 (M&), 161.8 (CQ").
interesting hydrolysis process to give the cluster complex IR (Nujol mull, cml): 1683 fasyr(CO;7)], 1441 [syn(CO,7)],
[Zrs(us-OH)s(OH)s(x?>-bdmpzay] (23). Although a number 402, 289 p(Hf—CI)]. MS [FAB (m/z assignment, % intensity)]:
of the oxo/hydroxo clusters of zirconium are knoWwthis 496 [M — CI], 100.

complex constitutes the first example of such a compound Synthesis of [ZrCly(«*-bdmpzdta)] (3). To a THF (50 mL)

with a scorpionate ligand. solution of ZrC} (0.50 g, 2.14 mmol) was added an equimolar
quantity of fLi(bdmpzdta)(HO)}4 (0.64 g, 0.53 mmol). The
Experimental Section solution was stirred for 12 h at room temperature. The solvent was

removed under vacuum, and the solid was extracted withGGH

i t;A”tthth.e reactlc()jns Werte perfﬁrmedf (ljsmgtstandagdlSchtlenk- A red solid was obtained after removal of the solvent. Yield: 87%.
ube techniques under an atmosphere of dry nitrogen. Solvents were, . ~icq for GH1CLNLS,Zr C, 30.2: H, 3.2: N, 11.7.

distilled from appropriate drying agents and degassed before US€.-oind: C.30.3 H. 3.3 N. 11.9H NMR (CDCl, 293 K): 7.52
Microanalyses were carried out with a Perkin-Elmer 2400 CHN " '\ C,H) 6 ’17’(5' o H H' 274 (s, 6 H I\jlé) 254 ('S 6 H
analyzer. Mass spectra were recorded on a VG Autospec instrumenﬁvlés) 13’C{ 1H}, NMR ((’:DCI;) 5 775 (éH) 155.4 143.8 ’@, 9 '

using the FAB technique and nitrobenzyl alcohol as the matrix. 108.3 (3. 15.9 (M&) 11.2 (M&). 233.4 (C IR (Nuiol mull
Infrared spectra were obtained in the region 46200 cnt? using - .( ) 15.9( )', 2 (Me), ',( ) IR ( UJO_mU '

. cm™): 1061 pasynfCS )], 811 sy CS )], 415, 293 p(Zr—Cl)].
a Perkin-Elmer 883 spectr_ophotomet@fl. and3C NMR spectra MS [FAB (mz assignment, % intensity)]: 441 [M- CI], 100.
were recorded on a Varian Unity FT-300 spectrometer and Synthesis of [HfCH(x*-bdmpzdta)] (4). The synthetic procedure

referenced to the residual deuterated solvent. The NOE difference .
spectra were recorded with the following acquisition parameters: was the same as that for compléusing HICk (0.50 g, 1.56 mmol)
“and [ Li(bdmpzdta)(HO)}4] (0.47 g, 0.39 mmol) to givel as a

fgiﬁgﬁg}"(‘;gﬂ“jﬁgoi::;;‘i%‘;'sgxeﬂrgg 2'827;’“255‘30‘;"?;2”10 red solid. Yield: 94%. Anal. Calcd for @H1:ClHf NS C, 25.5;

120 Two-dimensior;al NMR spectra were acéuired using standard H, 2.6;N, 9.9. Found: C, 25.6; H, 2.8; N, 1021 NMR (CDCL,

VAR.IAN —FT software and processed using an+¥Tin computer 293 K)0: 7.50 (s, 1 H, CH), 6.15 (s, 2 H,% 2.73 (s, 6 H, M§),
' 2.52 (s, 6 H, M&). B3C{*H} NMR (CDCl) ¢: 78.5 (CH), 155.5,

143.6 (G ° 9, 108.4 (C), 15.8 (Mé), 11.3 (Mé), 232.9 (CS").

(4) (a) Fernadez-Baeza, J.; JalpF. A.; Otero, A.; Rodrigo-Blanco, M.

E.J. Chem. Soc., Dalton Tran995 1015. (b) Antitolo, A.; Carrillo- IR (Nujol mull, cm™): 1053 pasyn(CS )], 804 [vsy(CS )], 399,
Hermosilla, F.; Diez-Barra, E.; Femdez-Baeza, J.; Femdez-Lopez, 287 [v(Hf—Cl)]. MS [FAB (m/z assignment, % intensity)]: 528
M.; Lara-Saachez, A.; Moreno, A.; Otero, A.; Rodjuez, A. M.; [M — CI], 100
Tejeda, JJ. Chem. Soc., Dalton Tran%998 3737. T o

(5) Otero, A.; Ferhadez-Baeza, J.; Tejeda, J.; Ardlo, A.; Carrillo- Synthesis of [ZrCly(x*-bdmpze)] (5). To a cooled {70 °C)
Hermosilla, F.; Diez-Barra, E.; Lara-8ehez, A.; Ferhadez-Lopez, solution of Hbdmpze (0.50 g, 2.12 mmol) in dry THF (100 mL)
M. J. Chem. Soc., Dalton Tran200Q 2367. i i

(6) (a) Otero, A.; Feriadez-Baeza, J.; Aritalo, A.; Carrillo-Hermosilla, was ?ddefd a 1.6 M SOIUtllon. of %u n lhexane (;_"33 mL, |212
F.; Tejeda, J.; Daz-Barra, E.; Lara-Smhez, A.; Sachez-Barba, L.; mmol). After 30 min, a solution of ZrG _(0'49 9 1 me) in
Lépez-Solera, |.; Ribeiro, M. R.; Campos, J. Gkganometallic2001 THF (50 mL) was added, and the reaction mixture was stirred for
E{O’ 2428_|-| (b)FOte1[0_, Ad-; FJemELjeZ-'%die\m' JA-: Aglﬂ‘% A-EC%V ””0L- 12 h at room temperature. The solvent was removed under vacuum,

ermosilla, F.; Tejeda, J.; Lara-8ehez, A.; Sachez-Barba, L.; . . . . .

Ferrmdez-Lpez, M.: Rodiguez, A. M. Lpez-Solera, linorg. Chem. and the solid was extracted wnh QEl,. A white solid was obtained
2002 41, 5193. after removal of the solvent. Yield: 85%. Anal. Calcd for&,7-

(7) (a) Kickelbick, G.; Schubert, Ul. Chem. Soc., Dalton Tran$999 CI3N,OZr: C, 33.4; H, 3.9; N, 13.0. Found: C, 33.6; H, 4.1; N,
1301. (b) Kleerle, G.; SChUbert, WChem. Ber.1997 130, 473. 1311H NMR (CDC'S, 293 K)(S 6.45 (bl’ s, 1 H, CH), 6.04 (S, 2

(c) Kickelbick, G.; Wiede, P.; Schubert, Lhorg. Chim. Actal999
284 1. (d) Reza, M. Y.; Matsushima, H. H.; Koikawa, M.; Nakashima, H, H?), 4.59 (br's, 2 H, CED), 2.64 (s, 6 H, M&, 2.45 (s, 6 H,

M.; Tokii, T. Bull. Chem. Soc. Jpri99§ 71, 155. Me?®). 13C{H} NMR (CDCl) 6: 70.5 (CH), 154.2, 142.8 @' 9),
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108.2 (@), 15.3 (Mé), 11.3 (Mé), 66.2 (CHO). IR (Nujol mull,
cml): 411, 291 p(Zr—Cl)]. MS [FAB (m/z assignment, %
intensity)]: 395 [M— CIJ, 100.

Synthesis of [HfCk(k3-bdmpze)] (6). The synthetic procedure
was the same as that for compl&xusing Hbdmpze (0.36 g, 1.56
mmol), Bu'Li (1.00 mL, 1.56 mmol), and HfGI(0.50 g, 1.56 mmol)
to give 6 as a white solid. Yield: 89%. Anal. Calcd for; 1~
Cl3HfN,O: C, 27.8; H, 3.2; N, 10.8. Found: C, 28.1; H, 3.4; N,
10.9.*H NMR (CDClg, 293 K)0: 6.77 (br s, 1 H, CH), 6.06 (s, 2
H, H%, 4.75 (br s, 2 H, CKD), 2.61 (s, 6 H, M&, 2.52 (s, 6 H,
Me®). 33C{H} NMR (CDCl;) 6: 70.6 (CH), 154.3, 141.9 @9,
108.4 (@), 15.4 (Mé), 11.2 (Mé), 66.8 (CHO). IR (Nujol mull,
cm1): 405, 282 p(Hf—CI)]. MS [FAB (m/z assignment, %
intensity)]: 482 [M— Cl], 100.

Synthesis of [ ZrCl y(u-OH)(«x3-bdmpza)} ;] (7). To a CHCI,
(100 mL) suspension of Zr¢(2.00 g, 8.58 mmol) was added an
equimolar quantity of{Li(lbdmpza)(HO)}4] (2.34 g, 2.14 mmol).
After 12 h at room temperature, the mixture was filtered. The
solvent from the filtrate was evaporated to dryness to yield complex
7 as a white solid. Yield: 75%. Anal. Calcd for,£13,Cl4sNgOg-
Zry. C,33.8; H,3.7; N, 13.3. Found: C, 33.5; H, 3.7; N, 1315.
NMR (CDCls, 293 K)6: 7.09 (s, 2 H, CH), 5.85 (s, 4 H,4 2.51
(s, 12 H, Mé), 2.06 (s, 12 H, M®. 13C{*H} NMR (CDCl) o:
72.9 (CH), 146.7, 140.2 @9, 106.4 (C), 10.8 (Mé), 13.3 (M#),
165.9 (CQ"). IR (Nujol mull, cn?): 1680 pasyn{CO.7)], 1470
[vsym(CO,7)], 328, 295 p(Zr—Cl)], 3533 [y(OH)]. MS [FAB (m/z
assignment, % intensity)]: 836 [M OH], 100.

Synthesis of [ HfCI y(u-OH)(«3-bdmpza)} ;] (8). The synthetic
procedure was the same as that for compleusing HfCl, (1.00
g, 3.12 mmol) and{[Li(bdmpza)(HO)} 4] (0.85 g, 0.78 mmol) to
give 8 as a white solid. Yield: 85%. Anal. Calcd for,g3,Cls-
Hf;NgOg: C, 28.0; H, 3.1; N, 10.9. Found: C, 28.3; H, 3.2; N,
10.7.*H NMR (CDCls, 293 K)6: 7.09 (s, 2 H, CH), 6.04 (s, 4 H,
H4, 2.51 (s, 12 H, M8, 2.06 (s, 12 H, M®. 13C{H} NMR
(CDClg) 6: 72.5 (CH), 146.7, 141.2 @9, 105.4 (C), 15.3 (Mé),
11.8 (Mé), 165.2 (CQ"). IR (Nujol mull, cnm): 1672 pagyn(CO,7)],
1451 psyn(CO; )], 395, 328 p(Hf—CI)], 3430 [y(OH)]. MS [FAB
(m/z assignment, % intensity)]: 1010 [M OH], 100.

Synthesis of { ZrCl y(u-OH)(«x*-bdmpzdta)} ;] (9). The synthetic
procedure was the same as that for complensing ZrC}, (2.00
g, 8.58 mmol) and{[Li(bdmpzdta)(HO)}4] (2.46 g, 2.14 mmol)
to give 9 as an orange solid. Yield: 65%. Anal. Calcd for&s-
ClsNgO,SZro: C, 31.4; H, 3.5; N, 12.2. Found: C, 31.3; H, 3.6;
N, 12.3.1H NMR (CDCl;, 293 K) 8: 7.53 (s, 2 H, CH), 6.18 (s,
4 H, HY, 2.75 (s, 12 H, M&), 2.54 (s, 12 H, M®. 13C{'H} NMR
(CDClg) 6: 65.4 (CH), 155.1, 141.2 @9, 109.1 (C), 14.5 (Mé),
12.7 (M), 235.4 (C%"). IR (Nujol mull, cnT?): 1049 pas,n(CS7)],
808 [vsy(CS )], 317, 279 p(Zr—Cl)], 3330 y(OH)]. MS [FAB
(m/z assignment, % intensity)]: 900 [M OH], 100.

Synthesis of { ZrCl ,(u-OH)(«3-bdmpze)} ;] (10). To a cooled
(=70 °C) solution of Hbdmpze (0.50 g, 2.12 mmol) in dry THF
(100 mL) was added a 1.6 M solution of Biiin hexane (1.33
mL, 2.12 mmol). After 30 min, a suspension of Zy@.49 g, 2.12
mmol) in CH,Cl, (50 mL) was added, and the reaction mixture
was stirred for 12 h at room temperature. The mixture was filtered

Otero et al.

357, 299 §(Zr—Cl)], 3480 (OH)]. MS [FAB (m/z assignment,
% intensity)]: 808 [M— OH], 100.

Synthesis of [ZrCh(x3-bdmpza)(OMe)] (11). A solution of 1
(0.50 g, 1.12 mmol) in MeOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and the solid was
extracted with toluene. A yellow solid was obtained after removal
of the solvent. Yield: 82%. Anal. Calcd for;H:gCI,N4O3Zr: C,
35.4; H, 4.0; N, 12.7. Found: C, 35.5; H, 4.1; N, 12!8.NMR
(CDCl;, 293 K)0: 7.82 (s, 1 H, CH), 6.05 (s, 2 H,% 2.35 (s, 6
H, Me3), 2.47 (s, 6 H, M8, 3.98 (s, 3 H, OMe)13C{1H} NMR
(CDCly) 6: 71.3 (CH), 149.1, 145.3 @9, 108.4 (C), 13.6 (Mé),
11.9 (M), 162.6 (CQ"), 55.5 (OMe). IR (Nujol mull, cm?): 1730
[Vasy(CO27)], 1513 reyn(CO; )], 653 [v(Zr—OMe)], 418, 314 §-
(Zr—CI)]. MS [FAB (m/z assignment, % intensity)]: 406 [M-

Clj, 100.

Synthesis of [ZrCh(«3-bdmpza)(OEt)] (12). A solution of 1
(0.50 g, 1.12 mmol) in EtOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and the solid was
extracted with toluene. A yellow solid was obtained after removal
of the solvent. Yield: 87%. Anal. Calcd fori@,0CloN4OsZr: C,
36.9; H, 4.4; N, 12.3. Found: C, 37.0; H, 4.4; N, 12!8.NMR
(CDCl3, 293 K)6: 7.85(s, 1 H, CH), 5.98 (s, 2 H,% 2.31 (s, 6
H, Med), 2.41 (s, 6 H, M&), 4.35 (q, 2 H.3Jyy = 6.2 Hz, OCH,-
CHg), 1.30 (t, 3 H,3Jyy = 6.2 Hz, OCHCHjy). 13C{!H} NMR
(CDClg) 6: 70.3 (CH), 148.9, 145.1 @9, 108.2 (C), 13.8 (Mé),
12.5 (Mé), 162.7 (CQ"), 63.5 (OCH,CHz), 11.9 (OCHCH_y). IR
(Nujol mull, cm3): 1705 pasyr(CO27)], 1483 psy(CO.7)], 681
[v(Zr—OEt)], 415, 320 §(Zr—Cl)]. MS [FAB (n/z assignment, %
intensity)]: 420 [M— CI], 100.

Synthesis of [ZrCh(k3-bdmpza)(OPr)] (13). A solution of 1
(0.50 g, 1.12 mmol) inPrOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and the solid was
extracted with toluene. A yellow solid was obtained after removal
of the solvent. Yield: 68%. Anal. Calcd for;€H,,CI,N4O3Zr: C,
38.4; H, 4.6; N, 12.9. Found: C, 38.4; H, 4.7; N, 1228.NMR
(CDCl;, 293 K)6: 6.58 (s, 1 H, CH), 6.11 (s, 1 H,% 6.05 (s, 1
H, H¥), 2.65 (s, 3 H, M@), 2.55 (s, 3 H, M&), 2.47 (s, 3 H, M#&),
2.46 (s, 3 H, M&), 4.59 [m, 1 H,3J4y = 7.0 Hz, OGH(CHs)J),
1.37 [d, 6 H,3Jyy = 7.0 Hz, OCH(QH3),]. 13C{*H} NMR (CDCly)

0. 67.4 (CH), 155.2,154.1, 142.1, 141.3}(€3 and C °'5), 108.2
(C%, 108.7 (C), 14.7 (Mé), 15.0 (M€), 11.1 (Mé), 11.2 (M),
162.4 (CQ7), 77.8 [OCH(CHa),], 25.1 [OCHCH3),]. IR (Nujol
mull, cm1): 1678 pasy(CO7)], 1461 psy(CO27)], 689 [v(Zr—
OPr)], 411, 307 §(Zr—Cl)]. MS [FAB (m/z assignment, %
intensity)]: 434 [M— CI], 100.

Synthesis of [ZrCly(x3-bdmpza)(O'Bu)] (14). A solution of 1
(0.50 g, 1.12 mmol) inBuOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and the solid was
extracted with toluene. A yellow solid was obtained after removal
of the solvent. Yield: 91%. Anal. Calcd for;gH,4CI,N4O3Zr: C,
39.9; H, 4.9; N, 11.6. Found: C, 39.9; H, 5.1; N, 11!d.NMR
(CDCls, 293 K) 0: 6.57 (s, 1 H, CH), 6.05, (s, 1 H,% 6.03 (s,

1 H, H*), 2.66 (s, 3 H, M@, 2.60 (s, 3 H, Mé), 2.48 (s, 3 H,
Me®), 2.46 (s, 3 H, M&), 1.48 [s, 9 H, OC(Ch)3]. B°*C{H} NMR
(CDCl) 6: 67.4 (CH), 155.1, 154.0, 144.8, 142.23(C3 and C
or5), 108.1 (@), 108.4 (C), 14.9 (Mé), 15.1 (M€), 10.9 (Mé),

to give a solution, which was evaporated to dryness to yield complex 11.1 (M&), 162.5 (CQ"), 30.9 [OC(CHs)4], 25.1 [OCCH3)3). IR

10 as a white solid. Yield: 75%. Anal. Calcd for4E36CI4NgO4-
Zry: C,34.9; H,4.4; N, 13.5. Found: C, 35.1; H, 4.3; N, 13H.
NMR (CDCl;, 293 K) 0: 6.61 (br s, 2 H, CH), 6.02 (s, 4 H,%]
4.61 (br s, 4 H, CHO), 2.62 (s, 12 H, M®, 2.49 (s, 12 H, M®.
13C{1H} NMR (CDCl) ¢: 66.3 (CH), 154.1, 140.3 @9, 108.1
(CH, 15.3 (M€), 11.4 (Mé&), 70.7 (CHO). IR (Nujol mull, cn):
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(Nujol mull, cm™): 1653 pasyr(CO,7)], 1442 psyn(CO,7)], 683
[v(Zr—OBu)], 418, 327 §(Zr—Cl)]. MS [FAB (m/z assignment,
% intensity)]: 448 [M— ClI], 100.

Synthesis of [ZrCly(x3-bdmpzdta)(OMe)] (15). A solution of
3(0.50 g, 1.04 mmol) in MeOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and the solid was
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extracted with toluene. An orange solid was obtained after removal
of the solvent. Yield: 78%. Anal. Calcd for,6H,gCIbN,OSZr:
C,33.0;H,3.8; N, 11.8. Found: C, 33.1;H, 3.8; N, 119NMR
(CDCl;, 293 K)6: 7.52 (s, 1 H, CH), 6.08 (s, 2 H,% 2.71 (s, 6
H, Me®), 2.48 (s, 6 H, M), 4.52 (s, 3 H, OMe)!3C{*H} NMR
(CDCl) 6: 81.1 (CH), 155.1, 144.8 @' 9), 108.4 (C), 15.5 (Mé),
11.5 (Mé), 242.8 (C%"), 56.8 (OMe). IR (Nujol mull, cm?): 1112
[Vasy(CS )], 833 [vey(CS )], 635 [v(Zr—OMe)], 412, 326 §-
(Zr—ClI)]. MS [FAB (m/z assignment, % intensity)]: 438 [M-
Cl], 100.

Synthesis of [ZrCl(«k3-bdmpzdta)(OEt)] (16). A solution of3

3.48 (s, 3 H, OMe)*3C{H} NMR (CDCl) o: 66.3 (CH), 147.3,
144.9 (C °'9, 108.2 (@), 12.5 (Mé), 11.3 (Mé), 73.9 (CHO),

50.8 (OMe). IR (Nujol mull, cm?): 636 [(Zr—OMe)], 405, 325
[v(Zr—Cl)]. MS [FAB (m/z assignment, % intensity)]: 392 [M

Cl], 100.

Synthesis of [ZrCl(«3-bdmpze)(OEt)] (20). A solution of 5
(0.50 g, 1.16 mmol) in EtOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and the solid was
extracted with toluene. A yellow solid was obtained after removal
of the solvent. Yield: 91%. Anal. Calcd for;¢H,,CI.N4O.Zr: C,
38.1; H, 4.9; N, 12.7. Found: C, 38.2; H, 5.0; N, 12!8.NMR

(0.50 g, 1.04 mmol) in EtOH (75 mL) was stirred for 12 h at 30 (cpCl,, 293 K)6: 7.18 (br s, 1 H, CH), 6.00 (s, 2 H,4 4.57 (d,
°C. The solvent was removed under vacuum, and the solid was H 33, = 7.0 Hz, CHO), 2.38 (s, 6 H, M®, 2.13 (s, 6 H, M#),
extracted with toluene. An orange solid was obtained after removal 3 95 (q, 2 H 233y, = 6.2 Hz, OGH,CHs), 1.30 (t, 3 H,3Jun = 6.2

of the solvent. Yield: 82%. Anal. Calcd for@H,0CI,N/,OSZr:
C,34.5;H,4.1; N, 11.5. Found: C, 34.6; H, 4.1; N, 1Z15NMR
(CDClz, 293 K)o: 7.48 (s, 1 H, CH), 6.11 (s, 2 H,% 2.70 (s, 6
H, Med®), 2.49 (s, 6 H, M&), 4.99 (q, 2 H,23Jyy = 6.2 Hz, OCH,-
CHg), 1.54 (t, 3 H,3Jyy = 6.2 Hz, OCHCHj3). 3C{1H} NMR
(CDClg) 6: 80.7 (CH), 155.4, 144.9 @9, 108.6 (C), 15.6 (Mé),
11.4 (Mé), 244.0 (C%"), 67.3 (OCH,CHj3), 15.8 (OCHCH3). IR
(Nujol mull, cmr1): 1083 pasyn{CS7)], 813 vy CS )], 623 [v-
(Zr—OEt)], 415, 335 ¢(Zr—Cl)]. MS [FAB (nm/z assignment, %
intensity)]: 452 [M— CI], 100.

Synthesis of [ZrCly(k3-bdmpzdta)(O'Pr)] (17). A solution of
3(0.50 g, 1.04 mmol) inPrOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and the solid was
extracted with toluene. An orange solid was obtained after removal
of the solvent. Yield: 75%. Anal. Calcd for,6H,,CI,N,OSZr:
C,35.9;H,4.3;N, 11.1. Found: C, 35.9; H, 4.4; N, 1ZRNMR
(CDCls, 293 K)6: 7.50 (s, 1 H, CH), 6.10, (s, 1 H,% 6.08 (s,

1 H, H), 2.76 (s, 3 H, M#&), 2.62 (s, 3 H, M&), 2.50 (s, 3 H,
Me®), 2.49 (s, 3 H, M&), 4.65 [m, 1 H3Jyy = 7.0 Hz, OGH(CHa)7],
1.34[d, 6 H,.2Jyy = 7.0 Hz, OCH(CH3),]. 13C{*H} NMR (CDCls)
0: 80.3(CH), 155.1, 154.8, 144.1, 142.23(C% and C ° 5), 108.5
(CH, 108.9 (@), 15.3 (Mé), 15.5 (M€), 11.3 (Mé), 11.6 (M€),
242.8 (C$), 81.3 [OCH(CHjy),], 21.8 [OCH(CH3),]. IR (Nujol
mull, cm): 1081 Pasyn(CS7)], 803 [vsyn(CS )], 604 [v(Zr—O'-
Pr)], 402, 3387(Zr—Cl)]. MS [FAB (nv/zassignment, % intensity)]:

466 [M — CI], 100.

Synthesis of [ZrCly(«3-bdmpzdta)(O'Bu)] (18). A solution of
3(0.50 g, 1.04 mmol) irBuOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and the solid was
extracted with toluene. An orange solid was obtained after removal
of the solvent. Yield: 89%. Anal. Calcd fori§H,4CI,N,OSZr:
C,37.3;H,4.6; N, 10.8. Found: C, 37.3; H, 4.6; N, 109NMR
(CDCl;, 293 K)6: 7.50 (s, 1 H, CH), 6.10, (s, 1 H,% 6.08 (s,

1 H, H), 2.77 (s, 3 H, M#&), 2.66 (s, 3 H, M&), 2.50 (s, 3 H,
Me®), 2.49 (s, 3 H, M&), 1.48 [s, 9 H, OC(Ch)3). 13C{1H} NMR

(CDCl) 6: 80.6 (CH), 155.4, 153.9, 143.5, 142.43(€ % and C

or5), 108.4 (©), 108.9 (@), 15.4 (Mé), 15.6 (M€), 11.4 (Me),

11.5 (Mé), 243.1 (C$), 30.9 [OC(CHg)3], 28.9 [OCCHa3)4]. IR

(Nujol mull, cmr1): 1073 pasynfCS7)], 805 [reym(CS7)], 601

[v(Zr—0OBu)], 399, 329 §(Zr—Cl)]. MS [FAB (m/z assignment,
% intensity)]: 480 [M— CI], 100.

Synthesis of [ZrCly(«3-bdmpze)(OMe)] (19).A solution of 5
(0.50 g, 1.16 mmol) in MeOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and the solid was
extracted with toluene. A yellow solid was obtained after removal
of the solvent. Yield: 81%. Anal. Calcd for;gH,oCILN4O.Zr: C,
36.6; H, 4.6; N, 13.2. Found: C, 36.7; H, 4.7; N, 13'8.NMR
(CDCls, 293 K)9: 7.20 (brs, 1 H, CH), 6.03 (s, 2 H,%{ 4.55 (d,

2 H,3Jyy = 7.0 Hz, CHO), 2.39 (s, 6 H, M®, 2.15 (s, 6 H, M#),

Hz, OCHCHj3). 3C{*H} NMR (CDCl) o: 63.3 (CH), 147.6, 144.1
(Cd0r9, 108.1 (C), 12.4 (Mé), 11.1 (Mé), 71.7 (CHO), 81.3
(OCH,CHg), 15.3 (OCHCHj3). IR (Nujol mull, cnrl): 624 [v-
(Zr—OEY)], 399, 336 {(Zr—Cl)]. MS [FAB (n/z assignment, %
intensity)]: 406 [M— CI], 100.

Synthesis of [ZrCly(x3-bdmpze)(OPr)] (21). A solution of 5
(0.50 g, 1.16 mmol) inPrOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and and the solid
was extracted with toluene. A yellow solid was obtained after
removal of the solvent. Yield: 90%. Anal. Calcd fors824CIoN4O5-

Zr: C,39.6; H,5.2; N, 12.4. Found: C, 39.6; H, 5.3; N, 12H4.
NMR (CDCls, 293 K)6: 7.23 (br s, 1 H, CH), 6.01, (s, 1 H,*H
5.99 (s, 1 H, H), 4.52 (d, 2 H3J4y = 7.0 Hz, CHO), 2.48 (s, 3
H, Med®), 2.36 (s, 3 H, Mé), 2.13 (s, 3 H, M), 2.36 (s, 3 H,
Me®), 4.02 [m, 1 H,3Jyy = 7.0 Hz, OGH(CH3),], 1.22 [d, 6 H,
8Jun = 7.0 Hz, OCH(®3)]. 13C{H} NMR (CDCls) 6: 65.1 (CH),
147.3, 145.4, 144.1, 142.3%C 3 and C °' 5), 108.1 (C), 108.3
(C*), 12.3 (M), 12.5 (M€), 11.1 (Mé), 11.3 (M€), 72.3 (CHO),
89.8 [OCH(CHa)2], 21.3 [OCHCH3),]. IR (Nujol mull, cm™): 614
[v(Zr—O'Pr)], 402, 338 §(Zr—Cl)]. MS [FAB (m/z assignment, %
intensity)]: 420 [M— ClI], 100.

Synthesis of [ZrCly(«3-bdmpze)(OBu)] (22). A solution of5
(0.50 g, 1.16 mmol) irBuOH (75 mL) was stirred for 12 h at 30
°C. The solvent was removed under vacuum, and the solid was
extracted with toluene. A yellow solid was obtained after removal
of the solvent. Yield: 93%. Anal. Calcd for;gH,¢CI.N4O-Zr: C,
41.0; H, 5.5; N, 11.9. Found: C, 41.0; H, 5.5; N, 11!6. NMR
(CDCls, 293 K) o: 7.17 (br s, 1 H, CH), 6.03, (s, 1 H,% 6.01
(s, 1 H, H"), 4.48 (d, 2 H,:3Jyy = 7.0 Hz, CHO), 2.65 (s, 3 H,
Med), 2.59 (s, 3 H, M&), 2.43 (s, 3 H, M#&), 2.41 (s, 3 H, M&),
1.42 [s, 9 H, OC(CH)3]. **C{*H} NMR (CDCl) 6: 66.4 (CH),
147.8, 145.3, 144.6, 142.1%C 2 and C °' 5), 107.8 (C), 107.6
(C*), 12.0 (M€), 12.6 (M€), 11.2 (M€), 11.4 (M€), 69.8 (CHO),
30.3 [OC(CHy)3], 26.3 [OCCHS3)3). IR (Nujol mull, cm™1): 603
[v(Zr—0O'Bu)], 395, 329 {(Zr—Cl)]. MS [FAB (m/z assignment,

% intensity)]: 434 [M— CI], 100.

Synthesis of [Zfs(us-OH)g(OH)g(k2-bdmpza)g] (23). A solution

of 11-14 (4.14 mmol) in THF (40 mL) was added to water (0.15
mL, 8,28 mmol). The solution was stirred for 12 h at room
temperature. The solvent was removed under vacuum, and the solid
was extracted with CkCl,. A yellow solid was obtained after
removal of CHCl,. Yield: 70—-75%. Anal. Calcd for GgH13gN3,03-
Zrs: C,41.0; H, 4.8; N, 15.9. Found: C, 41.2; H, 4.9; N, 15H.
NMR (CDCl;, 293 K) 6: 6.08 (s, 8 H, CH), 5.79 (s, 16 H,4
2.18 (s, 48 H, M&), 2.42 (s, 48 H, M®. 13C{*H} NMR (CDCl5)
0. 60.2 (CH), 146.1, 142.3 @ 9, 106.3 (C), 13.9 (Mé), 10.7
(Me®), 173.8 (CQ"). IR (Nujol mull, cnm?): 1670 pasyn(CO,7)],
1510 psyn(CO;7)], 3550 (OH)], 3433 p(u-OH)].
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Table 1. Crystal Data and Structure Refinement %18, and23

Otero et al.

7 8 23
formula (:24H32C|4N8062f2'8THF C24H32C|4Hf2N806'8THF Q6H136V320322T6'8HC|'4H20
fw 1429.65 1604.19 3153.35
T (K) 153(2) 153(2) 293(2)
cryst syst triclinic triclinic orthorombic
space group P1 P1 Fddd
a(A) 12.048(1) 11.986(1) 21.947(1)
b (A) 12.491(1) 12.478(1) 28.636(1)
c(A) 13.052(1) 12.970(1) 56.476(2)
o (deg) 104.26(1) 104.24(1)
B (deg) 104.24(1) 104.05(1)
y (deg) 107.20(1) 107.16(1)
V (A3) 1707.3(2) 1689.2(2) 35494(2)
z 1 1 8
Deatea (gr cn3) 1.390 1.577 1.180
u (mm1) 0.525 3.293 0.524
F (000) 748 812 12 864
cryst dimens (mm) 0.2 0.3x0.3 0.3x 0.2x 0.1 0.4x 0.3x 0.3
6 range (deg) 2.0227.97 2.03-27.99 2.15-28.04
hklranges —15=<h=<15-16=< k < 15, —15<h=<15-16=< k=15, —23=<h=<23,-23=< k=23,
0<l=17 0=<1=13 0=<1=37
no. of rflns measd 8552 7894 9918
no. of obsd rflns 3454 6501 2427
GOF 1.115 1.080 1.398
final Rindices | > 201)]2 R; = 0.0999 WwR, = 0.2282 R; = 0.0325wR, = 0.0785 R; = 0.1242 wR, = 0.2109
largest diff. peak (eA3) 0.702/-0.898 1.01441.277 2.195£0.714

3Ry = Y||Fol — IF/I/Y| Fol; WR = [S[W(Fo? — F2)?/ ¥ [wW(Fo?)?]5.

L Scheme 1. Synthesis of Complexes [Mégk3-bdmpzx)] (—6) and
X-ray Structure Determinations for Complexes 7, 8, and 23. [{MCla(u-OH)(c3-bdmpzx} 2] (7—10)

We mounted several crystals 28 but were unable to obtain good 1/4 [{Li(bdmpzx)(H,0)} 4]

data. However, considering the importance of the structure, it was MCl, T or THE

“3hage  IMCl(x*-bdmpzx)]

solved despite the aforementioned problems. Crystalg arid 8 M=Zr, Hf  (Hbdmpze) + Bu"Li x=a, M=2Zrl,Hf2
were mounted at low temperatures in inert oil on a glass fiber. x=dta, M=Zr3, Hf 4
However, whereas crystals @fwere stable under the aforemen- CH,Cl Hx(_)e’ M= 2rs.Hr6
tioned experimental conditions, crystals ®decomposed under 12h, 20°C CH22C12
these conditions during the data collection. We attempted to repeat 24h,20°C
the data collection with several crystals but were unable to obtain [{MCIQ(,u—OH)(KB—bdmpZX)}Z]
better data. x=a, M=Zr7, Hf8
. . x=dta, M=Zr9
Intensity data were collected on a NONIUS-MACH3 diffracto- x=e, M=2Zr10

meter equipped with a graphite monochromator (Kéoradiation,
2 =0.710 73 A) using am/20 scan. The final unit-cell parameters  Results and Discussion

were determined from 25 well-centered reflections and refined by ) 2 )
the least-squares method. Two reflections were measured every 98 Compounds {Li(bdmpza)(HO)}4],** [{Li(bdmpzdta)-

reflections as the orientation and intensity controls, and no (H20)}4],%> and (Hbdmpzé)were used in the complexation
significant intensity decay was observed for compoundad23; of a number of zirconium and hafnium fragments. These
however, an intensity decay of 36% was observed for compound cOmpounds (the latter with the prior addition of Bi)

8. The structures of and23 were solved by direct methods, and  reacted with a solution of MGI(M = Zr, Hf) (Scheme 1)
the structure of compoun@ was solved by the Patterson method in THF to give, after stirring for 12 h at 28C, a solution
using the SHELXS computer progréhin all cases, the structures ~ from which the complexes [M@l3-bdmpzx)] [x=a, M=
were refined or2 by full-matrix least-squares (SHELXL-97)All Zr (1), Hf (2); x =dta, M= Zr (3), Hf (4); x = e, M= Zr
non-hydrogen atoms were refined with anisotropic thermal param- (5), Hf (6)] were isolated as white and red@ &nd4) solids
eters for complexe8 and23. The hydrogen atoms were included after the appropriate workup procedure. When these reactions
in the calculated positions and were refined with an overall isotropic were performed under the same conditions but withbClK
temperature factor using a riding model, except the bridging HO as the solvent, the hydroxo complexdMCl(u-OH) (k-
hydrogens in7 and8, which were located in a difference Fourier pdmpzx},] [x = a, M = Zr (7), Hf (8); x = dta, M= Zr
map and refined freely. Weights were optimized in the final cycles. (9); x = e, M = Zr (10)] were isolated as white and orange
Crystallographic data are given in Table 1. CompleXesnd 8 (9) solids after the appropriate workup procedure. The
crystallize with several THF molecules as the solvent. Complex complexes7—10 could also be obtained by the hydrolysis
23 crystallizes with HCI and kD molecules as the solvents. of compound<—3 and5 in CH,Cl, as the solvent (Scheme
1).

(8) Sheldrick, G. M.Acta Crystallogr., Sect. A99Q 46, 467. We think that, probably, the more coordinative capacity
(9) Sheldrick, G. M.Program for the Refinement of Crystal Structures

from Diffraction Datg University of Gdtingen, Gidtingen, Germany, of THF VerS.US CECl, impEdes the hydrolysis _process in
1997. the synthesis of complexds-6. Examples of this type of
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c1/ E\C'

X,=0, E=0, M=2Zr 1,Hf2
X,=S, E=S, M=7Zr 3,Hf4
X,=Hy, E=0, M=Zr 5 Hf6

Figure 1. Proposed structure for complex&s 6.

N Cl N " Cl
H Se/ s
g Cl g

M M IS TN
N// % \ N// 2 \ Figure 3. Molecular structure and atom-labeling scheme Torwith
E | H E.

Cl cl thermal ellipsoids at 20% probability. Hydrogen bond distances and angle:
i N d(03—H3) = 0.94 A, d(H3---040) = 1.80 A, d(03:+-:040) = 2.72(1) A,
syn anti 0O3—H3:--040= 167.6.

Figure 2. Proposed structures for the two isomers of complekiK]»-
(u-OH)(k3-bdmpzx} 7] (7—10).

Q
=

reactivity between the [Cp*ZrG] species and water have
been described previously.The different zirconium and
hafnium complexes discussed above were characterized by
spectroscopic methods. THd NMR spectra ofl—10 show
a set of resonances for H4, Me3, and Meb5, indicating that
both of the pyrazole rings are equivalent. TH&{'H} NMR
spectra exhibit the corresponding signals for C3, C4, C5,
Me3, and Me5. These results agree with an octahedral
structure for complexes—6, as depicted in Figure 1, where
a «>-N,N,.E (E = O or S) coordination for the bdmpza,
bdmpzdta, and bdmpze is proposed. Although several tris-
(pyrazol-1-yl)borate group 4 metal complexes have been Figure 4. Molecular structure and atom-labeling scheme 8orwith
described previousli# as far as we know, these complexes thermal ellipsoids at 20% probability. Hydrogen bond distances and angle:
. . . ... d(03—H3) = 0.79 A, d(H3---030) = 1.92 A, d(03:+-030) = 2.70(1) A,
constitute the first examples of this class of compounds with jg3-Hz-...030= 173.6.
a heteroscorpionate ligand. A different structural disposition
was found for complexeg—10. The mass spectra of these ~ The molecular structures of complex&sand 8 were
complexes indicate a dinuclear formulation (see the Experi- determined by X-ray diffraction (XRD) studies, and only the
mental Section). A strong band is observed in the IR spectra@nti isomer was observed in the solid state. This is not
at ca. 3400 cmt, and this has been assigned®H) of unexpected given the lower degree of steric hindrance
the hydroxo_bridging group. This Observation' a|0ng with inherent in '[hIS isomer. The molecular structures and atomiC

the NMR data, indicates the presence of a seven-coordinaté’umbering schemes are shown in Figures 3 and 4. Significant
model, as depicted in Figure 2, witd-N,N,E (E= O or S) bond distances and angles are listed in Tables 2 and 3. Both

coordination for the heteroscorpionate ligands. This disposi- ©f the structures exhibit a heteroscorpionate ligand bonded
tion gives rise to two possible isomers, syn and anti, with to the zirconium or hafnium atom, respectively, through the

respect to the ME bond of«®-N,N,E (see Figure 2). two nit.rpgen atoms and the oxygen from the acetate group.
In addition, the metal center is coordinated to two chlorine

(10) (a) Babcock, L. M.; Day, V. W.; Klemperer, W. Gorg. Chem 1989 atoms and tWO, br!dgmg hydroxyl groups. . .
28, 806. (b) Babcock, L. M.; Day, V. W.; Klemperer, W. G. Chem. The two bridging hydroxyl groups are involved in
Soc., Chem. Commufl988 519. (c) Hidalgo, G.; Pellinghelli, M.~ hydrogen bonds with the oxygens of THF molecules in the

A.; Royo, P.; Serrano, R.; Tiripichio, AJ. Chem. Soc., Chem. .
Commalnlggq 1118. P both compounds (Figures 3 and 4).

(11) (a) Kouba, J. K.; Wreford, S. $norg. Chem 1976 15, 2313. (b) To extend the range of alkoxide-containing zirconium

Reger, D. L.; Tarquini, M. Elnorg. Chem 1982 21, 840. (c) Reger, : :

D. L.. Tarquini, M. E.Inorg. Chem1983 22, 1064. (d) Reger, D. L.. species, we prepared anew class_ of hete_rosco_rplenmm_l
Tarquini, M. E.; Lebioda, LOrganometallics1983 12, 1763. (e) complexes that contain an alkoxide ancillary ligand. Direct
Kresinski, R. A.; Isam, L.; Hamor, T. A.; Jones, C. J.; McCleverty, J. reaction of complexes [Zr@k3-bdmpzx)] [x= a (1). x =
A.J. Chem. Soc., Dalton Trank991, 1835. (f) Antifolo, A.; Carrillo- _ p . [2relk pzx)] [ @),
Hermosilla, F.; Corrochano, A. E.; Fernandez-Baeza, J.; Lanfranchi, dta @), and x= e (5)] with several alcohols (see Scheme 2)

M.; Otero, A.; Pellinghelli, M. A.J. Organomet. Chen1999 577, gave, after the appropriate workup procedure, the complexes

2002 91 1863, (h Lawtente, 5. C.. Skimner. M. € G- Green, 3. G, [ZICI(bdmpz2x)(OR)] [x= a, R=Me (11), Et (12), Pr

Mountford, P.Chem. Commur2001, 705. " (13), Bu (14); x = dta, R= Me (15), Et (16), 'Pr (17), ‘Bu
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Table 2. Bond Lengths (A) and Angles (deg) far Me H Me Me Iél Me
bond distances (A) bond angles (deg) 5 / \ 5 5 / \ s
N tx, N N tx, N
zr-ci 2.476(3) Cltzr—Cl2 103.3(1) 4 O| | |O ¢ 4 O| | |O ‘
Zr1—CI2 2.449(3) Clt-2Zr1—N1 76.8(2) N, E N N, E N
Zr1—01 2.085(7) Cl+Zr1—N3 147.1(2) 3 / / 3 3 / / ¥
Zr1—03 2.094(7) Cl2Zr1—N1 81.0(2) M " Me M¢ " Me
Zr1-O3 2.121(6) Cl2-Zr1—N3 83.9(2) 7 PN
Zr1—N1 2.421(8) N+Zri—N3 72.8(3) car oz c” : OR
Zr1—N3 2.386(8) N1Zr1—03 145.8(3) OR Cl
N3—2Zr1—03 75.1(3) @) ®)
03-2r1-03 65.8(3)

as . ) g al . X,=0, E=0,R=Me 11, Et12 X,=0, E=0,R="Pr 13,'Bu 14
mmetry transformation ner ivalen ;
ymmetry transformations used to generate equivalent atems X,—S, E—S, R-Me 15,E(16  X,S. E—S, R—Pr 17,'Bu 18

1-y+1-z+ 1. )
X;=H, E=0,R=Me 19,Et20  x,-H, E=0,R='Pr 21,'Bu22

Table 3. Bond Lengths (A) and Angles (deg) fér Figure 5. Proposed structure for complex&$—22.
bond distances (A) bond angles (deg) )
Hf1—Cl1 2.468(1) CIE-Hf1—CI2 103.6(1) Me E' : Me ? Me
Hf1—CI2 2.416(1) Cl+-Hf1-03 130.4(1) N \ : ) ‘ o A
Hf1—01 2.074(3) CItHf1—03 78.2(1) N tx, N ; Ny ¢ N
Hf1—03 2.084(3) ClIEHf1—N1 77.1(1) 4 O | . P O | ™ IO 4
Hf1—03 2.106(3) ClE-Hf1—N3 147.1(2) N, PN : N, E N
Hf1—N1 2.387(4) Cl2-Hf1—03 106.2(1) 3 ,/ ; E) \ 3
Hf1—-N3 2.364(3) Cl2-Hf1—OZ 85.8(1) Mé 7f Me : Mé 7f Me
Hf1—Hf12 3.523(1) Cl2-Hf1—N1 81.4(1) Cl/ ‘;_\OR : RO/ \C|
CI2—Hf1—N3 83.8(1) & ; a
N1-Hf1—03 145.8(1) !
N1-Hf1-03 148.6(1) Figure 6. Proposed structures for the two enantiomers of a complex with
N1-Hf1—N3 72.4(1) a bulky alkoxide ligand.
N3—Hf1—03 75.3(1)
(N)gimiigz 12;1&(3 In addition, the 13.C{ 1H} NMR spectra exhibit two
_ _ resonances for the different pyrazole carbon atoms C3, C4,
a Symmetry transformations used to generate equivalent aterms C5, Me3, and Me5, and their assignments were made on

1-y+1-z+ 1. . . .
the basis of HETCOR correlation experiments (see the

(18); x =€, R= Me (19), Et (20), 'Pr 21), 'Bu (22)], which Experimental Section). In these asymmetric complexes, the
were isolated as yellow or orange solids. In all cases of our zirconium atom is a chiral center, and we confirmed the
experimental condition, only one alkoxide ligand was presence of the corresponding two enantiomers in solution
incorporated on the metal center. The mass spectra ofby the addition of a chiral shift reagent, nameliR)-(—)-
complexesl1—22 indicate a mononuclear formulation (see (9-anthryl)-2,2,2-trifluoroethanol. This addition gave rise to
the Experimental Section). Three strong bands are observedhe appearance of two signals for each proton intthBIMR
in the IR spectra at ca. 650, 400, and 300 &nT he first of spectra, resulting from the two diastereocisomers of the
these bands was assigned/ (M —OR) and the lattertwoto  corresponding two enantiomers (see Figure 6).
v(M—CI). Finally, an interesting hydrolysis process was observed
The 'H NMR spectra of complexes bearing a nonbulky when we attempted to obtain by different procedures single
alkoxide group, i.e., R= Me, Et (11, 12, 15, 16, 19, and crystals suitable for XRD from the solutions of complexes
20), show a single set of resonances for H4, Me3, and Me5, 11—14. For example, when a THF solution b4 was slowly
indicating that both of the pyrazole rings are equivalent. evaporated at room temperature in an air atmosphere, after
These results are consistent with the proposed octahedra#i8 h, yellow crystals were deposited from the solution, which
disposition in which the alkoxide ligand bisects the plane of were identified as the cluster compl@8. This complex
the scorpionate ligand (see Figure 5a). NOE experimentsresults from a partial hydrolysis of the alkoxide-containing
were carried out in order to confirm this situation. In addition, complex. We have subsequently rationalized the synthesis
the 13C{*H} NMR spectra exhibit signals for C3, C4, C5, of 23;in fact, the addition of the appropriate amount of water
Me3, Me5, and the different carbon atoms of the corre- to a THF solution of complexe$1—14 gives rise to the
sponding alkoxide ligand. Complexes bearing a bulky isolation of 23 after the appropriate workup (see Scheme
alkoxide group, i.e., R='Pr, 'Bu (13, 14, 17, 18, 21, and 3). This compound was spectroscopically characterized. The
22) give *H NMR spectra that contain two resonances for IR spectrum shows two strong bands at 1670 and 1510,cm
each of the H4, Me3, and Me5 pyrazole protons, indicating which were assigned t0,s{CO,~) and vs,(CO,™) of a
that in this case the two pyrazole rings are not equivalent. carboxylate moiety, respectively. The value Afasym-sym
These results agree with the proposed octahedral dispositior(160 cnt?) is consistent with a bonding mode through the
in which two pyrazole rings are located in cis and trans two oxygen atoms (bridge mod®These data suggest that
positions with respect to the alkoxide ligand, i.e., an in the cluster the bdmpza ligand acts as a bidentate-bridge
asymmetric structural disposition (see Figure 5b). NOE carboxylate with the two pyrazole rings behaving as specta-
experiments confirmed these findings. tors. A similar bonding situation was previously found for
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K

Figure 7. Molecular structure and atom-labeling scheme 28 with
thermal ellipsoids at 20% probability.

Scheme 2. Synthesis of Complexes [Zr&k3-bdmpzx)(OR)] (1-22)
[ZrCly(x°-bdmpzx)] THOR -HCL 1701 (4 -bdmpzx)(OR)]
12 h, 30°C
x=a, R=Mell,Et12,'Pr13,'Bu14
x =dta, R = Me 15, Et 16, Pr 17,'Bu 18
x=e ,R=Me19,Et20, Pr21,'Bu22

x=al,dta3d, e’

Scheme 3. Synthesis of Cluster Complex
[Zre(us-OH)s(OH)s(x?-bdmpzay] (23)

8 [ZrCl(k*-bdmpza)(OR)]  + 16 H,0

11-14
-8 HOR

-8 HCI

[Zrg(15-OH)g(OH)g(x*-bdmpza)g]  + 2 [ZrCly]
23

the tetrameric lithium compound [[i(bdmpza)(HO)} 4],32
where theAv,sym symWas 180 cm?, revealing the versatility

Table 4. Bond Lengths (A) and Angles (deg) fas

bond distances (A) bond angle (deg)
Zr1—27r2 3.497(2) Zr2-Zr1-7r3 59.82(3)
Zr2—27r3 3.503(2) Zr2-Zr1-27r22 89.18(7)
Zr1-27r3 3.528(2) Zr3-Zr1-27r3° 90.19(7)
Zr1-01 2.08(1) Zrt-zZr2—Zzr12 90.82(7)
Zr1—-02 2.19(1) Zry-7r2—27r3 60.53(3)
Zr1-013 2.22(1) Zr3-Zr2—27Zr3° 91.01(7)
Zrl-o3 2.23(1) Zr2-Zr3—27Zr22 88.99(7)
Zr2—01 2.05(1) Z2r2-7r3—27r1 59.65(3)
Zr2—012 2.20(1) Zr+-7Zr3—27r12 89.81(7)
Zr2—014 2.23(1) Zr+01-7r2 115.5(5)
Zr2—03 2.28(1) Zr2-01-7r3 116.5(5)
Zr3-01 2.06(1) Zr+-01-27r3 116.7(4)
Zr3—03 2.25(1) Zr1-03-27r22 101.4(4)
Zr3—04 2.17(1) Zr+-03-27r32 103.6(4)
Zr3—011 2.30(1) Zr2-03—2r3 101.0(5)

a Symmetry transformations used to generate equivalent atemst
Y4,y + 54,2 ® Symmetry transformations used to generate equivalent atoms:
=X+ Ypy,—z+ Ya.

of the bdmpza and related ligands in their ability to
coordinate to the metal centers. In addition, other bands of
interest at 3550 and 3433 ci which were assigned to-
(OH) of the terminal and bridging groups, respectively, were
observed. This structural disposition was corroborated by
means of an XRD study (see below).

The!H and**C{H} NMR spectra o23 show single sets
of resonances for the pyrazole rings, indicating that both
pyrazoles from each ligand, at least in solution, are equiva-
lent. The molecular structure of this complex was determined
by XRD, and the structure is shown in Figure 7. Significant
bond distances and angles are listed in Table 4. The cluster
consists of six zirconium atoms in an octahedral disposition
with eightus-OH groups, one per face, and eight OH terminal
groups, two per equatorial zirconium atom. Finally, all of
the edges of the Zroctahedron are bridged by bdmpza
ligands in ax?-O,0 bridged mode (see Figure 8a). This
compound contains the g3-OH)g cluster core with thers-
OH groups capping the triangular faces of @ @ctahedron
(see Figure 8b).

The angles between the adjacent zirconium atoms are
either 60 or 9C¢°. The O-Zr—0 angles range from 69.8(4)
to 122.4(6}, and the Z+-O—Zr angles range from 101.0(5)
to 116.6(4) in the Zi(us-OH) cluster core, which are normal.

Figure 8. (a) Asymmetric unit of compoun@3. (b) Cluster core of compoun2i3.
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Table 5. Hydrogen Bonds for Compouri2B

D—H d(D—H) d(H---A) <DHA d(D---A) symmetny
O1-H1---CI2 0.98 2.943 154.2 3.849 0.25%,1.25—y,z
02—H2---0100 0.82 2.031 149.4 2.768 0.25x, 1.25—vy, z
0O3—H3---0100 0.98 1.784 158.4 2.719 XY, Z
04—H4---Cl1 0.82 2.524 116.0 2.977 XY, Z
0100-H10A:--N6 0.85 2.145 138.8 2.841 X, 1.25—y,0.25— 2z
0100-H10B---Cl1 0.85 2.459 161.0 3.275 XY,z

a Symmetry operation for A.

The ZrZr distances range from 3.497(2) to 3.528(2) A, HiOb é;;f: o Ci2e  _htoe
which are normal for this type of clusté& . The crystal is Cgn -7 @@ Hiof
stabilized by an extensive hydrogen-bonding network, and @ mﬂ@ R ™ \“‘/ oitb
the geometrical features of this system are shown in Table N \ /0% e
5. The bridging and terminal hydroxyl groups are involved H; N ¢ NG~ 4”

in hydrogen bonds with the water and HCI molecules (Figure 1) N ! .
9). / _HI \‘ p_ 0 ,,—@cnc

In conclusion, we have prepared new mononuclear and )/ '\\ 3
binuclear zirconium and hafnium species that incorporate (X Y L h \@m
heteroscorpionate ligands and contain halide, hydroxide, and “¢,, ~~ - "% 5100
alkoxide ancillary ligands. These complexes constitute the
first exar_nples of this C"?‘SS of compounds. In addltl(.)n’ the Figure 9. Hydrogen bonds (dashed lines) for compo@3dThe bdmpza
hydrolysis of the alkoxide-containing complexes gives a mqecules are omitted for clarity.
zirconium cluster with a Z{us-OH)s cluster core andis-
OH groups capping the triangular faces of @ @tahedron. de Castilla-La Mancha (Grant no. PAC-02-003, GC-02-010,

) and PAI-02-016).
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