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The preparation and structural characterization of a series of group 4 complexes supported by 2,2'-
phenylphosphinobis(4,6-di-tert-butylphenolate) (JOPOJ?") are described. The reaction of either H,JOPO] with Ti-
(OR)4 (R = Et, Pr) or Li,JOPQ] with TiCls(THF), produced yellowish-orange crystals of Ti{OPQ],, regardless of the
stoichiometry of the starting materials employed. Comproportionation of the bis-ligand complex Ti[OPQO], with 1
equiv of TiCl4(THF), led to the formation of [OPO]TICI(THF) as brownish-red crystals. Surprisingly, treatment of
H,[OPO] with [(Me3Si),N].MCl, (M = Zr, Hf), irrespective of the molar ratio, generated colorless crystals of the
corresponding bis-ligand complex [OPO];M(OH,) as an aqua adduct. The solution and solid-state structures of
these group 4 complexes were all characterized by multinuclear NMR spectroscopy and X-ray crystallography,
respectively.

Introduction has been demonstrated that the reactivity of these compounds
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Figure 1. Representative examples of chelating biphenolate ligands.

Results and Discussion

The reactions of LJOPOT® with 1 equiv of TiCL(THF),*®
in a variety of solvents such as toluene or tetrahydrofuran
(THF) at —35 °C produced a mixture of [OPO]TigITHF)
(vide infra), Ti[OPO}, and some unidentified materials, as
indicated by*'P{*H} NMR spectroscopy. The formation of
a significant amount (ca. 25%) of minor Ti[OPO#c-
companied with major [OPO]TIGTHF) is suggestive of a

which has been found to be higher than that of the methylene-comparable reactivity of [OPO]TIGITHF) and TiCl(THF),

bridged 2,2methylenebis(@ert-butyl-4-methylphenolate)
(2) analogues®2° The increased reactivity of the former

with respect to Li{OPO] under the conditions employed.
Attempts to selectively isolate the anticipated [OPO]FiCl

complexes has been ascribed to sulfur coordination to the (THF) from these reaction mixtures led instead to bis-ligand

electrophilic titanium center in the catalytically active species,
although likely in a hemilabile fashion, thereby leading to a
lower activation barrier for olefin insertion than that found
for the latter!>2425 These results, along with our general
interests in metal complexes of mismatched havoft
donor-acceptor pairgé 3¢ prompt us to investigate the
coordination chemistry of group 4 complexes of chelating
biphenolates that contain a soft phosphine linke®)e \(Ve

complex Ti[OPO] as yellowish-orange crystals after standard
workup procedures. The selective isolation of Ti[ORO]
rather than [OPO]TIG(THF) is ascribed to the higher
crystallinity of the former complex. Similar results were also
obtained from reactions of OPQO] with TiCly(THF), in

the presence of 2 equiv of triethylamine, a phenomenon that
is reminiscent of what has been reported for reactions
involving 1 and 2.° Surprisingly, protonolysis of Ti(OR)

note that although ligands of this type have been known since(R = Et, 'Pr) or [(MesSipN]2TiClo**" with 1 equiv of H-

198037 group 4 complexes incorporating a biphenolate
phosphine ligand are extremely r&fdn this contribution,

[OPQ] in toluene or pentane at35 °C generated Ti[OPQ]
exclusively, as indicated b$*P{*H} NMR spectroscopy.

we aim to demonstrate the synthetic possibility and establish On the basis of the aforementioned results, analytically

the structural characterization of group 4 complexes df 2,2
phenylphosphinobis(4,6-dért-butylphenolate) ([OPGY). It

pure bis-ligand complex Ti[OPQ@]s thus readily prepared
in high yield from reactions of either{OPO] with Ti(OR),

is worth noting that compounds described herein represent(R = Et, 'Pr) or LiJOPO] with TiCl(THF), in a 2:1 ratio

an intriguing addition to the family of rarely encountered

(Scheme 1). The solution NMR spectroscopic data of Ti-

triarylphosphine complexes of group 4 metals that are [OPO}L are all consistent with &-symmetric geometry for

structurally characterized to daf&*
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this molecule. The'H NMR spectrum reveals four well-
resolved singlet resonances for thkert-butyl groups. A
variable-temperaturtH NMR study indicated that the four
singlet resonances do not tend to coalesce upon heating up
to 100°C (tolueneds), suggesting that both soft phosphorus
donors in Ti[OPQO] likely remain bound, even at elevated
temperatures, to the hard, six-coordinate, tetravalent titanium
center. The two phosphorus donors are observed as one
singlet resonance at 20 ppm in tH&{*H} NMR spectros-
copy, a value that is markedly shifted downfield from those
of H,[OPO] (=50 ppm}8 and LL[OPO] (—32 ppm)#
Yellowish-orange crystals of Ti[OP@%uitable for X-ray
diffraction analysis were grown from a concentrated diethyl
ether solution at—35 °C. Crystallographic details are
summarized in Table 1. As depicted in Figure 2, Ti[ORPO]
is a C,-symmetric, six-coordinate species, consistent with
the solution structure determined by NMR spectroscopy. The
C, axis lies approximately on the mean P{D(1)—0O(3)—
P(2) plane and bisects the P{Z)i(1)—P(1) angle. The
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Table 1. Crystallographic Data for Ti[OPQ][OPO]TiCh(THF), [OPORZr(OH), and [OPOJHf(OH,)

Liang et al.

compound {TI[OPOJ} (EtO), {[OPO]TICly(THF)} »(CsHe)3 {[OPOLZr(OHy)} (Et,O) [OPORHf(OHy)

formula GreH11006P- Ti CoaH124Cl406PTi 2 C7oH10206P2Zr CsgHo2HTOsP»
fw 1229.48 1649.47 1216.70 1229.85
cryst size (mr) 0.32x 0.3x 0.16 0.11x 0.08 x 0.02 0.36x 0.24x 0.14 0.10x 0.10x 0.10
Dcalc (Mg/m?3) 1.081 1.194 1.129 1.200
cryst syst monoclinic triclinic triclinic triclinic
space group P2i/c P1 P1 P1
a(A) 15.7888(3) 11.2340(8) 13.0543(9) 13.328(5)
b (A) 19.1122(4) 13.267(1) 15.800(1) 15.052(6)
c(A) 25.3020(6) 16.535(1) 19.508(2) 18.924(7)
o (deg) 90 78.436(6) 108.855(7) 67.765(6)
B (deg) 98.396(1) 76.747(5) 104.769(7) 75.820(7)
y (deg) 90 75.310(3) 97.517(5) 81.975(8)
V (A3) 7553.3(3) 2293.7(3) 3580.6(5) 3402(2)
z 4 1 2 2
T(K) 293(2) 200(2) 150(2) 150(2)
diffractometer Kappa CCD Kappa CCD SMART APEX Il SMART APEX Il
radiation, (A) Mo Ka, 0.71073 Mo Kx, 0.71073 Mo Kx, 0.71073 Mo Kz, 0.71073
260 range (deg) 4.1650.68 4.18-49.98 2.32-52.50 3.38-50.50
h, k, | ranges —19=<h=<18 —13<h=<13 —16< h < 16, —15=< h <15,

—22=<k=22 —15=<k=15 —19=< k=19, —18=< k=17,

-30=<1=<27 —19=<1=<18 —24=<1=<24 —22=<1=<16
total no. of refins 54831 26859 25330 18831
no. of indep refins 13705 7524 14283 11839
Rint 0.1011 0.2362 0.0864 0.1650
abs coeff (mm?) 0.202 0.375 0.244 1.624
no. of data/ 13705/0/791 7524/0/488 14283/32/734 11839/48/698

restraints/param

GOF 1.037 1.068 0.932 0.836
final Rindices | > 20(1)] R1=0.0800 R1=0.1313 R1=0.0896 R1=0.0829

wR2=0.2165 wR2= 0.2970 wR2= 0.2157 wR2=0.1830
Rindices (all data) R* 0.1639 R1=0.2760 R1=0.1850 R1=0.2569

wR2=0.2613 wR2= 0.3855 wR2=0.2679 wR2= 0.2352
residual density (e/3 —0.584 to+0.771 —0.531 to+0.567

Scheme 1
t-Bu
" i t-Bu
Ti(OR)4; R = Et, Pr
OH HO ?rz " tBu o
. ZX n-BuLl
P 2. TiCly(THF), tBu—< 3 O\T\i,\._ Ny
= | P\\%\
o 0 t-Bu
t-Bu
H,[OPO]

t-Bu
Ti[OPO],

geometry of the titanium center is best described as a(1.911 A average}? and {(PrO)Ti(u3-O)TiCI(PrO)[(2-
distorted octahedron in which both [OPO]Jigands adopta  OCgHa4),PPh}, (2.044 A average® Interestingly, the T+P
facial coordination mode. The facial geometry of [OPO]  distances (2.551 A average) are slightly shorter than those
is anticipated in view of the inherent pyramidal structure of of titanium complexes supported by bidentate phenolate
the phosphorus donor. The two phosphorus donors arephosphine ligands such ag{CsHs) TiCl,(2-O-3+t-BuCsHs-
mutually cis with the P(2)Ti(1)—P(1) angle of 89.93(4) PPh) [2.624(3) AF? and TiCh(2-OGH4PPh), (2.691 A

The chirality of this molecule shown in Figure 2 AAA averagé€¥ but comparable to that of tridentate biphenolate
on the basis of the handedness of nonadjacent and nonphosphine derived((PrO)Ti(u%-O)TiCI(PrO)[(2-OGHa)2-
coplanar chelate ring pairs. We suggest that possible stereoPPh}, [2.563(1) A]38 More significantly, the T+P distances
isomers other than this absolute configuration and its of Ti[OPO], are notably shorter than the 8 distances
enantiomer be virtually not present in the reaction mixture found for Ti[l], (2.765 A average) a result that is

on the basis of the nearly quantitative isolated yield and the somewhat surprising in view of the relatively larger atomic
solution NMR studies that display only one set of signals size of the phosphorus donor than the sulfur but likely
for the reaction aliquots. The FiO distances (1.896 A indicative of a stronger chemical bonding for the former to
average) are within the expected values for those found inbind titanium than the latter.

six-coordinate titanium phenolate complexes such as;{BiCI After unsuccessful attempts to isolate [OPO]R{CHF)
OCsH4,PPh), (1.854 A average)* Ti(OPr)[(2-O-3,5- under various conditions as described above, we found that
Cl,CeH2)CHoN(Me)CH,CH;N(Me)CH,(2-0O-3,5-ChCeHy)] comproportionation of TifOPQ)with TiCl,(THF); in toluene
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Scheme 2
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at room temperature effectively generates [OPOJXIGHF)
cleanly (Scheme 2). Thigd NMR spectrum of [OPO]TiGH
(THF) exhibits 1 equiv of a coordinated THF molecule. The
a- and 3-CH, groups of the titanium-bound THF are
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Figure 2. Molecular structure of T{OPQJwith thermal ellipsoids drawn
at the 35% probability level. The methyl groups in [OPORNnd two
unbound diethyl ether molecules found in the asymmetric unit cell are
omitted for clarity. Selected bond distances (A) and angles (deg): -Ti(1)
O(1) 1.871(3), Ti(1)O(3) 1.880(3), Ti(1}0O(2) 1.912(3), Ti(1)O(4)
1.919(3), Ti(1y-P(2) 2.542(1), Ti(1yP(1) 2.560(1); O(X)Ti(1)—O(3)
120.4(1), O(1) Ti(1)—0O(2) 97.5(1), O(3) Ti(1)—0O(2) 91.0(1), O(1) Ti-
(1)—0(4) 93.6(1), O(3) Ti(1)—O(4) 96.5(1), O(2) Ti(1)—O(4) 161.2(1),
O(1)-Ti(1)—P(2) 163.1(1), O(3)Ti(1)—P(2) 74.91(9), O(2 Ti(1)—P(2)
88.70(9), O(4)Ti(1)—P(2) 76.73(9), O(L) Ti(1)—P(1) 76.44(9), O(3)
Ti(1)—P(1) 160.5(1), O(2)Ti(1)—P(1) 76.22(9), O(4yTi(1)—P(1) 91.75-
(9), P(2)-Ti(1)—P(1) 89.93(4).

observed as two triplet resonances igbgat 4.05 and 0.99
ppm, respectively. In the presence of an excess amount (e.g.,
10 equiv) of THF, solutions of [OPO]TIQITHF) exhibit
only one set of resonances for the THF protons, a result that
is ascribed to a facile exchange process between the
coordinated and free THF molecules. The coordinated THF
in [OPO]TICl(THF) is thus presumably labile and tends to
dissociate from the titanium center. Interestingly, a variable-
temperaturéH NMR study (toluenedg) revealed two doublet

of triplets resonances with equal intensity at 4.16 and 3.87
ppm for thea-CH, groups of the coordinated THF at50

°C, a result that is reflective of the diastereotopic nature of
the a-CHaHg moieties at low temperatures. The faert-
butyl groups in [OPO]TICATHF) are observed as four well-
resolved singlet resonances-&0 °C but two sharp singlet
resonances at temperatures higher thé@,&onsistent with

a fluxional exchange between molecules that &g
symmetric andCs-symmetric, respectively. These results
suggest that the coordinated THF in the static structure of
[OPQ]TICL(THF) cannot be trans to the phosphorus donor,
assuming that the geometry of [OPO]TidIHF) is octahe-
dral. Scheme 3 illustrates a plausible mechanism for this
fluxional process on the basis of the labile nature of the
coordinated THF molecule, in which the THF likely dis-
sociates from the six-coordinate titanium center, thereby
generating a five-coordinate, trigonal-bipyramidal [OPO]-
TiCly, followed by recoordination of the freed THF molecule.
The phosphorus donor of [OP®D]in [OPO]TICl(THF)
appears as a singlet resonance at 18 ppm iftf#igH} NMR
spectrum.

Inorganic Chemistry, Vol. 46, No. 7, 2007 2669
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cum? compar_ed _to the sulfur in the biphenolate_ Comple_xes, is
beneficial in view of the decreased insertion barrier for
Q catalytica-olefin polymerization as suggested by theoretical
o(1) calculation studied*25
o(3) 6 In contrast to what has been observed for titanium

o % e®
/./ D Q@Q Q chemistry, reactions of LIOPO}® with MCl4(THF), (M =

@ Q . ® . Zr, Hf)% in a number of solvents such as,8t THF, or
ci(1) @ g toluene led to intractable materials regardless of the molar
@ ratio of the starting materials employed. Treatment ef H
_ [OPOY8 with [(Me3Si),N],MCI, (M = Zr, Hf),5?irrespective
Py @ :
@ of the molar ratio, generated colorless crystals of the
0 & a corresponding bis-ligand complex [OR®I(OH,) as an aqua
Q adduct (Scheme 4). The incorporation of a water molecule
@ in [OPOLM(OH,) is presumably due to the trace amount of
g moisture present in the solvent employed. The formation of
G p seven-coordinate [OP&Ar(OH,) and [OPOJHf(OH,) rather
@ than six-coordinate Zr[OPQ]Jor Hf[OPQOL that has been
Figure 3. Molecular structure of [OPO]TIG{THF) with thermal ellipsoids found for Ti[OPO} is consistent with the relative atomic

drawn at the 35% probability level. The methyl groups in [OPQind : : v :
unbound benzene molecules found in the asymmetric unit cell are omitted sizes of these metals. The putative six-coordinate Zr[QPO]

for clarity. Selected bond distances (A) and angles (deg): FiQ(p) 1.848- and Hf[OPO} are thus presumably highly electrophilic. The
?3 Tcil((ll))—zosféllééfis((&PT(iSZC;g?g(g)-1é?g)fl(Tli§1%OC(|l()22)§-02(%(36)&22- coordinated water molecule in [OP®(OH,) (M = Zr, Hf)

— . , 1 . ) I(1)— . y .
Ti(1)-0(3) 163.3(3), O(1) Ti(1)—-O(3) 86.1(3), O(2) Ti(1)~CI(2) 99.9(2), at room ten_1perature appears as an extremely broad gmglet
O(1)-Ti(1)—Cl(2) 96.0(2), O(3)Ti(1)—CI(2) 96.3(2), O(2}-Ti(1)—Cl- resonance in théH NMR spectrum at ca. 2.6 ppm, which
8 8?_-(71()2),(:%?1%1())(—1?'((1))( 2153_-(31()2).Pt(Dl()3}7gi(71()2;Cg(1%7\§r3£)(2)}5 (Cll) gradually sharpens upon cooling to temperatures lower than

—Ti(1)— . , i(1)— . , i(1)— 790 (i ; ;

75.6(2), O@)-Ti(1)—P(1) 91.0(2), CI(2) Ti(1)—P(1) 168.5(1), CI(1) Ti- 73°C (in tqluenedg) to give a sharp singlet resonance (see
(1)—P(1) 86.5(1). the Supporting Information). These results are indicative of

a fast equilibrium involving [OPGQM(OH,), M[OPO},, and
Brownish-red crystals of [OPO]Ti@THF) suitable for  free water (eq 1). In contrast to those of Ti{OR@Y}ide
X-ray diffraction analysis were grown by slow evaporation
of a concentrated benzene solution at room temperature. As [OPOLM(OH,) == M[OPO], + H,0 (1)
illustrated in Figure 3, [OPO]TiG(THF) is a six-coordinate, M = Zr, Hf

C;-symmetric species that contains a coordinated THF .
molecule trans to one of the phenolate oxygen donors’supr.a),1thetert—butyl groups of [OPOM(OH;) (M = Zr,
Hf) in 'H NMR spectroscopy at room temperature are

consistent with what has been observed from solution NMR observed as two sharp sinalet resonances. which do not tend
spectroscopic studies. TheO, Ti—P, and T+Cl distances P sing .
to broaden or resolve until the temperature is lowered8

are all within the expected values for a six-coordinate °C.indicating a rapid fluxional orocess that exchanaes the
fitanium(1V) complex:***9The Ti(1)-Cl(2) distance [2.281- terit—lbutlyl glrogups inplthe lIJ::l(tlter copmplexes It is)l(ikely sEhat a
(3) Als slightly shorter than Ti(£:CI(1) [2.340(3) A] likely facile turnstile rearrangement occurs for the putative six-

because of the lower trans influence of phosphine than thecoordinate Z1[OPG] and Hf[OPO} on the basis of the

phenolate oxygen anion. Similar to what has been ObserVednondissociative nature observed for the phosphorus donors
for the bis-ligan mplex f titanium th ntain [OP - . . oo
orthe bis-ligand complexes of titanium that contain [OPO] in TI[OPOL. In accordance with the relative atomic sizes of

and [1]~ (vide supra), the FP distance of 2.596(3) A in h 4 | h high h barrier |
[OPO]TICL(THF) is shorter than the HS distances in the group 4 metals, a much higher exchange barrier is
sulfide-bridged biphenolate complexes of titanium such as anticipated for TI[OPO] to “”defgo such a _turnstlle re-
[()TiCl]o [2.664(2) A]# [(1)TI(OPr)]» [2.719(1) A]25 and arrangement _because of the steric repulsmp imposed by the
[(D)Ti(CHoPh)]o(u-1,4-dioxane) [2.8699(6) AT Although two [OPO] ligands. As a result,. the static structure of
[OPOLZr(OH,) and [OPOJHf(OH,) is likely C,-symmetric.

inconsistent with the relative atomic size and hardness of Consistent with the conformation discrepancies in these bis-
the donor atoms, the presumably stronger chemical bonding;. >crepar
ligand complexes, th#P NMR chemical shift of ca. 3 ppm

of Ti—P than TS found in this study is reminiscent of ;
that of Ti—Te* than of Ti~S* of dimeric titanium dichloride fqr both [OPO}Zr(OHz) and [OPO}HI(OH,) is notably
different from that of Ti[OPOJ}

complexes that contain the corresponding chalcogenide-
bridged biphenolate ligands. Such enhanced interaction (_Zolorless crystals_of [OI_DGZr(OHz)_and [OPOJHT(OH,)
suitable for X-ray diffraction analysis were grown from a

between tetravalent titanium and the phosphorus donor, as . .
phosp concentrated pentane solution-aB5 °C. Figures 4 and 5

(49) Nakayama’ Y. Watanabe’ K.; Ueyama’ N.; Nakamura’ A Harada’ I||UStrate the mO|eCU|ar structures Of these CompoundS. BOth

(50 /j'; Okuga, JJ.Orglfl_nor_netalliCSZOCF)JQ 13. |24|1(98£255035 P S . are isostructural. The geometries of [OBZ[OH,) and
anas, Z.; Jerzykiewicz, L. B.; Przybylak, K.; Sobota, P.; Szczegot, . .
K. Wisniewska, D Eur. J. Inorg. Chem2005 1063-1070. [OPOLHf(OHy) are best described as a distorted pentagonal
(51) Fokken, S.; Reichwald, F.; Spaniol, T. P.; Okuda].JOrganomet.

Chem.2002 663 158-163. (52) Andersen, R. Alnorg. Chem.1979 18, 2928-2932.
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Scheme 4
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bipyramid, with O(1) and O(4) atoms being at the apical
positions. The O(XyM—0(4) angle is 156.6(2) for
[OPOLZr(OH,) and 155.0(3) for [OPOLHf(OH,). The mean
deviation of the equatorial pentagon is 0.268 and 0.216 A
for [OPOLZr(OH,) and [OPOJHf(OH,), respectively. Nev-

A averagef* Consistent with the intramolecular steric
congestion of these seven-coordinate species, th®{@he-
nolate) distances of 2.063 A (average) and 2.038 A (average)
for [OPOLZr(OH,) and [OPOJHf(OH,), respectively, are
slightly longer than the corresponding values of six-

ertheless, the metal center lies approximately on the meancoordinate group 4 phenolate complexes such as,@Cl

equatorial plane with a negligible displacement of 0.002 A
for Zr and 0.009 A for Hf. The M-P distances of 2.776 A
(average) for [OPQEr(OH,) and 2.709 A (average) for
[OPOLHf(OH,) are comparable to those found for zirconium
and hafnium complexes of triarylphosphines such as [NPN]-
ZrCl, (2.7229(8) A, [NPN] = [(2,4,6-MeCsH)N-2-(5-
MeCsH3)].PPh)4! [NP],ZrCl, (2.801 A average, [NP]=
N-(2-diphenylphosphinophenyl)-2,6-dimethylanilidexrCl,-
(2-0-34-BuCsHsPPr), (2.808 A averageyt [NP].HfCl,
(2.7736(9) A, [NPT = N-(2-diphenylphosphinophenyl)-2,6-
dimethylanilide):® and HfCh(2-O-3+-BuCsHzPPh), (2.829
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Figure 4. Molecular structure of [OPQZr(OH,) with thermal ellipsoids
drawn at the 35% probability level. The methyl groups in [OPQind
one unbound diethyl ether molecule found in the asymmetric unit cell are
omitted for clarity. Selected bond distances (A) and angles (deg): -O(2)
Zr(1) 2.103(4), O(1yZr(1) 2.035(4), O(4yZr(1) 2.033(4), O(3)Zr(1)
2.079(4), O(5y-Zr(1) 2.329(5), P(yZr(1) 2.795(2), P(2yZr(1) 2.757-
(2); O(4)y-Zr(1)—0(1) 156.6(2), O(4yZr(1)—0O(3) 97.6(2), O(1y Zr(1)—
0O(3) 89.1(2), O(4yZr(1)—0(2) 89.7(2), O(1)yZr(1)—0(2) 97.1(2), O(3y
Zr(1)—0(2) 146.5(2), O(4y Zr(1)—O(5) 101.0(2), O(1}Zr(1)—O(5) 102.4(2),
O(3)—Zr(1)—0(5) 74.4(2), O(2yZr(1)—0O(5) 72.1(2), O(4yZr(1)—P(2)
70.8(1), O(1)-Zr(1)—P(2) 90.9(1), O(3)Zr(1)—P(2) 69.4(1), O(2)Zr-
(1)—P(2) 142.8(1), O(5yZr(1)—P(2) 141.1(1), O(4yZr(1)—P(1) 91.3(1),
O(1)-Zr(1)—P(1) 71.0(1), O(3)Zr(1)—P(1) 144.3(1), O(2yZr(1)—P(1)
67.5 (1), O(5)-Zr(1)—P(1) 137.6(1), P(2)Zr(1)—P(1) 81.29(5).

O-34-BuGsHsPPr), (1.998 A average¥ {[(2-O-3,51-
BU2C5H2)CH2]2NCH20H2N Mez} ZrBn, (1995 A average“)?;
HfCl,(2-0-34-BuCsHsPPh), (1.973 A average¥t and{[(2-
0-3,5¢-Bu,CsH5) CH,],NCH,CH,NMe,} HfBn, (1.978 A av-
eragef? As anticipated, the MO(water) distances [2.329(5)
A for Zr and 2.19(1) A for Hf] are significantly longer than
the corresponding MO(phenolate) values. In agreement
with the solution structure determined by NMR spectroscopic
studies, both [OPQZr(OH,) and [OPOJ}Hf(OH,) are C»-
symmetic in the solid state. TH&, axis coincides with the
M—0O(5) bond.
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Figure 5. Molecular structure of [OPQHf(OH2) with thermal ellipsoids
drawn at the 35% probability level. The methyl groups in [OPCére
omitted for clarity. Selected bond distances (A) and angles (deg): Hf(1)
0O(4) 1.996(9), Hf(1)-O(1) 2.028(9), Hf(1}O(2) 2.05(1), Hf(1)-O(3) 2.08-
(1), Hf(1)—0(5) 2.19(1), Hf(1)-P(2) 2.695(4), Hf(1)}P(1) 2.723(5); O(4y
Hf(1)—0O(1) 155.0(3), O(4yHf(1)—0(2) 90.2(4), O(LyHf(1)—0O(2) 95.4(4),
O(4)—Hf(1)—0(3) 99.5(4), O(1y Hf(1)—0O(3) 89.5(4), O(2)-Hf(1)—0O(3)
145.9(4), O(4y-Hf(1)—0O(5) 103.3(4), O(LyHf(1)—O(5) 101.7(4), O(2y
Hf(1)—O(5) 72.8(4), O(3)Hf(1)—O(5) 73.1(4), O(4y Hf(1)—P(2) 72.1-
(3), O(1)-Hf(1)—P(2) 89.7(3), O(2yHf(1)—P(2) 144.1(3), O(3)yHf(1)—
P(2) 69.4(3), O(5yHf(1)—P(2) 140.6(3), O(4yHf(1)—P(1) 86.7(3), O(L)
Hf(1)—P(1) 73.0(3), O(2)Hf(1)—P(1) 68.1(3), O(3yHf(1)—P(1) 144.5(3),
O(5)—Hf(1)—P(1) 139.7(3), P(2YHf(1)—P(1) 79.7(1).
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added dropwise a prechilled solution of Ti(OE(L10 mg, 0.48
. mmol) in toluene (1 mL) at-35 °C. The reaction mixture was

In summary, we have prepared a series of group 4 gired at room temperature for 10 h and evaporated to dryness under
complexes of the tridentate biphenolate phosphine ligand requced pressure. The resulting yellowish-orange solid was dis-
[OPOF~ and established the solution and solid-state struc- solved in diethyl ether (8 mL), and the ether solution was filtered

tures of these molecules by means of multinuclear NMR through a pad of Celite. The extraction and filtration procedures
spectroscopy and X-ray crystallography. These compoundswere repeated again, and the filtrates were combined. Evaporation
represent the rarely encountered triarylphosphine complexesf the diethyl ether solution under reduced pressure afforded the
of group 4 metals that have been structurally characterizedProduct as a yellowish-orange solid; yield 507 mg (97%). Employ-
to date. Of particular note is perhaps the somewhat strongerMent of Ti(OPr), in place of Ti(OEY) gave the same resullethod

Conclusions

chemical bond of the soft phosphorus donor in [OPQ)
hard tetravalent titanium than that of the sulfudif?4°Such

enhanced interaction is likely advantageous for the develop-

ment of highly active catalysts far-olefin polymerization.

2: Solid H,[OPQ] (100 mg, 0.19 mmol) was dissolved in toluene
(4 mL) and cooled to—-35 °C. To this was added-BuLi (0.24
mL, 1.6 M in hexane, Aldrich, 0.38 mmol, 2 equiv) dropwise. The
reaction mixture was stirred at room temperature for 1 h. The
resultant suspension was cooled-t85 °C again and added in

Studies directed to delineate the reactivity of these com- yorions to prechilled TIG(THF); (31.8 mg, 0.095 mmol, 0.5 equiv)

pounds are currently underway.

Experimental Section

General ProceduresUnless otherwise specified, all experiments

were performed under nitrogen using standard Schlenk or glovebox
techniques. All solvents were reagent-grade or better and were
purified by standard methods. The NMR spectra were recorded on

Varian Unity or Bruker AV instruments. Chemical shift) (are
listed as parts per million downfield from tetramethylsilane and
coupling constantsJjf in hertz.'H NMR spectra are referenced
using the residual solvent peak@f7.16 for GDgs andd 2.09 for
tolueneds (the most upfield resonance}®C NMR spectra are
referenced using the residual solvent peak d128.39 for GDe.

The assignment of the carbon atoms is based on the DEPT
NMR spectroscopy3!P NMR spectra are referenced externally
using 85% HPQO, atd 0. Routine coupling constants are not listed.
All NMR spectra were recorded at room temperature in specified

solvents unless otherwise noted. Elemental analysis was performe

on a Heraeus CHNO Rapid analyzer.
Materials. Compounds L{OPO]*8 Li,[OPQ]® TiCl4(THF),,
and [(M&Si),N].MCl, (M = Zr, Hf)>2were prepared according to

the literature procedures. All other chemicals were obtained from

commercial vendors and used as received.

X-ray Crystallography. Table 1 summarizes the crystallographic
data for Ti[OPO}, [OPQO]TICL(THF), [OPO}Zr(OH,), and [OPO}-
Hf(OH,). Data were collected on a Bruker-Nonius Kappa CCD
diffractometer or a SMART APEX Il diffractometer with graphite-
monochromated Mo ¥ radiation ¢ = 0.7107 A). Structures were

suspended in toluene (4 mL) &85 °C. The reaction mixture was
stirred at room temperature for 16 h and evaporated to dryness under
reduced pressure. The brown solid thus obtained was dissolved in
diethyl ether (6 mLx 2). The diethyl ether solution was filtered
through a pad of Celite and evaporated to dryness to afford the
product as a yellowish-orange solid; yield 98 mg (94%). Yellowish-
orange crystals suitable for X-ray diffraction analysis were grown
from a concentrated diethyl ether solution-a85 °C. 'H NMR
(CsDg, 500 MHz): 6 7.47 (d, 2, Ar), 7.39 (d, 2, Ar), 7.34 (m, 4,
Ar), 7.26 (dd, 2, Ar), 7.19 (dd, 2, Ar), 6.92 (m, 6, Ar), 1.68 (s, 18,
CMe;), 1.52 (s, 18, ®le;), 1.12 (s, 18, ®les), 1.09 (s, 18, ®les).

IH NMR (tolueneds, 500 MHz): 6 7.44 (d, 2, Ar), 7.36 (d, 2,
Ar), 7.26 (m, 4, Ar), 7.19 (dd, 2, Ar), 7.12 (td, 2, Ar), 6.92 (m, 6,
Ar), 1.66 (s, 18, ®es3), 1.48 (s, 18, ®e3), 1.13 (s, 18, Mey),

1.10 (s, 18, ®e3). 3P{*H} NMR (CgDs, 202.31 MHz): 6 20.36
(Avyz = 1.83 Hz).3P{*H} NMR (tolueneds, 80.95 MHz): ¢
20.33.53C{*H} NMR (CgDg, 125.70 MHz): ¢ 169.66 (d,Jcp =

£7-15, C), 167.90 (dJcp = 8.04, C), 167.70 (dJcp = 7.04, C),

144.71 (d,Jcp = 6.03, C), 142.12 (dJcp = 6.03, C), 137.15 (d,
Jecp= 6.03, C), 136.54 (dJcp = 9.05, C), 133.52 (d)cp = 11.19,
CH), 130.23 (s, CH), 129.26 (dcp = 4.02, C), 128.85 (s, CH),
128.77 (s, CH), 127.86 (s, CH), 127.72 (s, CH), 126.62)d =
12.07, CH), 122.38 (dlcp = 44.25, C), 36.00 (£-Me3), 35.99 (s,
CMe3), 35.00 (s,CMe3), 34.80 (sCMes), 31.94 (s, Gles), 31.91-
(s, Me;), 30.31 (s, Bles3), 30.02 (s, BMes). Anal. Caled for
C68H9004P2Ti: C, 75.53; H, 8.39. Found: C, 75.56; H, 8.30.

Synthesis of [OPO]TiCL(THF). Toluene (5 mL) was added to
a solid mixture of T{OPOJ (100 mg, 0.09 mmol) and TiTHF),

solved by direct methods and refined by full-matrix least-squares (30.7 mg, 0.09 mmol) at room temperature. After being stirred at

procedures again§t? using the WinGX crystallographic software
package oSHELXL-97 All full-weight non-hydrogen atoms were

room temperature for 6 h, the reaction mixture was filtered through
a pad of Celite, which was further washed with toluene (1 mL).

refined anisotropically. Hydrogen atoms were placed in calculated The filtrates were combined and concentrated under reduced

positions. In Ti[OPQJ, threetert-butyl groups are disordered, with
the methyl substituents being in the ratio of ca. 50:50 over two
conformations. The crystals of [OPO]T¥CTHF) were of poor
quality but sufficient to establish the identity of this molecule. In
[OPO]TICI(THF), threetert-butyl groups are disordered, with the
methyl substituents being in the ratio of either ca. 70:30 or 49:51
over two conformations. In [OP@4r(OH,), onetert-butyl group
is disordered, with the methyl substituents being in the ratio of ca.
53:47 over two conformations.

Synthesis of Ti[OPO}. Method 1: Solid 2,2-phenylphosphi-
nobis(4,6-ditert-butylphenol) (H{OPQ]; 500 mg, 0.97 mmol) was
dissolved in toluene (5 mL) and cooled 35 °C. To this was

(53) Tshuva, E. Y.; Groysman, S.; Goldberg, |.; Kol, M.; Goldschmidt, Z.
Organometallic2002 21, 662-670.
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pressure until the volume became ca. 1 mL. Cooling the concen-
trated toluene solution t6-35 °C afforded the product as a
brownish-red solid; yield 82 mg (63%). Brownish-red crystals
suitable for X-ray diffraction analysis were grown by slow
evaporation of a concentrated benzene solution at room temperature.
IH NMR (CgDs, 500 MHz): 6 7.90 (t, 2, Ar), 7.49 (d, 2, Ar), 7.38
(dd, 2, Ar), 7.13 (td, 2, Ar), 7.07 (m, 1, Ar), 4.05 (t, 4, ®ICH,),

1.61 (s, 18, ™e;), 1.13 (s, 18, Me3), 0.99 (t, 4, OCHCH,). *H
NMR (tolueneds, 500 MHz): 6 7.86 (t, 2, Ar), 7.47 (d, 2, Ar),
7.32 (dd, 2, Ar), 7.15 (td, 3, Ar), 4.01 (t, 4, ®GCHy), 1.60 (s,

18, V&), 1.15 (s, 22, ®les + OCH,CHy). IH NMR (tolueneds,

500 MHz,—50°C): 6 7.93 (dd, 2, Ar), 7.60 (s, 1, Ar), 7.50 (dd,

1, Ar), 7.44 (s, 1, Ar), 7.30 (dd, 1, Ar), 7.12 (td, 2, Ar), 7.03 (t, 1,
Ar), 4.16 (td, 2, OGlaHgCH,), 3.87 (td, 2, OCHHgCH,), 1.72

(s, 9, Me3), 1.59 (s, 9, Me3), 1.16 (s, 9, Ble3), 1.14 (s, 9, Mey),
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0.80 (t, 4, OCHCHy,). 3'P{1H} NMR (C¢Dg, 202.31 MHz): 6 18.06. filtered through a pad of Celite. The Celite pad was further washed
31P{1H} NMR (toluene, 80.95 MHz):6 16.89. 8C{'H} NMR with pentane (2 mLx 2), and the filtrates were combined. The
(CgDs, 125.70 MH2z): 6 169.07 (dJcp = 27.90, C), 145.88 (dlcp pentane solution was concentrated under reduced pressure until the
= 5.02, C), 136.98 (dJcp = 6.41, C), 133.09 (dJcp = 10.06, volume became ca. 1 mL. Cooling the concentrated pentane solution
CH), 131.24 (s, CH), 129.53 (dcp = 9.68, CH), 128.93 (djcp = to —35 °C overnight afforded colorless crystals suitable for X-ray
7.79, C), 128.68 (s, CH), 127.25 (dsp = 1.89, CH), 126.03 (s, diffraction analysis; yield 77 mg (71%}H NMR (Cg¢Ds, 500

C), 75.25 (s, @H,CHy), 36.01 (d,Jcp = 1.38,CMe), 35.13 (s, MHz): & 7.43 (d, 4, Ar), 7.26 (m, 4, Ar), 7.12 (m, 4, Ar), 6.87 (t,

CMes), 31.86 (s, Gey), 30.18 (s, Gley), 25.36 (s, OCKCH,). 2, Ar), 6.80 (t, 4, Ar), 2.67 (br s, 2, D), 1.53 (s, 36, Gley), 1.15
Anal. Calcd for Q8H53C|203PTi: C, 64.50; H, 7.55. Found: C, (S, 36, G\/leg) 31P{1H} NMR (C@DG, 202.31 MHZ): 0 2.62 (Al/l/z
64.37; H, 7.55. = 8.41 Hz).31P{1H} NMR (pentane, 80.95 MHz)® 4.35.13C-

Synthesis of [OPO}Zr(OH ;). Pentane (6 mL) was added to a  {*H} NMR (CgDg, 125.70 MHz): 6 168.11 (t,Jcp = 14.20, C),
solid mixture of H[OPO] (445 mg, 0.86 mmol) and [(Me 141.12 (tJcp = 2.26, C), 137.11 (tJep = 1.76, C), 133.43 (tJcp
Si),N],ZrCl, (207 mg, 0.43 mmol, 0.5 equiv) at room temperature. = 5.91, CH), 131.78 (ddJcp = 14.71 and 17.35, C), 128.68 (s,
The reaction solution was stirred at room temperature8fb and CH), 128.62 (m, CH), 127.21 (s, CH), 126.84 (s, CH), 124.78 (dd,
filtered through a pad of Celite. The Celite pad was further washed Jcp = 20.11 and 22.00, C), 35.65 SMe3), 34.71 (sCMej3), 32.04
with pentane (2 mLx 2), and the filtrates were combined. The (s, QMe&), 30.41(s, B/e;). Anal. Calcd for GgHo,HfOsP2: C, 66.41;
pentane solution was concentrated under reduced pressure until théd, 7.54. Found: C, 66.80; H, 7.79.
volume became ca. 1 mL. Cooling the concentrated pentane solution ) )
to —35 °C overnight afforded colorless crystals suitable for X-ray ~ Acknowledgment. We thank the National Science Coun-
diffraction analysis; yield 191 mg (73%JH NMR (Cg¢Ds, 500 cil of Taiwan for financial support (Grant NSC 95-2113-M-
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126.81 (s, CH), 125.06 (m, C), 35.71 @Me3), 34.74 (s,CMe3),
32.02 (s, ®/es), 30.38 (s, ®le;). Anal. Caled for GgHgOsP,Zr:

C, 71.48; H, 8.12. Found: C, 71.72; H, 8.34.

Synthesis of [OPO}Hf(OH ;). Pentane (3 mL) was added to a
solid mixture of H[OPO] (100 mg, 0.19 mmol) and [(Me
Si),N],HfCl, (55 mg, 0.096 mmol, 0.5 equiv) at room temperature.
The reaction solution was stirred at room temperatur®fb and IC062314E

Supporting Information Available: Variable-temperaturé
NMR spectra of [OPQJEr(OH,) and X-ray crystallographic data
in CIF format for Ti[OPO}, [OPO]TIiCL(THF), [OPO}Zr(OHy,),
and [OPO}Hf(OHy). This material is available free of charge via
the Internet at http://pubs.acs.org.
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