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Hydrolytic Synthesis of Lead Oxo Isopropoxides and Their Reaction with M(OPr)4 (M =

Ti, Zr): Comparisons and Contrasts
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Hydrolysis of [Pb(0Pr,] using selected stoichiometries yields jRi§Pr)] or [PbsO4(O'Pr)4], and stoichiometric
[Pb(CPr),] converts [PBO4(O'Pr)] to [PyO(OPr)]. [PbsO(OPr)] does not have th&y structure of its @Bu
analogue. Reaction of electrophilic M@), (M = Ti or Zr) with PyO(OPr) yields PBMO(O'Pr)g, by
“displacement” of [Pb(@r),]. However, reaction of the seemingly more accessible oxide §DRO'Pr), with
M(OPr), gives PBMO(O'Pr)g, together withother metal oxo alkoxides.

Introduction

Various routes have been reported to yield Pb oxo alkoxides

(PhOL(OR)).1~> Some of the routes studied involve the anodic
oxidation of Pb in the presence of HGRhe reaction of Pb-
(OAc), with NaOR3 or even the thermolysis of Pb(ORn
refluxing solvent or during sublimatiott* While there are

many routes which can lead to the same products, some of thes
routes involve many steps, may not be reproducible, require

tedious workup, or give unattractive yields. Further, the use

Experimental Section

All manipulations were carried out under a dry nitrogen or argon
atmosphere using oven-dried glassware. Solvents (an@hi@ere
rigorously driedby their fresh distillation under argon from appropriate
drying agents and storage under nitrogen over activated molecular
sieves. Pb[N(SiMg,].’ was prepared according to the literature

ethod. [Pb(@r),] was prepared according to a modification of a
iterature proceduré. Synthesis at-40 °C in pentane afforded a white,
flocculant precipitate, which was washed three times with pentane and
dried for 12 h under dynamic vacuum (EQrorr). [Zr(OPry(HOPT)L,

of alkoxide/acetate or alkoxide/halide metathesis reactions mayas purchased from Aldrich and recrystallized from ‘FiGpentane;

lead to mixed-metal (e.g., NAh,O(OR)y) or mixed-ligand (e.g.,
P,Op(OR)(X)q, X = OAc, Br, F) products. We hoped that
the most direct route to a high yield of Pb oxo alkoxide products
would be the controlled hydrolysis of Pb(GRjequiring only
pure Pb(ORy, stoichiometric water, a polar solvent such as THF
(for miscibility with water), and an efficient means of purifica-
tion (i.e., crystallization). This method also serves as a
convenient way to introduce HO label (i.e., oxide) into the
molecule to use as a spin-activie= 3,) NMR probe.

We have showhthat this method is useful in the synthesis
of both homometallic (P{O(OBu)s and PRO4(OBu),) and
heterometallic alkoxides (BBrO(O'Bu)g) at room temperature.

Since our interests involve the systematic synthesis of homo-

all HOPr can be removed from the solid alcohol adduct under dynamic
vacuum (1 h at 106C) to leave [Zr(CPr)].° Ti(O'Pr), was purchased
from Aldrich and used as received’O-enriched (40 atom %) water
was obtained from Iso-Yeda Corp., Rehovot, Israd#l.and3C NMR
spectra were recorded on a 300 MHz Varian Gemini 2000 spectrometer
at 300 and 75.6 MHz, respectively’O NMR and*’Pb NMR spectra
were recorded on a Varian Unity Inova 400 MHz spectrometer at 54
and 84 MHz, respectively. Spectra were recorded éDsCD; or
CDCls. 'H spectra were referenced to the protio impurity resonance
of the deuterated solvent (2.09 ppm for the upfield resonance of
CsDsCD3 and 7.24 ppm for CDG), and*3C spectra were referenced

to the resonance of the deuterated solvent (20.4 ppm for the upfield
resonance of DsCDz; and 77.0 ppm for CDG). 'O spectra were
referenced to an external samplé-t®-enriched (5 atom %) ¥ (neat,

and heterometallic alkoxide systems having smaller and more 0.0 ppm), and®Pb spectra were referenced to an external sample of

reactive alkoxides, we decided to extend the controlled-
hydrolysis pathway to the synthesis of alkoxides of type
PMV,O(OPryy (MY = Zr, Ti). Here we report rational, high-
yield syntheses for R®(OPr)s, PlsO4(O'Pr), and PRZrO-
(O'Pr) and their characterization, including extensive multinu-

clear NMR data. This permits some systematic conclusions

about the influence of M and R in BMO(OR)s species on their
structure and dynamics. We also include data fogTiRD-
(O'Pr)s, which is a new Pb/Ti oxoalkoxide with a metal ratio
different from that of PBTi,O(OPr);.6

neat PbE#(73.3 ppm)°® Elemental analyses were performed in-house
on a Perkin-Elmer 2400 series Il CHNS/O analyzer. Thermogravimetric
analyses (TGA) were recorded on a TA Instruments 951 thermogravi-
metric analyzer at ambient pressure in a He-filled glovebox. All
measurements were run at6/min from ambient temperature to 700
°C with a 40 mL/min He purge of the sample chamber.

Synthesis of P*’O(O'Pr)s (Eq 1). Pb[N(SiMey);]. (6.00 g, 11.4
mmol) was dissolved in 30 mL of THF, and neat ©(2.0 mL, 26
mmol) was added dropwise to this solution to give a white precipitate
in a colorless solution. The reaction mixture was heated to reflux, and
"0OH, (55.5uL, 2.98 mmol) in 10 mL of THF was added dropwise to
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give a clear, colorless solution. Aftea 1 hreflux, the solvent was
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(CeDsCDs, 90 °C) & 4.84 (br, 8 H), 1.27 (d, 48 H).C{'H} NMR

removed in vacuo and the resulting cream-colored solid was suspended CsDsCDs, 25°C): 6 70.2 (v br, GCH(CHs).), 68.2 (br s, @H(CHz)y),

in a minimal amount of H®r. The solid dissolved upon heating, and
colorless, plate-like crystals were grown by allowing the hot solution
to cool to room temperature. Two crops of crystals gave 2.68 g (79
%) of product, which can be sublimed at 106 and 102 Torr. H
NMR (CsDsCDs, 25°C): 6 4.95 (br septet), 1.30 (d); ¢DsCDs, —30
°C) 6 5.03 (br m, 2 H), 4.79 (br, 1 H), 1.32 (br septet, 18 H);0&
CDs, —90°C) 0 5.08 (br septet, 2 H), 4.80 (septet, 1 H), 1.41 (d, 6 H),
1.36 (br d, 6 H), 1.31 (d, 6 H); ({DsCDs, —100°C) 6 5.19 (br, 1 H),
5.10 (br septet, 1 H), 4.81 (septet, 1 H), 1.41 (br, 12 H), 1.32 (br d, 6
H). 3C{*H} NMR (C4DsCDjs, 25 °C): 9 65.2 (s, @H(CHs),), 29.6
(s, OCHCH3)z). O NMR (CsDsCDs, 95 °C): ¢ 244.4 (br,v'2 =
317 Hz); (GDsCDs, 25°C) 8 243.3 (v brp2 = 705 Hz); (GDsCDs,
—30°C) 6 247.4 (spY2 = 12 Hz; d satelliteslJpp-0 = 361 Hz; d
satellites,'Jp,-0 = 405 Hz; t satellites!Jpr-0 = 368 Hz; t satellites,
pp0 = 405 Hz), 234.5 (bryY2 = 462 Hz). 2°Pb NMR (GDsCDs,
25°C): 6 1368 (br,Y2 = 158 Hz), 1015 (bry*? = 342 Hz), 650 (br,
v2 =321 Hz); (GDsCDs;, —30°C) 6 1356 (sp¥?2= 52 Hz; d satellites,
Jrb-pb= 260 Hz), 996 (sy¥2= 87 Hz), 637 (sy*2 = 81 Hz; d satellites,
Jpb-pb = 260 Hz). MS (EIl, 15 eV):m/z- Pb(OPr)" (100), PhO-
(O'Pr)* (36), PRO(OPr)* (50), PR"O(OPr)x* (32). Anal. Calcd
for PbQ,CigHaz: C, 18.02; H, 3.53. Found: C, 18.02; H, 3.39.
Synthesis of Plgl’04(O'Pr),4 (Eq 2). Pb[N(SiMe&)2], (2.00 g, 3.79
mmol) was dissolved in 30 mL of THF, and neat ##©(0.8 mL, 10
mmol) was added dropwise to this solution to give a white precipitate
in a colorless solution. The reaction mixture was heated to reflux, and
170OH, (16.5uL, 2.56 mmol) in 10 mL of THF was added dropwise to
give a clear, colorless solution. Afta 1 hreflux, the solution was
concentrated until a precipitate formed. The solid dissolved upon

65.2 (S, @H(CH:«;)z), 29.6 (S, OC"K:H3)2), 28.4 (bl’ S, OC"“:H:«;)z)
70 NMR (CsDsCDs, 65°C): ¢ satellite intensity (calcd; obst)235.6
(2.9; 5.3), 231.5 (20.5; 20.8), 227.4 (53.0; 50.8Y4= 93 Hz;'Jppo
= 428 Hz), 223.5 (20.5; 18.5), 219.8 (2.9; 4.5Pb NMR (GDs-
CDs, 25°C): 6 986.5 (s, 2 Pb), 986.1 (s, 1 Pb);s:CDs, 50 °C)
1000 (s). Anal. Calcd for RErOsCyHss: C, 23.98; H, 4.70.
Found: C, 23.93; H, 4.62. MS (El, 15 eVm/z" Pb(OPr)" (25),
P"O(OPr)* (58), PRTO(OPr)* (100), PRZr"O(OPr)* (80).
Synthesis of PRZr’O(0'Pr)s (Method 2) (Eq 7). A solution of
Phyt"O(OPr) (0.0900 g, 75.@mol) in 0.25 mL of GDsCD; was added
to a solution of [Zr(®Pr)] (0.0246 g, 75.Jumol) in 0.25 mL of GDs-
CDs. The resulting solution was agitated for 3 min and then placed in
an NMR tube. After the solution was heated to reflux for 3 min, a
white precipitate formed.*H NMR (CsDsCDj, 25 °C): ¢ 5.08 (br, 3
H), 4.76 (br, 5 H), 1.37 (d, 30 H), 1.21 (br d, 18 H}3C{'H} NMR
(CsDsCDs, 25°C): 6 70.2 (v br, GCH(CHs),), 68.2 (br s, @H(CHy),),
65.2 (s, @H(CHa),), 29.7 (s, OCHCHs3),), 28.4 (br s, OCHCHa)y).
"0 NMR (GsDsCDs, 65°C): 6 226.4 (multiplet?). 2"Pb NMR (GDs-
CDs, 25°C): 6 980.9 (s, 2 Pb), 980.5 (s, 1 Pb).
Synthesis of PRTit’O(O'Pr)s (Method 1) (Eq 5). A suspension
of [Pb(OPr)] (1.787 g, 5.49 mmol) in 30 mL of THF was warmed to
reflux, and”OH; (31.9xL, 1.92 mmol) in 10 mL of THF was rapidly
added, resulting in a clear, colorless solution. Afe5 min reflux,
Ti(O'Pr) (0.520 g, 1.83 mmol) in 20 mL of THF was added. The
solution was refluxed for an additional 10 min, and the solvent was
removed in vacuo, leaving a waxy material. After the wax was
dissolved in pentane and the solution was filtered, the solvent was
removed in vacuo and 1.813 g (86%) of light-brown wax remained.

heating, and colorless, octagon-shaped crystals were grown by allowingAttempted vacuum sublimation resulted in partial decomposition of

the hot solution to cool to room temperature. Three crops of crystals
gave 0.800 g (85%) of product. Decomposition to a yellow powder
which eventually turned brown resulted upon attempted sublimation
at 110°C and 102 Torr. *H NMR (CDCls, 25°C): 6 4.74 (septet),
0.99 (d). 3C{*H} NMR (CDCls, 25°C): ¢ 62.2 (s, Q@CH(CHa)y), 24.3

(s, OCHCHz)2). YO NMR (CDCk, 25°C): 6 240.5 (br mi? Jppo

= 440 Hz). 2Pb NMR (CDC}, 25 °C): 6 1967 (s). MS (El, 15
eV): m/z- Phyt’O3(O'Pr)" (30), PBO4(OPr)* (22), PRI7O4(O'Pr)™
(100). Anal. Calcd for PsCioHos C, 9.32; H, 1.83. Found: C,
9.41; H, 1.84. X-ray analysis—(165 °C): tetragonal cella =b =
11.786(4) A;c = 17.652(5) A.

Synthesis of PRzr"O(0'Pr)s (Method 1) (Eq 3). For a one-pot
synthesis, Pb[N(SiMg]. (3.00 g, 5.68 mmol) was dissolved in 20
mL of Et,O and cooled to C. Neat HCPr (1.0 mL, 13 mmol) was
added dropwise to this solution to give a white precipitate. The solvent
was removed in vacuo, and the precipitate was dried under dynamic
vacuum fa 2 h at 40°C. To the powdery solid was added 35 mL of
THF, and the suspension was heated to reflux. While some solid
remained undissolved in the refluxing THF, this quickly went into
solution upon dropwise addition 6fOH, (35.8uL, 1.92 mmol) in 10
mL of THF. The resulting solution was refluxed for 5 min, and [Zr-
(OPry(HOPN)], (0.734 g, 0.947 mmol) in 20 mL of THF was added.
After a 10 min reflux, the solvent was removed in vacuo to give a
waxy material, which was transferred to a sublimation apparatus. There,
it sublimed at 125C and 102 Torr to leave a waxygrystallinedeposit
(1.64 g, 71%) on a OC cold finger** H NMR (C¢DsCDs, —20 °C):

0 5.09 (septet, 3 H), 4.80 (septet, 4 H), 4.61 (septet, 1 H), 1.45 (d, 6
H), 1.41 (d, 24 H), 1.18 (d, 18 H); @DsCDs, 10°C) 6 5.09 (septet, 3

H), 4.78 (br septet, 4 H), 4.58 (br, 1 H), 1.38 (d, 30 H), 1.18 (d, 18 H);
(CsDsCD3, 30°C) 0 5.09 (br, 3 H), 4.74 (br, 5 H), 1.35 (br d, 30 H),
1.18 (br, 18 H); (GDsCDs, 70°C) 6 4.81 (v br, 8 H), 1.27 (br, 48 H);

(11) The isolated yield suffers somewhat due to the fairly high solubility
of the compound in the crystallization solvent.

(12) Only three of the expected seven lines were detected due to the
broadness of the lines. Chemical shifts, coupling constants, and
intensities of the satellites could not be accurately determined.

(13) During sublimation of this compound, it is necessary to chill the cold-
finger apparatus to nearC for the vaporized material to condense
as a waxy substance. Otherwise, it will simply reflux as a viscous
liquid.

the compound. At 100C and 102 Torr, equimolar PEli*’O(OPr)
and Ti(OPr), condensed on a @C cold finger apparatus'f NMR
evidence). *H NMR (CsDsCDs, 25 °C): 6 5.06 (septet), 1.29 (d);
(CsDsCDs, —70°C): 0 5.13 (septet, 7 H), 4.93 (septet, 1 H), 1.42 (d,
6 H), 1.33 (d, 42 H); (€DsCDs, —90 °C) 6 5.15 (septet, 7 H), 4.95
(septet, 1 H), 1.45 (d, 6 H), 1.36 (br, 42 H);«CDs, —100°C) 0
5.16 (br septet, 7 H), 4.96 (septet, 1 H), 1.46 (d, 6 H), 1.43 (br, 24 H),
1.27 (br, 18 H). *3C{*H} NMR (CsDsCD3, 25°C): 6 68.6 (br, GCH-
(CHg),), 28.5 (br, OCHCH3);). O NMR (GsDsCDs, 65 °C): &
satellite intensity (calcd; obst)260.9 (2.9; 3.3), 257.0 (20.5; 19.6),
252.9 (53.0; 55.00(2 = 68 Hz;'Jpp-0 = 442 Hz), 248.9 (20.5; 19.1),
244.6 (2.9; 3.0).2°Pb NMR (GDsCDs, 25 °C): 6 882.1 (s, 2 Pb),
881.7 (s, 1 Pb). MS (El, 15 eV)m/z" Ti(O'Pr)*" (92), Pb(CPr)"
(100), PRYO(OPr)" (18), PRYO(OPr)*™ (27), PRTIYO(OPI™ (19).
Anal. Calcd for PBTiOgCosHse: C, 24.88; H, 4.87. Found: C, 25.09;
H, 4.99.

Synthesis of PRTiY’O(O'Pr)s (Method 2) (Eq 9). A white
precipitate formed immediately upon mixing of a solution ofAD-
(O'Pr) (0.0900 g, 75.Qemol) in 0.25 mL of GDsCD3 with a solution
of Ti(O'Pr), (0.0213 g, 74.9umol) in 0.25 mL of GDsCDs. The
resulting suspension was transferred to an NMR tubld. NMR
(CéDsCDs, 25°C): ¢ 5.07 (septet), 1.29 (d)**C{'H} NMR (CsDsCDs,
25°C): 0 68.5 (br, GCH(CHg),), 28.5 (br, OCHCH3),). 'O NMR
(CeDsCD3, 65°C): 6 253.0 (multipletd). 2°Pb NMR (GDsCDs, 25
°C): 6 882.0 (s, 2 Pb), 881.6 (s, 1 Ph).

Attempted Synthesis of PRTi,*’O(O'Pr) 1 via Hydrolysis (Eq 11).

A solution of'7OH, (40.2uL, 2.42 mmol) in 15 mL of THF was added

to a refluxing suspension of [Pb{),] (1.50 g, 4.61 mmol) in 30 mL

of THF. After a 5 min reflux, Ti(OPr), (1.31 g, 4.61 mmol) in 20 mL

of THF was added. The solution was refluxed for an additional 4 h,
and the solvent was removed in vacuo, leaving a precipitate suspended
in an oil. A portion of the resulting material was analyzedPb NMR

(14) Satellite intensities are calculated ¥6D coupling to three “equivalent”

Pb atoms at natural abundance. Only five of the expected seven lines
could be resolved due to limited signal-to-noise.

(15) The multiplicity, coupling constants, and intensities of the satellites
duplicate those cited above. Only the chemical shift of the central
line is shown here.

(16) Papiernik, R.; Hubert-Pfalzgraf, L. G.; ChaputJFNon-Cryst. Solids
1992 147, 36.
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(CéDsCDs, 25°C): 6 882.7 and 882.3 (s; BBit’O(OPr)), 178.9 (s;
PLpTi,t"O(OPr)g). O NMR(CsDsCDs, 65 °C): 6 554.5 (s, Ti"O-
(O'Pr)y); satellite intensity (calcd; obsH)333.7 (17.2; 17.2), 331.2
(63.1; 65.6) ¢2 = 16 Hz;Jpp-0 = 272 Hz; PRTi,*’O(OPr)yo), 328.7
(17.2; 17.2); 295 (v br; Ti(®r)), 252.9 (multiplet> PksTit"O(OPr)s).

Conversion of Plgt’04(O'Pr) 4 to Pb,"O(0O'Pr)e (Eq 15). [Pb(CPr)]
(0.0800 g, 246:mol) and PBO4(O'Pr), (0.0380 g, 24.6tmol) were
washed into an NMR tube with 0.5 mL ofgBsCDs;. Heating the
resulting suspension to reflux for 5 min gave a clear solutithNMR
(C6D5CD3, 25 °C)Z d 5.00 (br), 1.29 (d)13C{ 1H} NMR (CeDsCDg,
25°C): 0 65.2 (s, @H(CHs)y), 29.6 (s, OCHCH3),).

Reaction of P!’O4(O'Pr) 4 with [Zr(O 'Pr)4] (Eq 8). Pks"O4(OPr),
(0.0400 g, 25.9tmol) was washed into an NMR tube with a solution
of [Zr(O'Pr),] (0.0763 g, 233«mol) in 0.5 mL of GDsCDs. Heating
the resulting suspension to reflux for 3 min gave a clear solutfdPb
NMR (CsDsCDs, 25°C): 6 981.5 (s, 2 Pb), 981.1 (s, 1 Pb)’O NMR
(CsDsCDg, 65 °C): 6 411 (s; Z6"O(OPr)g), 272 (v br; Zr(CPr)y),
263 (multiplet> PZrr’O(OPr)).

Reaction of Plyt"04(O'Pr)4 with Ti(O 'Pr)4 (Eq 13). Phs’O4(OPr)
(0.0500 g, 32.3tmol) was washed into an NMR tube with a solution
of Ti(O'Pr) (0.0828 g, 29umol) in 0.5 mL of GDsCDs. Agitating
the resulting suspension at 26 for 3 min gave a clear solutior?*’Pb
NMR(CsDsCDs, 25°C): 6 884.4 and 884.0 (s; BBi*’O(OPr)), 156.4
(s; PBTi,Y"O(OPr)g). O NMR (CDsCDs, 65 °C): 6 554 (s;
Tiz'"O(OPr)y), 334.5 (multiplett® P Ti t"O(OPr)g), 295 (v br; Ti-
(O'Pr)), 253.3 (multiplett> PisTi*’"O(OPr)).

Reaction of [Pb(OPr);] with "OH, (3:1) (Eq 4). HOPr (0.32
mL, 4.19 mmol) was added dropwise to a solution of Pb[N(SiMe
(2.00 g, 1.89 mmol) in 20 mL of THF, giving a white precipitate. The
solution was warmed to reflux, and a solution af0H(11.9uL, 0.661
mmol) in 10 mL of THF was added. The resulting clear solution was
refluxed for another 5 min, and then the solvent was removed in vacuo.

Toluene was added to the solid, and the solution was cannula-transferred

to another flask. The solvent was removed in vacuo, and a portion of

the solid material was analyzedH NMR (CsDsCDjs, 25°C): 6 4.92

(br; Pb"™O(OPr)), 4.74 (br; PB7O4(O'Pr)y), 1.29 (d; PRYO(OPr)),

1.06 (br d; PE"O4(OPr)). The solid that did not dissolve in toluene

was dried in vacuo, and a portion of it was analyzéd.NMR (CDCl,

25°C): O 4.76 (septet; PHO4(O'Pr)), 1.03 (d; PE7O4(OPr)y).
Reaction of [Pb(OPr),] with YOH, (2:1) (Eq 12). HOPr (0.32

mL, 4.19 mmol) was added dropwise to a solution of Pb[N(SiMe

(1.00 g, 1.89 mmol) in 20 mL of THF, giving a white precipitate. The

solution was warmed to reflux, and a solution of0H(17.9uL, 0.998

mmol) in 10 mL of THF was added. The resulting clear solution was

refluxed for another 5 min, and then the solvent was removed in vacuo.

A portion of the resulting material was analyzetd NMR (CeDs-

CDs, 25°C): 6 4.90 (br; PRO(OPr)), 4.73 (br; PB704(O'Pr)), 1.29

(d; P"O(OPr)), 1.06 (br d; PB'O4(OPr)y). The solid which did

not dissolve in toluene was dried in vacuo, and a portion of it was

analyzed. 'H NMR (CDCls;, 25°C): 6 4.75 (septet; PBH’04(O'Pry),

1.02 (d; PBYO4(O'Pr)y).

Results

Pbs1’O(0O'Pr)s. The synthesis of P®(OPr) proceeds by
the addition of stoichiometric (1:4) water to in situ formed [Pb-
(OPr)] in refluxing THF (eq 1). The presence of HN(Silg

4[Pb(OPr),] + *OH, — Ph,"’O(OPr), + 2HOPr (1)

a Brgnsted-basic coproduct during the synthesis of [

has no effect on the hydrolysis. The resulting compound can
be crystallized in the form of plates by slowly cooling a hot,
concentrated H®r solution to room temperature. The com-
pound isvery soluble in many aliphatic solvents and can be
sublimed intact at 108C and 102 Torr. Its *H and13C{H}
spectra at 25C in CsDsCDs are deceptively simple and suggest

(17) Satellite intensities are calculated #6® coupling to two equivalent
Pb atoms at natural abundance.

Teff and Caulton
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Figure 1. Stacked plot of 300 MH#H NMR spectra of PB’O(OPr)
in dg-toluene at 25C (lower),—90 °C (middle), and-100°C (upper).
The signal at 2.1 ppm is due to residual toluene methyl protons.

that there is only one chemical environment for the alkoxides
and oxo functionality. This could easily lead to the conclusion
that the solution structure is of the type found for®{Bu)s,3~>

(I which, due to itsTy symmetry, has six equivalent alkoxides
and four equivalent metals. It is only under further examination
of the molecule by2°"Pb NMR and variable-temperature
multinuclear NMR that it becomes apparent that the structure
is different.

Pb

RQ 4/ \OR

|_Li_|
/Pb Pb/ P{)
RO o OR
R

At 25 °C, itsIH NMR spectrum shows a broadened methine
signal and sharp methyl doublet (Figure 1). Upon cooling to
—30 °C, the methine region shows two broad lines integrating
to 2:1 whereas the methyl region has one broad peak. Further
cooling to —90 °C shows no change in the methine region
whereas the methyl region shows three equal-intensity doublets.
At —100 °C, three equal-intensity multiplets are found in the
methine region. The room temperat&#€{H} NMR spectrum
also has two equal-intensity peaks in the methine and two in
the methyl regions. Thé%Pb NMR spectrum at 25C has
three broad peaks integrating to approximately 1:4:3, but these
peaks completely broaden into the baseline on warming to 100
°C. At —30°C (Figure 2), doublet satellites were detected at
two (the signals with intensities of 1 and 3) of the three signals.
The signal with the lowest intensity appears to have two more
outer satellites that are barely detectable due to signal-to-noise
limitations. This could indicate that this Pb couples to three
equivalent Pb atoms (based on satellite intensity) at natural
abundance. Further, the other signal appears to only couple to
one Pb atom (based on satellite intensity). Thus, the signal of
intensity 1 shows coupling to three Pb atoms, and the signal of
intensity 3 shows coupling to one Pb atom. The relative
intensities of all three signals in the spectrum are unchanged
on further cooling of the sample. It is therefore possible that
all signals are due to one species in solution. This is somewhat
hard to support with th&’O NMR evidence found. At 25C
(and above), thé’O NMR spectrum has only one broad signal
(Figure 3). However, the-30°C spectrum shows decoalesence
into a set of sharp, complex multiplets centered around one line
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Figure 2. 2Pb NMR spectrum (84 MHz) of R®(OPr) in dg-toluene
at —30 °C. Insets (above, left and right) show satellites due to Pb/Pb

coupling.
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Figure 3. 70O NMR spectra (54 MHz) of PB’'O(OPr) in ds-toluene
at 25°C (left) and—30 °C (right).

(247 ppm), in addition to a broad signal (234 ppm). The 247

ppm multiplet shows (at least) three different coupling constants

with doublet and triplet satellites of differing intensities. These

satellites, to a certain extent, are consistent with the coupling

found by 2°Pb NMR where one unique Pb couples to three
equivalent Pb atoms. However, the broad peak it tBeNMR

spectrum indicates either a molecule with low symmetry about

the ux-O or the occurrence of a fluxional process. AfL00
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Both 1H and13C{1H} NMR show only one environment in
the methyl and also in the methine region. #$Pb NMR
chemical shift (1967 ppm) is approximately the same as that of
Phbs04(0O'Bu)4 (2015 ppmY, and its'’O NMR spectrum displays
a splitting pattern (the same as found for th@®analogue)
which is indicative of three Pb atoms (at natural abundance)
coupling to one oxygen. Further, the broadness of the lines
shows a somewhat symmetriCs{) electron density distribution
about the oxo functionality. X-ray analysis-afl74°C gave a
unit cell which was nearly the same as that found previotsly,
but the cell was slightly smaller, due to the temperature
difference.

Although attempted sublimation at 1PC and 102 Torr
resulted in decomposition to an intractable brown solid, the mass
spectrum (approximately I0 Torr) showed PE7O4(O'Pr)st,
Pbs’04(O'Pr)*, and PR7O3(O'Pr)* .

PbsZr70O(0O'Pr)g. The synthesis of REr’O(OPr) first
involves the reaction of stoichiometddOH; (3:1 [Pb(CPr)):
70OH,) with in situ formed [Pb(@Pr)] in refluxing THF. The
reaction is completed with the addition of [Zi@(HOPI)]
followed by removal of the solvent in vacuo (eq 3). The

0H, Y4 [Zr(O'Pr)y(HO'Pr)],

3 [Pb(O'Pr),] Pb,Zr'’O(0'Pr)g + 3 HO'Pr  (3)
hydrolyzed lead solution contains not one species but is instead
a mixture of PRO(OPr) and PRO4(O'Pr) (eq 4) as determined

independently byH NMR. The wax resulting from eq 3 was

°C, the broad peak disappears into the baseline while the Sharp&O[Pb(dPr)z] + 1017OH2 _

peak broadens only slightly. While a comprehensive explana-

tion of these spectra is lacking, tREl, 2°/Pb, and’O NMR
spectra at-30 °C are certainly not consistent with structure
The mass spectrum of PBO(OPr) shows PR’O(CPr)s*,
Pb(CPr)*, Pt’O(OPr)*, and PR7O(OPr)*. Higher oligo-
mers of [PR’O(OPr)], were not detected in thgas phase
Pbel’04(O'Pr)4. The controlled hydrolysis of in situ formed
[Pb(OPr)] in refluxing THF (eq 2) proceeds by addition of
stoichiometric (6:4}’0OH; to give PR’O4(O'Pr),. This species

6[Pb(OPr),] + 4"OH, — Ph,'’0,(O'Pr), + 8HOPr (2)

begins to crystallize upon cooling of the THF solution to room

6Ph'’O(OPr), + Ph,'’0,(Q'Pr), (4)

purified by sublimation. In itdH NMR spectrum at-20 °C
(Figure 4), both the methine and methyl regions contain sharp
multiplets which integrate to 1:4:3. The integration pattern
suggests that the structure is that ogBB(X)s (Ill ), which

has been observed for Z1’O(0O'Bu)s.> Only three chemical
environments are found due to residual facile fluxionality (not
yet decoalesced) which scrambles the alkoxides of type B, and
likewise of type C. Warming to 10C gives three peaks (one
sharp and two broad) in the methine region while the methyl
region only contains two sharp doublets; the smallest and largest

temperature. After the solution is concentrated and warmed to peak in the methyl region have coalesced. AfB0Qthe largest

dissolve the precipitate, high-quality crystals form upon cooling

and smallest peaks in the methine region are coalesced, and

of the solution slowly to room temperature. This species is only two broad lines in each of its methine and methyl regions,
poorly soluble in nearly all solvents at room temperature except integrating to 3:5, are observed. Another fluxional process

CHCI, in which it is very soluble. [1t$H, 13C{1H}, 17O, and
20’Ph NMR spectra in CDGleach show only one chemical
environment and are consistent with the generalCR®OR),
structure typel().l The T4 symmetry of the molecule causes

becomes apparent at 7€ where all peaks have coalesced to
give only a single broad line in each of its methine and methyl
regions. Warming to 90C gives a broad methine signal and
a sharp methyl doublet. At 2%C, three peaks are seen by

it to have six equivalent metals, four equivalent alkoxides, and 13C{*H} NMR in the methine region while only two are seen

four equivalent oxo groups.

in the methyl region; coupling to Pb is not detected in any of
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Figure 4. Stacked plot of 300 MHZH NMR spectra of P§Zr’O-

(O'Prk in dg-toluene at 9C°C (lower), 30°C (middle), and—20 °C
(upper). The signal at 2.1 ppm is due to residual toluene methyl protons.

the peaks. Five lines detected B NMR at 65°C represent

the pattern expected for couplingl§,-o = 428 Hz) to three
“equivalent” Pb atoms at natural abundance. The relatively
sharp lines¥¥2 = 93 Hz) show a fairly symmetrical distribution

of electron density around the-O. Two lines integrating to

2:1 are detected at 25C by 2°Pb NMR, and these lines
coalesce, upon raising the temperature t0°6Q to a single,
sharp peak with no observed satellites. The observance of two
types of Pb is consistent witll , which has two Pb atoms of
type a and one of type b.

4B

a Pb"'u/ XUN!
3C —

III

This species sublimes intact at 125 and 102 Torr to leave
a colorlesscrystallinewax on a 0°C cold-finger apparatus. Its
mass spectrum shows Zt’O(0Pr);*, P!’O(OPr)*, Pb-
(O'Pry*, and PB"O(OPr)*.

PbsTil’O(O'Pr)g. Reacting stoichiometrie’OH, with [Pb-
(O'Pr)] in refluxing THF, followed by the addition of Ti(®r),
(eq 5), gives PHi"O(OPr). At 25°C, the!H NMR spectrum

'70H, Ti(O'Pr),

NN

in CsDsCD3 shows only a sharp methine septet and a sharp
methyl doublet (Figure 5). Upon cooling the sample—t@0

°C, both regions show two multiplets (integrating to 1:7), and
cooling further to—100 °C gives two signals in the methine
region (1:7) whereas the methyl region shows three signals
(1:4:3). Thus, by!H NMR the solution structure is alsdl .

Five lines detected by’O NMR at 65°C represent the same
pattern found for P¥Zrl’O(OPr) where one oxygen couples
(Mpb-0 = 442 Hz) to three Pb atoms at natural abundance. The

3 [Pb(O'Pr),y] Pb;Ti'0(O'Pr)g + 2 HO'Pr ®)

Teff and Caulton
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Figure 5. Stacked plot of 300 MHZH NMR spectra of P§Ti’O-

(O'Pr) in dg-toluene at 25C (lower),—70 °C (middle), and—100°C
(upper). The signal at 2.1 ppm is due to residual toluene methyl protons.
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relatively sharp lines 2 = 68 Hz) show a symmetrical
distribution of electron density around th@-O. Two lines

integrating to 2:1 are detected at 25 by 2°’Pb NMR but do

not coalesce, even upon heating to @@ No other species,
such as P, O(OPry® or PhyTisOs(O'Prys were found as
contaminants on the basis of all NMR experiments.

The compound undergoes partial decomposition during
sublimation. Approximately equal amounts ofsPB’O(OPr)g
and Ti(OPr), sublimed at 100C and 102 Torr to a 0°C cold-
finger apparatus (NMR evidence). Its mass spectrum shows
the presence of RBil’O(OPr)*, P!’O(OPr)™, Ti(OPr)s™,
Pl’O(OPr)*, and Pb(CPr)*.

Mechanistic Studies. We reported earlier that RO(O'Bu)s
reacts with Zr(@Bu), (eq 6) to give two different heterometallic
species at 25°C in the time of mixing2 We decided to
25°C

e

Pb,'"O(0Bu); + 2Zr(0BU), - —
Pb,Zr'’O(0'Bu)g + PbZr(OBu), (6)

investigate the usefulness of this synthetic route using tRe O
analogues. Reaction according to eq 7 in toluene forms a
precipitate, [Pb(@r),], after brief (3 min) heating to reflux.

Pb,""O(OPr), + [Zr(O'Pr)] =
Ph,Zr'’O(OPr), + [Pb(OPr),] (7)

Also formed is a species whose NMR spectra are those of
independently synthesized £ ’O(OPr). A related reaction,
starting with Plgl’0O4(O'Pr),, was investigated. We found that
eq 8 gave PIZr’O(OPr and Zg’O(OPr)o, which were
identifiable by thei’O NMR chemical shifts and the presence
or absence of Pb satellites (263 and 411 ppm, respectively).

A

Ph,’0,(O'Pr), + 9[Zr(O'Pr),] —_—
2PhZr’0(0OPr), + 22r,'O(0Pr),, + [2r(O'Pr)] (8)

In an experiment similar to eq 7, we attempted the synthesis
of the heterometallic oxo alkoxide PE’O(OPr) in CgDs-
CDs using Ti(OPr), (eq 9). A precipitate of [Pb(®r)] is

Phb,"O(0Pr), + Ti(O'Pr), tcz)liecne
Pb,TiO(0Pr), + [Pb(OPr),] (9)

formed immediately in the time of mixing at 28C. Also
formed is PRTi1’O(OPr) on the basis of spectra which are
the same as those for the species synthesized independently. It
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has been reported that, in a similar reaction (eq 10, which is
not balanced), PIi,O(OPr)y is formed in a 64% yield at 20
°C in toluene® We did not find any evidence of the formation

Ph,0(OPr), + 4Ti(O'Pr), — Pb,Ti,O(OPr),, (10)

of this compound in our reaction (eq 9). We do not believe
that the discrepancy is due to a mere difference in stoichiometry
(eq 9 vs 10) and thus attempted to synthesiz& BEO(OPr)
using a different synthetic pathway. This involved using a
different [Pb(QOPr)]:1’OH, stoichiometry, which was then
reacted with Ti(CPr), (eq 11). The reaction formed both Pb

'0H, 2 Ti(O'Pr),

2 Pb(O'Pr),] Pb,Ti,'’0(0'Pr) o + Pb;Ti'O(0iP (1)

Ti,t’O(OPr)10 and PRTIYO(OPr) after a 4 hreflux in THF.
Unreacted Ti(Pr), as well as TiOp(O'Pria—2, Species were
detected by’O NMR using chemical shifts previously reported
(eq 11 is not balanced§. To better understand the reaction,
we isolated the solid from a 2:1 [PHi@),]:17OH, hydrolysis

(cf. eq 11) and identified it as a mixture of PEO(OPr) and
Phsl’04(O'Pr); (*H NMR assay). Thus, the hydrolysis in the
first step of eq 11 proceeds according to eq 12. It is thus no

5'oH,
10 [Pb(O'Pr),] N Pb,'’0(0'Pr)g + Pbg''0,(O'Pr), (12)
surprise in eq 11 that two products were formed; two reactants
compete for Ti(CPr),. According to eq 9, the species that forms
from Pyt’O(OPr) is Py Ti’O(OPr). Thus, the formation of
PlyTi 1 "O(OPr) o must derive from PE704(O'Pr). Its reaction
with Ti(O'Pr), was probed (eq 13) at 2% in C¢DsCDs (not

Inorganic Chemistry, Vol. 37, No. 10, 1998559

the overall reaction of eq 14 is a composite of both eqs 9 and
15. An analogous statement applies to eq 3 (i.e., a composite
of egs 7 and 15).

10[Pb(CPr),] + PR "0,(O'Pr), ——— 4Ph"O(OPr); (15)

Discussion

Pbs’O(0O'Pr)e and Plst’O4(O'Pr)4. The controlled hydroly-
sis of [Pb(QPr)y] in refluxing THF using two different [Pb-
(O'Pr)]:1’OH, stoichiometries (4:1 or 6:4) gives two different
oxo alkoxide species. Both species are formed when the [Pb-
(O'Pr)]:1’OH, ratio differs from 4:1 or 6:4, and these species
do not interact at 25C in GDsCD; (NMR evidence). We
have observed that, upon addi@H, to a hot THF (dilute)
solution of [Pb(CPr),], a white precipitate (“PB’Oy(OPrha-t")
is initially formed and immediately dissolves by further reaction
with [Pb(CPr)]. Stoichiometric [Pb(@Pr),] converts PE704-
(O'Pr), to Pl"O(OPr) (eq 15) afte a 5 min reflux in toluene
and confirms that PB’Oy(O'Prya-r) (here,a = 6 andb = 4)
does indeed react with [Pb{Y),].

Analysis of PR"O(OPr)s using™H or 13C{*H} NMR at 25
°C gave deceptively simple spectra which could résunlthe
mistaken assignment of the solution structure béing is only
when analysis by variable-temperature and multinuclear NMR
is performed that it becomes clear that the structure is different.
The IH NMR spectrum at—30 °C shows two broad lines
integrating to 2:1 in the methine region whereas the methyl
region has one broad peak. Three equal-intensity peaks are
found in the methyl region at-90 °C. The 2°Pb NMR
spectrum at-30 °C has three peaks integrating to approximately
1:4:3, and the two outer lines show doublets from coupling.
On the basis of satellite patterns and intensities, it is believed

balanced). Here, both heterometallic oxo alkoxide species wereinat these signals arise from one unique Pb coupling to three

Ph"0,(OPr), + 9Ti(OPr), ———

Ph,Ti,'’O(OPr),, + P, Ti*’O(OPr), (13)

formed (NMR evidence) as well as unreacted TR, and
TiaOp(O'Prua—2. Since eq 9 does not make Fit’O(OPr)

but eq 13 does, we suggest that the@®@Pr), used for the
previously reported reaction (eq 10yyas contaminated with
PbsO4(O'Pr). This is further evidenced by th®’Pb NMR
chemical shiftreported for PlyO(OPr)s (2021 ppm3® being
almost the same as that of €a(O'Pr), (2024 ppm)® and
different from that which we report (see Experimental Sec-
tion).

The stoichiometric formation of Bbi1’O(OPr)g from PkyO-
(O'Pr)s and PRO4(OPry (eq 14, which is a more detailed
version of eq 5) becomes clearer when one understands th
conversion of one Pb/O/Br species to another by reaction with
[Pb(CPr))], a product in eq 9. This conversion (eq 15) occurs

6Ph,"0(0Pr), + Ph,\’0,(0'Pr), + 10Ti(OPr), =
10PRTI*’O(OPr), (14)

e

equivalent Pb atoms. BYO NMR, the—30 °C spectrum shows

a broad signal in the baseline and a sharp signal which is flanked
by a complex set of satellites showing at least three different
coupling constants. The sharpness of the sign#@ € 12 Hz)
indicates very high symmetry around thgO. Judging from

the number of different coupling constants, it appears that there
is more than one inequivalent Pb atom bound to the oxo.
However, it is hard to explain this result when considering the
spectra of the other nuclei.

The fragments found in the mass spectrum confirm that
“Pbsl’"O(OPr)” is presentin the gas phaseand no masses
higher than that of PB’O(OPr)* were detected. While the
NMR spectra are inconsistent withthere is a possibility that
larger aggregates of [FBO(OPr)], (i.e.,n = 2) might form.
StructureslV andV (X = OPr), illustrate two possibilities.
.The most important feature in the formation of these aggregates
Is the increase in coordination number at Pb. This typically
happens as a result of combining a fairly small ligand with a
large metal. For example, PbZr(QRB-coordinate Pb) forms
when OBuU is used but does not whernRD is used. Instead,
two PRlZry(O'Pr)y. 4y species (whereg = 2 or 4 andy = 4 or
2, respectively) are found with Pb being 4-coordinate in both
specie? Since the multinuclear NMR spectra do not all

upon refluxing the two reactants, which are poorly soluble in support a single structural type, we cannot judiciously assign a
toluene, for 5 min to give a toluene-soluble product. Hence, solution structure to this molecule. We have attempted to grow
X-ray quality crystals from many solvents, but the compound

(18) Day, V. W.; Eberspacher, T. A.; Chen, Y.; Hao, J.; Klemperer, W. G. s too soluble in almost every solvent chosen. The best

Inorg. Chim. Actal995 229, 391. . . : .
(19) The chemical shift shown here was calculated with respect to PbMe crystallization solvent is H®r, but only poor-quality plates are

as a zero reference. The actual reported value for this compound had
Pb(NQ), as an external zero reference (Pb@ds found at—2961
ppm relative to PbMg see ref 10).

(20) Teff, D. J.; Huffman, J. C.; Caulton, K. Gnorg. Chem.1996 35,
2981.
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oxide of the Pb oxo alkoxide. The M{Pr), reagent is also a
nucleophile, bringing some of its alkoxide ligands into bridging
roles to Pb(ll); the coordination number of Pb thus rises. In
the present case, Zr{@r), displacesPb(OPr), from theus-oxo
species PD(OPr). Reaction of an electrophile at tixg-oxo
ligand in PRO4(O'Pr), might be expected to be more facile since
this oxo is “convex”, with outwardly directed Lewis basicity.
This is supported by the report of an adduct of formula [Nb-

isolated even when using very slow cooling techniques. Some (OEt)]4PhsO4(OEt),22 containing a P¥D4(O'Pr), core with
of these crystals were analyzed, but were found to undergo aone Nb for each oxide. However, this logic fails, in practice

destructive phase change when cooled betels °C. Further,
analysis above—45 °C only gave a very poor data set.
Sublimation also fails to give high-quality crystals.

In contrast to PF’O(OPr), multinuclear solution NMR
spectra of the further-hydrolyzed speciess®D4(O'Pr), are
wholly consistent with its reported solid-state structure QR
= OPr)> When the size of a ligand is decreased, it is

here.

Instead, the PJD4(O'Pr), framework does not remain intact,
and the only heterometallic oxo alkoxide product detected is
PeZri’O(OPr)g. The reaction of PB’04OPr), with [Zr-
(O'Pr)] is apparent when the former, being sparingly soluble
in toluene, is dissolved after heating to reflux for 5 min. The
Zr analogue oWl was not observed, possibly as a consequence

commonly found that the coordination number of the metal can of the oxophilicity of Zr. Thatis, it is possible that the formation

increase. Apparently the combination of the coordination
geometry around Pb (seB) and oxo content provide a

of lll is preferred oveWl when M= Zr since the structure of
Il has a more electron rich environment for M. In bdkh

satisfactory amount of electron density and prevent further andVI, the coordination geometry at M is the same with M
aggregation at Pb. A change in coordination number is not being bound to ongs-O, oneus-X, two u2-X, and two terminal

achieved until another metal, particularly one more oxophilic
than Pb (i.e., Ti, Zr), is introduced.
PbsZr 170(0O'Pr)g and PhsTil’O(O'Pr)s. These species can

X groups. However, inll the electron density of thes;-O is
not shared by two oxophilic M centers, as it is W, thus
providing more electron donation. Furthdt, has a third

be isolated cleanly as the only product upon the reaction of a electron-rich Pb center, in contrast¥o, which also increases

correct stoichiometric mixture of FFO(OPr)s and Plg’O4(O'Pr)
(see eqgs 3 and 5) with the appropriate MR, precursor. They
are also formed by combining F8O(OPr) and M(OPr), (egs

7 and 9). This reaction is apparent by precipitation of [Pb-

(OPr))]. Inthe case of Zr, the reactants must be heated to reflux

in toluene for a short time (3 min), perhaps due to the
aggregation of [Zr(@Pr)]x (x ~ 3), 2L which creates coordinative
saturation of Zr and hinders its reactivity. For [TiRDylx,
which has a lower molecular complexity £ 1.4)2! the reaction

is completed in the time of mixing with a precipitate forming
immediately upon combination of the reactants. The two
reactions (eqs 7 and 9) cleanly give only two products
(PsM1"O(OPr) and [Pb(CPr)]), and no other contaminants
(such as P¥MO(OPr)o or PlyM403(O'Pr)g) were observed.

The reaction can be envisioned as a simple substitution of one

Pb(OPr), unit in | with one M(COPr), giving lll . Substitution
of a Pb(QPr), unit in Il with one M(OPr), might appear to
be the most direct route to the formation of,®B’O(OPr)1o

(VI), but itdoes not occufor either Zr or Ti, even in refluxing
toluene (eq 16).

Pb,M*"O(OPr), + M(O'Pr), »
1
Pb,M,’O(0OPr),, + Pb(OPr), (16)

the electron density ofil . This argument may also explain
why Il cannot be converted ¥l via simple substitution since
the oxophilic metals prefer the more electron rich structure over
substitution to maké&/I.

The reaction of PB7O4(O'Pr), and Ti(OPr) in toluene results
in dissolution of the former at 25C. In this case (eq 13), the
two species PiTi1’0(OPr) and PhTil’O(OPr)yo are obtained
and a stoichiometric mixture favoring the latter (eq 17) still
contains the former (see eq 13) even if attempts are made to
drive the reaction by reflux in toluene.

Ph,’0,(O'Pr), + 9Ti(O'Pr), »
3PB,Ti,""O(0Pr),, + Ti,"O(OPr),, (17)

All evidence found by multinuclear NMR spectrometry
suggests that both BM’O(OPr)g (M = Ti, Zr) species have
the same structurell() in solution. By H NMR at room
temperature the two species have very different spectra. The
Zr analogue shows some decoalesced peaks while the Ti species
has a completely coalesced spectrum. For Zr, cooling36
°C shows three decoalesced chemical environments (i.e., some
residual fluxionality remains) whereas for Ti this is not achieved
until —100°C. Both species show the same types of fluxionality
(i.e., similar mechanisms), but the mechanisms governing the
fluxional processes occur at different temperatures. Scheme 1

A common thread to the synthetic transformation described shows a proposed, stepwise set of mechanisms which achieve

here is the attachment of the electrophile’(Tor Zr'V) to an

the different types of alkoxide scrambling seen at different

(21) Bradley, D. C.; Mehrotra, R. C.; Gaur, D. Rletal Alkoxides
Academic: New York, 1978.

(22) Papiernik, R.; Hubert-Pfalzgraf, L. G.; Daran, J.-C.; Jeannin].Y.
Chem. Soc., Chem. Commur®9Q 695.
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temperatures. For Zr, the proposed mechanism A causes limitedoxides. The 2:1 (compare Pb:Pb* in Scheme 2) inequivalence
residual scrambling of alkoxides, giving three types (1:4:3). of the three Pb atoms is seen even at@Mby2°’Pb NMR, and
Mechanism B, occurring at 10C, causes exchange of the thus mechanism C (see Scheme 1) has a higher activation energy
terminal alkoxides. Atthe same time, mechanism A scrambles for the Ti species. This, as well as the difference in coalescence
the four equatorial alkoxides on Zr. These mechanisms leavetemperatures for the two species, is perhaps explained by the
the 2:1 (compare Pb:Pb* in Scheme 1 below°®) inequiva- difference in the size of M. In the Ti species, the exchange
lence of the three Pb atoms as seen in it@%°Pb NMR of all alkoxides at 25°C (by 'H NMR) is a facile process
spectrum. A small “precession” of the-@r—OPr vector compared to the exchange of alkoxides in Zr analogue. With
(mechanism C) at 50C scrambles the Pb sites. At 7C, increased steric congestion (the smaller Ti), it becomes easier
mechanism D scrambles the alkoxides in the(€WPr); ring for the ligands to migrate (due to a “loose” transition state).
with the equatorial alkoxides on Zr. The combination of
mechanisms A, B, C, and D at 9€ successfully scrambles
all of the alkoxides, giving only a methine septet and a methyl ~ Controlled hydrolysis of polymeric [Pb(Pr),] with 17OH,
doublet (i.e., a completely coalesced spectrum}HyNMR. in refluxing THF gives the aggregate PED(OPr)s or Ply!’Oy4-

For the Ti analogue, the same mechanisms are believed to(O'Pr), or gives a mixture of the two when the [PBED)Y)]:
operate but are observed at different temperatures (Scheme 2)t’OH, ratio differs from 4:1 or 6:4. Stoichiometric [Pbi{Y),]
In its —100°C H NMR spectrum, a residual fluxional mech- converts PE7O4(O'Pr), to Py’O(OPr) after a short (5 min)
anism (A) gives only three chemical environments. Unlike the reflux in toluene. While the structure of Fdy(O'Pr) is the
Zr case, the alkoxides in the BB'Pr); ring scramble with the same as that of its 'Bu analogue by multinuclear NMR,
equatorial alkoxides on Tiia mechanism D while the axial ~PkyO(OPr) gives too many NMR signals to be consistent with
alkoxidetransto the oxo remains unique at90 °C. Finally, the structure of its @u analogue. We cannot assign a structure
mechanism B begins to exchange the axial alkoxide with the due to the complexity of the spectra, but are confident that
equatorial alkoxides on Ti, resulting in the exchange of all alk- [PhyO(OPr)], building blocks are present on the basis of major

Conclusions
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Scheme 2
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fragments of this unit (i.e., RBFO(OPr)k*) found in its mass

unusual reaction begins by electrophilic (i.e.!VMattack on

spectrum. We thus suggest that oligomers of this unit are the an alkoxide oxygen of P®(OPr). However, it is also true

source of the complex NMR spectra.

The reactions with Pboxo alkoxides presented here show
how an oxide ion, even one “encapsulated” imasite, can
bind electropositive Ti or Zr alkoxides to form “globular” (i.e.,
closg or quasi-spherical) M/PW'/O/OPr aggregates.

This study also allows the following conclusions:

(1) The influence of alkoxide identity on the accessibility of
certain precursors (i.e., heterometallic atom ratios) is clarified
by these studies. Thus, forR™Bu, Pd'3M'V(OR) is available
for M = Zr but not Ti, apparently for reasons of'Wiize. For
the smaller substituent R 'Pr, PBMO(O'Pr) is available for
both M= Zr and Ti. The size limitation is thus not simply on
metal radius, but also on the alkoxide ligand effective size.

that, in the final product REZrO(OPr)s, Zr provides GPr groups
to bridge to Pb, so the arriving Zr{Pr), also behaves as a
nucleophile. The coordination number of Pb therefore increases.
(3) In spite of the “exposediz and “convex” pyramidal
character of the oxide oxygens of g€h(O'Pr),, it reacts with
M(OPr), not simply to form an adduct analogous to [Nb-
(OEt)y]4Phs04(OEL),22 but rather by fragmentation of the Pb
unit. The nondetection of Pb{Er), can be understood (if
indeed it is produced) since PURD), was shown to react readily
with PlsO4(O'Pr), (eq 15), to give PYO(OPr), a species which
is itself reactive to give established heterometallic oxo alkoxides.
One reason for the complexity of fbu(O'Pr), reactions thus
becomes clear. In addition, howevtid] oxide abstractiorfrom

(2) These studies reveal unpredictable features of the synthesidb' to M is observed here, yielding som@{O)M'Vg(OiPr)lo
of heterometallic species from lead oxo alkoxide sources. Both (M = Ti and Zr). Finally, the P§M’O(OPr); species does

M(O'Pr), species (M= Ti and Zr) react with P¥O(OPr), in
spite of the encapsulated nature of theoxide in this molecule,
to form Ti—oxo or Zr—oxo bonds, but they do so in an unusual
displacementeaction, with loss of Pb(®r),. The insolubility

of this binary alkoxide may enhance th®G for such a
displacement. It is quite possible that theechanisnof this

not react with M(CPr), to form PlM,17O(OPr) for either Ti
or Zr, even in refluxing toluene.
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