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Abstract: New hafnocene triarylstannyl complexes were prepared and were shown to undergo clean thermal
decompositions via a-aryl-elimination to produce the corresponding stannylene and a hafnocene aryl
complex. The rate of the decomposition is highly dependent on the nature of the ancillary ligand, with the
stabilities of the CpCp*Hf(SnPh3)X compounds following the order X = NMe; > Np (a-agostic) > OMe >
Cl > Me. Mechanistic information suggests that a-aryl-elimination may be viewed as a concerted process
involving nucleophilic attack of the migrating aryl group onto the electrophilic metal center.

Introduction

Investigations of 8lmetal silyl compounds have revealed a
number of new reactivity modésjncluding insertions of
unsaturated substrates into-18i bond$ ando-bond metathesis

molecular-weight polystannanes hese polymerizations pre-
sumably involve intermediate zirconium stannyl derivatives, but
attempts to observe these intermediates in the dehydropolym-
erization reactions have thus far been unsucce®sAlthough

processes that can result in metal-mediated polymerizations ofcomplexes with #M—Sn bonds have been known for a long

silaned and the productive functionalization of hydrocarbdns.
The reactive (and presumably weak) nature ©ifid-Si bonds,

time, surprisingly few examples have been reported over the
yearsé In addition, few reactivity studies on such complexes

and established trends in bond energies for the group 14Nave been carried out.

elements, suggested that complexes containifgw-E (E =

Ge, Sn, Pb) bonds should also display a rich reaction chemistry.

In fact, we have found that zirconocene derivatives catalyze (Cp* :
h Was found to react via a process that has not been observed for

the dehydropolymerization of stannanes to the first hig
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A recent report from our laboratories described the isolation
of a stable hydrostannyl®ccomplex, CpCp*Hf(SnHMesCl
= 175-CsMes; Mes= 2,4,6-trimethylphenyly.This complex

analogous silyl complexes: facile-H-elimination to give
CpCp*Hf(H)CI and the free stannylene M&n (eq 1). This

f \ a SnHMes, f \ an H
Hf "

Z Hf 2 + MesoSn: (1)
/e b

o-elimination process appears to be involved in the hafnium-
catalyzed dehydrocoupling of MgnH, to MesHSnSnHMeg,
which occurs via insertion of the stannylene into the-Srbond

of Mes,;SnH,. Related observations were made in an earlier
attempt to prepare CpCp*Zr(Sn§@l, via the reaction of
CpCp*ZrCh with LiSnPh, which instead produced the phenyl

—_——
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complex CpCp*Zr(Ph)CI. In addition, isolated CpCp*Zr(Sgfh
ClI (prepared by the-bond metathesis reaction of £mH and

CpCp*Zr[Si(SiMey)3]Cl) was found to decompose slowly over

days at 80°C to a number of products, including CpCp*Zr-
(Ph)CISi

The a-elimination process described above is quite unusual

as degradation of a%dM—ER,R’ complex € = main group
element) to M-R" and ER, has been reported in only a few

24 h, 215°C, 72%; for CISng-(OMe)GsHa)s, 4 h, 275°C, 70%. These
impure compounds were used without further purification in the
procedures below. For the NMR tube kinetic measurements and all
reactions involving a hafnium hydride, glassware was silylated with
MesSiCl/chloroform solution (1:9, v/v), washed three times with
acetone, and then rinsed with distilled water and ethanol before oven-

' drying.

NMR spectra were recorded in benzeesolutions (unless other-
wise noted) at 300 or 500 MH2H) with Bruker AMX-300 and DRX-

cases. For example, Erker has described the decomposition 0500 spectrometers, at 125.77 MHEG{'H}) or at 186.50 MHz

CpZr[C(OMe)Ph]CI at room temperature to give Zr(OMe)-

(*°Sn{*H}) with a DRX-500 spectrometer, or at 376.45 MH2F¢

Cl and tetraphenylethylene (presumably formed by dimerization {*H}) with an AMX-400 spectrometer at ambient temperature and were

of the initial product, diphenylcarbeng)Related reactions

referenced to the residual solvent peak. Many of the NMR

involve decarbonylations of group 4 metallocene acyl com- resonances for the aryl groups of the triarylstannyl species appear as

plexes, for which there are many exampgleSiven the pos-
sibility that a-eliminations in @ stannyl complexes might be

of more general utility in early transition metal chemistry, we
have investigated this reaction type in more detail. Here we

complex multiplets due to coupling to both’Sn and!*°Sn nuclei.
Before NMR characterization of compoun@s9, and10, the solvent
of crystallization was removed by crushing the crystals in a mortar
and pestle and placing the resulting powder under vacuum for 4 h.
Elemental and mass spectral analyses were carried out by the Mi-

describe the syntheses of a number of new hafnium triarylstannyl .;oanaiytics Laboratory at the University of California, Berkeley. IR

derivatives and mechanistic aspectsxediryl-elimination pro-
cesses in these complexes.

Experimental Section

All manipulations were carried out under a nitrogen atmosphere using
standard Schlenk techniques or a nitrogen-filled glovebox. Dry, oxygen-
free solvents were employed throughout. Pentane, diethyl ether, an
tetrahydrofuran were distilled from sodium/benzophenone, benzene wa:
distilled from potassium, toluene was distilled from sodium, and at110°

benzeneds and tolueneds were dried over NaK alloy and Na,

samples of solid materials were prepared as Nujol mulls between two
KBr plates. All IR absorptions are reported in thand were recorded
with a Mattson Infinity 60 MI FTIR spectrometer.
[MeC(CsHa)2]JHf(NMe 2)2 (1). Toluene (80 mL) was added to a 500-
mL round-bottom Schlenk flask containing Hf(NMe (4.00 g, 11.3
mmol). A solution of MeC(CsHs), (0.49 g, 2.8 mmol, deoxygenated

gPy sparging with 1) in toluene (20 mL) was added, and a condenser
Sitted with a flow-control adapter was attached. The solution was heated

C for 18 h, cooled to room temperature, and filtered via cannula.
The resulting yellow solution was concentrated to ca. 30 mL, pentane

respectively, and then vacuum transferred and stored over 4-A molecular(20 ML) was added, and the biphasic mixture was cooled80 °C.

sieves. Chloroform was purified by shaking with several small portions
of concentrated kSO, washing with several portions of water, and

then drying over CaGlbefore distillation. Trimethylsilyl chloride

(Gelest or Aldrich) was distilled prior to use. The compounds

Hf(NMe3)4,° MezC(CsHs),, 't PheSnH 2 PhLi,*3 LiNMe; (from Li® and
excess HNMg isolated by evaporating excess HNM& CpCp*Hf-
(Me)OTf (6),"2 NaOMe?® (THF); sLiSnPh, 617 CpCp*Hf(H)CI,*® and

CISn(p-FGsH,)s'® were prepared according to literature procedures. The

compounds CpCp*Hf(H)OMe and CpCp*Hf(H)NMevere prepared
by the reaction of 1 equiv of NaOMe or LiNMerespectively, with

CpCp*Hf(H)CI in THF at room temperature for 12 h. These species
could not be isolated in pure form and were used as prepared. Triaryltin

chlorides CISng-(CFs)CsHa)s and CISnp-(OMe)GsH4)s were prepared
using the Kocheshkov disproportionation reactibideating times,
temperatures, and purities were as follows: for CiE{&F;)CeHa)s,

(8) Erker, G.; Rosenfeldt, Fletrahedron Lett1981, 22, 1379-1382.
(9) (a) Fachinetti, G.; Fochi, G.; Floriani, @. Chem. Soc. Dalton Tran$977,

1946-1950. (b) Tatsumi, K.; Nakamura, A.; Hofmann, P.; Stauffert, P.;

Hoffmann, R.J. Am. Chem. Sod.985 107, 4440-4451. (c) Moloy, K.
G.; Fagan, PJ.; Manriquez,J. M.; Marks, T. J.J. Am. Chem. S0d.986
108 56—-67. (d) Advanced Inorganic Chemistryg™" ed; Cotton, F. A,

Wilkinson, G.; Wiley: New York, 1988; Chapters 27 and 28. (e) Cavell,

K. J. Coord. Chem. Re 1996 155 209-243.
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4030-4037.
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1991 10, 3739-3745.
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A yellow solid was isolated by cannula filtration, and this impure
product was recrystallized from toluene (15 mL)-#80 °C to give the
product as a bright yellow crystalline solid in 52% yield (2.57 g, 5.88
mmol). Note: upon warming of the yellow solid to room temperature
after cannula filtration at-80 °C, it dissolved in the residual toluene.
However, after removing the toluene under vacuum, a yellow crystalline
solid was obtainedH NMR: 6 1.45 (s, 6 H, M&C(CsH4)2]), 2.87 (s,
12 H, N\Mey), 5.35 (t, 4 H, [MeC(CsHa)2]), 6.16 (t, 4 H, [MeC-
(CsHa)2]). 3C{*H} NMR: 6 25.0, 36.9, 48.6, 102.1, 111.7, 128.0. Anal.
Calcd for G/HeNoHf: C, 46.74; H, 6.00; N, 6.41. Found: C, 46.75;
H, 6.06; N, 6.11.

[Me2C(CsH4)2JHf(SnPh3)NMe; (2). A solution of HSnPh (0.804
g, 2.29 mmol) in benzene (20 mL) was added to a yellow solution of
[MeC(GsHa)2]Hf(NMe3), (1.00 g, 2.29 mmol) in benzene (30 mL).
The mixture was stirred in the dark at room temperature for 5 min, at
which point benzene was removed in vacuo. The resulting red-orange
foam was extracted with ED (2 x 40 mL), and the red-orange ether
solution was filtered via cannula, concentrated to ca. 30 mL, and cooled
to —30 °C. The product was isolated as yellow crystals in 68% vyield
(1.15 g, 1.55 mmol)*H NMR: ¢ 0.86 (s, 3 H, MexC(GsHa)2]), 1.15
(s, 3 H, MexC(GsHa)2]), 2.79 (s, 6 H, NMe,), 5.06 (m, 2 H, [MeC-
(CsHa)2]), 5.38 (M, 2 H, [MeC(GsHa4)2]), 5.50 (M, 2 H, [MeC(CsHa4)2]),
5.68 (m, 2 H, [MeC(CsHy)2]), 7.20-7.26 (m, 3 H,p-CeHs), 7.32-
7.37 (m, 6 Hm-CgHs), 7.82-7.94 (m, 6 H,0-C¢Hs). 13C{H} NMR:
0 23.0, 24.4, 36.6,50.7,99.9, 102.3, 109.3, 111.4, 118.5, 127.7, 128.8,
138.5, 151.7.119Sn{*H} NMR: o 67.05. Anal. Calcd for @Hss
NSnHf: C, 53.36; H, 4.75; N, 1.89. Found: C, 53.59; H, 4.70; N,
1.67.

[Me2C(CsH4)2]Hf(SnPh3)CI. Trimethylsilyl chloride (0.080 g, 0.74
mmol, 26 equiv) was added to a solution2{0.021 g, 0.028 mmol)
in benzeneds. Immediately a color change was observed from yellow
to yellow-orange, and after 20 min the product was observed in 74%
yield by 'H NMR spectroscopy*H NMR: ¢ 0.63 (s, 3 H, MeC-
(CsHa)2]), 0.98 (s, 3 H, MeC(CsHa)2]), 4.60 (M, 2 H, [MeC(CsHa)2]),
5.54 (m, 2 H, [MeC(GsHa)2]), 5.69 (m, 2 H, [MeC(CsHa)2]), 7.23 (m,
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2 H, [Me;C(CsHa)2]), 7.17—7.20 (m, 3 H,p-CeHs), 7.29-7.33 (m, 6

H, mCeHs), 7.86-7.95 (m, 6 H,0-CsHs). **°Sn{*H} NMR: ¢ 97.0.
Alternative Synthesis of [MeC(CsHa),]HfCl » (3).22 Neat CISiMeg

(2.05 mL, 16.2 mmol, 7 equiv) was added dropwise to a yellow solution

of 1 (1.00 g, 2.29 mmol) in benzene (20 mL). After stirring for 12 h,

an opaque light yellow mixture was obtained. Solvent was removed in

via cannula, and the resulting deep yellow filtrate was concentrated to
ca. 15 mL and then cooled t630 °C. The product was isolated by
filtration as yellow crystals in 58% yield (0.224 g, 0.303 mmaHi.
NMR: 6 1.76 (s, 15 H, GMes), 2.84 (s, 6 H, WMey), 5.72 (S,3Jsnn =

6.7 Hz, 5 H, GHs), 7.23 (tt,%Jun = 7.3 Hz,*Jyy = 1.5 Hz, 3 H,p-CgHs),

7.32 (m, 6 H0-CgHs), 7.82 (m, 6 H0-CgHs). 13C{*H} NMR: ¢ 13.01,

vacuo, leaving a beige residue. Chloroform (100 mL) was added, and 49.09, 109.5, 118.3, 127.5, 139.0, 152!8n{*H} NMR: 6 74.3. Anal.

the mixture was filtered via cannula. The resulting pale yellow solution

Calcd for GgHas NOo.7sSnHf: C, 55.09; H, 5.90; N, 1.69. Found: C,

was concentrated to ca. 10 mL, causing precipitation of a beige powder.54.70; H, 5.58; N, 1.66.

The remaining solution was filtered off, leaving the product as a beige
powder in 69% vyield (0.667 mg, 1.59 mmot NMR: 6 1.10 (s, 6
H, [Me;C(GsHa)2]), 5.10 (t,%Jun = 2.6 Hz, 4 H, [MeC(CsH4),]), 6.30
(t, 3Jun = 2.6 Hz, 4 H, [MeC(GCsHa)]).

Observation of [MeC(CsH4)2]HfPh,. A solution of 3 (0.0026 g,
0.0062 mmol) in benzends (0.5 mL) was added to solid (THE-iISnPh

CpCp*Hf(SnPh3)Me:0.5(GH12) (9). A solution of (THF}sLiSnPh
(0.197 g, 0.324 mmol) in THF (10 mL) was added to a solutio of
(0.173 g, 0.319 mmol) in THF (10 mL) at78 °C. The solution was
allowed to come to room temperature with stirring, and stirring was
continued in the dark for 12 h. Solvent was removed in vacuo, leaving
a yellow residue. The residue was extracted with pentaneZ3 mL),

(0.0064 g, 0.012 mmol), causing an immediate color change to bright the combined extracts were filtered via cannula, and the resulting yellow

yellow. A *H NMR experiment after 15 min suggested that the diphenyl
complex had formedH NMR: 6 1.23 (s, 6 H, Me;C(CsHa)2]), 5.26
(t, ®Jun = 2.4 Hz, 4 H, [MeC(CsH4)2]), 6.20 (t,%Iun = 2.4 Hz, 4 H,
[Me2C(GsH4)2]), phenyl resonances obscured by {8},

CpCp*Hf(SnPh3)CI (4).5 A solution of (THF)} sLiSnPh; (0.743 g,
1.22 mmol) in THF (20 mL) was added dropwise to a solution of
CpCp*HfCl, (0.515 g, 1.15 mmol) in THF (20 mL) at78 °C. The
solution was allowed to warm slowly to room temperature with stirring
for 12 h in the dark. Solvent was removed from the deep yellow
solution, leaving a yellow foam. The foam was extracted wittOER
x 20 mL), filtered via cannula, concentrated to ca. 15 mL, and cooled
to —80 °C. The product was isolated as yellow crystals in 75% yield
(0.655 g, 0.857 mmol}**Sn{*H} NMR: ¢ 112.8.

CpCp*Hf(NMe ,)CI (5). A solution of LiNMe;, (0.115 g, 2.25 mmol)
in THF (15 mL) was added dropwise to a solution of CpCp*HfCI
(1.01 g, 2.25 mmol) in THF (25 mL) at78 °C. The resulting yellow
solution was warmed slowly to room temperature with stirring for 12
h. This reaction was not clean, and a mixture of CpCp*HfCpCp*Hf-
(NMe,)Cl, and CpCp*Hf(NMe), in a ratio of 0.34:1:0.28 was obtained.
More lithium dimethylamide (0.027 g, 0.53 mmol, 0.24 equiv) in THF
(20 mL) at 0°C was added to this solution, and the mixture was stirred
for an additional 1 h. Solvent was removed from the yellow solution,
and the resulting yellow residue was extracted witfOER2 x 25 mL),
filtered via cannula, concentrated to ca. 30 mL, and cooled&0°C.
After 3 days at this temperature the product was isolated by filtration
as yellow crystals in 53% yield (0.546 g, 1.19 mmdhl NMR: &
1.84 (s, 15 H, GMes), 2.86 (s, 6 H, Me,), 5.84 (s, 5 H, GHs). *°C-
{*H} NMR: 6 12.10 (s, GMes), 49.33 (s, Mey), 112.4 (s,CsHs),
119.7 (s,CsMes). 13C{H} NMR: ¢ 12.10, 49.33, 112.4, 119.7. Anal.
Calcd for G/H2eNCIHf: C, 44.54; H, 5.72; N, 3.06. Found: C, 44.37;
H, 5.79; N, 2.72.

CpCp*Hf(OMe)CI (7). A Schlenk tube was charged with CpCp*-
HfCI; (0.609 g, 1.35 mmol) and NaOMe (0.073 g, 1.35 mmol). THF

solution was concentrated to ca. 25 mL and then cooled30 °C.
The product was isolated as yellow crystals in 67% vyield (0.168 g,
0.215 mmol).*H NMR: 6 —0.46 (s, HfMe, 3 H), 1.73 (s, 15 H,
CsMes), 5.78 (5,3Jspi = 6.6 Hz, 5 H, GHs), 7.19 (tt,3uy = 7.5 Hz,
4\]HH =15Hz 3 H,p-CeHs), 7.29 (m, 6 H,I’T\-CGH5), 7.76 (m, 6 H,
0-CgHs). °C{*H} NMR: ¢ 12.77, 58.67, 111.4, 119.1, 127.6, 128.8,
138.7, 153.01°Sn{*H} NMR: ¢ 111.5. Anal. Calcd for & dHas
SnHf: C, 56.21; H, 5.69. Found: C, 56.00; H, 5.92.
CpCp*Hf(SnPh3)OMe0.5(CHs) (10). A solution of (THF} sLiSnPh
(0.420 g, 0.689 mmol) in THF (10 mL) was added to a solutior? of
(0.299 g, 0.671 mmol) in THF (15 mL) at @, and the mixture was
stirred in the dark at room temperature for 12 h. Solvent was removed
from the yellow solution in vacuo, and the resulting light yellow foam
was extracted with toluene (20 mL). The extract was filtered via
cannula, and the resulting solution was concentrated to ca. 5 mL and
cooled to—30 °C. The product was isolated as a near colorless (very
pale-yellow) crystalline solid in 72% yield (0.367 g, 0.467 mmétj.
NMR: o 1.65 (s, 15 H, Mes), 5.93 (s,3Jspn = 5 Hz, 5 H, GHs),
7.23 (tt, SJHH =9 HZ,AJHH =2.1Hz 3 H,p-CeH5), 7.34 (m, 6 H,
m-CgHs), 7.90 (M, 6 H0-CsHs). 13C{*H} NMR: ¢ 12.49, 62.16, 109.6,
118.1, 127.6, 128.7, 138.8, 152'FSn{H} NMR: ¢ 64.3. Anal. Calcd
for C37.4H40SnHf: C, 55.89; H, 5.25. Found: C, 56.08; H, 5.42.
CpCp*Hf(SnPh3z)Ph (11). A solution of4 (0.012 g, 0.016 mmol)
and PhLi (0.0014 g, 0.017 mmol) was prepared in benzigrfea. 0.5
mL) and THF (2 drops). The cloudy red-orange mixture was im-
mediately placed in an NMR tube wrapped with Al foil for protection
from light. The reaction had gone to 81% completion after ca. 10 min,
and afte 2 d the product was observed in 91% yield. NMR: ¢ 1.65
(s, 15 H, GMes), 5.94 (5,2Jsni = 6.2 Hz, 5 H, GHs), 6.93 (m, 2 H,
0-CgHs), 7.06 (tt,30u = 7.3 Hz,4Jyy = 1.2 Hz, 3 H,p-CeHs), 7.17 (tt,
3\]HH =11 HZ,4JHH =2 HZ, 3 H, Snp-C6H5)3), 7.24 (t,3JHH =13 HZ,
6 H, Snm-CeHs)s), 7.30 (t,%3un = 7.4 Hz, 2 Hm-C¢Hs), 7.74 (m, 6
H, SnE-CeHs)s). The 0-C¢Hs resonance could not be definitively

(25 mL) was added, and the suspension was stirred at room temperaturddentified. Sn{*H} NMR: 6 106.6.

for 12 h. Solvent was removed from the cloudy mixture, and the beige
residue was extracted with pentaneq{25 mL). The combined extracts
were concentrated to ca. 25 mL and then cooled306 °C. The product
was isolated as a light beige crystalline solid in 77% yield (0.460 g,
0.103 mmol)*H NMR: 6 1.84 (s, 15 H, EMes), 3.86 (s, 3 H, ™€),
5.90 (s, 5 H, GHs). $3C{H} NMR: 6 11.88, 61.78, 112.5, 119.8. Anal.
Calcd for GgH2:0OCIHf: C, 43.16; H, 5.21. Found: C, 43.05; H, 5.39.
CpCp*Hf(SnPh3)NMez»0.75(CH100) (8). A solution of (THF} s
LiSnPh; (0.291 g, 0.477 mmol) in THF (20 mL) was added to a solution
of 5(0.202 g, 0.477 mmol) in THF (15 mL). The solution was stirred
in the dark at room temperature for 12 h. Solvent was removed from
the yellow-green solution, leaving a yellow foam. The foam was
extracted with BEO (2 x 15 mL), the combined extracts were filtered

(21) Holt, M. S.; Wilson, W. L.; Nelson, J. HChem. Re. 1989 89, 11—49.
(22) Shaltout, R. M.; Corey, J. Oetrahedron1995 51, 4309-4320.

CpCp*Hf(Ph)CI (12). A thick-walled Teflon-sealable flask was
charged witt4 (0.253 g, 0.331 mmol), and benzene (10 mL) was added.
The flask was wrapped in aluminum foil for protection from light, and
the reaction mixture was then heated to X@for 3 days. Solvent
was removed in vacuo, and the yellow residue was extracted with
pentane (2x 25 mL). The combined extracts were concentrated to ca.
35 mL and cooled te-80 °C. The product was isolated as light-yellow
crystals in 69% yield (0.112 g, 0.228 mmolHd NMR: 6 1.66 (s, 15
H, CGMes), 5.82 (s, 5 H, GHs), 7.08 (m, 1 H,p-CeHs), 7.26 (m, 2 H,
m-CeHs), 7.25-7.45 (br s, 2 Hp-CsHs). Upon cooling to—70 °C, the
0-CgHs resonances sharpened in both tHeand**C NMR spectratH
NMR (C;Dg, =70 °C): 6 1.63 (s, 15 H, @Mes), 5.74 (s, 5 H, GHs),
6.88 (d,3Jun = 6.5 Hz, 1 H,0-CsHs), p-CsHs coincident with the aryl
C;D+H resonances, 7.30 &Jyn = 7.5 Hz, 1 Hm-CgHs), 7.35 (t,33un
= 7.0 Hz, 1 H,m-CgHs), 7.85 (d,%Juy = 7.0 Hz, 1 H,0-CgHs). °C-
{H} NMR (C;Dg, —=70°C): ¢ 12.28, 113.7, 120.4, 125.2,127.8, 139.7,
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139.9, 196.1. Anal. Calcd for &H,sHfCI: C, 51.33; H, 5.13. Found:
C, 51.27; H, 5.37. NMR: 6 13.0, 112.1, 116.0, 121.2, 139.9, 146.2, 163%{H}
CpCp*Hf(H)Ph (13). CpCp*Hf(H)CI (0.200 g, 0.482 mmol) and NMR: 6 —114.3.119%Sn{1H} NMR: ¢ 116.5. Anal. Calcd for §Ha.Fs-
PhLi (0.041 g, 0.49 mmol) were combined in a Teflon-sealable flask. CISnHf: C, 48.44; H, 3.94. Found: C, 48.53; H, 3.80.
THF (10 mL) was vacuum transferred onto the solids, and the mixture ~ CpCp*Hf { Sn[p-(CF3)CeH.]3} Cl (20). HSn[(CFRs)CsHa]s (0.263 g,
was slowly warmed to room temperature. After ca. 10 min at ambient 0.474 mmol) and CpCp*Hf(H)CI (0.200 g, 0.482 mmol) were added
temperature, solvent was removed in vacuo, leaving a beige oil. Theto a Teflon-sealable Schlenk flask, and THF (10 mL) was vacuum
oil was extracted with toluene (10 mL) and filtered through a bed of transferred onto the solids. The mixture was stirred and allowed to
Celite (1 cm). The resulting solution was concentrated to ca. 2 mL and come to room temperature avé h in thedark. Solvent was removed
cooled to—30 °C. The product was isolated as a beige solid in 75% from the resulting orange solution in vacuo, leaving an orange foam.

7.01 (m, 6 H,mFCH,), 7.53-7.67 (m, 6 H,0-FCsH,). °C{ H}

yield (0.164 g, 0.359 mmol}H NMR: 6 1.78 (s, 15 H, Mes), 5.79
(S, 5H, QH5), 6.89 (br d,aJHH =6.5Hz, 2 H,m—CsHs), 7.29 (tt,SJHH
= 7.0 Hz,“Juys = 1.3 Hz, 1 H,p-CeHs), 7.32 (t,3Jyn = 7.5 Hz, 2 H,
0-CgHs), 13.02 (s, 1 H, HH). 23C{1H} NMR: 6 12.48, 110.1, 118.1,
125.8, 127.5, 201.2. Anal. Calcd for{El4Hf: C, 55.20; H, 5.74.
Found: C, 54.94; H, 5.82.

CpCp*Hf(SnPh3)Np (14). A solution of NpLi (0.027 g, 0.35 mmol)
in toluene (15 mL) was added dropwise to a solutiodD.266 g,
0.348 mmol) in THF (10 mL) at-78°C. This solution was allowed to
gradually warm to room temperature over 2 h, at which point solvent
was removed in vacuo. The resulting yellow-brown oil was extracted
with ELO (1 x 10 mL, 1 x 5 mL), and the combined extracts were

This foam was extracted with pentane (15 mL) and filtered via cannula.
The resulting orange pentane solution was concentrated to ca. 12 mL
and cooled to—30 °C. Impure material was isolated via cannula
filtration as an orange, crystalline solid. Recrystallization from a®Et
solution (3 mL) layered with pentane (3 mL) at80 °C gave
analytically pure product as a yellow powder in 26% vyield (0.120 g,
0.124 mmol).*H NMR: 6 1.67 (s, 15 H, GMes), 5.63 (S,3Jsnn = 7.9

Hz, 5 H, GHs), 7.49 (m, 6 HM-CF;CeHa), 7.62-7.69 (m, 6 Ho-(CFy)-
CeHa). °C{*H} NMR: ¢ 13.0, 112.1,121.2, 125.3, 125.7, 130.4, 138.5,
156.2.2%F{1H} NMR: ¢ —62.20.11%S{1H} NMR: ¢ 106.4. Anal.
Calcd for GgH3FoCISnHf: C, 44.66; H, 3.33. Found: C, 44.60; H,
3.29.

concentrated to ca. 5 mL. Pentane (2 mL) was added, and the resulting Kinetic Study of the a-Elimination of Metal Stannyl Complexes.

solution was cooled te-30 °C. A deep orange solution was filtered
away from the sticky yellow residue that had precipitated. After
filtration, the orange filtrate precipitated yellow crystals at room
temperature, which contained the product in ca. 70% purity. These
yellow crystals were redissolved in &t (10 mL), and the resulting
yellow solution was concentrated to ca. 2 mL and cooled-8® °C.
The product (80% purity) was isolated by cannula filtration as yellow
crystals in 14% yield, including the impurities (0.038 g, 0.048 mmol).
Additional crystallizations did not further purify the producH
NMR: 6 —3.81 (d, 1 H,Z‘JHH =99 HZ,2J117/1195nH= 398, 48.3 HZ,
o-agostic, ¢,CMes), 1.08 (s, CHCMes), 1.76 (s, 15 H, 6Mes), 2.60

(d, 1 H,ZJHH =99 HZ,ZJSnH = 39.8 Hz, OﬂgCMeg), 5.84 (S,?’JSnH =

6.5 Hz, 5 H, GHs), 7.17-7.21 (m, 3 H,p-CsHs), 7.28-7.31 (m, 6 H,
m-CeHs), 7.81—7.88 (M, 6 H,0-CsHs). 13C{1H} NMR: 6 12.24, 35.80,
40.95, 108.5, 118.1, 124.8, 127.7, 128.7, 138.7, 152%n{H}
NMR: 6 91.3.

CpCp*Hf { Sn[p-(OMe)C¢H4]3} Cl (18). HSn[p-(OMe)GsH4]3 (0.266
g, 0.603 mmol) and CpCp*Hf(H)CI (0.250 g, 0.602 mmol) were added
to a Teflon-sealable Schlenk flask, and THF (10 mL) was vacuum
transferred onto the solids. The mixture was stirred and warmed to
room temperature over 10 min in the dark. Solvent was removed from
the resulting orange solution in vacuo, leaving an orange-yellow foam.
This foam was extracted with toluene (40 mL), and the extract was
filtered via cannula. The resulting solution was concentrated to ca. 15
mL, layered with EfO (10 mL), and cooled te-30 °C. The product
was isolated via cannula filtration as a yellow powder in 46% yield
(0.237 g, 0.277 mmol}tH NMR: 6 1.83 (s, 15 H, GMes), 3.38 (s, 9
H, (OMe)CsHa), 5.87 (s,3Jsnn = 7.0 Hz, 5 H, GHs), 7.01 (m, 6 H,
m-(OMe)CsH,), 7.81-7.88 (m, 6 H,0-(OMe)GsHa). 13C{*H} NMR:

0 13.1, 54.9, 112.1, 115.0, 120.9, 139.7, 142.3, 160:%n{'H}
NMR: 6 120.9. Anal. Calcd for €H410sCISnHf: C, 50.61; H, 4.84.
Found: C, 50.94; H, 4.81.

CpCp*Hf[Sn(p-FCeH4)3]Cl (19). HSnp-FCsH4)s (0.175 g, 0.432
mmol) and CpCp*Hf(H)CI (0.179 g, 0.431 mmol) were added to a
Teflon-sealable Schlenk flask, and THF (10 mL) was vacuum trans-
ferred onto the solids. The mixture was stirred and allowed to come to
room temperature in the dark for 12 h. Solvent was removed from the
resulting yellow solution in vacuo, leaving a yellow foam. This foam
was extracted with pentane (40 mL), and the extract was filtered via
cannula. The resulting yellow solution was concentrated to ca. 10 mL
and cooled to-30 °C. The product was isolated via cannula filtration
as a yellow, crystalline solid in 59% yield (0.208 g, 0.254 mmtH).
NMR: 6 1.72 (s, 15 H, @Mes), 5.72 (5,3Json = 7.6 Hz, 5 H, GHs),
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Samples for kinetic studies with were prepared as follows4 (ca.
0.015umol) and ferrocene (ca. 0.010nol) were weighed into a 2.00
+ 0.01 mL volumetric flask, and toluergi-was added to give a total
volume of 2.00 mL. Two portions (ca. 0.6 mL each) of this solution
were transferred to separate J. Young NMR tubes, which were wrapped
in aluminum foil to protect the solution from light. The tubes were
lowered into a temperature-controlled oil bath (temperature variation
<1.0°C). Data points were collected by removing the tubes from the
oil and immediately cooling to room temperature. The tubes were
typically at room temperature for about 15 min before being returned
to the oil bath. The interim time at ambient temperature was not
included in the data analysis. Samples for other kinetic studi@s4f
8,9, 10, 18, 19, and20 were prepared by combining the HEnAr;
compound (ca. 0.016mol) and ferrocene (ca. 0.0k0nol) in a 1.00
=+ 0.01 mL volumetric flask, and toluerdy-was added to give a total
volume of 1.00 mL.

Data points were gathered Bt NMR spectroscopy, and the rate
of disappearance of hafnium stannyl species was monitored by
integrating the @Mes or CsHs peak relative to that of Gpe. Rate
constants were calculated from first-order plots using data from the
first three to five half-lives. Finally, during some reactions other
decomposition species besides ¢helimination product were observed
as impurities. In the case where impurities were observed, the rate of
decomposition o# slowed slightly (by a factor of 0.8) relative to the
case where clean decomposition products were generated. However,
by silylating all glassware, 99% conversion4fo the a-elimination
product was observed.

Results

As described above, earlier investigations established the
operation of a facilen-H-elimination process for a hafnium
hydrostannyl complex, and additional observations suggested
that aryl groups in zirconium stannyl complexes might also
undergoa-elimination. To investigate this possibility in detail,
we targeted the synthesis of pure triarylstannyl complexes of
hafnium. It was thought that such hafnium complexes might
be more stable than the analogous zirconium derivatives and

therefore be more readily isolated in pure form. Stable triaryl-

stannyl complexes of this type could serve as a starting point
in the search for well-behavegtaryl-elimination reactions. It
seemed that such systems should also allow mechanistic studies
on this novel transformation. For the latter purpose, we desired
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a series of hafnium stannyl complexes for which the steric and after 10 min, and the amount of this compound increased
electronic properties at both Hf and Sn were varied. This was marginally over time (20% after 20 min, and 23% after 7 h).
accomplished by the synthesis of hafnocene stannyl derivativesThese results suggest that the reactio2 afith Me;SiCl does
with various cyclopentadienyl-based ancillary ligands (for not go to completion, and perhaps for this reasor[B€sH4).]-
varying steric factors) and with different aryl groups in the Hf(SnPhk)CI could not be isolated from preparatory-scale
stannyl ligand (for varying electronic factors). reactions. This difficulty may result from the volatility of Me

Synthesis of Hafnium Stannyl Complexes by Amine SiCl, which is removed by evaporation during workup, resulting
Elimination. An established synthetic method for the prepara- in a shift of the equilibrium back t@. Given the problems in
tion of metal stannyl derivatives involves the elimination of an converting the stannyl amideto additional stannyl derivatives,
amine upon reaction of a metal amido complex with a we explored other synthetic routes to hafnocene stannyl
hydrostannané' For example, tetrakis(triphenylstannyl)titanium complexes.

was synthesized from BBnH and Ti(NMe)4.° For application Synthesis of Hafnium Stannyl Complexes by Salt Elimina-
of this method to the preparation of a hafnocene stannyl tion. Another method previously reported for the synthesis of
complex, the bis(amido) complex [M@(CsHa)2]Hf(NMey), (1) hafnhium stannyl compounds is based on salt elimination between

was prepared in 52% yield by refluxing a toluene solution of a metal halide and a stannyllithium reagéft.di For application
Me,C(CsHs),?2 and Hf(NMey)4 for 18 h. This methylene-bridged  of this method, a hafnocene dichloride was desired. The addition
dicyclopentadienyl ligand, which provides a very open metal- of an excess (7 equiv) of M8ICl to 1 provided the hafnium
locene framework® was expected to present minimal steric dichloride starting materia8 in good yield (69%). The reaction

resistance to rearrangements involving the metal center. of this complex with LiSnPkh(1 equiv) in benzenels did not
The reaction ofL with PhsSnH in benzene at room temper- produce the expected compound P@¢CsH,4),]Hf(SnPh)Cl,
ature produced a red-orange solution from which {B{€sH,).]- but instead gave a mixture of [ME(CsHy)2]Hf(Ph)CI (47%),

Hf(SnPR)NMe; (2) was isolated as air-sensitive, yellow crystals [Me,C(CsHg)o]HfPh, (22%), and unreacte® (25%). The

in 68% yield (eq 2). ThéH NMR spectrum of contains four monophenyl species is characterized by ligand resonances in
the 'H NMR spectrum that reflect the unsymmetrical nature of
this compound ¢ 1.15 and 1.17 (Me); 4.97, 5.41, 6.16, and

Me,C e NMe2 i, Smin 6.21 (GHa)], while those for the diphenyl derivative are
\% \NMe2 CeHo consistent withC, symmetry p 1.23 (Me); 5.26 and 6.20
-HNMe; (CsH4)]. Both of these compounds were independently generated
1 in reactions of3 and PhLi (benzends/THF solution) and
identified by'H NMR spectroscopy. The 1:2 reactiondfvith
\ wNMey LiSnPhs (benzeneds, room temperature, 15 min) also resulted
MezC H'\Snph @ only in phenylation of the hafnium center, to give the diphenyl
\% ¢ complex [MeC(CsHa)]HfPh, in 95% vyield by 'H NMR
2 spectroscopy (eq 3). These results suggested that, like CpCp*Zr-
resonances)(5.06, 5.38, 5.50, and 5.68), corresponding to the
cyclopentadienyl ligand protons, and two peaks for the diaste- /& ol 2LisnPhg /@ Ph

This complex is further characterized by8Sn NMR shift of _gﬁ%l
0 67.1, which is in a downfield region similar to that observed —2Ph,Sn:
for another 8hafnium triarylstannyl derivative (Cpif(SnPh)-

Cl; 6 114.7)1822As was previously noted for Zr and Hf stannyl
compounds$i 2 is light-sensitive and decomposes completely
under ambient room lighting after 4 days (room temperature
benzenads solutlon)_, to HNMe (1 equiv), _PraSnz (03 equw),_ Since this methylene-bridged ligand system appeared to give
and a complex mixture of metal species. Due to the light h

itivity of h hafni ¢ s th | d ibed afnium stannyl compounds that were unstable toveaadim-
sensitivity ot such hathium stanny’s, the complexes describe ination, we turned to the CpCp*MLmixed-ring system, which
here were manipulated under minimal ambient lighting condi-

tions had previously been useful in the synthesis of metal stannyl

F ¢ ies of related st | derivatives for whi hcomplexe§.‘v7 Fortunately, this ligand set has allowed the
oraccess {o a series ol refated stannyl derivatives for whic synthesis and isolation of a series of stannyl complexes for use
the adjacent ancillary ligand is varied, it was of interest to

) . . in studies ona-aryl-elimination. Bright yellow crystals of
tsr:J bStItl.J;e th.(ihd;]mlle(;hylartr)u(:f gr(:up ih Attl_(iempts It oNTeFIace CpCp*Hf(SnPR)CI (4) were obtained as previously reported
c arlnl slw!d al gsu sn:;ens using IH“E: ! te ’ orf from LiSnPh and CpCp*HfChS and this compound was
2?:%(:; S(;'W(ng; wﬁgrzletrimeg\?/\lgly(l:gmgr%); (géxe%rjif/) \(/)vas isolated in an improved yield of 75% (see Experimental Section).
' ’ her haf i ial *H(NHE
added to2 at room temperature, a 74% conversion to e Other hafnocene starting materials, CpCpH( ©),

(CsHg)2]H(SnPHy)Cl was observed after 20 min (benzete-  (23) Note that redistribution processes, which may be catalyzed by the LiCl

i 1 i byproduct, may also occur, and in general, this could give more than one
solution, by'H NMR spectroscopy). After 8 h, this new stannyl product See: “Alcock N. W.. Clase. H. 3 Duncalf, . J.: Hart, S. L

complex had decomposed to a number of species, including McCamley, A.; McCormack, P. J.; Taylor, P. .Organomet. Chen200Q

\
reotopic methyl groups of the ligand backbode)(86 and 1.15). Me,C \Hf “““ ————> Me,C HE @)
\% \CI \% \Ph

3

(SnPR)CI % the desired triphenylstannyl complexes are unstable
under the reaction conditions and decompose via-atimina-
' tion procesg?

[Me;C(CsHa)oJHICI (3). The addition of 1 equiv of MgSICI b umaffoctet by anmy Such PHICI Serarmbing, 25 both chioTae ligands are
to 2 provided [MeC(GsH.)2]Hf(SnPH)Cl in a low yield (13%) substituted. '
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CpCp*Hf(Me)OTf (6), and CpCp*Hf(OMe)CI 1), were pre-
pared from salt metathesis reactions between CpCp*+-Had
LiNMe> (5) or NaOMe {) or by a published proceduré@)(*a
Reactions of compounds-7 with LiSnPh resulted in isolation
of the stannyl complexes CpCp*Hf(SngfNMe; (8), CpCp*Hf-
(SnPR)Me (9), and CpCp*Hf(SnP§)OMe (10) in good yields
(58—72%) (eq 4). All three of these stannyl derivatives

X =Cl, Z=NMe, (5) Z =NMe, (8)
X =OTf, Z=Me (6) Z=Me (9)
X =Cl, Z=0Me (7) Z =0OMe (10)

crystallize with solvent&0.75(CGH100), 90.5(GH12), 1¢0.5-
(C/Hg)], and the solvent-free complexes may be obtained by
crushing the crystals to a fine powder and then applying a
vacuum. These compounds are air-sensitive and ZjKeght-
sensitive in solution. Finally, similar to other hafnocene stannyl
compounds$7 4, 8, 9, and10 exhibit a yellow color that results
from weak, broad LMCT transitions centered at ca. 350 nm.
For example, the UV visible spectra for the two dimethylamide
derivatives contain absorptions at 358 ngy { = 4700 dn¥
mol~t cm™1) and 340 nm &, ¢ = 5000 dn¥ mol~1 cm™?).
Another hafnium stannyl complex was generated by the
reaction of 1 equiv of PhLi with4 in benzeneds/ THF. This

reaction mixture produced a deep red solution containing one

major species in 91% yield, which appears to be CpCp*Hf-
(SnPh)Ph (11) based ortH and'°Sn NMR spectroscopy. The
downfield 11%Sn NMR shift observed forll (6 106.6) is
diagnostic for hafnocene triarylstannyl compounds, which are
characterized by resonances néat00 (cf.o 112.7 for4, ¢
74.3 for8, 6 111.5 for9, andd 64.3 for 10). Unfortunately,

attempts to isolate the pure compound from preparative scale

is quite rapid. Compound3 was independently isolated from
the reaction of CpCp*Hf(H)CI with PhLi in THF, and the
terminal hydride ligand is characterized byta NMR shift at

0 13.02 and an infrared stretch at 1600¢m

To investigate the effect of a sterically demanding ligand on
o-elimination chemistry, an attempt was made to prepare the
neopentyl derivative CpCp*Hf(SnBiNp (Np = neopentyl).
Unexpectedly, the reaction d@f with NpLi (Np = neopentyl)
gave a mixture consistent with both LiCl and LiSnRtimina-
tion. After slowly warming a toluene solution from78 °C to
room temperature over 2 h, CpCp*Hf(Snjftip (14, 54%), the
triphenylstannyl phenyl derivativél (16%), an unidentified
product (16%), and unreactdd14%) were present. Repeated
crystallizations from EBEO allowed the isolation of a small
amount of14 [80% pure; impurities werd (13%) andl1 (6%)]
as yellow crystals in 14% yield. Compoutid appears to exhibit
an unusuatH NMR spectrum due to an-agostic interaction
between one of the neopentyl methylene KL bonds and Hf.
The two diastereotopic methylene protons are observell at
—3.80 and 2.59 %04y = 9.9 Hz), and the €H coupling
constants obtained from a proton-coupled heteronuclear multiple
guantum coherence (HMQC) experiment are 87.2d1z 8.80)
and 109 Hz § 2.59). The C-H coupling constant of 114 Hz
for the methyl group of CpCp*Hf(SnRBJMe (9) lends further
support to the characterization b4 as possessing atagostic
neopentyl groupg? Finally, the 13C NMR resonance for the
methylene group irl4 is observed at 124.8, far downfield
from the resonance observed for the hafnium methyl group in
9 (6 58.67). It is of note that the infrared spectrum of this
compound revealed no peaks in a region of lower frequency,
as might be expected for compounds with anragostic
interaction?3 but the G-H coupling constants strongly suggest
the presence of a secondary interaction between theg@ip
and Hf.

Synthesis of Hafnium Stannyl Complexes bye-Bond

reactions were not successful. The same species was formed/€tathesis. It has previously been observed thatbond

from the reaction of CpCp*Hf(Ph)CL@) and LiSnPh (1 equiv),
but again the product could not be isolated cleanly via
crystallization from a variety of solvents (toluene, toluene/
pentane, toluene/kD, in varying ratios). Interestingly,1 was
also produced by the addition of 2 equiv of LiSnPto
CpCp*HfCl, (benzeneads solution), presumably via the inter-
mediate CpCp*Hf(SnPf), which may undergo rapid-elim-
ination of PhSn. These results clearly indicate that the CpCp*
ligand set provides greater stability to hafnium triphenylstannyl
derivatives than does the less sterically demandingN&H,)»
ligand.

An attempt to obtain a stannyl hydride complex was based
on reaction of the hydride CpCp*Hf(H)& with LiSnPhs. As
shown in eq 5, this reaction exclusively produced the phenyl

~40°C - %\ wH

wH
- + LiSnPhy ————————

Hf Hf < (5)
\ (o)) \
Cl 78 Ph
<A <&
=[PhoSn]

13

hydride complex CpCp*Hf(H)Phi@), even at—40 °C (by H
NMR spectroscopy, in toluengssolution). This result suggests
that theo-elimination of a phenyl group in CpCp*Hf(SnEK
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metathesis can be used to prepare metal stannyl complexes, such
as CpCp*Zr(SnP§)CI, that could not be obtained through salt
metathesi§! In such procedures, a hydrostannangSid or
R>SnH,) reacts with a metal hydride or silyl complex (MH

or M—SiRs) to eliminate H or HSIR; with formation of a
M—Sn bond. This method can be synthetically more convenient
than that involving salt metathesis, since hydrostannanes are in
general more readily available than stannyllithium reagents. In
the following syntheses, purification of the stannyl complexes
was simplified by using hydrogen rather than silane elimination,
as hydrogen is more readily removed from the product.

To probe electronic factors in the migration of an aryl group
from Sn to Hf, a series of para-substitued triarylstannyl species
was synthesized. BjH NMR spectroscopy, it was observed
that reactions of CpCp*Hf(H)CI with various stannanes-Ar
SnH [Ar = p-(OMe)GsHy4 (15), p-FCsH4 (16), andp-(CR3)CgHa4
(17)] produced good yields (6884%) of the stannyl complexes
CpCp*HI[Snp-(OMe)CsHa)s|Cl (18), CpCp*HI[Snp-FCeHa)al-

Cl (19), and CpCp*Hf[Sng-(CF3)CsH4)3]Cl (20) (eq 6). The
lower isolated yields (2659%) for 18—20 appear to result from
competing decomposition of the hafnium hydride starting

(24) (a) Brookhart, M.; Green, M. L. H.; Pardy, R. B. A.Chem. Soc. Chem.
Commun. 1983 691-693. (b) Brookhart, M.; Green, M. L. HJ.
Organomet. Chenil983 250, 395-408.
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—H,
Hs—e >—x E—
N TN > THF
<A 3
X = OMe (15)
X = F (16)
X = CF3 (17)

X = OMe (18)
X =F (19)
X = CFs (20)

material during synthetic manipulations. The new stannyl
complexes are yellow in the solid state and in solution and give
rise t011°Sn NMR resonances @f 120.9 (18), 116.5 (9), and
106.4 Q0). The pattern of increasingly upfield®Sn NMR shifts
is consistent with a decrease in electron density at Sn in going
from 18 to 19 to 20.25

Crystallographic Studies. Given the paucity of structural
data for @ metal stannyl complexeég;™i7 it was of interest to
investigate several of the complexes described above by X-ray
crystallography. The compounds [M&CsHy)2]Hf(SnPh)NMe,
(2) and CpCp*Hf(SnP¥X [X = CI (4), X = NMe; (8), X =
Me (9), and X = OMe (10)] all form single crystals that
provided suitable diffraction patterns for crystallographic char-
acterization (the ORTEP diagram for CpCp*Hf(SaNiMe,
0.75(GH10) is shown in Figure 1). Surprisingly, the HEn bond
distances in these complexes do not vary considerably {2.94
2.97 A, Table 1). The dimethylamide derivativ2and8 were

C26

C25

Figure 1. ORTEP diagram of CpCp*Hf(SnBiNMe.0.75(GH100) [8
0.75(GH100)]. Only one of the two molecules in the unit cell is shown.
The hydrogen atoms and thetf;,O molecules were removed for clarity.
Atoms are shown as 50% probablility ellipsoids.

Table 1. Selected Crystallographic Data

compound 2 4 8 9 10
Hf—Snbond  2.9428(7) 2.9650(4) (a)2.9694(8) 2.9740(5) 2.9556(5)
distance (A) (b) 2.9658(8)

Sn—Hf—X 93.3(2) 87.65(4) (a)90.6(2) 92.7(2) 90.6(2)

angle (deg) X=NMe, X=CI (b) 89.7(2) X=Me X=OMe
X =NMe2

average 116.8 116.8 (a) 117.3 115.8 114.3

Hf—Sn—C(Ph) (b) 117.7

angle (deg)

found to possess planar nitrogen atoms (sum of angles aboutgndensation was observed upon the elimination obBlefrom

nitrogen 180), and the dihedral C(Me)N—Hf—-Sn angle for
both species is approximately MDihedral angles of ca. 60
are typical for amide ligands in metallocene complexes exhibit-
ing steric strairf® The corresponding C(Me)O—Hf—Sn angle
in the methoxy-substituted speci&3is slightly greater (81.9,
presumably due to reduced steric repulsion between the Cp*
and OMe ligands.

Mechanistic Studies ono-Aryl-Elimination Reactions. In
an initial examination ofx-aryl-elimination in these hafnium
stannyl compounds, a toluedgsolution of the triphenylstannyl
chloride derivative4 was heated to 100C. After 4 days,
complete conversion efto the phenyl chloridd2 (99% vyield)
was observed bjH NMR spectroscopy (eq 7). BY¥°Sn NMR
spectroscopy, the cyclic polystannanes, &t} and (PhSn)
were observed as the only tin-containing produéts-05.9
and —217.2, respectively3P:¢27.28Presumably, these products
result from elimination of the stannylene 48m, which then
condenses to form the cyclic species. Similar stannylene

(25) (a) Brown, H. C.; Okamoto, Y. Am. Chem. S0d.958 80, 4979-4987.
(b) Swain, C. G.; Lupton, Jr., E. @. Am. Chem. Sod.968 80, 4328~
4337. (c) Johnson, C. Dithe Hammett EquatigrCambridge University
Press: London, 1973.

(26) Hillhouse, G. L.; Bulls, A. R.; Santarsiero, B. D.; Bercaw, JCEgano-
metallics1988 7, 1309-1312.

(27) Jousseaume, B.; Noiret, N.; Pereyre, M.; Saux, A.; Fande-M.
Organometallics1994 13, 1034-1038.

(28) The%Sn NMR shift of 6 —208 previously reported for (R&n) was
observed in chlorofornah. Dréger, B.; Mathiasch, B.; Ross, L.; Ross, M.
Z. Anorg. Allg. Chem1983 506, 99-109.

CpCp*Hf(SnHMesg)Cl, and this stannylene was trapped by 2,3-
dimethylbutadier®® to give 1,1-dimesityl-3,4-dimethylstanna-
cyclopent-3-ené.However, in the presence of 9 equiv of 2,3-

dark
4 days
\ wSnPhg 100 °C
Hi =
C7Dg

%\a

(PhyoSn), (7)

n=5,6

dimethylbutadiene (9 equiv), the reaction of eq 7 did not produce
the anticipated stannacyclopentene. The lack of efficient trapping
in this case may be due to the very rapid oligomerization of
PhSn k = 18 M~1 s71) to (PhSn).2! A small amount of
yellow precipitate was also observed during the course of the
reaction, which was insoluble in benzene or toluene and was
only sparingly soluble in THF (despite coloring THF solutions
pale yellow, no peaks were observed from a GPC trace of this

(29) Neumann, W. PChem. Re. 1991, 91, 311-334.
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-15 1 8 did not decompose at an appreciable rate until €5
Complex9 decomposes 64 times faster thagat 70°C), which

| undergoesi-elimination 230 times faster tha® (at 115°C).

-6 T On the basis of these differences, it can be determined that the
dimethylamide specie8 is more stable than the methyl

I e derivative9 by at least a factor of 280. Thus, thedonating
. -7 NMe, ligand greatly stabilizes hafnocene stannyl complexes
5 toward a-phenyl-elimination, relative to &-only ligand such
= I as methyl.
Toer Interestingly, there is a significant difference in the stabilities

of the two amide derivatives, as evidenced by the rate constants
| of k=94 x 10°5s! (2) andk = 4.3 x 1077 s (8) for
-9 r disappearance of the starting compound atTL5After heating
2 for 1 week at this temperature, the species identifiedtby
L NMR spectroscopy were unreact2d4%), [MeC(CsHy)2]Hf-
B — (Ph)NMe (71%), and the bis(amido) complex(13%). The
255 265 275 2.85 2.95 decomposition 0B at 115°C was monitored for 58 days, and
VT K x 107 after this time theo-elimination product CpCp*Hf(Ph)NMe
) i ) ) (66%), unreacte8 (11%), and the bis(amido) product CpCp*Hf-
t’;’%‘gzr;‘turz”ng plot for the rate of disappearance @l gt different — \\10) (206) were present. These rate data provide additional
' evidence that the methylene-bridged ligand system affords

. o o stannyl complexes that are more susceptible-telimination
solution). This insoluble precipitate could therefore be due to {45 analogous complexes of the CpCp* ligand set.

higher molecular weight (BBn}, as it has previously been  The methoxy derivativa0 exhibited only a 2-fold increase
noted that Pssn oligomers Mu/Mn = 2200/900) are only iy stability (k (100 °C) = 8.8 x 1076 s°1) relative to that for
slightly soluble in THF® Further support for this conclusion the chloride4 and decomposed to give CpCp*Hf(Ph)OMe in
comes from an elemental analysis of this precipitate, which gave 96% vield after 3.5 days. Further, comparisons of rates lead to
a carbon/hydrogen ratiq consis_tent with ¢8h),. The rea_lction ~ the conclusion thatl0 is 23 times less stable tha® This
of eq 7 appears to be irreversible, as the product mixture did g|atively rapid rate of decomposition is somewhat surprising,
not contain observable quantities 4f(by *H NMR spectros-  gjnce thes+-donating abilities of OMe and NMare expected
copy) after 1 week at room temperature. to be comparable and should lead to similarly stable com-
The disappearance @ monitored by NMR Spectroscopy,  poundsi® However, in this case, the lower steric bulk of OMe
obeys first-order kinetics. An Eyring plot (Figure 2) of rate data may be an important factor in determining the higher rate of
for the temperature range 7215 °C provided the activation , _ajimination for 10.
parameter\H* = 24 (1) kcal/mol and\S" = —15 (1) eu. These Finally, decomposition of the neopentyl complex CpCp*Hf-
numbers are consistent with an ordered transition state, as m'ghT(SnPh)Np (14) at 100°C occurred with a rate constant lof=
be expected for a unimolecularelimination in which aphenyl 4 156 51 (over three half-lives), providing evidence that
group migrates from Sn to Hf. In the polar solveot this stannyl complex is 160 times more stable than the methyl
dichlorobenzenec(= 10.12; versug = 2.379 for toluene), the  yerjyative9 (determined from similar relationships as above).
rate of o-elimination at 100°C was not S|gn|f|ca_ntly affected Although there is an added electronic effect due tatragostic
(k=25x10"° .571? versusk = 2.3 x 10° s in toluene). interaction observed between this ligand and Hf, it is likely that
Thus, the reaction appears to involve a relatively nonpolar e enhanced steric bulk of the neopenty! ligand is the primary

transition state. _ _ factor in slowing the rate of decomposition relative to the methyl
Despite the fact that the final product mixtures for some of yarivative 9 (vide infra). In summary, the order of stability

the decompositions discussed herein suggest a nonselectivg,ardq-phenyl-elimination provided by the ancillary ligands
process (observed yields of hafnium aryl products-88%), is NMe; > Np > OMe > Cl > Me.

their clean, first-order kinetics (with respect to decay of the 14 jnyestigate the influence of electronic inductive effects
initial stannyl complex) are consistent with a single, initial step 4, the rate ofr-elimination, kinetic studies of the decomposi-
in the decomposition process. We propose that this stepiions of CpCp*Hf(SNPKCI (4), CpCp*HiSnE-(OMe)CsHa)3-
corresponds to amt-aryl-elimination. The unidentified side Cl (18), CpCp*Hf[Sn-FCHA)3CI (19), and CpCp*Hf[Snp-
products likely result from secondary reactions involving the (CFs)CeHa)3ICl (20) were undertaken. The fastest rate of
Hf—Ar product at these high temperatures (e.g. redistribution ,_ajimination was observed for the-methoxy-substituted

at hafn_ium, reactions yvith the solvent, etc.). - derivative 18 [k (100 °C) = 1.8 x 1074 s~ 95% yield of
Th_e |nflu_ence of gncnlary ligands on the rateceElimination CpCp*Hf(p-(OMe)GsHa)CI], while thep-trifluoromethyl species
was investigated with the compounds PB¢CsHa)]Hf(SnPh)- 20 was the most stable complex in this seriegJ00 °C) =

NMe; (2) and CpCp*Hf(SnPHX [X = NMe; (8), Me (9), and 3.1 x 10°%s%; 85% yield of CpCp*Hfp-(CF3)CeHa)Cl]. The
OMe (10)]. The methyl derivative®d was found to be the least p-fluorophenyl compound.9 [k (100 °C) = 2.9 x 1075 s
stable, decomposing very rapidly at 70 (k = 9.6 x 107 g8y yield of CpCp*Hfp- FCeH4)CI] was found to undergo
§7%5.6x 10°sat 45°C), to CpCp*Hf(Ph)Me in 82% yield.  _gjimination at the same rate a& The Hammett plot
In contrast to the relatively rapid decomposition of the methyl

derivative9, the dimethylamide-substituted compouritiand (30) Caulton, K. GNew J. Chem1994 18, 25-41.
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35 Given the planar geometry for the nitrogen atoms in both
I D18 dimethylamide derivative® and8, we can assume the existence
of am-bond between the hafnium and nitrogen atoms. As was
4L previously noted;z-donation of this type is typical for early
r metal amide complexe®.Despite the interaction between the
nitrogen lone pair and hafnium, rotation about the-Nf bond
4 is quite facile (by!H NMR spectroscopy; the amide methyl
R groups are equivalent in toluerg-solution down to—80 °C).
19 Also, -bonding may be assumed for the-HD interaction in
L 10, and the larger C(Me)O—Hf—Sn dihedral angle of 81°9
ST (cf. ca. 60 for the C(Me}-N—Hf—Sn dihedral angles i and
8) is presumably made possible by the less bulky methoxy
[ 20 ancillary ligand (vide supra). Sinc&0 undergoesn-phenyl-
55 L elimination significantly faster thadand8, this result suggests
I that steric properties of the ancillary ligands are quite important
in determining the rate of decomposition.

P T T S S S The results presented here provide further evidence that
-0.4 -02 0 02 0.4 0.6 hafnocene stannyl complexes have a marked tendency to
decompose viax-elimination. Interestingly, this type of de-
Substituent Constant (o) composition reaction appears to be quite rare farainplexes,
Figure 3. Hammett correlation fou-aryl-elimination. although few analogoug dnetal-main group systems have been
investigated. More generally, migratamyeliminations are well-
known in transition metal chemistry, but such reactions are
typically associated with higher"dconfigurations. Such re-
arrangements usually result in conversion of a complex of the
type LLIM—ERR' to LoM(=ER,)R’. Thus, in this case the
“eliminated” fragment remains bonded to the metal center. For
this type ofa-elimination reaction, at least two electrons are
required for the reacting metal centef nfigurations wittn
> 2). For example, Green’s complex [§8(C.H4)(CHg)] T[PRs]~
A variety of methods have been reported for the synthesis of loses ethylene and undergoesH-elimination to produce the
d° stannyl complexed.3tin the investigations described here, methylidene hydride [GW(=CH,)(H)]*[PFs] .33 Also, Schrock
methods based on amine elimination, salt elimination, and found that the reduction of Cp*Ta(GBMes3)Cl; with 2 equiv
o-bond metathesis were used to prepare a number of newof Na/Hg amalgam in the presence of Pjjgves theo-migra-
hafnium stannyl compounds. The salt elimination route, em- tion product Cp*Ta=CHCMe;)(H)(PMe3)Cl.3* Decarbonyla-
ploying a stannyllithium derivative, is somewhat limited in its tion°"—¢ and desulfinatiof? reactions from transition metal acyl

45 |

log &

constructed from these data (Figure 3) represents a linear
correlation with a negative slope & —2.13). The magnitude

of this p value indicates that there is a significant electronic
effect on the rate of decomposition, and the negative sign implies
that electron donor groups promote thelimination process.

Discussion

utility. For example, the syntheses of CpCp*Zr(Sgei’ and and sulfinato complexes, respectively, represent related pro-
CpCp*Hf(SnMe)CI32 were not successful using salt elimination cesses.
but could be achieved via-bond metathesis routes. As Reactions that are more relevant to those described here

previously noted (vide supra), hydrostannanes are more practicainvolve elimination of an ER species from a \M—ER.R’
stannylating reagents, as they are more convenient than stancomplex, to form l;M—R'. In cases where M—R’ is the first
nyllithium reagents to prepare and store. In general, the mostobserved product, the'@lectron configuration is typically
useful synthetic route to hafnocene stannyl species appears tqyhich often leads to a weak,(R')M—ER, interaction and rapid
involve theo-bond metathesis reaction of a metal hydride with |gss of ER. This is seen, for example, in decarbonylations of

a hydrostannane. d° acyl derivatives:%2Other examples of this type of reactivity
The Hf—Sn bond distances for [ME€(CsHa)o]Hf(SnPhy)- involve higher d configurations and elimination of a relatively
NMe; (2), CpCp*Hf(SnPR)CI (4), CpCp*Hf(SnPR)NMe (8), stable ER species. For example, CpM(CpMe; (M = Cr,

CpCp*Hf(SnPR)Me (9), and CpCp*Hf(SnP§OMe (10) do not Mo, W; d*) and CpFe(CQPbMe (d®) decompose thermally
vary significantly. Further, these HSn bond distances are or photolytically to the corresponding methyl species, with
slightly shorter than the analogous values reported for the elimination of MePb36

sterically encumbered stannyl complexes CpCp*Hf(SnHes a-Elimination processes related to those described here have
Cl[3.0073(6) A and{ MeSi[SiMe:N(4-CHs;CgHa)] 3} SNHfCp- also been described for main group compounds in which the

Cl [3.0231(2) AJ% Thus, these results suggest that the-Bh reacting main group center is closed shell. Suedlimination
bond in compoundg, 4, 8, 9, and10 is not under significant

steric pressure. Finally, a greater-H8n bond length does not (33) (a) Cooper, J. N.: Green, M. L. H. Chem. Soc. Chem. Coma@74

necessarily lead to an increased ratecadlimination, as might 208-209 and 761762 (b) Cooper, J. N.; Green, M. L. K. Chem. Soc.
h b ted if this fact ianifi t in destabilizi Dalton Trans.1979 1121-1127.

ave peen expected | IS Tactor was signiticant In destablilizing (34) Schrock, R. RAcc. Chem. Re<.979 12, 98-104.
the complex. (35) (a) Kubota, M.; Blake, D. MJ. Am. Chem. Sod.971, 93, 1368-1373.

(b) Downs, R. L.; Woijcicki, A.Inorg. Chim. Actal978 27, 91-103.

(36) (a) Pannell, K. HJ. Organomet. Cheni98Q 198 37—40. (b) Pannell, K.
(31) Petz, W.Chem. Re. 1986 86, 1019-1047. H.; Kapoor, R. NJ. Organomet. Chen1981, 214, 47—52 and1984 269,
(32) Neale, N. R.; Tilley, T. DTetrahedron2004 60, 72477260. 59-63.
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decomposition pathways have been extensively studied for oligo-

and polysilane8’ These studies suggest that polysilangSiR
(SiRy)nR undergoa-elimination as a major decomposition
pathway, to give BSi(SiR:)n-1R and RSi. Such reactions have
been observed in other group 14 compounds, such as PhMe
GeSiMeg, which thermally decomposes via competitive J8e
and MeGe elimination®

We have previously shown that CpCp*Hf(SnHMgS3
undergoes decomposition via stannylene eliminatiand this
now appears to be a general decomposition mode’foafthium

stannyl complexes. For the triarylstannyl compounds described
d

here, solution-phase thermal decompositions are well-behave

and amenable to kinetic studies, which have provided insight

into the mechanism of this reaction. Taeslimination decom-

. A . \
position process was studied in most detail for the parent % X X

compound CpCp*Hf(SnRICI (4). Kinetic studies of this

transformation revealed a first-order decomposition process,

which is consistent with ame-elimination pathway in which
intramolecular phenyl migration occurs. The activation param-
eters suggest an ordered transition stAt§ (< 0), which might
be expected for migration of the phenyl group from Sn to Hf.

Also, since a polar solvent has almost no effect on the rate of
reaction, we conclude that significant charge separation is not

involved in the rate-determining step.

A Hammett correlation based on data derived from the para-

substituted triaryl derivatives gave a negative slgpe (-2.13),

which indicates transition state stabilization (and rate enhance-
ment) by electron donor groups. Related Hammett correlations

have previously been determined for reactions involving the
migration of para-substituted phenyl groups to an electrophilic
center. A classic example of a migration of an aryl group to an

electrophilic carbon center is found in the pinacol rearrangement
(eq 8)3 Cram suggested that the stereospecificity of this process

H
N

e

Py

H;C

D-threo

may be explained by a mechanism involving an intermediate

(37) (a) Pitt, C. G. InHomoaromatic Rings, Chains and Macromolecules of
Main-Group ElementsRheingold, A. L., Ed.; Elsevier Scientific: New
York, 1977; Chapter 8. (b) Braunstein, P.; Morise, Ghem. Re. 200Q
100 3541-3552 and references therein. Specific reviews on polysilanes:
(c) Ziegler, J. M.Mol. Cryst. Lig. Cryst.199Q 190 265-282. (d)
Vanderwielen, A. J.; Ring, M. A.; O'Neal, H. B. Am. Chem. Sod975
97, 993-998. (e) Dzarnoski, J.; Rickborn, S. F.; O'Neal, H. E.; Ring, M.
A. Organometallics1982 1, 1217-1220. (f) Nares, K. E.; Harris, M. E.;
Ring, M. A.; O'Neal, H. E.Organometallics1989 8, 1964-1967. (g)
Walker, K. L.; Jardine, R. E.; Ring, M. A.; O'Neal, H. Eat. J. Chem.
Kinet. 1998 30, 69—88. (h) Ring, M. A.; O'Neal, H. E.; Walker, K. L.
Int. J. Chem. Kinetl998 30, 89—-97. (i) Trefonas, P., Ill; West, R.; Miller,
R. D.J. Am. Chem. S0d985 107, 2737-2742. (j) Karatsu, T.; Miller, R.
D.; Sooriyakumaran, R.; Michl, J. Am. Chem. Sod.989 111, 1140~
1141. (k) Walsh, R.Organometallics1988 7, 75-77. (I) Bell, T. N,;
Perkins, K. A.; Perkins, P. Gl. Phys. Chem1984 88, 116-118.

(38) Bobbitt, K.; Maloney, V. M.; Gaspar, P. Rrganometallics1991 10,
2772-2777.

(39) Bachmann, W. E.; Ferguson, J. W.Am. Chem. Sod.934 56, 2081~
2084.
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phenonium ion having an $ybridized carbon atom on the
phenyl ring#° In subsequent mechanistic studies that supported
the existence of this phenonium ion, Brown et al. determined
that for the migration of para-substituted phenyl groups, the
Hammett correlation has a regression constaptef—1.464

The negativep value observed for the Hammett correlation
described here suggests that these reactions may be described
as nucleophilic migrations of the aryl group. We therefore
propose the concerted transition statéeq 9), which involves

C *

’? +SnA + X

\  «SnArg 8N A
~

\ WA ﬁ \ WA

Hf <—:SnAr, | — Hi
x <& ™

©)
+ 'y (AraSn),

Y

—_—
—_—

R4Sn + RsSn: (10)

R3Sn—SnR; === [H:;Sn ----- SnRy
R

an interaction of the electrophilic hafnium center with the
nucleophilic migrating group. Related transition states, possess-
ing this three-center, four-electron bonding, have previously
been proposed far-eliminations in disilane€diand distan-
nane4? (e.g., eq 10). A second, perhaps less significant, factor
that may contribute to this Hammett correlation relates to
stabilization of the stannylene elimination product, as electron-
donating groups are known to stabilize such spedies.

Further evidence in support of this mechanism was obtained
from kinetic studies of the thermal decompositions of CpCp*Hf-
(SnAR)X (X = Cl, NMe;, Me, OMe, and Np). The observed
influence of the X ligand on the stability of the complex (NMe
> Np (a-agostic)> OMe > Cl > Me > H, SnRy) appears to
reflect thesr-donating ability of this ancillary ligand. A greater
degree ofr-donation should result in a less electrophilic hafnium
center, and therefore a sloweselimination rate. Thist-dona-
tion should populate the otherwise vacant metallocepe a
orbital,*® which appears to be required to accommodate the
migrating aryl group. The effect of-bonding is therefore to
decrease the interaction of this orbital with the-&{Ph) bond.
Presumably, this orbital is also required for formation of the
initial product of elimination, the 18-electron stannylene com-
plex CpCp*Hf(Ar)(X)(SnAR). This unobserved intermediat@)(
would possess a very weakly bound stannylene ligand (eq 9).
Although formation of such an intermediate is not required for
the mechanism proposed here, similar species have been
observed as products of analogous transformations (e.g., de-

(40) Cram, D. JJ. Am. Chem. S0d.949 71, 3863-3870.

(41) (a) Brown, H. C.; Kim, C. J.; Lancelot, C. J.; Schleyer, P. vJRAM.
Chem. Socl197Q 92, 5244-5245. (b) Brown, H. C.; Kim, C. JJ. Am.
Chem. Socl1971, 93, 5765-5773.

(42) (a) Schrer, U.; Neumann, W. PAngew. Chem. Int. Ed. End975 14,
246-247. (b) Scherping, K.-H.; Neumann, W. Brganometallics1982
1,1017-1020. (c) Fobbe, H.; Neumann, W.P.Organomet. Cheni986
303 87—-98.

(43) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HOrbital Interactions in
Chemistry Wiley: New York, 1985; Section 20.4.
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carbonylation reactions of transition metal acyl complexes, for Conclusions
which the rates are slowed bydonating ancillary ligands¥

The nature of the bis(cyclopentadienyl) ligand set also appears
to play a significant role in determining the stability of the
stannyl complex. Decompositions of the dimethylamide com-
pounds2 and 8 demonstrate that, relative to the methylene-
bridged [MeC(CsH,),] ligand, the mixed-ring CpCp* ligand
set stabilizes a hafnium stannyl complex towerélimination

by over 2 orders of magnitude. The difference between these a5 1o polystannanes Htransition-metal catalysé@ Finally,
two ligand systems may stem from both electronic and steric g chemistry may have significant implications for the

factors. First, the permethylated Cp* ligand is significantly more development of new catalytic reactions, and these issues will
electron-donating than a cyclopentadienyl ring in pe be addressed in future investigations.

(CsHa)2], and the ansa structure of the latter ligand leads to less _ _ )

efficient donation to the metal centrin addition, it is likely ~ Acknowledgmentis made to the National Science Founda-
that the more bulky ligand system stabilizes the hafnium stannyl tion for their generous support of this work.

complexes by inhibiting the migration process. This steric effect  gypporting Information Available: ~Detailed 13C NMR
appears to be operative in the much slower decomposition of characterization and IR and melting point data for new
CpCp*Hf(SnPl)NMe; (8) compared to CpCp*Hf(SnRJOMe compounds; synthesis for stannaigs16, and17; crystal data
(10), since NMe and OMe are expected to have simitadonor (for 2, 4, 8, 9, 10) and ORTEP diagrams (f@&, 4, 9, 10); and
abilities**and in the drastically reduced decomposition rate for apjes of kinetic data, rate constants for the disappearance of
CpCp*Hf(SnPR)Np (14) relative to CpCp*Hf(SnP)Me (9). CpCp*Hf[Sn(-XCgH4)3]Cl, and rate constants for the disap-
(44) (a) Marsella, J. A.; Moloy, K. G.; Caulton, K. @. Organomet. Chem. pearance oR, 4, 8,9, and 10 at different temperatures are

198Q 201, 389-398. (b) Marsella, J. A.; Huffman, J. C.; Caulton, K. G;;  available. This material is available free of charge via the
Longato, B.; Norton, J. RJ. Am. Chem. S0d.982 104, 6360-6368. .
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The results reported here describe a previously little known
reaction type for Bimetal complexes. More research with early
transition metat-main group compounds may well show that
this elimination process represents a common transformation
for such systems. Sineeelimination appears to be rather facile
for d° group 4 stannyl compounds, this is likely an important
process in the dehydropolymerization of secondary hydrostan-
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