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The reaction of the complexes [M€SiMe;N(R)}sMX] (R = p-tolyl, 2-FCsHs; M = Ti, Zr, Hf; X = CI, Br)

with K[CpM'(CO),] afforded the metatmetal bonded heterodinuclear complexes [M&Vie;N(R)}sM—
M'(COXCp] (M = Ti, Zr, Hf; M" = Fe, Ru; R= p-tolyl, 2-CsH,), all of which are thermally stable in the solid
state and in solution. X-ray crystal structure analyses of the complexes {Bi&&LN(p-tol)} sM —M'(CO)Cp]

(M, M": Ti, Fe 3); Ti, Ru (4); Zr, Fe 6)) and [MeS{ SiMexN(2-FCsH4)} sTi—Fe(COXCp] (9) established the
presence of unsupported metahetal bonds 3, Ti—Fe 2.460(1)4, Ti—Ru 2.5609(8);5, Zr—Fe 2.605(2);9,

Ti—Fe 2.433(4) A]. Reaction of the dinuclear complexes with isonitriles led to insertion of the substrate into the
polar metat-metal bond and the formation of the metallaiminoacyl complexes [M&iBie;N(R)}sM{#52-
(C=NR)M'(COXCp}] (M = Ti, Zr, Hf; M' = Fe, Ru; R= p-tolyl, 2-CsHs; R' = Me, p-tolyl). The 13C NMR
resonances of the isonitrile-derived carbon nuclei linking the two metal centers are observed at remarkably low
field (0 267.8-303.8). The structural proposal for the insertion products was confirmed by an X-ray crystallographic
study of [MeS{SiMe;N(p-tol)}sTi{n%(C=NMe)Ru(CO}Cp]. When the heterobimetallic complex [MeSi-
{SiMe;N(p-tol)} 3Zr—Ru(CO)Cp] was reacted with sulfoxides [M8O, Me(Ph)SO, (PhCH,SO, (CH)4SO],
immediate oxygen transfer to a carbonyl ligand occurred, generating the dinuclear complexes [MeSi(SiMe
NTol)sZr(u-O,C)RUCp(COJS(R)R}] (R = R' = Me (233); R = Me, R = Ph 23h); R, R = (CHy)4 (230; R,

R’ = PhCH (23d)), in which the two metal centers are linked by a Qi@and derived from a carbonyl ligand

in the starting material. In the presence of a second equivalent of sulfoxide, the Lewibas&ladducts [MeSi-
(SiMexNTol)sZr{ OS(R)R-«O} (u-0,C)RUCP(COJS(R)R}] (R = R' = Me (24a8); R= Me, R = Ph Q4b); R, R

= (CHy)4 (240) were formed. An X-ray crystal structure analysi2daestablished the conversion of the carbonyl
ligand to the bridging matallacarboxylate unit and the coordination of the thioether, formed in the oxygen transfer,
to the Ru atom. The oxygen transfer from the sulfoxide to a carbonyl ligand was confirmed by an NMR study of
the reaction using®C-labeled carbonyl derivatives ad@-labeled Me(Ph)SO.

Introduction these metatmetal bonds under controlled conditions and thus
make available a pair of complementary reactive complex
fragments which were expected to react in a cooperative way
with organic substrates.13

Moreover, it was of fundamental interest to investigate the
characteristics of the bonding situation between metal centers
possessing significantly different electronic properties. Particu-
larly important to the development of this field, among the early
contributions to the regime of directly metahetal bonded
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occasion of his 60th birthday. early—late heterobimetallics”, were the ZRu and ZrFe

The principal concepts related to the bimetallic activation of
molecules by complementary metal centers were formulated in
the 1970s:2In particular, the synthesis of complexes containing
direct metat-metal bonds between the elements of the two
extreme ends of the d block in the periodic system was attempted
by several research groups. The underlying aim was to cleave
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Chart 1 the synthesis and the structural characterization as well as some
SiMe, aspects of the reactive behavior of such metaétal bonded
X Me,N N heterodinuclear compound&3?
ﬁzf‘; % MezN\-:__Ti—M% R{ \T__M% _ )
Q/) M, Y ™ N~ Experimental Section
Ley e ¢ % NNy, € © N .
o] o] L SiMe; 6 All manipulations were performed under an inert gas atmosphere
A) ®) S‘Mea(c) of dried argon in standard (Schlenk) glassware which was flame-dried

with a Bunsen burner prior to use. Solvents were dried according to
standard procedures and saturated with Ar. The deuterated solvents used
(B).19-22(See Chart 1.) However, a systematic investigation of for the NMR spectroscopic measurements were degassed by three
the structural and reactive consequences of high metatal successive “freezepump-thaw” cycles and dried ovet A molecular
bond polarity was hampered for a long time by the instability S'€Ves- _
of the systems which were available. The HH, *C, #Si, F, and*'P NMR spectra were recorded on a
On the basis of Selegue’s concept of employing amidotita- Bruker AC 200 spectrometer equipped with a B-VT-2000 variable-
. . . temperature unit (at 200.13, 50.32, 39.76, 188.31, and 81.03 MHz,
nium complex units for the synthesis of unsupported early

: respectively) with tetramethylsilane andsP0, (85%, external) as
late heterodinuclear complexes, we attempted to overcome thereferences. All spectra were recorded at 295 K unless specified

stability problem by the development of several new types of otherwise. Infrared spectra were recorded on Perkin-Elmer 1420 and
tripodal amido ligand$~26 to be used in the early transition  Bruker IRS 25 FT spectrometers.

metal “building blocks” C).2”28Not only were these designed Elemental analyses were carried out in the microanalytical laboratory
to meet the electronic demands of a high-valent Lewis acidic of the chemistry department of the University of “v¥ourg. The
metal center by nature of the- and z-donor capability, but ~ complexes [MeSiSiMe:N(p-tol)}sMX] (M/X: Ti/Br, 1a Zr/Cl, 1b;

also the ligand backbone and the peripheral groups bound toH/Cl, 10) and [MeS{SiMe;N(2-CHa)}sMX] (M/X: Ti/Br, 28, Zr/

the amido N atoms were intended to sterically shield a large Ch 20: HfICl, 2c) were prepared as reported previously by The

part of the coordination sphere and thus kinetically stabilize salts of the transition metal carbonylates K[CpFe(g@pd K[CpRu-

. 20 " . . (CO),] were synthesized by literature methad#:\ll other chemicals
the dlnucle_a_lr complexes: ”_1 add't'or_]’ _the Integrz_:ltlon of the used as starting materials were obtained commercially and used without
early transition metal center into the rigid [2.2.2]bicyclooctane-  fyther purification.

related cage structure provides a significant additional thermo- (1) General Procedure for the Synthesis of the Heterodinuclear
dynamic component to the stability of the heterodinuclear Complexes [MeSfSiMe:N(p-tol)}sTi—M'(CO).Cp] (M’ = Fe, Ru).
complexes since the geometrical relaxation of the early transition To a mixture of solid [MeSiSiMe;N(p-tol)} sTiBr] (1a, 570 mg= 0.86
metal fragment to a trigonal planar arrangement upon dissocia-mmol) and 0.86 mmol of solid K[MCp(CO}] was slowly added 20
tion of the metat-metal bond is impeded by the polydentate ML of toluene, which was precooled &60 °C. The reaction mixture
ligand. In other words, one of the fragments generated after theWas stirred, warmed to ambient temperature over a period of 10 h, and
rupture of the metatmetal bond is destabilized in comparison stirred at 30°C for another 24 h. The solvent was subsequently removed

to those derived from complexes coordinated by monodentate

amides. A detailed theoretical study performed on-Co
compounds provided an estimate of ca. 10 kcal thédr this
stabilization of the molecule®.

in vacuo, the residue was extracted with 20 mL of pentane, and the
extract was filtered. The filtrate was concentrated to ca. 5 mL and stored
at —30 °C. Compounds3 and 4 were obtained as yellow crystalline
solids.

(a) [MeSK SiMexN(p-tol)}sTi—Fe(CO)XCp] (3). Yield: 320 mg

The practical implementation of these considerations was (49%). Mp: 62°C. *H NMR (CsDs) 6: 0.02 (s, 3H, CHSi), 0.46 (s,
achieved recently, and a trisilylsilane-derived amido ligand 18H, Si(CH),), 2.21 (s, 9H, @3CsHa), 3.46 (s, 5H, GHs), 7.15 (m,
system was found to be particularly suited for the stabilization 12H, Tol).**C{*H} NMR (CeDe): 6 = —13.8 (CHSI), 2.7 (Si(CH)o),

of a whole series of FM, Zr—M, and H—M complexes (M

20.9 ((HsCeHa), 85.3 (GHs), 117.0 (©), 129.5 (C), 132.3 (C), 150.8

= Fe, Ru, Co). In this paper, we provide a detailed account of (). 214.2 (CO). IR (toluene)»(CO) 1978, 1931 cmi. Anal. Caled

(14) Casey, C. P.; Jordan, R. F.; Rheingold, AJLAm. Chem. S0d983

105, 665.
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3, 504.

(16) Casey, C. P.; Palermo, R. E.; Jordan, RJ.FAm. Chem. S0d.985
107, 4597.

(17) Casey, C. P.; Palermo, R. E.Am. Chem. S0d.986 108 549.

(18) Casey, C. PJ. Organomet. Cheni99Q 400, 205.

(19) Sartain, W. S.; Selegue, J. P.Am. Chem. S0d.985 107, 5818.

(20) Sartain, W. S.; Selegue, J. ®rganometallics1987, 6, 1812.

(21) Sartain, W. S.; Selegue, J. ®rganometallics1989 8, 2153.

(22) Selent, D.; Beckhaus, R.; PickardtQrganometallicsl993 12, 2857.

(23) Gade, L. H.; Mahr, NJ. Chem. Soc., Dalton Tran$993 489.

(24) Gade, L. H.; Becker, C.; Lauher, J. Worg. Chem1993 32, 2308.

(25) Memmler, H.; Gade, L. H.; Lauher, J. l\horg. Chem.1994 33,
3064.

(26) Schubart, M.; Findeis, B.; Gade, L. H.; Li, W.-S.; McPartlin, Ghem.
Ber. 1995 128 329.

(27) Friedrich, S.; Gade, L. H.; Edwards, A. J.; McPartlin, Ghem. Ber
1993 126, 1797.

(28) Findeis, B.; Schubart, M.; Gade, L. H.; N&r, F.; Scowen, I. J.;
McPartlin, M.J. Chem. Soc., Dalton Tran$996 125.

(29) Friedrich, S.; Memmler, H.; Gade, L. H.; Li, W.-S.; McPartlin, M.

Angew. Chem., Int. Ed. Engl994 33, 676.

(30) Friedrich, S.; Memmler, H.; Gade, L. H.; Li, W.-S.; Scowen, I. J.;

McPartlin, M.; Housecroft, C. Enorg. Chem.1996 35, 2433.

for CasHaFeNsO2SisTi: C, 55.47; H, 6.25; N, 5.54. Found: C, 55.15;
H, 6.22; N, 5.25.

(b) [MeSi{ SiMe;N(p-tol)}sTi—Ru(CO),Cp] (4). Yield: 180 mg
(26%). Mp: 114°C dec.'H NMR (CgDs, 320 K): 6 = 0.06 (s, 3H,
CH3Si), 0.44 (s, 18H, Si(B3)2), 2.19 (s, 9H, E15CeHa), 4.02 (s, 5H,
CsHs), 7.23 (d,SJHH = 7.8 Hz, 6H, H'b) 7.50 (d, 6H, H'S) lSC{lH}

NMR (CgDg, 295 K): 6 = —13.7 CHsSi), 2.6 (SiCHs),), 20.8
(CHsCsHa), 87.4 (Cp), 126.7 (8, 129.9 (G), 132.3 (@), 149.4 (Q),
203.4 CO). IR (Nujol): »(CO) 1991, 1937 cmt. Anal. Calcd for
CssHa7N3O,RUSKTI: C, 52.34; H, 5.90; N, 5.23. Found: C, 52.15; H,
6.22; N, 4.95.

(2) General Procedure for the Synthesis of the Heterodinuclear
Complexes [MeSf SiMezN(p-tol)}sM —M'(CO).Cp] (M = Zr, Hf;

M’ = Fe, Ru).To a mixture of solid [MeSiSiMe;N(p-tol)} sMCI] (1.00
mmol) and 1.02 mmol of solid K[MCp(CO}] was slowly added 30

mL of toluene, which was precooled a60 °C. The reaction mixture
was stirred, warmed to ambient temperature over a period of 10 h, and
stirred at 30°C for another 24 h. The solvent was subsequently removed
in vacuo, the residue was extracted with 40 mL of pentane, and the

(32) Findeis, B.; Schubart, M.; Platzek, C.; Gade, L. H.; Scowen, I. J,;
McPartlin, M. Chem. CommuriL996 219.

(33) Fabre, S.; Findeis, B.; Tsoh, D. J. M.; Gade, L. H.; Scowen, I. J.;
McPartlin, M. Chem. CommuriL999 577.
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extract was filtered. The filtrate was concentrated to ca. 5 mL and stored
at—30°C. Compound$—8 were obtained as yellow crystalline solids.

(a) [MeSi{ SiMe;N(p-tol)}sZr —Fe(CO)%Cp] (5). Yield: 537 mg
(67%). 'H NMR (CsDg): 0 = 0.13 (s, 3H, SiCh), 0.44 (s, 18H,
Si(CHa)2), 2.16 (s, 9H, ElsCeHa), 3.45 (s, 5H, GHs), 7.16 (d, 6H,
3Jun = 8.1 Hz, H, HS), 7.38 (d, 6H, H, H%. 13C{*H} NMR (CsDs):
0 = —15.4 (SiCH), 1.8 (Si(CH),), 20.8 CH3CsH.), 83.7 (GHs), 116.9
(C?, CH), 130.1 (C, C%), 132.3 (C), 146.4 (C), 213.5 (CO)2Si{ H}
NMR (CeDg): 6 = —5.4 (Si(CH),), —98.4 (SiCH). IR (toluene):
v(CO) 1961, 1910 crt. Anal. Calcd for GsH47FeNsO2SisZr: C, 52.47,
H, 5.91; N, 5.24. Found: C, 52.64; H, 5.97; N, 5.16.

(b) [MeSi{ SiMe;N(p-tol)}sZr —Ru(CO).Cp] (6). Yield: 635 mg
(75%). '"H NMR (CgDg): ¢ = 0.16 (s, 3H, SiCH), 0.49 (s, 18H,
Si(CHa)2), 2.16 (s, 9 H, El3CsHa), 4.00 (s, 5 H, GHs), 7.16 (d, 6H,
334 = 8.0 Hz, H, H9), 7.34 (d, 6H, H, H5). 13C{*H} NMR (CeD):
0 = —15.4 (SiCH), 1.8 (Si(CH),), 20.8 CH3CsH.), 86.5 (GHs), 116.9
(C?, C), 130.1 (G, C%), 132. 3 (C), 145.4 (C), 203.2 (CO)2°Si{ H}
NMR (CeDg): 0 = —5.2 (Si(CH)2), —98.7 (SiCH). IR (toluene):
v(C0O) 1986, 1932 cmmt. Anal. Calcd for GsH47N3O.RuSiZr: C, 49.67;
H, 5.60; N, 4.96. Found: C, 49.72; H, 5.38; N, 4.85.

(c) [MeSK{ SiMe;N(p-tol)} sHf —Fe(CO)Cp] (7). Yield: 613 mg
(69%). '"H NMR (CgDg): ¢ = 0.15 (s, 3H, SiCH), 0.46 (s, 18H,
Si(CHa)2), 2.16 (s, 9H, ElsCeHa), 3.55 (s, 5H, GHs), 7.15 (d, 6H,
334 = 7.7 Hz, H, H9), 7.36 (d, 6H, H, H5). 13C{*H} NMR (CeD):
0 = —15.4 (SiCH), 2.3 (Si(CH)>), 20.9 CH3CsH.), 83.4 (GHs), 128.6
(C?, CH), 130.2 (C, C), 132.4 (C), 145.7 (C), 211.3 (CO)2°Si{ H}
NMR (CeDg): 6 = —5.4 (Si(CH),), —98.4 (SiCH). IR (toluene):
v(C0O) 1969, 1915 crrt. Anal. Calcd for GsHa7FeHfNsO,Sis: C, 47.32;
H, 5.33; N, 4.73. Found: C, 47.51; H, 5.38; N, 4.82.

(d) [MeSi{ SiMe;N(p-tol)} sHf —Ru(CO).Cp] (8). Yield: 570 mg
(61%). '"H NMR (CgDg): 6 = 0.22 (s, 3H, SiCH), 0.49 (s, 18H,
Si(CHa)2), 2.16 (s, 9H, ElsCsHa), 3.98 (s, 5H, GHs), 7.17 (d, 6 H,
33y = 7.8 Hz, H, H9), 7.33 (d, 6H, H, H5). 3C{*H} NMR (CeD):
0 = —15.3 (SiCH), 1.9 (Si(CH),), 20.7 CH3CsH.), 85.9 (GHs), 117.3
(C?, C9), 130.8 (G, C%), 132. 9 (C), 143.2 (C), 202.8 (CO)2°Si{ H}
NMR (CsDg): 6 = —4.7 (Si(CH)2), —100.1 (SiCH). IR (toluene):
»(CO) 1987, 1933 crt. Anal. Calcd for GsHsHfN3O,RuUSi: C, 45.02;
H, 5.07; N, 4.50. Found: C, 45.13; H, 5.19; N, 4.61.

(3) General Procedure for the Synthesis of Me$BiMeN(2-
FCeH4)}sTi—M'(CO).Cp (M’ = Fe, Ru).To a mixture of solid [MeSi-
{SiMe:N(2-FCsH4)} sTiBr] (2a, 505 mg= 0.75 mmol) and 0.76 mmol
of solid K[M'Cp(CO}] was slowly added 20 mL of toluene, which
was precooled at-60 °C. The reaction mixture was stirred, warmed
to ambient temperature over a period of 10 h, and stirred 4C3fr

Gade et al.

(4) General Procedure for the Synthesis of the Heterodinuclear

Complexes [MeSfSiMe;N(2-FCsH4)}sM —M'(CO).Cp] (M = Zr,

Hf; M ' = Fe, Ru). To a mixture of solid [MeSiSiMe;N(2-FGsHy)} -

MCI] (2.00 mmol) and 1.02 mmol of solid K[MCp(CO}] was slowly
added 30 mL of toluene, which was precooled-&80 °C. The reaction
mixture was stirred, warmed to ambient temperature over a period of
10 h, and stirred at 3TC for another 24 h. The solvent was subsequently
removed in vacuo, the residue was extracted with 40 mL of pentane,
and the extract was filtered. The filtrate was concentrated to ca. 5 mL
and stored at-30 °C. Compoundsl1—14 were obtained as yellow
crystalline solids.

(a) [MeSi{ SiMe;N(2-FCsH4)} 3Zr —Fe(CO)Cp] (11). Yield: 382
mg (47%). Mp: 99°C dec.H NMR (CsDg): 6 = 0.14 (s, 3H, SiCh),
0.44 (s, 18H, Si(CH)), 3.52 (s, 5H, GHs), 6.71-7.57 (m, 12 H,
aromatic protons)*C{*H} NMR (CgD¢): 6 = —15.8 (SiCH), 1.5
(Si(CHg),), 83.5 (GHs), 116.2 (d,3Jc = 21 Hz, CG), 121.7 (m, ©),
124.4 (m, @), 130.5 (G), 137.5 (d,2Jrc = 15 Hz, @), 158.3 (d,YJrc
= 241 Hz, C), 212.3 (CO)."*F{*H} NMR (CsD¢): 6 = —119.1.
29Si{*H} NMR (CgDg): 0 = —4.9 (Si(CH)z), —99.7 (SiCH). IR
(toluene): »(CO) 1968, 1914 cmi. Anal. Calcd for GoHagFsFeNsO,-
SipZr: C, 47.27; H, 4.71; N, 5.17. Found: C, 47.35; H, 4.79; N, 5.32.

(b) MeSK SiMezN(2-FCgH )} sZr —Ru(CO).LCp (12). Yield: 378 mg
(44%). Mp: 101°C dec.’H NMR (CeDg): ¢ = 0.12 (s, 3H, SiCH),
0.46 (s, 18H, Si(Ch),), 4.06 (s, 5H, GHs), 6.72-7.54 (m, 12H,
aromatic protons)*C{*H} NMR (CsDg): 6 = —15.7 (SiCH), 1.4
(Si(CHa)2), 86.0 (GHs), 116.2 (d3Jrc = 22.0 Hz, G), 124.0 (m, @),
125.3 (m, ©), 130.1 (®), 136.7 (d,3Jrc = 15.0 Hz, C), 158.0 (d,'Jrc
= 225.0 Hz, €), 201.9 (CO).**F{H} NMR (C¢Ds, 295 K): 0 =
—119.2.2°Si{*H} NMR (CgDg): 6 = —4.5 (Si(CHy),), —99.2 (SiCH).

IR (toluene): »(CO) 1974, 1929 cm. Anal. Calcd for GoHzaF3N3O»-
RuSikZr: C, 44.78; H, 4.46; N, 4.90. Found: C, 44.83; H 4.59; N,
4.82.

(c) MeSK SiMe;N(2-FCgH )} sHf —Fe(CO)Cp (13). Yield: 441 mg
(49%). *H NMR (Cg¢D¢): 0 = 0.17 (s, 3H, SiCh), 0.47 (s, 18 H,
Si(CHg)2), 3.48 (s, 5H, GHs), 6.54-7.55 (m, 12H, aromatic protons).
13C{*H} NMR (CgDg): 6 = —14.8 (SiCH), 2.6 (Si(CH)2), 83.0 (GHs),
113.9 (m, G), 123.5 (m, @), 124.4 (©), 125.6 (©), 139.6 (C), 159.3
(d, Wrc = 237 Hz, C), 212.4 (CO)**F{*H} NMR (C¢Dg): 6 = —118.9.
295j{1H} NMR (CeDg): 0 = —7.3 (Si(CHy)2), —100.2 (SIiCH). IR
(toluene): »(CO) 1971, 1917 cnrt. Anal. Calcd for GoHagFsFeHfNsO,-

Sig: C, 42.69; H, 4.25; N, 4.67. Found: C, 42.78; H, 4.39; N, 4.74.

(d) [MeSi{ SiMe;N(2-FCsH )} sHf —Ru(CO).Cp] (14). Yield: 435
mg (46%).*H NMR (C¢Dg): ¢ = 0.12 (s, 3H, SiCh), 0.45 (s, 18H,
Si(CHg)y), 4.06 (s, 5H, @Hs), 6.68-7.55 (m, 12H, aromatic protons).

another 24 h. The solvent was subsequently removed in vacuo, the®C{*H} NMR (CsD¢): 6 = —15.6 (SiCH), 1.4 (Si(CH).), 86.1 (GHs),

residue was extracted with 20 mL of pentane, and the extract was
filtered. The filtrate was concentrated to ca. 5 mL and stored 3
°C. Compound® and 10 were obtained as yellow crystalline solids.
(a) [MeSK SiMe;N(2-FCsH4)} sTi —Fe(COXCp] (9). Yield: 260 mg
(45%). Mp: 96°C dec.'H NMR (CsDg): 6 = 0.02 (s, 3H, SiCH),
0.27, 0.29, 0.33, 0.35, 0.39, 0.43, 0.46, 0.47, 0.58, 0.60 (s, 18H,
Si(CHg)2), 3.45, 3.63 (s, 5H, &), 6.78-8.02 (m, 12H, aromatic
protons).*C{'H} NMR (CsD¢): 6 = —14.5,—14.4 (SiCH), 1.0, 1.3,
1.7,2.0,2.2, 2.6, 3.0, 3.1 (Si(GH), 84.9, 85.1 (EHs), 115.5 (m, G),
124.5 (m, G9), 130.4 (m, G), 141.0 (m, @), 157.2 (d,*Jrc = 241 Hz,
C?), 201.8 (CO)?°S{H} NMR (CsDg): ¢ = 0.3, 1.7 (Si(CH),), —88.7,
—89.6 (SiCH). IR (toluene): »(CO) 1980, 1932 cmt. Anal. Calcd
for CsHagFsFeNsOLSigTi: C, 49.93; H, 4.98; N, 5.46. Found: C, 49.25;
H, 5.27; N, 4.90.
(b) [MeSi{ SiMe,N(2-FCsH.)} sTi—Ru(C0),Cp] (10). Yield: 318
mg (52%). Mp: 76°C dec.*H NMR (CgDg): 6 = 0.08 (s, 3H, SiCh),
0.33, 0.35, 0.38, 0.41, 0.47, 0.49, 0.57, 0.59, 0.60, 0.74, 0.81 (s, 18H,
Si(CHs)2), 4.07, 4.24 (s, 5H, €Hs), 6.75-8.00 (m, 12 H, aromatic
protons).*C{*H} NMR (CsD¢): 6 = —14.3,—14.0 (SiCH), 0.6, 1.3,
1.7,2.4,2.8, 3.5, 3.7 (Si(Ght), 86.9, 87.0 (GHs), 116.3 (m, ©), 124.3
(m, C*9), 129.8 (©), 139.3 (m, @), 156.5 (d,"Jec = 242 Hz, C),
201.8 (CO).2%F{*H} NMR (CeDs, 295 K): 6 = —116.7,—117.1.
2Si{ *H} NMR (CeDg): 6 = 0.3, 2.9 (Si(CH),), —85.6,—89.1 (SiCH).
IR (toluene): »(CO) 1997, 1940 cmi. Anal. Calcd for GoHsgFs-
RuNsO,SisTi: C, 47.16; H, 4.70; N, 5.16. Found: C, 47.10; H, 4.64;
N, 4.93.

116.2 (d,3Jkc = 22 Hz, ©), 124.1 (d,*Jec = 7 Hz, C¥), 124.9 (C),
130.2 (@), 136.7 (d 2Jrc = 14 Hz, @), 158.1 (d WJrc = 240 Hz, C),
202.0 (CO).**F{*H} NMR (CgDg): 6 = —119.2.2°Si{*H} NMR
(CsDg): 0 = —4.3 (Si(CH),), —100.3 (SiCH). IR (toluene): »(CO)
1979 s, 1934 cmrt. Anal. Calcd for GoHsgFsHfN3O-RuSk: C, 40.65;
H, 4.05; N, 4.44. Found: C, 40.89; H, 4.23; N, 4.52.

(5) General Procedure for the Preparation of [MeSf SiMe;NR} 5Ti-
{n?-C(=NR')M'Cp(CO)3}] (R = p-tol, 2-CsH4; R' = Me, p-tol; M’
= Fe, Ru).To a solution of 0.5 mmol of the heterodinuclear complex
[MeSK SiMe;:NR} 3Ti—M'Cp(CO}}] in 10 mL of toluene was added
at room temperature an equimolar amount of the isonitrile. A change
of color in the solution from yellow to orange immediately indicated
the conversion of the starting material. All insertion products were
isolated by removal of the solvent in vacuo and washing of the yellow
solid residue with 1 mL of ice-cold pentane. Crystald @awere grown
by recrystallization from pentane at30 °C.

(@) [MeSK SiMe;N(p-tol)}sTi{n%-C(=NMe)FeCp(CO)}] (15a).

Yield: 380 mg (95%).*H NMR (CsD¢): 0 = 0.39 (s, 3H, SiCHh),
0.57 (s, 18 H, Si(Ch)2), 2.19 (s, 9H, Ei3CeHa), 2.92 (s, 3H, NCh),
4.16 (s, 5H, GHs), 6.72 (d, 6 H2Jun = 8.2 Hz, H, HS), 6.96 (d, 6H,
H3, H%). 13C{*H} NMR (CsDg): 6 = —15.5 (SiCH), 2.5 (Si(CH),),
20.9 (CHsCsHa), 41.8 (CHN), 88.4 (GHs), 124.7 (G, C5), 129.5 (C),
129.8 (G, C%), 153.8 (C), 213.4 (CO), 277.3 (TNCHj). 2°Si{ H}
NMR (CeDe): 6 = —6.2 (Si(CH)2), —98.5 (SiCH). IR (toluene):
»(CO) 2012, 1963 cmt. Anal. Calcd for G/HsgFeNiO,SisTi: C, 55.62;
H, 6.32; N, 7.01. Found: C, 55.71; H, 6.39; N, 7.08.
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(b) [MeSi{ SiMeN(p-tol)} sTi{ #2-C(=N{ p-tol} )JFeCp(CO)}] (15b).
Yield: 416 mg (95%).H NMR (CeDe): 6 = 0.39 (s, 3H, SiCh),
0.58 (s, 18 H, Si(Ch)), 2.10 (s, 3H EsCsHNC), 2.16 (s, 3H,
CH3CsHa), 4.12 (s, 5 H, GHs), 6.58 (d, 6H,30 = 8.2 Hz, HS,
ToINC), 6.81 (d, 6 H, RS, ToINC), 6.82 (d, 6 H3Jy = 8.2 Hz, HS,
Tol), 6.90 (d, 6 H, B9). 3C{1H} NMR (CsDe): 6 = —15.1 (SiCH),
2.5 (Si(CH)2), 20.8, 21.0 CH3CsH.), 87.8 (GHs), 122.2 (G5, ToINC),
125.0 (G, Tol), 128.9 (G5, Tol), 129.2 (G5, Tol), 129.9 (G, Tol),
130.1 (G, ToINC), 149.6 (€, ToINC), 153.8 (C, Tol), 213.1 (CO),
287.3 (TC=NCH:). 2°Si{'H} NMR (Ce¢De): 6 = —4.8 (Si(CH)2),
—96.1 (SiCH). IR (toluene): »(CO) 2015, 1977 cmi. Anal. Calcd

for CasHsaFeNiO,SIisTi: C, 59.03; H, 6.22; N, 6.40. Found: C, 58.79;

H, 6.03; N, 6.31.

(c) [MeSK SiMeN(2-FCeH )} sTi{57-C(=NMe)FeCp(CO)}] (16a).
Yield: 276 mg (68%).H NMR (Ce¢Ds): 6 = 0.37 (s, 3H, SiCh),
0.59 (s, 18H, Si(Ch),), 2.91 (s, 3H, NCH), 4.15 (s, 5H, @Hs), 6.63—
7.01 (m, 12H, aromatic protonsfC{*H} NMR (Cg¢Ds): 6 = —15.5
(SiCHs), 1.9 (Si(CH)2), 41.3 (CHN), 88.1 (GHs), 115.5 (d,2Jc =
21.6 Hz, G5, FGH,), 121.7 (d,%Jrc = 7.0 Hz, C6, FGHa), 124.2
(C%, 124.6 (C), 143.7 (d,2Jrc = 14.1 Hz, G, FGH,), 153.8 (d,XJrc
= 239.5 Hz, @), 213.0 (CO), 274.7 (BGNCHs). 2°Si{H} NMR
(CeDg): 6 = —3.9 (Si(CHy)2), —96.9 (SICH). IR (toluene): »(CO)
2020, 1969 cm®. Anal. Calcd for GsHa1FsFeNO.SisTi: C, 50.37; H,
5.10; N, 6.91. Found: C, 49.71; H, 5.39; N, 7.08.

(d) [MeSi{ SiMe;N(2-FCgH )} sTi{n?-C(=N{p-tol} )FeCp(CO)}]
(16h). Yield: 333 mg (75%).H NMR (CeDg): 6 = 0.36 (s, 3H,
SiCHs), 0.60 (s, 18H, Si(CH)), 2.06 (s, 3H, ElsCeH4NC), 4.17 (s,
5H, GsHs), 6.58-6.85 (m, aromatic protons}3C{*H} NMR (C¢Ds):
0= —15.1 (SiCH), 2.1 (Si(CH)2), 21.1 CH3CsHa), 88.1 (GHs), 115.5
(d, ZJFCZ 21.6 Hz, G'S, FCﬁH4), 121.9 (d,ZJFc =6.5 Hz, G'G, FC6H4),
122.3 (G5, ToINC), 124.0 (@, FCsHa), 124.7 (G, FGsHz) 129.1 (G5,
ToINC), 134.9 (@, ToINC), 143.7 (G, FGH.), 148.5 (G, ToINC),
156.5 (G, FGsHy), 212.8 (CO), 284.6 (B=NCHs). 2°Si{*H} NMR
(CsDe): 0 = —2.8 (Si(CHy)2), —95.7 (SICH). IR (toluene): »(CO)
2009, 1970 cmt. Anal. Calcd for GoHaeFsFeN,O,SisTi: C, 54.11; H,
5.22; N, 6.31. Found: C, 53.71; H, 5.07; N, 6.89.

(e) [MeSK SiMe:N(p-tol)}sTi{n>C(=NMe)RuCp(CO);}] (17a).
Yield: 342 mg (96%).H NMR (CsDg): 6 = 0.36 (s, 3H, SiCH),
0.59 (s, 18 H, Si(CH),), 2.19 (s, 9H, E1sCeHa), 2.91 (s, 3H, NCH),
4.70 (s, 5H, GHs), 6.72 (d, 6H 23 = 8.0 Hz, H, H®), 7.00 (d, 6H,
H3, HP). 13C{'H} NMR (CsDg): 0 = —15.9 (SiCH), 2.4 (Si(CH)2),
20.8 (CH3CsHa), 42.6 (CHN), 91.2 (GHs), 124.4 (C, C5), 129.0 (C),
129.9 (G, C%), 150.8 (C), 203.3 (CO), 267.3 (TTNCHs). 2°Si{ H}
NMR (CeDg): 6 = —6.5 (Si(CH)z), —98.9 (SiCH). IR (toluene):
»(CO) 2018, 1971 cimt. Anal. Calcd for GiHsoN4ORUSiTi: C, 52.76;
H, 5.98; N, 6.65. Found: C, 52.64; H, 5.91; N, 6.82.

(f) [MeSi{ SiMeN(p-tol)} sTi{ 7*-C(=N{ p-tol})RuCp(CO)2}] (17b).
Yield: 405 mg (88%).1H NMR (CsDg): 6 = 0.40 (s, 3H, SiCH),
0.58 (s, 18H, Si(CH)), 2.11 (s, 3H, EsCeHsNC), 2.16 (s, 9H,
CH3CeHa), 4.68 (s, 5H, GHs), 6.60 (d, 2H3Jy = 8.4 Hz, H6, ToINC),
6.80 (d, 2H, K5, ToINC), 6.82 (d, 6H3Juy = 8.2 Hz, H6, Tol), 6.89
(d, 6H, HS, Tol). 13C{*H} NMR (Cg¢Dg): 6 = —15.1 (SiCH), 2.5
(Si(CHs)2), 20.8, 21.0 CHsCsHa), 90.8 (GHs), 122.3 (G6, ToINC),
125.0 (G5, Tol), 128.9 (G5, Tol), 129.2 (G5, Tol), 129.8 (G, Tol),
134.5 (G, ToINC), 150.3 (G, ToINC), 153.0 (G, Tol), 198.3 (CO),
276.0 (TC=NCHj). 2°Si{'H} NMR (Ce¢De): 6 = —5.0 (Si(CH)2),
—96.4 (SiCH). IR (toluene): »(CO) 2025, 1980 cmt. Anal. Calcd

for C43Hs4RUN,OLSisTi: C, 56.12; H, 5.91; N, 6.09. Found: C, 55.89;

H, 5.75; N, 5.89.

(g) [MeSK SiMezN(2-FCgH4)} sTi{ ?-C(=NMe)RuCp(CO);}] (18a).
Yield: 291 mg (68%).*H NMR (CgDg): ¢ = 0.38 (s, 3H, SiCh),
0.59 (s, 18H, Si(Ch)»), 2.90 (s, 3H, NCH), 4.68 (s, 5H, @Hs), 6.61—
7.00 (m, 12H, aromatic protons¥C{*H} NMR (C¢D¢): 6 = —15.6
(SIiCHs), 1.8 (Si(CH)2), 42.2 (CHN), 90.9 (GHs), 115.5 (d,2Jrc =
21.9 Hz, G5 FCHy), 121.6 (d,2Jec = 6.9 Hz, CS, FGH,), 124.6
(C%, 124.6 (C), 143.9 (d,2Jec = 14.1 Hz, G, FGHa), 156.4 (d,"Jec
= 239.4 Hz, C), 198.2 (CO), 265.2 (TNCHs). 2°Si{*H} NMR
(CeDg): 6 = —4.2 Si(CHy),), —97.2 (SIiCH). IR (toluene): »(CO) 2030,
1970 cntl. Anal. Calcd for GsH4:FaN4sO,RuSiTi: C, 47.71; H, 4.83;
N, 6.55. Found: C, 46.89; H, 5.05; N, 6.39.
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(h) [MeSi{ SiMeaN(2-FCsH )} sTi{ ?-C(=N{p-tol} )RuCp(CO)2}]
(18b). Yield: 350 mg (75%).'H NMR (CsDe): 6 = 0.36 (s, 3H,
SiCH), 0.60 (s, 18H, Si(Ch)2), 2.07 (s, 3H, Ei3CsHsNC), 4.71 (s,
5H, GsHs), 6.58-6.86 (m, aromatic protons}>C{*H} NMR (C¢D):

0 = —15.3 (SiCH), 2.0 (Si(CH)2), 21.0 CH3CgHa), 90.8 (GHs), 115.4
(d, 2Jec = 21.6 Hz, G5 FCsHa), 121.8 (d2Jec = 6.5 Hz, G5 FCeHJ),
122.2 (&€ ToINC), 123.9 (@, FCH,), 124.0 (G, FCsHa), 129.0 (G5,
ToINC), 134.9 (@, ToINC), 143.4 (G, FGHy), 149.3 (G, ToINC),
156.4 (d,\Jrc = 239.3 Hz, G, FGH4), 208.0 (CO), 274.3 (B=NCHj).
295 1H} NMR (CgDe): 6 = —3.1 (Si(CH)2), —96.0 (SiCH). IR
(toluene): »(CO) = 2025, 1975 cm'. Anal. Calcd for GsH41FsN4O,-
RuSiTi: C, 47.71; H, 4.83; N, 6.55. Found: C, 46.89; H, 5.05; N,
6.39.

(6) General Procedure for the Preparation of [MeS{ SiMe,N(p-
tol)} sM{52-C(=NMe)M'Cp(CO)3}] (M = Zr, Hf; M ' = Fe, Ru).

The synthesis of compound®—22 was carried out under the same
conditions as described for the-TM complexes using 0.2 mmol of
the heterodinuclear complex. In all cases, analytically pure products
were obtained by removal of the solvent in vacuo and washing of the
light yellow solid residue with £2 mL of ice-cold pentane.

(@) [MeSi SiMe;N(p-tol)}sZr {n>-C(=NMe)FeCp(CO)}] (19).
Yield: 163 mg (97%).H NMR (CsDs): 6 = 0.36 (s, 3H, SiCh),

0.55 (s, 18H, Si(Ch)2), 2.18 (s, 9H, El3CeHa), 2.92 (s, 3H, NCh),

4.16 (s, 5H, @Hs), 6.75 (d, 6H,%J4y = 8.1 Hz, H9), 6.96 (d, 6H,
H39). 13C{*H} NMR (C¢Dg): 6 = —16.7 (SiCH), 2.4 (Si(CH),), 20.8
(CH3CsHa), 43.4 (CHN), 88.8 (GHs), 124.9 (C9), 129.8 (C), 129.9
(C®9), 151.4 (C), 214.4 (CO), 289.3 (ZNCH;z). 2°Si{*H} NMR
(CeDg): 0 = —11.2 (Si(CH)), —106.2 (SiCH). IR (toluene): 3011

w, 2952 m, 2887 w, 2156 m, 2010 s, 1966 s, 1605 m, 1511 s, 1496 s,
1443 w, 1362 w, 1283 m, 1248 m, 1237 s, 1224 s, 935 m, 904 m, 892
m, 843 s, 814 m, 783 m, 703 w ct Anal. Calcd for GHsoFeN:O,-
SisZr: C,52.76; H, 5.98; N, 6.65. Found: C, 52.64; H, 5.91; N, 6.82.

(b) [MeSi{SiMe:N(p-tol)}sZr {#2-C(=NMe)RuCp(CO)2}] (20).

Yield: 150 mg (95%).H NMR (CsD¢): 0 = 0.36 (s, 3H, SiCh),

0.55 (s, 18 H, Si(Ch)>), 2.18 (s, 9H, Ei;CeHa), 2.87 (s, 3H, NCH),

4.70 (s, 5H, GHs), 6.73 (d, 6H,%J4y = 8.2 Hz, H9), 6.95 (d, 6H,
H29). 13C{1H} NMR (CeDe): 0 = —16.8 (SiCH), 2.4 (Si(CH)), 20.7
(CH3CgHa), 44.5 (CHN), 91.8 (GHs), 124.9 (C9), 129.6 (C), 129.7
(C®9, 151.4 (@), 199.5 (CO), 278.4 (ZNCHs). 2°Si{*H} NMR
(CeDe): 0 = —11.4 (Si(CH)2), —97.4 (SIiCH). IR (toluene): 3021 w,
2962 w, 2928 w, 2042 s, 1975 s, 1609 m, 1514 m, 1502 s, 1289 m,
1253 s, 1242 s, 1231 5,939 m, 912 s, 854 s, 789 m, 743 m, 709 w,
687 w cnt. Anal. Calcd for G/HsoN4O-RuSikZr: C, 50.08; H, 5.68;

N, 6.31. Found: C, 50.31; H, 5.74; N, 6.46.

(c) [MeSi{SiMezN(p-tol)} sHf{n>-C(=NMe)FeCp(CO)}] (21).

Yield: 162 mg (94%).H NMR (C¢Dg): 6 = 0.38 (s, 3H, SiCh),

0.55 (s, 18H, Si(Ch)y), 2.20 (s, 9H, Ei3CeHa), 2.95 (s, 3H, NCh),

4.14 (s, 5H, GHs), 6.78 (d, 6H,%J4y = 8.1 Hz, H), 6.97 (d, 6H,
H39). 3C{*H} NMR (C¢Dg): 0 = —17.1 (SiCH), 2.4 (Si(CH).), 20.7
(CH3CgHa), 44.0 (CHN), 88.8 (GHs), 125.5 (C9), 129.8 (), 130.0

(C%, 150.8 (CG), 214.3 (CO), 303.8 (LNCHg). °Si{*H} NMR
(CeDe): 0 = —8.9 (Si(CHy)2), —109.1 (SiCH). IR (toluene): 3011w,
2951 m, 2890 w, 2858 w, 2004 s, 1961 s, 1603 m, 1508 s, 1497 s,
1364 w, 1279 m, 1238 s, 1219 s, 1116 m, 934 m, 883 m, 852 s, 781
s, 706 m, 648 w cm. Anal. Calcd for G;HsoFeHfN4O,Sis: C, 47.81;

H, 5.42; N, 6.03. Found: C, 48.12; H, 5.53; N, 6.16.

(d) [MeSi{SiMe N(p-tol)} sHf{ #2-C(=NMe)RuCp(CO)2}] (22).
Yield: 190 mg (97%).*H NMR (C¢Dg): 6 = 0.35 (s, 3H, SiCh),

0.55 (s, 18H, Si(Ch)y), 2.19 (s, 9H, Ei5CeHa), 2.90 (s, 3H, NCh),
4.68 (s, 5H, GHs), 6.78 (d, 6 H2Juy = 10.0 Hz, H©), 6.96 (d, 6H,
H39). 13C{1H} NMR (CsDe): 0 = —17.2 (SiCH), 2.3 (Si(CH)2), 20.7
(CH3CgHa), 45.2 (CHN), 91.9 (GHs), 125.5 (C9), 129.6 (C), 130.0
(C39), 150.8 (CG), 199.6 (CO), 292.4 (HENCHy). IR (toluene): »(CO)
= 2019, 1971 cm®. Anal. Calcd for G/HsoRUHfN4O,Sis: C, 45.59;
H, 5.17; N, 5.75. Found: C, 45.28; H, 5.02; N, 5.99.

(7) General Procedure for the Reaction of 6 with SulfoxidesTo
a solution of [MeSi(SiMeNTol)sZr—RuCp(CO)] (6) (400 mg= 0.47
mmol) in 10 mL of toluene was added 0.47 mmol of sulfoxide-40
°C, and the reaction mixture was then warmed to ambient temperature.
Removal of the solvent in vacuo at°C and washing of the residue
with cold pentane yielded compoun@8a—d as yellow powders in
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nearly quantitative yield. Addition of a second equivalent of sulfoxide (CHsSi), 2.6, 3.1 (Si(CH),), 21.1 (GH4CHj3), 25.9, 52.6 (OS(¢Hs)),

to 23a—c led to the immediate and quantitative conversior24a—c

(*H NMR). After reduction of the solvent volume to ca. 5 mL and

addition of 5 mL of pentane, the solution was stored-86 °C. The
yellow solid product crystallized over a period of several days.
(a) [MeSK SiMe;N(p-tol)} sZr( u-O,C)Ru(CO){ SMey} Cp] (23a).
Yield: 143 mg (33%).*H NMR (CgDg): 6 = 0.33 (s, 3H, CHSi),
0.52-0.54 (s, 18H, Si(CH),), 1.54 (s, br, 6H, S(Ck),), 2.18 (s, 9H,
CsH4CH3), 4.31 (s, 5H, GHs), 6.97-7.01-7.03-7.08 (dd, 12H, Tol)
BC{H} NMR (CgsDg): 6 = —15.9 (CHSI), 2.3, 2.5 (Si(CH)2), 20.9
(CeH4CHs3), 27.8 (S(CH),), 87.0 (GHs), 126.6 (G5, Tol), 129.7 (G5,
Tol), 130.5 (G, Tol), 148.4 (G, Tol), 204.1 (CO), 235.4 (CH. IR
(benzene):»(CO) 1957 cm*. Anal. Calcd for G/Hs3N3OsRUSSIZr:
C, 48.07; H, 5.78; N, 4.54. Found: C, 48.23; H, 5.29; N, 4.51.
(b) [MeSi{ SiMe;N(p-tol)} sZr( u-O,C)Ru(CO)Y S(Me)Ph; Cp] (23b).
Yield: 180 mg (39%).*H NMR (Cg¢Dg): 6 = 0.35 (s, 3H, CHSi),
0.56-0.59 (s, 18H, Si(Ch),), 2.08 (s, 3H, S(CHPh), 2.15 (s, 9H,
CsH4CHs), 4.27 (s, 5H, GHs), 6.8-7.2 (m, 17H, Tol and S(CPh).
BC{H} NMR (CgsDg): 6 = —15.5 (CHSI), 2.5, 2.7 (Si(CH)»), 27.5
(CeH4CHs), 30.3 (SCH3)Ph), 87.2 (GHs), 126.9 (G€, Tol), 129.5 (G5,
Tol), 130.4 (C, Tol), 149.5 (C, Tol), 129.8, 129.1, 124.6 @S,
S(CHy)Ph), 141.1 (&, S(CH)Ph), 204.8 (CO), 232.0 (G IR
(benzene):»(CO) 1947 cm?. Anal. Calcd for GoHssNsOsRuUSSIZr:
C, 51.13; H, 5.62; N, 4.26. Found: C, 51.02; H, 5.37; N, 4.55.
(c) [MeSi{ SiMe;N(p-tol)} sZr( #-O,C)Ru(CO){ S(CH,)4} Cp] (23c).
Yield: 125 mg (28%).*H NMR (C¢De): 6 = 0.32 (s, 3H, CHSI),
0.53, 0.54 (s, 18H, Si(Ch), 1.40 and 2.062.20 (m, br, 8H, S(¢Hs)),
2.19 (s, 9H, GH4CHz), 4.39 (s, 5H, @Hs), 6.90-7.15 (m, 12H, Tol).
13C{1H} NMR (CeDe): 0 = —15.9 (CHSI), 1.8, 2.4 (Si(CH),), 21.0
(CeH4CHg), 30.0, 43.1 (S(GHs)), 86.9 (GHs), 126.5 (G5, Tol), 129.6
(C®5, Tol), 130.4 (C, Tol), 148.5 (G, Tol), 204.3 (CO), 231.3 (CE).
IR (benzene):»(CO) 1940 cm?. Anal. Calcd for GoHssN3OsRUSSi-

Zr: C, 49.28; H, 5.83; N, 4.42. Found: C, 48.77; H, 5.63; N, 4.39.

(d) [MeSi{ SiMeN(p-tol) } sZr( #-OC)Ru(CO){ S(CH.Ph),} Cp] (23d).
Yield: 105 mg (21%).*H NMR (CeDe): 6 = 0.35 (s, 3H, Ei3Si),
0.56, 0.58 (s, 18H, Si(8s),), 1.97 (s, 9H, @H4CH3), 3.5 (s, 4H,
S(CH,CeHs),), 4.09 (s, 5H, @Hs), 6.99-7.21 (m, 22H, GH4CHz and
S(CHCeHs)2). 3C{*H} NMR (CeDs): 6 = —15.9 (CH3Si), 2.3, 2.6
(Si(CHg),), 20.8 (GH4CH3), 44.3 [SCH,CeHs)], 86.5 (GHs), 126.4
(C?C.f CeH4CHg), 130.1 (C, C° CeH4CHg), 130.9 (C} CgH4CHg), 148.3
(C%, CsH4CHs), 130.8, 129.4, 128.6 (S(CGHsHs)2), 204.6 CO), 236.8
(COy). IR (benzene)»(CO): 1960 cm*. Anal. Calcd for GeHgiN3O3z-

RuSSiZr: C, 54.66; H, 5.71; N, 3.90. Found: C, 54.26; H, 5.53; N,

4.39.

(e) [MeSK SiMe;N(p-tol)} 3(MezS0)Zr(u-O-,C)Ru(CO){ SMe} Cp]
(24a).Yield: 348 mg (74%)*H NMR (Cg¢Dg): 6 = 0.38 (s, 3H, CHSi),
0.56, 0.65 (s, 18H, Si(Chh), 1.66 (s, 6H, OS(CH).), 1.72 (s, br, 6H,
S(CH)2), 2.24 (s, 9H, GH4CHs), 4.48 (s, 5H, GHs), 7.00-7.17 (m,
12H, Tol). 3C{1H} NMR (C¢Ds): 6 = —14.5 (CHSI), 2.6, 3.2 (Si-
(CHa)2), 21.1 (GH4CH3), 26.0 (S(CH)2), 39.5 (OS(CH)2), 86.8 (GH),
127.8 (C*, Tol), 128.9 (G5 Tol), 128.9 (C, Tol), 152.3 (C, Tol),
207.4 (CO), 225.1 (CY. IR (benzene)»(CO) 1924 cm™. Anal. Calcd

for CagHsoN3O4RUSSILZr: C, 46.72; H, 5.93; N, 4.19. Found: C, 45.96;

H, 5.74; N, 4.07.

() [MeSi{ SiMeN(p-tol)} 5{ Me(Ph)SC} Zr( #-O,C)Ru(CO){ S(Ph)-
Me} Cp] (24b). Yield: 217 mg (41%)*H NMR (CeDe): 6 = 0.39 (s,
3H, CH:Si), 0.60, 0.64 (s, 18H, Si(CHt), 1.98 (s, br, 3H, OS(Ch)-
Ph)), 2.17 (s, 9H, @44CHs), 2.43 (s, 3H, S(E15)Ph), 4.37 (s, 5H, Gs),
6.8—7.4 (m, 17H, Tol and S(CgPh). 13C{'H} NMR (Cg¢Ds¢): 6 =
—14.5 (CHSI), 2.8, 2.9 (Si(CH)2), 21.1 (OSCH3)Ph)), 27.8 (GH4CHs),
42.8 (SCH3)Ph), 87.5 (GHs), 127.8 (G5 Tol), 128.9 (G5, Tol), 129.1

(C% Tol), 151.8 (G, Tol), 124.1, 128.2, 129.0, 129.2, 129.8, 130.8

(C?~% and G, OS(CH)Phand S(CH)Ph), 142.1 (G, S(CH;)Ph),
145.5 (', OS(CH)Ph), 206.9 (CO), 225.6 (G IR (benzene)»(CO)
1937 cn1. Anal. Calcd for GoHesN3OsRUSSIWZr: C, 52.23; H, 5.64;
N, 3.73. Found: C, 52.14; H, 5.23; N, 4.09.

(9)  [MeSK SiMe:N(p-tol)}s){ (CH2)4SO} Zr( #-O-C)Ru(CO)-
{S(CH,)4} Cp] (24c). Yield: 173 mg (35%).*H NMR (C¢Dg): 6 =
0.36 (s, 3H, CHSi), 0.56-0.61 (s, 18H, Si(Ch).), 1.40, 2.20 (m, br,
16H, S(GHg) and OS(GHg)), 2.26 (s, 9H, @H4CH3), 4.62 (s, 5H,
CsHs), 7.01-7.15 (m, 12H, Tol)*3C{*H} NMR (CsD¢): 6 = —14.7

30.0 (S(GHg)), 87.4 (GHs), 127.7 (C*, Tol), 128.71 (@S, Tol), 152.2
(C, Tol), 207.2 (CO), 225.0 (C£. IR (benzene):»(CO) 1932 cm™.
Anal. Calcd for GsHeaNsOsRUSSIZr: C, 48.97; H, 6.02; N, 3.98.
Found: C, 48.43; H, 5.88; N, 4.27.

(8) X-ray Crystallographic Study of 3, 4, 5, 9, 17a, and 24a. (a)
Data Collection for 3, 4, 5, 9, 17a, and 24&Crystals of3, 4, 5, 9,
17a and24awere mounted on a quartz fiber in Lindemann capillaries
under argon and in an inert oil. X-ray intensity data were collected
with graphite-monochromated radiation, on a Siemens P4 four-circle
diffractometer for4, 9, 17a and24aand on a Philips PW1100 four-
circle diffractometer for3 and 5. Details of data collection and
refinement and crystal data are listed in Table 1. Loreptarization
and absorption corrections were applied to the data of all of the
compounds.

(b) Structure Solution and Refinement for 3, 4, 5, 9, 17a, and
24a. For the isomorphous crystals 8f-5, the positions of the metal
atoms were deduced from Patterson syntheses, a®d 1@, and24a,
the positions of most of the non-hydrogen atoms were located by direct
methods®®3¢ The remaining non-hydrogen atoms were revealed from
subsequent difference Fourier syntheses. The crystadsdiffracted
poorly at high angles, and data in the limitédrange of 2.14-18°
were used in structure solution and refinement. The weak diffraction
may be related to the random distribution, throughout the crystal, of
the two conformers (Figure 3) detected in the NMR spectrurd.of
The presence of two conformers, which are virtually superimposed in
the structure analysis, is indicated by the disorder of the ortho fluorine
atoms of the two phenyl rings over the two alternative sites [F(12)/
F(16) and F(32)/F(36) 60/40% occupancy] and by relatively high
displacement parameters for some phenyl carbon atoms; the possibility
of a similar disorder for F(22) may be ruled out not only by the lack
of any significant electron density within bonding distance of C(26)
but also by the unfavorably short contact a fluorine atom at this site
would make with a carbonyl oxygen atom [estimated F26)8) 2.5
Al. In the refinement, due to shortage of data, the phenyl and
cyclopentadienyl rings were constrained to idealized geometrie€(C
1.390 and 1.420 A, respectively) and other chemically equivalent bond
lengths within the molecule were constrained to be equal within an
esd of 0.03 A. The crystals & and24agave rather broad diffraction
peaks and diffracted relatively poorly at high angles. In the case of
243 this may be attributed to the partial occupancy (50%) of a cavity
within the crystal by a toluene solvent molecule disordered across an
inversion center.

For 3 and5, refinement was based dn® and for4, 9, 17a and
243 refinement was based oR23 The hydrogen atoms of the
cyclopentadienyl rings were not included in structure factor calculations
for 5and24a, but those ir8, 9, and both molecules &7awere directly
located and were included without refinement. All other hydrogen atoms
were placed in calculated positions with displacement parameters fixed
at a value of 0.10 Ain 3 and5 and set equal to 1.2 (methylene and
phenyl) or 1.8J¢q (methyl) of the parent carbon atoms for the other
four structures. Semiempirical absorption corrections ugirgcans
were applied to the data &f 5, and17a36 and after initial refinement
with isotropic displacement parameters, empirical absorption corrections
were applied to the data @ 9, and24a3” Apart from the nitrogen
and cyclopentadienyl carbon atoms 9n(which tended to become
nonpositive definite) and the carbon atomsSofwhere there was a
shortage of data), all full-occupancy non-hydrogen atoms were assigned
anisotropic displacement parameters in the final cycles of full-matrix
least-squares refinement.

Results and Discussion

Syntheses and Crystal Structures of the Heterodinuclear
Complexes [MeSf SiMe;N(p-tol)} sM —M'(CO).Cp] (M = Ti,
Zr, Hf; M " = Fe, Ru). The reactions of the complexes [MeSi-

(35) Sheldrick, G. M. SHELX 76: Program for Crystal Structure Deter-
mination. University of Cambridge, 1976.

(36) SHELTXL PC version 5.03; Siemens Analytical Instruments Inc.:
Madison, W1, 1994.

(37) Walker, N.; Stuart, DActa Crystallogr., Sect. AL983 39, 158.
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Table 1. Crystal Data and Refinement Parameters for Compo@nds5, 9, 173 and24a

3 4 5
empirical formula GsH47F€N;;OzSi4Ti C35H47N302RUSi1Ti C35H47FeN;OzSi4Zr
fw 757.87 803.09 801.19
crystal system monoclinic monoclinic monoclinic
space group P2:/n (alt. No. 14) P2:/n (alt. No. 14) P2:/n (alt. No. 14)

a, 12.290(3) 12.424(3) 12.577(3)

b, A 19.573(3) 19.497(4) 19.539(3)

c, A 16.418(3) 16.504(4) 16.349(4)

$, deg 93.73(3) 93.63(2) 95.63(3)

vV, A3 3941.0(2) 3989.8(2) 3998.3(2)

z 4 4 4

Pecal Mg m™3 1.277 1.337 1.331

radiation ¢, A) Mo Ko (0.710 69) Mo K (0.710 73) Mo K (0.710 69)

u, mmt 0.70 0.731 0.74

final Rindice$
I > 20(l) R=0.0499R = 0.0479 R; =0.0431, iR, = 0.1042 R=0.0543R = 0.0547?
all data Ry =0.0744, vwR, = 0.1418

weights: a, b? 0.0680, 0.8323 b

max and miMp, e A3 0.394 and-0.394 1.042 and-0.934 0.521 and-0.417

9 17a 243l tol
empirical formula GzHgsFeMOZSL‘Ti C37H50N402Ru8i4Ti C40,75]‘|55,75NgO4RUS.th
fw 769.76 844.14 1020.40
crystal system monoclinic monoclinic _triclinic
space group P2;/c (No. 14) P2;/c (No. 14) P1 (No. 2)

a, 19.903(2) 10.815(2) 12.426(3)

b, A 10.572(4) 37.894(9) 14.510(3)

c, A 19.111(3) 20.798(4) 16.742(4)

a, deg 115.406(17)

p. deg 112.939(9) 100.554(14) 96.302(13)

y, deg 96.682(15)

Vv, A3 3703.5(14) 8380(3) 2665.0(10)

z 4 8 2

Peale Mg M3 1.381 1.338 1.272

radiation ¢, A) Mo Ka (0.710 73) Mo Kux (0.710 73) Mo Kux (0.710 73)

u, mm? 0.784 0.701 0.683

final Rindices
1> 20(l) Ri = 0.0974, R, = 0.1248 R = 0.0586, WR, = 0.1212 Ry = 0.0705, R, = 0.1505
all data R; = 0.2591, iR, = 0.1574 R; = 0.1230, vir, = 0.1606 R, =0.1602, vir, = 0.1758

weights: a, b? 0.0384, 0.0000 0.0548, 19.6040 0.0833, 0.0000

max and miMp, e A-3

0.323 and-0.334

0.666 and-1.206

0.656 ane-0.878

ag = [SW(F2 — FA)(n — p)]¥?2 wheren = number of reflections ang = total number of parameter& = S||Fo| — |Fcl|/3|Fol, WR, =
SIW(Fo? — FAAI S [W(FA)?)Y2, wt = [03(Fo)? + (aP)? + bP)], P = [max(Fo?, 0) + 2(FA))/3. ® For 3 and5, weights of 162(F) were applied [fo(l)
> 3], R= X(AF)/3(Fo); R = [Z(AF)T 3 w(Fo)7">

Scheme 1. Synthesis of the Heterodinuclear Complexes

3-8

Me

)'( M| X

Ti| Br[1a
Zr| Cl [1b
Hf| CI [1c

{SiMeN(p-tol)} sMX] (M/X: Ti/Br, 1a; Zr/Cl, 1b; Hf/CI, 1¢)
with K[CpM'(CQO),] afforded the metatmetal bonded com-
plexes [MeSjSiMeN(p-tol)} sM—M’'(CO)LCp] (3—8) (Scheme
1), all of which are thermally stable in the solid state and in
solution. Although monitoring the reactions Y4 NMR

of replacing Ti by Zr (Hf) is evident in the comparison 8f
and4 with 5 and6 (7 and8), the increased ionic character of
the zirconium and hafnium complex&s-8 being reflected in

a shift of they(CO) bands (recorded in toluene) from 1978,
1931 cmtin [Ti—Fe] 3 and 1991, 1937 cntin [Ti—Ru] 4 to
1961, 1910 cmt in 5 (1969, 1915 cm! in 7) and 1986, 1932
cmtin 6 (1987, 1933 cm! in 8). The reason for this trend
may be related to the fact that, as previous theoretical studies
of early—late heterobimetallics have shown, there may be
significantz-donor—acceptor interaction apart from the domi-
nating o-bonding between the meta#8® Within this line of
reasoning, the Ti fragment is the betteracceptor and thus
allows a greater degree of charge redistribution from the late
transition metal to the early transition metal.

It is interesting to compare the positions of the carbonyl bands
in 3 and4 with those found by Selegue and Sartain for [(M}-

spectroscopy indicated almost quantitative conversions to the Ti—M'Cp(CO}]*° as well as those previously determined by
desired heterodinuclear compounds, the isolated yields wereus for related T+M' heterodinuclear complexes (Table?2)t

moderate (26:75%) due to losses upon crystallization from the

reaction mixtures.

Since 3—8 contain identical sets of ligands, a meaningful
comparison of the effect the metahetal bonding has upon

is readily apparent that, in the systems containing the tripodal
ligands, thev(CO) bands are shifted to significantly higher
wavenumbers, in comparison to those of the'Q(COY]~
anions than they are for Selegue’s complexes stabilized by

the electron density at the late transition metal center is possiblemonodentate amido ligands. This implies that there is a greater

by comparing the/(CO) IR frequencies (Table 2). The effect

charge redistribution between the nucleopHiMCp(CO)} and
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Table 2. Infrared Carbonyl Stretching Frequencies of the-M’
Heterodinuclear Complexes Reported in this Work as Well as in
Previous Studies

»(CO)
(Vs Va9,
complex cmt ref
Ti—Fe
[(MezN)sTi—Fe(COXCp] 1948, 1898 20
[MeSK{ SiMexN(p-tol)} sTi—Fe(COXCp] (3) 1978, 1931 this work
[MeSK SiMexN(2-FGsHa)} sTi—Fe(COXCp] (9) 1980, 1932  this work
Ti—Ru
[(Me2N)sTi—Ru(COXCp] 1972,1911 19

[MeS{ SiMexN(p-Tol)} sTi—Ru(CO}Cp] (4) 1991, 1937 this work
[MeSK SiMesN(2-FCsH4)} sTi—Ru(COXCp] (10) 1997, 1940 this work

Zr—Fe
[Cpx(Me)Zr—Fe(COXCp] 1937,1872 14
[CH2(CH2NSiMes),(Cp)Zr—Fe(COXCp] 1947,1895 38
[MeSK{ SiMexN(p-tol)} sZr—Fe(COCp] (5) 1961, 1910 this work
[MeSK SiMexN(2-FGsHa)} 3Zr—Fe(COXCp] (11) 1968, 1914  this work
Zr—Ru
[Cp2(Me)Zr—Ru(COYCp] 1950, 1880 14
[CH2(CHaNSIMe3)2(Cp)Zr—Ru(COXCp] 1957,1895 38
[MeSi{ SiMe;N(p-tol)} sZr—Ru(COXCp] (6) 1986, 1932 this work
MeSK SiMesN(2-FCsH4)} sZr—Cu(COYCp (12) 1974, 1929  this work
Hf—Fe
[MeSK{ SiMexN(p-tol)} sHf —Fe(COXCp] (7) 1969, 1915 this work
MeSK SiMesN(2-FCsH4)} sHf—Fe(COYCp (13) 1971, 1917 this work
Hf—Ru
[MeSK{ SiMezN(p-tol)} sHf—Ru(COXCp] (8) 1987, 1933 this work

[MeSK SiMeN(2-FGsHa)} sHf—Ru(COYCp] (14) 1979, 1934  this work

the Lewis acidic Ti complex fragment in the systems stabilized
by the amido tripod. This trend may be related to structural
characteristics of the compounds in question which are discussed
below. There is an equally striking difference in the carbonyl
band positions between those of compoub@snd6 and of the
previously characterized complexes [&BH;NSiMe3),(Cp)-
Zr—M'Cp(CO}]%® as well as those of [GpX)Zr—M'Cp-
(CO)]*18 (Table 2). Apparently, less electron density is
withdrawn from the carbonylmetal fragment by the 16-electron
fragment [CpZrX]™ than by the 14-electron fragment [Cp-
(amide}Zr]*. The Lewis acidity at Zr is in turn markedly further
increased on going to the 12-electron fragment [(tripodtriamide)-
Zr)t.

To confirm the proposed structural arrangement3ing,
single-crystal X-ray structure analyses3sf5 were carried out.
The molecular structures of all three compounds in the crystal
are virtually identical, and two different views 8fand5 are
provided in Figure 1 and the principal bond lengths and
Interbor.ld angles of all three Complgxes are listed in Table 3. Figure 1. Isostructural molecules present in the crystal8ob: (a)

The ligand framework and the peripheral tolyl groups of the ' \esj siMe,N(p-tol)} szr—Fe(COYCp] (5) viewed perpendicular to the
amido ligand shield the coordination sphere of the tetravalent metal-metal bond, showing the lampshade arrangement of the tolyl
zirconium, which is part of a molecular cage thus formed, groups; (b) [MeSiSiMe:N(p-tol)}sTi—Ru(CO}Cp] (4) viewed along
leaving a cone-shaped “binding site” which accommodates the the Ti—Ru axis, showing the staggered conformation of the halves of
iron complex fragment. The dimensions of the “cone’-like the molecule; (c) [MegSiMeN(p-tol)}sTi—Fe(CO)Cp] (3) viewed

. . P . «in~_ Perpendicular the Cp ring to show the-Hr-arene interactions with
environment surrounding the binding site appear to be *fine two tolyl rings [H(43)--centroid 2.45 and H(41}centroid 2.50 A)].

tuned” to the requirement of the second complex fragment by principal interatomic distances and angles are listed in Table 3.
slight rotations of the phenyl rings about the- vector. In . ith deviati ¢ . les f h i
an idealizedCs, structure, maximum cone volume would occur tion with deviations of mean torsion angles from orthogonality

when all three aryl groups radiate out with a torsion angle of _Of 1.0in3,2.2in 4, and 2.9 in 5. The other wo tolyl rings_
90° about the N-C(aryl) vector, relative to the SiN bond in each structure are rotated from the orthogonal conformation,

_ _ _gj _ _ _ toward each other, apparently to optimizerene--H interac-
[mean of C(2)—C(n1)—N(n)—Si(n) and C(6)—C(n1)—N(n) : . ; )
Si(n), n = 1—3]. In each of the three complex8s5, one tolyl tions with the Cp ring of the MCO),Cp fragment as shown in

; ; ; PR ; Figure 1c for the T+Fe compound3); the [C(31)-C(36)] ring
C(11)y-C(16 tely in this idealized conf -
fing [C(11)-C(16)] is approximately in this idealized conforma is rotated 2.81in 3, 4.5 in 4, and 7.9 in 5 and the [C(21)

(38) Friedrich, S.; Gade, L. H.; Scowen, I. J.; McPartlin, Brgano- C(26)] ring shows the very large deviations from orthogonality
metallics 1995 14, 5344. of 23.5in 3, 18.7 in 4, and 17.8in 5.
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Table 3. Selected Interatomic Distances and Angles3p#, 5, 9, 17a and24a

3 4 5 9 24a
M=Ti M=Ti M = Zr M=Ti 17a M = 2zr
M'=Fe M' = Ru M' = Fe M' = Fe mol. 1 mol. 2 M'=Ru
(a) Distances (A)
M—M' 2.460(1) 2.5609(8) 2.605(2) 2.433(4)
M—N(1) 1.934(4) 1.941(3) 2.080(9) 1.935(9) 1.978(5) 1.972(5) 2.100(8)
M—N(2) 1.941(4) 1.947(3) 2.088(9) 1.935(8) 1.996(5) 1.987(5) 2.120(7)
M—N(3) 1.930(4) 1.927(3) 2.065(9) 1.941(9) 1.934(5) 1.936(5) 2.120(7)
M—N(4) 2.006(5) 2.001(5)
M—C(41) 2.067(6) 2.061(7)
M'—Cp? 1.732(5) 1.933(4) 1.725(11) 1.726(8) 1.912(7) 1.915(7) 1.919(11)
M'—C(8) 1.735(6) 1.863(5) 1.757(13) 1.689(12) 1.858(8) 1.871(8) 2.083(9)
M'—C(9) 1.745(6) 1.876(4) 1.741(15) 1.681(12) 1.875(9) 1.866(9) 1.881(13)
M'—C(41) 2.033(6) 2.020(7)
Si(1)-Si(4) 2.348(2) 2.350(2) 2.354(5) 2.324(6) 2.326(3) 2.336(3) 2.336(4)
Si(2)-Si(4) 2.326(2) 2.329(2) 2.340(6) 2.322(6) 2.335(3) 2.328(3) 2.339(5)
Si(3)-Si(4) 2.335(2) 2.339(2) 2.326(6) 2.333(6) 2.333(3) 2.323(3) 2.361(4)
Si(1)-N(1) 1.764(4) 1.762(3) 1.747(10) 1.770(10) 1.744(6) 1.734(5) 1.758(7)
Si(2-N(2) 1.766(5) 1.764(3) 1.720(10) 1.761(9) 1.755(5) 1.738(5) 1.759(8)
Si(3)-N(3) 1.753(4) 1.763(3) 1.736(10) 1.759(9) 1.749(3) 1.743(6) 1.749(7)
N(1)—C(11) 1.446(6) 1.437(5) 1.417(15) 1.412(12) 1.414(8) 1.419(8) 1.440(11)
N(2)—C(21) 1.441(7) 1.441(5) 1.458(15) 1.450(12) 1.395(6) 1.394(8) 1.437(12)
N(3)—C(31) 1.439(7) 1.440(5) 1.436(16) 1.447(10) 1.425(8) 1.436(8) 1.427(12)
N(4)—C(41) 1.267(7) 1.260(8)
Si(1)+-Si(2) 3.637(3) 3.635(3) 3.717(7) 3.649(7) 3.638(4) 3.639(4) 3.670(5)
Si(1)+-Si(3) 3.743(3) 3.750(3) 3.761(7) 3.661(7) 3.710(4) 3.684(4) 3.701(5)
Si(2)++Si(3) 3.603(3) 3.612(3) 3.704(7) 3.623(7) 3.682(4) 3.730(4) 3.741(5)
N(L)-+*N(2) 3.119(6) 3.124(6) 3.308(12) 3.119(10) 3.161(7) 3.124(7) 3.220(10)
N(1)-+-N(3) 3.064(6) 3.075(6) 3.276(12) 3.133(10) 3.240(7) 3.229(7) 3.274(10)
N(2)--N(3) 3.116(6) 3.139(6) 3.332(12) 3.048(10) 3.211(7) 3.258(7) 3.364(10)
(b) Angles (deg)
N(1)—M—M'/CN? 113.9(1) 113.8(1) 114.9(3) 110.5(3) 110.1(2) 111.0(2)
N(2)—M—M'/CNe 111.8(1) 110.4(1) 112.5(3) 112.4(3) 114.2(2) 110.7(2)
N(3)—M—M'/CN@ 111.4(1) 111.7(1) 112.6(3) 114.4(3) 105.9(2) 107.3(2)
N(1)~-M—N(2) 107.2(2) 107.0(1) 107.4(4) 105.4(2) 104.2(2) 99.3(3)
N(1)-M—N(3) 104.9(2) 105.3(1) 104.4(4) 107.9(5) 111.8(2) 111.4(2) 101.7(3)
N(2)—M—N(3) 107.2(2) 108.3(1) 106.7(4) 103.7(4) 109.6(2) 112.3(2) 105.0(3)
Si(1)-Si(4)-Si(2) 102.2(10) 101.98(7) 104.7(2) 103.5(2) 102.6(1) 102.6(1) 103.4(2)
Si(1)-Si(4)-Si(3) 106.1(1) 106.22(6) 106.9(2) 103.6(2) 105.6(1) 104.5(1) 104.0(2)
Si(2)-Si(4)-Si(3) 101.2(1) 101.39(6) 105.1(2) 102.2(2) 104.2(1) 106.6(1) 105.5(2)
Si(4)-Si(1)-N(1) 103.8(2) 104.0(1) 104.6(4) 103.7(4) 104.7(2) 104.5(2) 104.2(3)
Si(4)-Si(2)-N(2) 102.0(2) 102.9(1) 102.9(4) 100.8(4) 102.9(2) 102.4(2) 102.8(3)
Si(4)-Si(3)-N(3) 103.0(2) 102.7(1) 104.4(4) 103.5(4) 101.6(2) 101.1(2) 103.7(3)
M—N(1)-Si(1) 121.2(2) 120.8(2) 119.5(5) 118.9(6) 115.1(3) 115.1(3) 120.4(4)
M—(N2)—Si(2) 122.4(2) 121.5(2) 121.9(5) 121.6(6) 115.1(3) 115.1(3) 120.1(4)
M—N(3)—Si(2) 119.4(2) 119.5(2) 118.9(5) 119.1(5) 118.3(3) 118.2(3) 120.9(4)
M—N(1)—C(11) 123.3(3) 122.6(2) 122.4(8) 124.1(7) 129.9(4) 129.0(4) 112.2(6)
M—N(2)-C(21) 124.2(3) 124.4(3) 121.4(7) 120.5(6) 123.4(4) 121.3(4) 120.7(6)
M—N(3)—C(31) 123.5(3) 123.0(2) 121.3(7) 127.0(6) 124.2(4) 123.6(4) 116.1(6)
Si(1)-N(1)—C(11) 115.3(3) 116.3(2) 118.0(8) 117.0(7) 114.5(4) 115.8(4) 112.2(6)
Si(2)-N(2)—C(21) 113.2(3) 113.8(2) 116.3(8) 117.0(6) 121.2(4) 121.3(4) 118.3(6)
Si(3)-N(3)-C(31) 115.8(3) 111.7(6) 118.6(7) 113.7(7) 116.9(4) 117.0(4) 116.1(6)
CpP—M'—M/C(41) 121.7(2) 120.7(2) 117.3(5) 121.7(3) 119.4(3) 119.6(3)
M—M’'—C(8) 83.9(2) 82.8(1) 83.9(5) 85.4(6)
M—M'—C(9) 88.1(2) 87.7(1) 88.9(5) 88.7(5)
C(8-M'—Cp? 127.1(2) 128.8(2) 128.9(5) 126.4(6) 127.8(3) 126.5(3) 123.4(5)
C(9)-M'—Cp 126.1(2) 127.9(2) 127.4(5) 127.7(6) 125.6(3) 126.7(3) 129.0(5)
C(8)-M'—C(9) 97.3(3) 94.6(2) 96.6(6) 94.6(7) 91.9(4) 92.7(4) 87.8(4)

aMidpoint of relevant atoms used for the Cp ring and for N{€)41).

The orientation of the carbonyl ligands at the iron center is centers which adopt a staggered arrangement in the crystal
such that their interpretation as potentially semibridging may structures, the internal rotation about the metaktal vector
be ruled out [I{C(8)-Fe—M}: 83.9(2) (3), 82.8(1} (4), is hindered in the case of the-fM complexes. For the FiFe
83.9(57 (5). O{C(9)—-Fe—M}: 88.1(2F (3), 87.7(1y (4, compound, the high-temperature limit is observed at tempera-
88.9(57 (5). d{C(8—M}: 2.856 A @), 2.972 A @), 2.983 A tures above 330 K (spectral patterns indicating 3-fold symmetry
(5). d{C(9)-M}: 2.968 A @), 3.113 A @), 3.105 A 6)], and of the Ti-complex fragment). The rotation around the-Fe
the metat-metal bond is therefore truly unsupported. The axis may, however, be frozen out on the NMR time scale upon
relatively short metatmetal distances of 2.460(1) A (FFe cooling to 245 K; the effective symmetry of the molecule is
in 3), 2.5609(8) A (Ti-Ru in 4), andd(Zr—Fe) = 2.605(2) A thus reduced t&.. The free activation enthalpy of this process
in the crystal structures of the complexes indicate that there is was determined to bAG* = 57 kJ mot™%.
little significant repulsive interaction between the two complex  Syntheses and Characterizations of the Heterodinuclear
fragments joined by the F&Zr and Ti—Fe bonds. On the other ~ Complexes [MeS| SiMe;N(2-FCeH4)} sM —M'(CO).Cp] (M =
hand, due to the steric demand of the ligands at both metal Ti, Zr, Hf; M ' = Fe, Ru).We previously reported the synthesis
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Figure 2. The two conformers of the complex@sand10 defined by
the orientation of the 2-fluorophenyl groups.
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of tripodal amido ligands of the type employed in this study in
which the peripheral tolyl groups are replaced by Z#HC
groups which potentially enable additional weak coordination
to the Lewis acidic early transition metal center through the
ortho fluorine atom383° The increased shielding of the metal
leads to greater stability of the complexes which may be handled
under somewhat less rigorous conditions of exclusion of air and
moisture. Reaction of the complexes [MESIMeN(2-FGH4)} 5
MX] (M/X: Ti/Br, 2& Zr/Cl, 2b; HfICI, 2c) with K[M'Cp- Figure 3. Structures of the two conformers of [MgSiMeN(2-
(CO)] yielded the corresponding heterodinuclear complexes FCgH,)}sTi—Fe(CO}Cp] (9) shown by X-ray structure determination
[MeSK SiMe;N(2-FGsH4)} sM—M'(CO)LCp] (9—14) (Scheme to be randomly disordered in a 60:40 ratio in the solid state: (a) the
2). 60% conformer; (b) the 40% conformer. Each of the fluorine atoms is
The spectroscopic properties of the zirconium and hafnium involved in a short FF-H(Me) contact consistent with some hydrogen-

L L . bonding interaction [mean-FH(Me) 2.36 A]. The overall structure
derivatives are very similar to those 6f-8. For the Ti-Fe and numbering are similar to those shown in Figure l1aSoand

and Ti—Ru complexes, however, complicated signal patterns pyrincipal interatomic distances and angles are listed in Table 2.
in theH and3C NMR spectra at ambient temperature indicated

that the rapid motion of the peripheral aryl groups as well as distribution of the two conformers throughout the crystal in 60%
the internal rotation around the metahetal bond axis is slow  (A) and 40% B) ratio, may explain the poor diffraction by
on the NMR time scale. Although the complicated nature of this crystal. Despite the shortage of data and the relatively high
theH NMR spectra ofL0 recorded within a temperature range esd’s on all metric parameters, the overall structures of the two
of 213 and 353 K (in toluendsg) did not permit a complete  conformers are established unambiguously and are illustrated
analysis of the dynamic processes involved, we interpret the in Figure 3; the principal bond lengths and angles are listed
fact that two sharp signals are observed for the-Bmuclei at with those of the other complexes in Table 3.
213 K as indicating the presence of two conformers which arise ~ The metal complex fragmefFeCp(COj} represents a bulky
due to a different orientation of the-fluorophenyl groups  “ligand” at the titanium center and therefore blocks the
(Figure 2). coordination of the fluorine groups and enforces the “lamp
Both conformers of10 give rise to resonances of ap- Shade” arrangement of the peripheral aryl groups. TheFei
proximately equal intensitie (Cp) = 3.92 and 4.14 in toluene-  bond length of 2.433(4) A, which lies at the lower end for such
dg]. Coalescence of these two singlet resonances is observed afneta-metal bonds?>*®indicates that there is relatively little
T. = 342 K (200.13 MHz), and an activation enthalpy for the mutual repulsion between the ligand spheres of the two metal
interconversion of the conformers AfG* = 72 kJ mot! may centers. This may be seen as an additional indication in favor
be estimated from these data. A similar situation was found for Of the interpretation of the dynamic NMR spectra in terms of
the Ti—Fe analogued; however, coalescence of the two Cp the hindered rotation of the fluorophenyl groups.
signals p(Cp) = 3.45 and 3.63] was not observed below 350 Comparison of the Molecular Structures of the Metal
K, at which point rapid decomposition of the complex in solution Metal Bonded Heterodinuclear ComplexesComparison of
set in. the data for the four metaimetal bonded complexes gives some
The presence of two conformers due to different orientations insight into the way the tripodal ligands adapt to the require-
of the peripherab-fluorophenyl groups is also reflected in the ~Ments of the Group 4 metal and how the cone-shaped “binding
disorder between the different fluorine positions in the crystal Site” adjusts to accommodate the second complex fragment

structure of compoun@. This disorder, attributable to a random ~ (Table 4). The change from Ti to Zr in these compounds is
accompanied by a significant increase in the-*N donor

(39) Memmler, H.; Walsh, K.; Gade, L. H.; Lauher, J. Worg. Chem. distances presented by the tridentate ligand, which increase from
1995 34, 4062. a mean of 3.104 A for the Ti compound3, @, and9) to a
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Table 4. Selected Mean Angles and Interatomic Distances3faf,
5,9, 173 and24a

17a
3 4 5 9 mol.l1 mol.2 24a
Angles (deg)
Si—Si—N 102.9 103.2 104.0 102.7 103.1 102.7 103.6
Si—N—Ph 114.8 1139 117.6 1159 117.5 118.0 1155
M—N-—Ph 123.7 123.3 121.7 1239 125.8 1246 116.3
M—N-Si 121.0 120.6 120.1 1199 116.2 116.1 120.5
N—M—N 106.4 106.9 1054 106.3 108.9 109.3 102.0
Interatomic Distances (A)
N---N (amido) 3.100 3.113 3.305 3.100 3.204 3.204 3.286
- 1.935 1938 2.078 1.937 1969 1.965 2.133
Si—Si 2.336 2.339 2.339 2.326 2.331 2.329 2.345

mean of 3.305 A for the Zr complex), This flexibility of the
ligand means that, despite the greaterBrbond lengths (mean
2.078 A) compared to the FiN distances (mean 1.937 A), there

is a relatively small decrease in the angles subtended by the

ligand at the metal in going from Ti (mean-N'i—N angle
106.5) to Zr (mean N-Zr—N angle 105.9). The Si~Si and
Si—N bond lengths in the four compounds do not differ
significantly from their mean values of 2.335 and 1.755 A,
respectively, and it appears that the flexibility shown by the
ligand derives from significant enlargement of all the angles at
Si in going from Ti to Zr. The mean SiSi—Si angle at Si(4)
increases from 103%2in the Ti compounds3, 4, and9) to
105.6 in the Zr compound&), and similarily the mean Si
Si—N angle increases from 102.9 to 104.0

In the crystal structure of compousdthe fluorophenyl rings
adopt an approximately propeller-like conformation with fairly
large deviations (range 106-27.C°) from the orthogonal
orientation, an arrangement that appears to be dictated by th
steric requirements of the ortho fluorine substituents. Unlike
the tolyl compound8—5, the greater restriction on rotation of
the fluorophenyl rings i® results in only one cyclopentadienyl
H-bonding interaction with a C(2+)C(26) ring [arene centroid
to H(45) distance 2.445 A].

Insertion of Isonitriles into the Polar Metal —Metal Bonds
of the Heterodinuclear ComplexesPreliminary studies of the
reactivity of the early-late heterodinuclear complexes reported
in this study revealed a reactive behavior toward polar unsatu-
rated organic substrates which may be rationalized in terms of
a cooperative interaction of a transition metal nucleophile and
an electrophilé232 This type of reactivity is reflected in the
insertion of isonitriles into the polar metametal bond to give
dinuclear metallaiminoacyl complexes as is shown in Scheme
3.

Upon reaction of compound3—10 with 1 molar equiv of
an isocyanide, immediate insertion into the polar metaétal
bond takes place, generating [MESiIMe:N(R)}sTi{#n?-
(C=NR)M'(COXCp}] (R = p-tol, 2-FGHa4 ; R = Me, p-tol;
M’ = Fe, Ru (5a,b—18a,b) as well as [MeSiSiMe;N(p-
tol)} sM{#?-(C=NMe)M'(CO)Cp}] (M = Zr, Hf) (Scheme 3).
This may be viewed as a true metal analogue of the well-
establishedr-addition reaction of an electrophile and a nucleo-
phile to the carbon atom in isocyanide chemisfhy type of
reactivity also observed in reactions of early transition metal
alky! or silyl compounds with isocyanidé5#2The only previous
example of such an insertion into a (halide-supported) formal

(40) Saegusa, T.; Ito, Y. li®rganic ChemistryUgi, I., Ed.; Academic
Press: New York, 1971; Vol. 20.

(41) Lappert, M. F.; Luong-Thi, N. T.; Milne, C. R. @. Organomet. Chem.
1979 174, C35.

(42) Durfee, L. D.; Rothwell, I. PChem. Re. 1988 88, 1061.
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Scheme 3. Insertion of Isonitriles into the Polar Metal
Metal Bonds of the Heterodinuclear Complexes
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Table 5. 3C NMR Chemical Shifts Assigned to the Carbon Nuclei
of the Metallaminoacyl Groups in [MefSsiMeN(p-tol)} sM-
{n?>-C(=NMe)M'Cp(CO})}] (Recorded in GDg)

o{MC- o{MC-

complex M,M (=NMe)M'} complex M,M (=NMe)M'}
15a  Ti, Fe 277.3 20 Zr,Ru 278.4
17a  Ti,Ru 267.3 21 Hf, Fe 303.8
19 Zr, Fe 289.3 22 Hf, Ru 292.4

metak-metal bond between transition metals has been the
reaction of the fulvalene-bridged complex1(Bg)CpZr,Cl;
with Bu'—NC reported by Herrmann et & which, in view of

the lack of M—M bond polarity in that system, cannot be related

o the a-addition pattern.

The unusual environment of the bridging carbon atom of the
metallaiminoacyl fragment gives rise to remarkably low field
chemical shifts of the corresponding signals in A& NMR
spectra. The way in which the different combinations of metals
influence this characteristic spectroscopic probe for the insertion
products is particularly apparent upon comparison of the data
obtained for the closely related compounds [M&SMeN(p-
tol)} sTi{7%-(C=NMe)M'(CO)Cp}] (15a 17a and 19-22),
which are summarized in Table 5.

On going from Ru to Fe and from Ti to Hf, the signals of
the MC(NR)M 12C nuclei are shifted considerably to lower
field, the extremes being represented by theRi and the Fe
Hf complexes §(*3C) 267.8 and 303.8, respectively]. This
reflects the differences in donor and acceptor properties of the
metal complex fragment, although a more detailed analysis
would require a systematic theoretical study of this effect.

To unambiguously establish the structure of the insertion
products, a single-crystal X-ray structure analysis of compound
17awas carried out. There are two independent molecules in
the crystal of virtually identical geometries, the only significant
difference being in a slight change in the conformations of the
tolyl rings. The structure of the first molecule is illustrated in
Figure 4, and the principal metric parameters for the two
molecules are listed in Table 3.

The result of the crystal structure analysis cleary establishes
the nature of the insertion products as formulated on the basis
of the spectroscopic data. The metallaiminoacyl fragment is
coordinated to the Ti center in a fashion very similar to that
found previously for ordinary (iminoacyl)titanium complexes

(43) Herrmann, W. A.; Cuenca, T.; Menjon, B.; Herdtweck, Ahgew.
Chem., Int. Ed. Engl1987, 26, 697.
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a Scheme 4. Reaction of the ZrRu Complex6 with
Sulfoxide$
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a2 Oxygen transfer from the sulfoxide to a carbonyl ligand to give

COzlinked dinuclear complexes.

in the mean N-+N donor atom distance from 3.1134rto 3.204
Ain 17amade possible by a corresponding increase in the mean
Si—Si—Si angle from 103.2 to 10424

In the adjustment to the steric requirements of the inserted
ligand, a very asymmetrical arrangement of the tolyl groups
has arisen. In the first independent molecule, the tolyl groups
C(11) and C(31) are rotated from an orthogonal arrangement
by 8.3 and 14.1, respectively, in opposite directions, whereas
in the second molecule, the corresponding rings rotate by 9.2
and 4.8 in the same directions, resulting in a dihedral angle
between these pairs of rings of 59i8 the first molecule and
68.4£ in the second. The second ring [C(21)] in each molecule
has an extremely high deviation from the orthogonal orientation
(56.5 and 53.8 respectively); in the first molecule, this results
in a relatively close contact of 2.70 A between the ring centroid
and H(48) of the Cp ring, rather similar to the type observed in
3 (vide supra); all other contacts distances in both molecules
correspond to normal van der Waals interactions.
Figure 4. Molecular structures of the two independent molecules of ~_Reaction of the Heterodinuclear Complex [MeSi-
[MeSi{ SiMexN(p-tol)} sTi(7-C=NMe)}sRu(COXCp] (178): (a) the  (SiMezNTol)sZr —RuCp(CO)] (6) with Sulfoxides. Upon
first molecule showing the numbering scheme and the close contactreaction of 1 molar equiv amounts of K&, Ph(Me)SO,
between the Cp ring and the second tolyl group; (b) the second molecule(CH,),SO, and (PhCH,SO with the Z+Ru heterodinuclear
which differs fr_om the first only in orientation of the_.- to_IyI rings [thls_ complex [MeSi(SiMeNTol)sZr—RuCp(CO}] (6) at—40°C in
e e e hetaas a0 bl TrelMi toluene, immediat ransformations occurted, yielding product
comparison withé. which could be isolated as yellow solids by evaporation of the

solvent in vacuo. On the basis of their analytical ahidand

derived from the insertion of isonitriles into FC bonds. The .. NMR as well as infrared spectroscopic properties, these were
mean bond lengths in7a of Ti—C(41) 2.064(6), TrN(4)  formulated as [MeSiSiMe:N(p-tol)}aZr(u-0.C)RuCp(CO)-
2.004(5), and C(4BN(4) 1.264 A are similar to the respective  {S(RIR} (R =R = Me (239; R = Me, R = Ph €3b); R, R
equivalent lengths of 2.080(6), 2.125(5), and 1.240(6) A in = (CH2)a (230; R, R = PhCh (23d)) (Scheme 4). Products
[CpsTi{ 72-CN'Bu(Me)(CNBU)} |(BPhs)* and those of 2.086(6),  Of higher crystallinity were obtained upon addition of a second
2.025(5), and 1.279 A in [Ti(Ogs-2,6-Ph){ CNCH,SiMes(CH,- equivalent of _Sl_JIfOX|de, g|V|ngt-COZ-I|nI§ed (_1|nuclear com-
SiMes)} 145 and to those in other related systeth$’ Assuming pounds containing an O-bonded sulfoxide ligand at the zirco-
that the iminoacyl fragment occupies one coordination site at Nlum center but having otherwise compositional and spectro-
the titanium atom [(N(4)Ti—C(41) 36.2(2)], this may be  SCOpic properties analogous to those of [MeiMeN(p-
described as a distorted tetrahedral geometry. tol)}sZr{ OS(R)R-«C} (u-O,C)RUCP(COJ S(RIR} (R = R' =
The mean TN distance irl7aof 1.967(5) A is significantly M€ (248; R =Me, R = Ph 24b); R, R = (CH)s (240)). No
longer than that of 1.938(3) A in its precursrand the mean addyct formation was observed upon trealiag with a second
N—Ti—N angle of 109.1(2) in 17ais also larger than of  €duivalent of (PhCH),SO. , ,
106.9(1) in 4. The increase in these parameters on formation 10 establish the structure of the reaction products unambigu-
of the insertion product is accompanied by a marked increase®USlY: @ single-crystal X-ray structure analysi2dawas carried
out. The center piece of the molecular structure displayed in
(44) Bochmann, M.; Wilson, L. MOrganometallics1987, 6, 2556. Figure Sis t_he Z_;ZQ2K3-02C)RU unit in which the C@formed .
(45) Chamberlain, L. R.; Durfee, L. D.; Fanwick, P. E.; Kobriger, L.; in the reaction links the two metal centers. The geometrical
Latesky, S. L.; McMullen, A. K.; Rothwell, I. P.; Folting, K.; Huffman, characteristics of the carboxylato bridgef{ C(8)—O(81)}

Cix)

o e i o G Sl T K oy 129100 A ) 2ot
P.Organometallics1992 11, 122. " A, 0{0(81)-C(8)-0(82) 115.9(8) are similar to those found

(47) Guram, A. S.; Jordan, R. B. Org. Chem1993 58, 5595. in a previously characterized G@inked Zr—Ru heterodinuclear
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O
st Ccio2)

Figure 5. Molecular structure of the-CO, complex [MeSf SiMe;N(p-

tol)} sZr{ OSMe-«O)} (4-O-,C)Ru(CO)Cp(CO)(SMg] (248 generated

by the reaction 06 with dimethyl sulfoxide. Interatomic distances and
angles principally involving the tripodamide and carbonyl ligands and
the cyclopentadienyl group are listed in Table 2 for comparison. Other
selected parameters: Z0(1) 2.251(7), O(1)S(1) 1.775(12), zr
0O(81) 2.222(6), Z+0O(82) 2.255(7), C(8y0O(81) 1.295(11), C(8)
0(82) 1.276(11), RaC(8) 2.083(9), Ru-S(2) 2.364(3) A; O(1yzr—
N(1) 171.7(3), N(2)-Zr—0(81) 152.6(3), N(3)Zr—0(82) 152.5(3),
0O(81)-Zr—0(82) 58.3(2), O(1yZr—0(81) 82.8(2), Z+O(1)—S(1)
131.5(4y.

complex, [CpZr(Cl)(u-O-.C)Ru(Cp*)(CO)] (Cp* = CsMes),
reported by Gibson et 4P. The dimethyl sulfide molecule

Inorganic Chemistry, Vol. 38, No. 23, 199%293

by a decrease in the mean-8i—Si angle from 105.6(1) to
104.3(2y in going from5 to 24a

The conformation of tolyl groups ir4a is markedly
asymmetric, with mean deviations from the idealized orthogonal
disposition (vide supra) of-11.# [ring C(11)], —32.1° [ring
C(21)], and 13.3 [ring C(31)]; these rotations presumably
minimize unfavorable contacts with the extra ligands at zirco-
nium, and all contacts involving these rings are in the normal
van der Waals range.

The complexe®3a—d and 24a—c have several very char-
acteristic spectroscopic properties which aid the structural
assignment. As a consequence of the generation of a chiral
center at the late transition metal fragment, #Heand*C NMR
resonances of the Si(G} groups in the tripod ligand are
diastereotopically split. The coordination of the soft donor ligand
RR'S at the Ru centers is the reason for the observation of the
singlev(CO) infrared band at fairly low frequency (1924960
cm™Y). The chemical shifts of thC NMR signals assigned to
the u-CO;, units depend quite sensitively upon the presence or
absence of the additional REO donor at the Zr center. For
23a—d they are observed at respectivél235.4, 232.0, 231.3,
and 236.8 while the electronic readjustment within the molecule
following the sulfoxide coordination at Zr leads to a significant
shift of this signal to higher fieldJ(13C): 24a 225.1;24b,
225.6;24¢ 225.0]. A study of this reaction employing com-
pound 6 which was!3C-labeled at the CO ligands provided
support for the assumption of the role of these ligands as O
acceptors and their transformation to the bridging, ©@it.

The oxygen transfer from the sulfur atom in the sulfoxides
to a CO ligand was also proved by &®© NMR study of the
reaction of6 with 30% 1’O-labeled Ph(Me)SOo[*’O) = O;

formed as a consequence of the sulfoxide deoxygenation isstandard dioxarf€5%. The chemical shift of the product signal

coordinated to the Ru atom, making this a chiral center. The
metallacarboxylato unit ir24ais almost symmetrically coor-
dinated to the zirconium cented{iZr—O(81)} 2.221(6) A,
d{Zr—0(82)} 2.255(7) A] and together with the dmso ligand
[d{Zr—O(1)} 2.251(7) A] generates the hexacoordinate zirco-
nium complex fragment, the coordination geometry of which
may be viewed as being highly distorted octahedral.

The geometry oR4acannot be compared directly with that
of its Zr—Ru precurso6 (for which X-ray-quality crystals could
not be obtained), but the corresponding parameters in the Zr
Fe heterobimetalli may be assumed to be very similar to

of 6(170) = 344 for the labeled complex3b is indicative of
an 1’0 nucleus in a metallacarboxylato environmeht.

Metal ion mediated oxygen transfer reactions involving
sulfoxides have been known for some tifdehe most thor-
oughly studied systems effecting this transformation being Pt(Il)
complexes in acidic soluti6f>” and low-valent group VI
complexes which are transformed to the corresponding oxo
species$?-%1 Deoxygenation of sulfoxides may also be achieved
by some metal carbonyl derivatives under forcing conditions,
generating C@derived from metal-bound C€%:65 An impor-
tant step in the labilization of the strong—® bond is the

those of6, because, as shown in Table 3, all the parameters addition of an electrophile to the oxygen atom. In reactions with

describing the coordination of the tripodal ligand in the two
related titanium heterobimetallics, the-TFe compound® and

its Ti—Ru analoguet, are equal within experimental error. In
an attempt to adapt to octahedral geometry, the meaArNN
angle subtended by the tripodal ligand at zirconium was
contracted from a value of 105.4¢4in 3 to 102.0(3) in 24a
This was achieved by the lengthening of the meanMibond
length from 2.078(9) A in5 to 2.133(7) A in the insertion
product24a accompanied by decreasan the corresponding
N---N distance between the donor atoms from 3.305(12) A in
5 to 3.286(10) A in24a and although this difference is of low
significance, it contrasts with the significaimcreasein the
corresponding mean-NN distance from 3.113(10) to 3.204(7)
A in going from 4 to to its isonitrile insertion product7a, in
which the titanium atom adopts a tetrahedral coordination
geometry (vide supra). 1844, it is again the flexibility at the
bridgehead silicon atom that controls the “bite size” of the
tripodal ligand, the decrease in™NN distance being produced

(48) Gibson, D. H.; Mehta, J. M.; Sleadd, B. A.; Mashuta, M. S;
Richardson, J. FOrganometallics1995 14, 4886.

early—late heterobimetallic complexes containing CO ligands
coordinated to the late transition methbth the electrophilic

(49) Kalinowski, H.-O.; Berger, S.; Braun, $/0 und 2°Si-NMR-Spek-
troskopie Georg Thieme Verlag: Stuttgart, Germany, 1984.

(50) Gerothanassis, I. P.; Lauterwein,Magn. Reson. Cheni986 24,
1034.

(51) Lycka, A.; Holecek, JJ. Organomet. Chenil985 65, 2273.

(52) Kukushkin, V. Y.Coord. Chem. Re 1995 139, 375.

(53) Bordwell, F. G.; Pitt, B. MJ. Am. Chem. Sod.955 77, 572.

(54) Bird, C. W.J. Chem. Soc1968 1230.

(55) Kukushkin, V. Y.; Pankova, E. YKoord. Khim.1989 15, 531.

(56) Olah, G. A.; Malhotra, R.; Narang, S. Synthesis979 58.
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Scheme 5. Possible Mechanisms of the Oxygen Transfer cleavage and €0 bond formation. One possible reaction
from Sulfur to CO pathway may proceed through insertion of the sulfoxide into
the metat-metal bond in the same way as previously established
for heteroallenes and isocyanidésThe coordination of the

“ Rg”'co metal nucleophile and electrophile to the SO uniBiteads to
RR.SO\ ° its labilization and cleavage and the zirconium oxo fragment
subsequently (or simultaneously) attacks a Ru-bound CO ligand
@/Q % to generate the carboxy bridge. Essentially the same reaction
xz|njc—au\ ] = . [Tr]—lqﬁ_c —_— [z'rl /ch sequence may occur via the ion-pair intermediaeand D.
RN ° o %° o/ &° Alternatively, we propose a rearrangement of the syst&in (
R/SER, ®) R/S“h- @ R’% © to generate an isomer containing an isocarbony! IEkvihich
\ ' represents the species containing the activated CO. Such a
= structural unit has been observed previously by us and others
@—o_ §> /‘“cffco L in Zr—Mo heterodinuclear complexes containing fi@pMo-
N NP e A (CO)s} fragment:7:74-76 Intramolecular nucleophilic attack of
G\ / % i b o F A the sulfoxide at the carbon atom induces the cruciadbond
Ay O ® . m;" formation step to give an intermediate which rearrarges
\ \ / possibly via an oxycarbene speci€3-to the isolated reaction
@ product. The O-transfer reaction proceeds extremely rapidly
{Z(]\°)\C / even at—70 °C which precluded a kinetic study or the detection
4 :js'\‘co of intermediates such &&—F.
" Conclusions
activation of the substrate and the transfer to an oxygen acceptor The considerable thermal stability of the eatlsite heterodi-
ligand (CO) are possible within the coordination spherercé nuclear complexes3—14, which is a consequence of the
molecule. coordination of the trisilylsilane-based tripodal amido ligand

However, as is known from the large body of work involving to the early transition metal, has allowed the study of both the
the reactions of more reactive element oxides, such as aminestructural characteristics and some aspects of the reactivity of
oxides with metal carbonyf§ 70 the CO carbon should have the highly polar metat metal bonds. Whereas the reactivity of
at least weakly electrophilic properties for such a reaction to these compounds toward isonitriles reflects their nature as
occur. This is not the case in the metal carbonyl fragment present‘masked” electrophile nucleophile pairs in reaction with
in 6, which, due to the high polarity of the metahetal bond, unsaturated substrates, the deoxygenation of sulfoxides which
is to be viewed as being partially negatively charged. We has been established in the coordination sphere of the two metal
therefore propose a mechanistic pathway for this transformation centers provides an example of a more complex involvement
which involves an electrophilic activation not only of the of both metal fragments in the reaction with an organic substrate.
sulfoxide by the Lewis acidic early transition metal but of the The extraordinary mild conditions under which the oxygen
CO ligand as well (Scheme 5). transfer takes place are testimony to the cooperative nature of

In an initial step, the substrate is thought to coordinate to Zr, the bimetallic reactivity. Neither of the complex fragments alone
thus polarizing and labilizing the ZRu bond A). Such a effects these transformations.
sulfoxide adduct may be isolated after adding dmso to the Ti
Ru complex4 which does not effect the same oxygen transfer
chemistry’! In reactions with inert element oxides, such as
phosphine oxides, this may lead to the ionic dissociation of the
metal-metal bond’2 In the case at hand, there are two possible
reaction pathways which mainly differ in the sequence 6f5
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