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Abstract 

The new tris(trimethylsilyl)sflylzirconium derivative (~5-CsHsX~5-CsMes)Zr[Si- 
(SiMe3)3]CI (1) is prepared by reaction of (~5-CsHs)(ns-CsMes)ZrCI 2 with 
(THF)3LiSi(SiMe3) 3. ]~lJ_xed alkyl/sflyl complex (nS-CsHs)(~5-CsMes)Zr[Si(Si - 
Me3)3]Me (2) is obtained after treatment of 1 with MeMgBr. Reactions of com- 
pounds 1 and 2 with carbon monoxide and 2,6-Me2C6H3NC are described. Carbon 
monoxide inserts cleanly into the Zr-Si  bond of 1, giving the ~2-silaacyl (T/5- 
CsHsX~/5-CsMes)Zr[~I2-COSi(SiMe3)3]CI (3). The reaction of 2 with CO proceeds 
via the intermediate (~5-C5HsX~5-CsMes)Zr[~2-COSi(SiMe3)3]Me (4) to the en- 
olate hydride (7/5-CsHsXT/5-CsMes)Zr[OC(=CH2)Si(SiMea)3]H (5). A mechanism 
for this rearrangement is proposed. This chemistry contrasts with that previously 
observed for (~/5-CsHs)2Zr[Si(SiMe3)3]Me, which reacts with CO to cleanly give the 
stable acyl (T/5-CsHs)2Zr[Si(SiMe3)3](~2-COMe). Methyl iodide and compound 5 
react to give the iodide (~5-C5Hs)(~5-CsMes)Zr[OC(==CH2)Si(SiMe3)3]I (6) and 
methane. The reaction of 5 with 2 equivalents of HC1 provides a new synthetic route 
to an acylsilane, MeCOSi(SiMe3) 3. Reactions of 1 and 2 with the isocyanide 
2,6-Me2C6H3NC give the insertion products (~5-CsH5)(T/5-CsMes)Zr[~2-C(N-2,6- 
Me2C6Ha)Si(SiMe3)3]C1 ('7) and (~/5-CsHsX~5-CsMes)Zr[~2-C(N-2,6-Me2C6H3)- 
Me]Si(SiMe3) 3 (8), respectively. Steric crowding in these compounds is evidenced by 
restricted rotation about the N-C(xylyl) bonds. An X-ray crystal structure of 7 has 
been determined. Crystals of 7 are monoclinic, P21/oc , with a 18.276(6) A, b 
9.993(3) A, c 21.550(5) A, fl 106.25(3)°; V 3779(2) A 3, Z - - 4 ,  R e 6.63%, RwF 
6.48%. 

0022-328X/88/$03.50 © 1988 Elsevier Sequoia S.A. 
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Introduction 

Early transition metal silyl compounds are proving to have a rich reaction 
chemistry that is distinct from that of late transition metal silyl derivatives [l-16]. 
For example, early transition metal (do) silyl complexes are reactive toward 
insertions of unsaturated substrates into their M-Si bonds, whereas late metal silyls 
typically are not [3,12-161. We are interested in the factors that influence this 
insertion chemistry, and have observed that the reactivity of early metal-silicon 
bonds varies considerably as the metal, and substituents at both the metal and 
silicon, are changed_ Here we describe some insertion chemistry that has been 
observed for the mixed-ring zirconium silyls CpCp* Zr[Si(SiMe,),]Cl and 
CpCp*Zr[Si(SiMe,),]Me (Cp = $-C5H,; Cp* = q5-C,Me,). These complexes differ 
markedly from the closely related species Cp,Zr[Si(SiMe,),]Cl and Cp,Zr[Si(Si- 
MeAlMe Wbl in their reactivities toward unsaturated compounds. 

Results and discussion 

Synthesis and characterization of tris(trimethylsiiy~)silyl derivatives of (cyclopen- 
tadienyl)(pentamethylcyclopentadienyI)zirconium 

The mixed-ring dichloride CpCp*ZrCl, reacts with (THF), LiSi(SiMe,), to af- 
ford the silylzirconium 1 in reasonable yield (eq. 1). 

CpCp*ZrCl, + (THF),LiSi(SiMe,), _~~~~~~~F) CpCp*Zr< 
Cl 

9 Si(SiMe,), 
‘(1) 

0) 

Compound 1, which was characterized by NMR, IR, and elemental analysis, has 
properties similar to the related silyls Cp,Zr(SiMe,)Cl [lla] and Cp,Zr[Si(SiMe,)J- 
Cl [12b]. Like the latter two compounds, 1 is pentane soluble and red in color. 
NMR data for new compounds are given in Table 1. 

Attempts were made to prepare other silyl derivatives of the type 
CpCp*Zr(SiMe,)X (X = Cl or Si(SiMe,),) by reactions of CpCp*ZrCl, and 1, 
respectively, with Al(SiMe,), - OEt, in benzene-d,. However, after 2 days ‘H NMR 
spectra showed that no reactions had occurred. 

The orange alkyl silyl derivative 2 was obtained in high yield by addition of one 
equivalent of MeMgBr to 1 in diethyl ether (eq. 2). 

Cl 
CpCp* Zr < 

Si(SiMe,), 
(1) 

Me 
CpCp* Zr < 

Si(SiMe,), 
(2) 

(2) 

In the solid state this compound is reasonably stable at room temperature for 
indefinite periods, but it was observed to slowly decompose in benzene-d, solution, 
producing the silane HSi(SiMe,), (by ‘H NMR). Although mixed alkyl/silyl 
complexes are in general rare [1,17], a number of related derivatives of zirconium 
are known [llb,12b,16,18]. 

Reactions of compounds 1 and 2 with carbon monoxide 
When a pentane solution of 1 is stirred under 100 psi of CO for 1 h, a pink 

precipitate is formed. This solid is easily separated from the solvent by filtration. 
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Subsequent cooling of the filtrate to -45 o C provides pink crystals with spectro- 
scopic properties that are identical to those of the precipitate, identified as the 
silaacyl complex 3 (eq. 3). 

T co,ue.nta~ c /a 
cpcp*zr - 0 (3) 

cPcP*~\si(swq), 
\[ 

(1) 
\ 

(3) Si(SiMe& 

When this reaction was monitored by 13C NMR using labeled 13C0, three minor 
‘3CO-incorporation products were observed in addition to 3, which was formed in 
over 70% yield. The side products in this reaction were not identified. Although 3 is 
stable indefinitely as a solid, it decomposes in solution over the course of a few 
days. There is also an apparent sensitivity to room light, since solutions of 3 
undergo accelerated decomposition in the presence of light. Disilyl ketones are also 
known to be light sensitive in solution [19]. 

The unusual bright pink color of 3 is similar to that of the previously reported 
silaacyl Cp,Zr(q’-COSiMe,)Cl [12a,b]. Spectroscopic properties for 3 are also 
analogous to those observed for Cp2Zr(n2-COSiMe, )Cl. 13C-labeling studies re- 
vealed a relatively weak peak in the infrared spectrum of 3 at 1440 cm-* that can be 
attributed to the Y(C=O) stretch. This carbonyl stretching frequency seems low 
relative to analogous zirconium acyls (1500-1550 cm-‘) [20], however it is close to 
values observed for other known ~2-silaacyls (1462-1503 cm-‘) [12,13,15,16]. The 
13C NMR shift of the carbonyl carbon of 3 (S 382.79) is also characteristic of an 
q2-silaacyl ligand in a do transition metal complex [12,13,15,16]. 

Curiously, the silyl Cp,Zr[Si(SiMe,),]Cl does not undergo an insertion reaction 
with CO to an appreciable extent under comparable conditions [12b]. A possible 
explanation for this difference in reactivity between 1 and Cp,Zr[Si(SiMe,),]Cl is 
that increased steric interactions about the metal center promote CO insertion into 
the Zr-Si bond of 1. A similar effect has been observed for Cp,Zr[CH(SiMe,),]Me, 
insertion of CO occurring exclusively into the bulkier Zr-C bond [ZOj]. 

Note that recently, silaacyl 3 was used in the synthesis of the first stable 
formylsilane, (Me,Si),SiCHO (eq. 4) [15]. 

7 HCl, tohem 

cpcP*=g - CpCp*iX& + (Me$i)3SiCHO (4) 
-78 OC -RT 

c 
(3) Si(SiMe& 

When a pentane solution of 2 is stirred under 90 psi of CO an immediate color 
change from orange to pink occurs. This pink color is remarkably similar to that 
observed for 3. Over the course of 1 h the initial pink color fades to afford the final 
beige product CpCp*Zr[OC(=CH,)Si(SiMe,),]H (5) This reaction was monitored 
by low temperature 13C NMR, using 13C0 (ca. 1 atm) and dichloromethane-d, 
solvent. Incorporation of 13C0 was detected up on warming the sample to - 50 Q C. 
At this temperature the new zirconium complex exhibited a singlet at 6 -0.32 that 
can be assigned to a methyl ligand, ZrMe. This argues against initial insertion into 
the Zr-C bond, since this would be expected to give a doublet at ca. S 2.2 ,for the 

(Continued on p. 174) 
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Si(SiMe& 
-50 -2 

(2) 

(5) 
Scheme 1 

\ 
Si(SiMq)3 1 

(4) 

1 

5 “C 

P-H elim . 
d cm*<p 

Id “%i(SiMe3)3 

Zr(9 2-13COMe) group [12b]. Consistent with the formation of an q2-silaacyl group is 
the observation of a peak at 6 395.36 in the 13C NMR spectrum (- 50 o C) that 
corresponds to the incorporated r3C0. This chemical shift is at much lower field (by 
ca. 70 ppm) than that of q2-alkylacyls [20], but is in agreement with known early 
transition metal q2-silaacyls [12,13,15,16]. The observations above provide good 
evidence for CpCp*Zr[q2-COSi(SiMe,),]Me (4) as an intermediate in the formation 
of 5. Warming the sample to 5 o C resulted in extensive conversion of 4 to the final 
product 5. No other intermediates were observed during this reaction. 

Enolate hydride 5 was isolated as beige crystals from pentane. Spectroscopic 
properties for 5 are similar to corresponding properties for the related compound 
CpzZr[OC(=CH,)SiMes,H]H (Mes = 2,4,6-Me,C,H,) [16]. The ‘H NMR spectrum 
of 5 exhibits a singlet at 6 5.98 (5 H, Cp), a singlet at 6 5.85 (1 H, ZrH), a singlet at 
6 1.89 (15 H, Cp”), a singlet at 6 0.35 (27 H, Si(SiMe,),), and two singlets at 6 4.34 
(1 H) and 4.22 (1 H) attributed to the vinylic hydrogens. When 13C0 is used to form 
5, the latter two resonances are split into doublets exhibiting coupling constants 
2J(C-H) of 6.3 and 9.0 Hz, respectively. The infrared spectrum of 5 contains bands 
at 1580 (Zr-H), 1540 (C=C), 1350 (C-Si), and 1180 (C-O) cm-‘. In 13C-labeled 5, 
the last three bands shift to 1520, 1340 and 1155 cm-‘, respectively. 

A proposed mechanism for formation of 5 from 2 and CO is given in Scheme 1. 
The initially formed q2-silaacyl complex undergoes a carbon-carbon coupling 
reaction within the coordination sphere of the metal forming an acylsilane adduct of 
zirconium. Finally, &hydrogen elimination in this intermediate provides the enolate 
hydride 5. Similar rearrangements have been observed in the reactions of 
CpTZrCH,CH,CH,CH, [2Oc] and CpzZr(SiMes,H)Me [16] with CO. 

It is of interest to note here that in other analogous alkyl/silyl-zirconocene 
derivatives Cp,Zr(SiR,)R’, e.g. Cp,Zr(SiMe,)Me, preferential CO insertion into the 
Zr-C bond occurs [18]. For the closely related compound Cp,Zr[Si(SiMe,),]Me, 
insertion of CO affords the acyl Cp2Zr[Si(SiMe3),](q2-COMe) exclusively, and the 
latter compound is stable indefinitely in solution [12b].’ Presently, preferential CO 
insertion into the Zr-Si bond of a mixed alkyl/silyl complex has been observed 
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only for 2 and CpzZr(SiMes,H)Me [16]. In addition, in these cases the insertion 
reaction is rapidly followed by rearrangement to an enolate hydride derivative. A 
common feature of the latter two compounds is the presence of pentamethylcyclo- 
pentadienyl ligands, which are more sterically demanding and more electron donat- 
ing than a cyclopentadienyl ligand. Whatever the reason for the greater reactivity of 
the mixed alkyl/silyl complexes possessing Cp* ligands, it seems clear that rela- 
tively simple changes in substituents in these systems can drastically alter the 
observed chemistry. Note that for the alkyl/ germyl titanocene derivative 
Cp,Ti(GePh,)Me, CO insertion into the Ti-C bond occurs, giving 
CpzTi(GePh,)($-COMe) [21]. 

Reaction of 5 with methyl iodide produces CpCp*Zr[OC(=CH,)Si(SiMe,),]I (6) 
with evolution of methane (by ‘H NMR). As expected, 6 exhibits a ‘H NMR 
spectrum that is simihu to that for 5, with the notable absence of a resonance due to 
ZrH. 

Treatment of 5 with 2 equivalents of HCl gas affords 
MeCOSi(SiMe,), in near quantitative yield by ‘H NMR (eq. 5). 

the acylsilane 

2 HCI ? 
- cpcp*zrcl* + c (5) 

-Hz Me ’ ‘Si(SiMej), 

NMR resonances for MeCOSi(SiMe,), were compared to those of an authentic 
sample [22]. Thus, q2-silaacyl complexes provide a new synthetic route to acylsi- 
lanes, which are important intermediates in organic synthesis [23]. Presently rela- 
tively few methods are available for the synthesis of acylsilanes. Note that the 
method of eq. 5 represents the zirconium-mediated conversion of silyllithium, 
Grignard reagent, and CO to an acylsilane. 

Reactions of compounds I and 2 with 2,6-iUe,C, H3 NC 
Insertion of the isocyanide 2,6-Me&H,NC into the Zr-Si bond of 1 occurs 

readily to form the g*-iminosilaacyl7 (eq. 6). 

CN 0 
p 

V-9 

The two xylyl methyl groups of 7 are inequivalent by ‘H NMR (S 2.06 and 2.50), 
and no coalescence of the two peaks was observed up to 80°C. This is consistent 
with a high degree of steric crowding in the molecule, leading to restricted rotation 
about the nitrogen-xylyl bond (see description of the structure of 7 below)_ In the 
less hindered dicyclopentadienyl compound Cp,Zr[v*-C(N-2,6-Me,C,H,)Si(Si- 
Me,),]Cl the xylyl methyl groups are equivalent at room temperature by ‘H NMR 
[12b]. In contrast, CpTZr[C(N-2,6-MqC,H,)Me]Me appears to be so crowded that 
the iminoacyl group is forced to bond in an #-coordination mode [24]. Restricted 
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rotation in the germyl derivative Cp&J[C(N-2,6-Me&H,)GePh,l h.as also been 
observed [25]. 

The imine carbon of 7 resonates at 6 272.40 (13C NMR), which is in close 
agreement (f5 ppm) with other recently discovered iminosilaacyls [12b]. The 
v(C=N) stretching frequency (1530 cm-‘) is slightly shifted to longer wavelength 
relative to the similar, less hindered iminosilaacyls Cp, Zr[ qZ-C(N-2,6- 
Me,C,H,)Si(SiMe,),]Cl (1555 cm-‘) and C~,Z~[TJ~-C(N-~,~-M~,C,H,)S~M~,]C~ 
(1558 cm-‘) [12b]. 

In sharp contrast to isoelectronic carbon monoxide, 2,6-MqC,H,NC inserts 
exclusively into the Zr-C bond of 2 to afford CpCp*Zr[ q2-C(N-2,6- 
MqC,H,)Me]Si(SiMe,), (8) in 60% yield (eq. 7). 

p 

Me 

CN 0 
hk d 

/ 
cpcp*zr cpcp*zL% 0 

\ 9 
(7) 

‘Si(SiMe& 
(2) 

Si(SiMe& 

The chemical shift for the iminoacyl methyl protons (6 2.08) in the ‘H NMR 
spectrum, and the 13C NMR chemical shift for the iminoacyl carbon (S 242.93) are 
in agreement with other alkyliminoacyl complexes [2Oj,24,26,27]. The low frequency 
v(C=N) stretch (1580 cm-‘) observed in the infrared spectrum of 8 is consistent 
with q2-coordination of the iminoacyl [2Oj,24,26,27]. As a solid, 8 has a half-life of 
about 6 weeks, decomposing to an unidentified mixture of products. 

The difference in reactivity between CO and CNR toward 2 seems surprising 
since these substrates are isoelectronic. Presently we do not fully understand this 
discrepancy, but an explanation based on steric effects can be made. In sterically 
congested mixed alkyl/silyl complexes, insertion of CO into the Zr-Si bond can be 
preferred if this accomplishes relief of steric strain. Since the isocyanide 2,6- 
MqC,H,NC contains a relatively bulky xylyl group, insertion into the Zr-Si bond 
of 2 might not relieve steric stress to the same extent as the analogous reaction with 
CO. Thus, the small steric relief that might be attained by insertion of CNR into the 
Zr-Si bond may be offset by the electronic preference for insertion into the Zr-C 
bond of 2. 

Description of the structure of CpCp*Zr[#-C(N-2,6-Me& H,)Si(SiMe,),]CI (7) 
In order to better understand electronic and steric factors, the X-ray crystal 

structure of 7 was determined. The molecular structure is shown in Fig. 1 with the 
atom labeling scheme. Crystal and data collection parameters are summarized in 
Table 2. Tables 3 and 4 list positional parameters and bond distances and angles, 
respectively. The structure consists of well-separated molecules with no abnormally 
short intermolecular contacts. 

The imino nitrogen and carbon atoms of the iminosilaacyl ligand are both 
bonded directly to the zirconium atom. Bond angles within the Zr-N(l)-C(16) 
triangle are similar ( f 4O ) to the corresponding values obtained for ~2-iminoacyls 
[26] and for the q2-silaacyl Cp, Zr(q’-COSiMe,)Cl [12a,b]. The Zr-C(16) bond 
length of 2.309(10) A is somewhat greater than values observed for Zr-C(iminoacy1) 
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Fig. 1. ORTEP view of CpCp*Zr[$-C(N-2,6-Me.&H#(SiMe,),lC1(7)_ 

distances (2.23-2.25 A) [26b,28]. The Zr-C(iminoacy1) distance in the closely 
related Cp,Zr[$-C(NMe)CHPh,]Me is 2.247(5) A [28]. The Zr-N(1) distance 
(2.249(g) & and the C(16)-N(1) distance (1.320(12) A) of 7 are also slightly longer 

Table 2 

Crystal data collection and refinement for 7 

(a) Crystalparameters 

formula 

crystal system 

space group 

a,A 

b,A 

c, A 

(6) Data collection 

temp., “C 

radiation, h 

monocbromator 
diffractometer 

28 scan range, deg 

(c) Refinement 

data/parameter 
GOF 

A/a 

C,,H,,ClNSi.,Zr 8. deg 106.25 (3) 

monoclinic v, K 3779 (2) 

P2Jc z 4 

18.276 (6) crystal dimens, mm 0.22 x 0.31 x 0.38 

9.993 (3) D(calcd), g cmm3 1.24 

21.550 (5) p(Mo-K,), cm-’ 5.0 

23 scan speed, deg min-’ variable, 6-20 

Mo-K, (0.71073 A) unique data 4940 (5449 collected) 
graphite unique data obsd 3017, Su(F,) 

Nicolet R3m/c std rflns 3 s&/197 rflns 

4-45 scan technique Wyckoff 

8.3 
1.344 

0.023 

(Ap)max, eAd3 1.02 (near Cp) 

RF, % 6.63 

R $ WFI 6.48 
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Table 3 

Atomic coordinates (X 10’) and isotropic thermal parameters (A2 X 103) 

x Y .z U” 

Zr 

Cl 

Si(1) 

Si(2) 

Si( 3) 

Si(4) 

C(l) 

C(2) 

c(3) 

c(4) 

C(5) 

C(6) 

c(7) 

c(8) 

C(9) 

C(lO) 

C(ll) 

C(l2) 

c(13) 

C(l4) 

c(15) 

c(l6) 

C(21) 

c(22) 

c(23) 

~(24) 

c(25) 

c(26) 

c(27) 

c(28) 

cx31) 

c(32) 

c(33) 
c( 3:;) 

CC351 

C(36) 

c(37) 

c(38) 

c(39) 

N(l) 

5331.8(5) 

3526(l) 

2043(2) 

2137(2) 

707(2) 

2590(2) 
3633(5) 

3999(5) 

3474(5) 
2739(5) 

2839(6) 

3947(7) 

4795(6) 

36t1(6) 
2013(6) 

2212(6) 

4956(6) 

4714(6) 

4278(5) 

4260(5) 

4680(5) 
2566(5) 

1954(6) 

1205(6) 

719(7) 
932(7) 

1672(S) 

2197(6) 

9346) 
3003(6) 

315q6) 

162q7) 

1674(7) 

449(6) 

88(6) 

404(6) 
2165(7) 

3641(6) 

2368(7) 

2494(4) 

532(l) 

1672(2) 

1347(3) 

3595(3) 

856(3) 

- 5q31 
- 1483(11) 

- 1900(10) 

- 1951(10) 

- 1629(10) 

- 1333(10) 

- 1466(13) 

- 2460(13) 

-2541(11) 

- 1832(10) 

- 1057(12) 

768(12) 

2061(11) 

2462(13) 

1404(11) 
363(12) 

1173(9) 

2813(10) 

2417(11) 

3321(12) 

460003) 
4976(12) 

4082(10) 

967(11) 

455qlo) 

4083(12) 

3858(12) 

4809(11) 

776(13) 

22Oq12) 

- 812(11) 

- 1792(11) 

- 229(12) 

673(13) 

1823(7) 

1025.q4) 

- 630) 
2130(l) 

2504(l) 

1906(2) 

3047(l) 
298(4) 

92q51 
1297(5) 

87q5) 

269(4) 
- 279(5) 

1133(6) 

1964(5) 

1042(5) 
- 350(5) 

1458(5) 

1320(5) 

1723(5) 

2132(4) 

1982(5) 

1461(4) 

546(5) 
225(5) 

- 121(5) 

- 194(5) 

86(5) 
456(5) 

252(5) 

75q6) 
2872(6) 

3125(5) 

1851(5) 

2687(5) 

1443(6) 

1521(5) 

2916(5) 

331q6) 

3774(5) 

913(3) 

31.0(3) 

28.3(8) 

320) 

41(l) 

49(l) 

46(l) 

43(4) 

44(4) 

40(4) 

37(4) 

42(4) 

72(6) 

73(6) 

58(5) 

52(5) 

66(5) 

61(5) 

57(5) 

51(5) 

49(4) 

55(5) 

26(3) 

37(4) 

43(4) 

62(5) 

67(6) 

57(5) 

46(4) 

54(5) 

66(5) 

73(6) 

68(6) 

64(5) 

75(6) 

76(6) 

65(5) 

66(5) 

69(5) 

78(6) 

31(3) 

a Equivalent isotropic ZJ defined as one third of the trace of the orthogonalized I!& tensor. 

than the corresponding values for ~2-iminoacylzirconium complexes (by ca. 
0.02-0.04 A). This could be a result of the greater steric congestion in 7. The 
%(1)-C(N) bond length of 1.949(11) A is only slightly (0.02 A) longer than the 
value obtained for the q2-silaacyl Cp, Zr( g2-COSiMe,)Cl [12a,b]. The 2,6-Me$,H, 
group is twisted by 67.4O out of the plane of the ~2-+ninosilaacyl. 

The average Zr-Cp(centroid) distance (2.267(11) A) is approximately the same as 
those found in sterically hindered zirconocene derivatives [29]. Substitution of one 
$-CsH5 ligand for the larger q5-C,Me, ligand would be expected to lead to a larger 
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Table 4 

Selected bond distances and angles for 7 

e 

(a) Bond distances (A) 

Zr-Cl 

Zr-N(1) 

Zr-C(16) 

Zr-CNT(l) o 

Zr-CNT(2) Ll 

N(l)-C(21) 

(b) Bond angles (deg) 

CNT(l)-Zr-CNT(2) 

Cl-Zr-CNT(1) 

Cl-Zr-CNT(2) 
C(16)-Zr-CNT(1) 

C(16)-Zr-CNT(2) 

N(l)-Zr-CNT(l) 
N(l)-Zr-CNT(2) 

2.W2) 
2.249(8) 

2x9(10) 
2.279(11) 

2.254(H) 

l&5(12) 

126.7(3) 

102.0(2) 

102.7(2) 
107.6(3) 

102.9(2) 

117/l(3) 
112.3(3) 

N(lww6) 1.320(12) 

C(16)-Si(1) 1.949(11) 

Si(l)-Si(2) 2.377(4) 
Si(l)-Si(3) 2.403(4) 
Si(l)-Si(4) 2.397(4) 

Cl-Zr-N(1) 82.1(2) 
Cl-Zr-C(16) 115.7(2) 

N(l)-Zr-C(16) 33.6(3) 
Zr-C(16)-N(1) 70.7(S) 

Zr-N(l)-C(16) 75.7(5) 

Zr-N(l)-C(21) 150.0(7) 
Zr-C(16)-Si(1) 156.2(4) 

u CNT(l) = centroid of c(l)-c(5); CNT(2) = centroid of C(ll)-C(15). 

centroid-Zr-centroid angle. However, the 126.7(3)“ angle observed for 7 is near to 
the lowest value found for Cp,ZrX, systems (126-132O) [29]. The less obtuse angle 
observed for 7 is probably the result of steric interactions attributed to the bulky 
Si(SiMe,), group and to the xylyl methyl groups, which are constrained to point 
toward the Cp and Cp* ligands. Evidence for such repulsive interactions are found 
in two particularly short H - - - H separations: 1.83 A between hydrogens on C(28) 
and C(13), and 2.04 A between hydrogens on C(38) and H(8). 

The Zr-Cl bond length, 2.605(2) A, is quite long compared to Zr-Cl bonds in 

other Cp,Zr(X)Cl spctures [29]. This distance is copsiderably longer than typical 
values such as a.44 A in Cp,ZrCl, [30], 2.441(10) A in (CH,),(q’-C,H,),ZrCl, 
[31], 2447(l) A in ($-CsHsSiMe,),Zr[CH(SiMe,),]C1 [32] and 2.480(l) A in 
Cp,Zr(CPh=CMe,)Cl [33], and even greater than the longest values observed, e.g., 
2.536(l) A in Sp,Zr(q2-COSiMe,)Cl [12b], 2.531(2) A in Cp,Zr(CPh,OMe)Cl [34] 
and 2.545(l) A in Cp,Zr[CH(SiMe,)(C,,H,)]Cl (C,,H, = anthracen-9-yl) [35]. It 
therefore seems that severe steric crowding has greatly influenced the bonding 
parameters in this molecule. 

Other attempted reactions 
No reaction was observed between 1 and acetylene (excess, benzene-d,, 9O”C, 1 

day), phenylacetylene (1 equivalent, benzene-d,, 1 day), trimethylphosphine (1 
equivalent, benzene-d,, 1 day), or benzonitrile (1 equivalent, benzene-d,, 1 day). 
Reaction with 4-methoxybenzonitrile (1 equivalent, pentane, 1 day) occurred to give 
two products which could not be separated or characterized. In contrast, 
Cp,Zr[Si(SiMe,),]Cl does not react with 4-methoxybenzonitrile [12b]. Reactions of 
1 that gave mixtures of uncharacterized products include those with carbon dioxide 
(excess, benzene-d,, 5 days), phenylisocyanate (1 equivalent, benzene-d,, 1 day), 
t-butyl isocyanide (1 equivalent, benzene-d,, 1 day), and acetonitrile (1 equivalent, 
benzene-d,, 1 day). 
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conclusion 

As observed with 1 and 2, early transition metal (do) silyl complexes exhibit 
increased reactivity toward insertion of unsaturated substrates relative to late 
transition metal silyls. This increased M-Si bond activity can be attributed to the 
lack of a-bonding between a do metal center and silicon [ld,12]. Replacement of a 
Cp ligand in Cp2Zr[Si(SiMe,),]C1 with a Cp* ligand results in activation of the 
Zr-Si bond toward insertion of carbon monoxide. This single ligand substitution 
also changes the selectivity of CO insertion in mixed alkyl/silyl complexes. Thus, it 
appears that the insertion chemistry of zirconium silyl complexes can be greatly 
influenced by rather subtle changes in the electronic and steric environment of the 
metal center. The Zr-Si bond “activation” described here has provided a new 
synthetic route to an acylsilane (eq. 5), and the synthesis of the first stable 
formylsilane (eq. 4) [15]. 

Experimental 

All manipulations were conducted under an inert atmosphere of nitrogen or 
argon. All solvents were distilled from sodium benzophenone ketyl before use, 
except dichloromethane which was distilled from calcium hydride. CpCp*ZrCl, [36] 
and Al(SiMe,), * OEt, [37] were prepared according to the literature procedures. 
The compound (THF),LiSi(SiMe,), was prepared by the literature procedure [38] 
with the modification that halide-free MeLi (Aldrich) was used. If MeLi complexed 
with LiBr is used, some bromide becomes complexed with the (THF),LiSi(SiMe,), 
and partial halogen exchange with 1 is observed. The acylsilane MeCOSi(SiMe,), 
was prepared by the method of Brook [22]. The compounds MeMgBr (Aldrich), 
2,6Me,C,H,NC (Fluka), and ZrCl, (Aesar) were used as received. Elemental 
analyses were performed by Galbraith microanalytical laboratories. 

Infrared spectra were recorded on a Perk&Elmer 1330 infrared spectrometer_ ‘H 
and 13C{ ‘H} NMR spectra were recorded on a GE QE-300 instrument at 300 and 
75.5 MHz, respectively. 29Si{1H} NMR sp ectra were recorded at 59.6 MHz on the 
GE QE-300, and an INEPT sequence was employed to enhance the signals [39]. 

CpCp*Zr[Si(SiMe,),]CI (I). A 250 ml round flask was charged with 
CpCp*ZrCl, (7.88 g, 21.8 mmol), (THF),LiSi(SiMe,), (10.25 g, 21.8 mmol), and 
200 ml of benzene. The reaction mixture was stirred for 12 h and the volatiles were 
then removed by vacuum transfer. The desired reaction product was isolated from 
the residue by applying successive pentane extractions until addition of solvent no 
longer gave a red solution. The combined extracts were concentrated and cooled 
( - 45 o C) to give three crops of red crystalline 1 (7.77 g) in 62% yield (m.p. 122” C 
dec.). Anal. Found: C, 49.94; H, 7.99. C,H,,ClSi,Zr calcd.: C, 50.16; H, 8.24%. IR 
(Nujol, CsI, cm-‘): 1250m sh, 1235m, 107Ow, 1025m, 1015m, 905vw, 860m sh, 83Os, 
8OOm, 745~ sh, 730m, 675m sh, 670m, 620m, 405w, 365m, 34Om, 31Ovw, 270~. 

CpCp*Zr[Si(SiMe,),]Me (2). Compound 1 (1.00 g, 1.74 mmol) was dissolved 
in diethyl ether (30 ml) and cooled to - 78 o C. To this stirred solution was added 
3.6 ml of 0.48 M MeMgBr (1.73 mmol) in diethyl ether. The reaction mixture was 
allowed to slowly warm to room temperature over 2 h with stirring. The solution 
was evaporated to dryness and the product extracted with pentane (3 X 20 ml). The 
combined pentane extracts were concentrated to ca. 30 ml and cooled to - 45 o C. 
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Two crops of orange crystalline 2 were isolated to give an overall yield of 82% (0.793 
g). Compound 2 is stable indefinitely as a solid at room temperature (m-p. 78 o C 
dec), but gradually decomposes in solution to produce HSi(SiMe,), (by ‘H NMR). 
Anal. Found: C, 53.93; H. 9.28. q,H,,Si,Zr calcd.: C, 54.18; H, 9.09%. IR (Nujol, 
CsI, cm-‘): 125Ow sh, 123Os, 112Om, 107Ow, 1025m, 1015m, 900w sh, 830s br, 67Os, 
62Os, 400m br, 380w sh, 360m. 

CpCp*Zr[~2-COSi(SiMeio,lCI (3). A pressure bottle containing 1 (2.10 g, 3.65 
mmol) dissolved in pentane (50 ml) was pressurized with CO (100 psi) and allowed 
to stir for 30 min. The pink precipitate was isolated by filtration and dried under 
vacuum to provide 0.95 g of 3. An additional 0.60 g of crystalline 3 was obtained by 
concentration and cooling ( - 45 o C) of the filtrate. Overall yield of 3 (m-p. 115 o C 
dec) was 71%. Anal Found: C, 49.77; H, 8.08. C,,H,,ClOSi,Zr calcd.: C, 49.83; H, 
7.86%. IR (Nujol, CsI, cm-‘): v(C=O) 1440 cm-‘. 

CpCp*ZrfOC(=CH,)Si(SiMe,), ]H (5). A pressure bottle containing an orange 
solution of 2 (0.26 g, 0.47 mmol) in pentane (25 ml) was pressurized with CO (90 
psi) and stirred. The solution immediately became pink and then gradually turned 
beige after 1 h. The solution was transferred to a Schlenk tube, concentrated, and 
cooled to - 78 o C. Crystals of beige 5 were then isolated by filtration in 48% yield 
(0.13 g). Anal Found: C, 53.33; H, 8.71. C,,H,,OSiZr calcd.: C, 53.64; H, 8.66%. 
IR (Nujol, CsI, cm-‘): 1580m br, 154Om, 135Om, 1250w sh, 124Os, 118Os, lOOOs, 
860~ sh, 83Os, 79Os, 74Ow, 685m, 66Ow, 620m, 580m br, 485m, 445m, 42Ow, 365m, 
31ow. 

Reaction of 5 with Mel To an NMR tube containing 0.028 g (0.048 mmol) of 5 
in benzene-d, was added 3 ~1 (0.048 mmol) of MeI. An immediate reaction was 
observed to give methane and CpCp*Zr[OC(=CH,)Si(SiMe,),]I (6) cleanly by ‘H 
NMR. 

Reaction of 5 with HCZ. To an NMR tube containing 0.028 g (0.048 mmol) of 5 
in benzene-d, was added 2 equivalents of HCI gas by vacuum transfer. As 
monitored by ‘H NMR, the reaction proceeded nearly quantitatively to CpCp*ZrCl, 
and the acylsilane MeCOSi(SiMe,),. For the acylsilane, resonances were observed 
at S 0.22 (27 H, SiMe,) and S 2.13 (3 H, Me)_ 

CpCp*Zr[q2-C(N-2,6-Me,C, H,)Si(SiMe,),]CI (7). To a flask containing 1.36 g 
(2.37 mmol) of 1 and 0.31 g (2.37 mmol) of 2,6-Me&H,NC was added 30 ml of 
benzene with stirring. The solution immediately became dark green. After stirring 
for 2 h the volatiles were removed by vacuum transfer and the residue was washed 
with cold pentane ( - 78 O C, 2 X 10 ml). The yellow product was then dissolved in 
pentane, filtered, and cooled (- 45 O C) to give 2 crops (1.27 g) of yellow, crystalline 
7 in 76% yield (m.p. 153OC dec). Anal. Found: C, 55.70; H, 7.96. C,,H,,ClNSi,Zr 
calcd.: C, 56.16; H, 8.00%. IR (Nujol, CsI, cm-‘): 153Ow, 1505w, 1255~ sh, 124Om, 
114&v, 1085w, 1070~~ sh, 1015w, 855m sh, 825s, 8OOm, 79Om, 765m, 68Ow, 62Ow, 
600~ sh, 495w, 47Ovw, 455vw, 41Ovw, 39Ovw, 35Ow, 33Ow, 315vw, 280~. 

CpCp”Zrf g2-C(N-2,6-Me& H,)Me]Si(SiMe,), (8). Benzene (15 ml) was added 
to a flask containing 2 (0.458 g, 0.825 mmol) and 2,6-MqC,H,NC (0.108 g, 0.824 
mmol). The mixture was stirred for 1.5 h and then evaporated to dryness. The 
product was extracted into pentane (30 ml) and crystallized by concentration and 
cooling ( - 45 O C). Thermally unstable, pale yellow crystals of 8 were isolated in 60% 
yield (0.399 g, m-p. 118OC dec). IR (Nujol, CsI, cm-‘): 1595m, 1580m, 134&v, 
1250w sh, 1230m, 1160m, 112Om, 109Om, 1020m sh, 1015m, 855m sh, 825s, 79Om, 
765m, 660m, 615m, 395m, 35Ow, 325m. 
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Collection of diffraction data for 7. A yellow crystal of 7 was sealed in a glass 
capillary under argon. Based on systematic absences, 7 was found to crystallize in 
monoclinic P2,/c. Unit-cell dimensions were derived from the least-squares fit of 
the angular settings of 25 reflections with 20 o I 28 I 25 O. The parameters used 
during the collection of diffraction data are contained in Table 2. Correction for 
absorption was not needed (~5.0 cm- ‘, regular crystal shape); a correction for a 3% 
linear decay in intensity was applied. 

Solution and refinement of 7. The structure 7 was solved via heavy-atom meth- 
ods which located the Zr atom. The remaining non-hydrogen atoms were found 
from subsequent difference Fourier syntheses and wer? refined anisotropically. 
Hydrogen atom positions were calculated (d(C-H) 0.96 A, p 1.2 times vi, for the 
carbon to which it was attached). The final difference Fourier syntheses showed 
only a diffuse background. An inspection of F, vs. F, values and trends based upon 
sin 8, Miller index or parity group failed to reveal any systematic errors in the data. 
All computer programs used in the data collection and refinement are contained in 
the Nicolet XRD (Madison, WI) program packages P3, SHELXTL (version 5.1) and 
XP. SHELXTL served as the source for the neutral atom scattering factors. 
Supplementary material consisting of a list of observed and calculated structure 
factors, tables of bond distances and angles, anisotropic thermal parameters, and 
hydrogen atom coordinates can be obtained from the authors. 
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