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Reactions of Carbon Dioxide and Carbon Disulfide with 
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Reaction of the q2-silanimine complexes Cp2Zr(q2-SiMezNtBu)(L) (Cp = qS-C5H5; L = PMe3 
(la), CO (lb)) with carbon dioxide leads to a net oxygen atom insertion into the Zr-Si bond. 
The products are carbon monoxide and the dimeric oxazirconacycle [cyclo-Cp2Zr(OSiMe2Nt- 
Bu)l2 (2). Compound 2 c stallizes in the monoclinic space group P 2 J n  (2 = 4) with a = 
10.273(2) A, b = 10.750(1) c = 14.869(3) A, and @ = 97.82(2)’. Refinement of the structure 
resulted in the final agreement factors R1 = 0.026, R2 = 0.040, and goodness-of-fit = 1.481. 
Low-temperature lH and 13C(lH) NMR studies have allowed the in situ observation of cyclo- 
Cp,Zr[OC(=O)SiMe2NtBul (3), the initial intermediate formed by the insertion of the C-0 
multiple bond of C02 into the Zr-Si bond of la. Decarbonylation of 3 a t  25 OC and dimerization 
lead to the observed net oxygen insertion product 2. Carbon disulfide reacts with 1 to yield the 
monomeric four-membered metallacycle cyclo-Cp2Zr(SSiMe2NtBu) (5). Carbonyl monosulfide 
leads to a mixture of the oxygen and sulfur atom insertion products 2 and 5. 

Introduction 
For many years, transition metal complexes have been 

used to promote reactions between silanes and organic 
molecules containing carbon-oxygen unsaturation. In 
particular, the metal-catalyzed hydrosilylation of alde- 
hydes and ketones has been extensively studied.’ It is 
somewhat surprising, therefore, to discover that investi- 
gations of the metal-promoted reaction of carbon dioxide 
with hydrosilanes have been extremely limited.2 Carbon 
dioxide represents an important C1 raw material and 
displays a wealth of reactivity with transition metal 
comple~es.~ Numerous examples of C02 insertions, and 
to a lesser extent those involving the related heterocu- 
mulenes carbon disulfide and carbonyl monosulfide, into 
metal hydride4 and alkyls linkages are known. These 
reactions generally yield carboxylate derivatives L,M02- 
CR (R = H, alkyl, aryl) in which metal-oxygen and carbon- 

hydrogen (or carbon-carbon) bonds are formed.a6 In 
contrast, very few reports of reactions with metal silyls 
have surfaced over the years. In those cases studied, 
reactions of transition metal silyls with carbon dioxide 
have generally led to products best explained by initial 
metal-carbon and silicon-oxygen bond formation (i.e., 
L,MC02SiR3).2 

Recently, we reported the synthesis and structure of 
the first examples of q2-silanimine (q2-SiRyNR’) com- 
plexes, Cp2Zr(q2-SiMez=NtBu)(L) (Cp q6-C5Hs; L = 
PMe3 (la), CO (lb)) and described some of their reactivity 

“Bu “BU 

la .  L=PMe3 
lb, L-CO 

(1) For a recent review, we: Ojima, I. In The Chemistry of Organic 
Silicon Compounds; Patai, S.,  Rappoport, Z., Eds.; John Wiley k Sone, 
Ltd.: New York, 1989; Chapter 25. 

(2) (a) Neumann, G.; Neumann, W. P. J. Organomet. Chem. 1972,42, 
293. (b) Svoboda, P.; Belopotapova, T. S.; Hetflejs, J. J. Organomet. 
Chem. 1974,66, C37. (c) Svoboda, P.; Hetnejs, J. Collect. Czech. Chem. 
Commun. 1976, 40, 1746. (d) Koinuma, H.; Kawakami, F.; Kato, H.; 
Hirai, H. J. Chem. SOC., Chem. Commun. 1981,213. (e) Sbs-Fink, G.; 
Reiner, J. J. Organomet. Chem. 1981,221, C36. (0 Eieenechmid, T. C.; 
Eisenberg, R. Organometallics 1989,8,1822. 

(3) For reviews see: (a) Darensbourg, D. J.; Kudaroeki, R. A. Ado. 
Organomet. Chem. 1985,22,129. (b) Sneeden, R. P. A. In Comprehenuioe 
Organometallic Chemistry; Wilkinson, G., Stone, F. G. A, Abel, E. W., 
W.; Pergamon: New York, 1982; Vol. 8; Chapter 50.4. (c) Palmer, D. 
A.; van Eldik, R. Chem. Rev. 1985,83,651. (d) Behr, A. Angew. Chem., 
Znt. Ed. Engl. 1988,27,661. 
(4) For examples, see: (a) Albano, V. G.; Bellon, P. L.; Ciani, G. J.  

Organomet. Chem. 1971,31,75. (b) Freni, M.; Giusto, D.; Romiti, P. J. 
Znorg. Nucl. Chem. 1971,33,4093. (c) Bianco, V. D.; Doronzo, S.; Roeei, 
M. J.  Organomet. Chem. 1972,36,337. (d) Roberta, D. R.; Geoffroy, G. 
L.; Bradley, M. G. J. Organomet. Chem. 1980,198, C75. (e) Be@, B.; 
Denise, B.; Sneeden, R. P. A. J. Organomet. Chem. 1981,208, C18. (0 
Darensbourg, D. J.; Rokicki, A.; Darensbourg, M. J. Am. Chem. SOC. 
1981,103,3223. (g) Slater, S. G.; Lusk,R.; Schumann,B. F.; Darenebourg, 
M. Organometallics 1982,1, 1662. (h) Darenebourg, D. J.; Rokicki, A. 
Organometallics 1982,1,1685. (i) KubiaL, C. P.; Woodcock, C.;Eisenberg, 
R. Znorg. Chem. 1982,21,2119. c j )  Darenebourg, D. J.; Rockicki, A. J. 
Am. Chem. SOC. 1982,104,349. (k) Fong, L. K.; Fox, J. R.; Cooper, N. 
J. Organometallics 1987, 6, 223. 

0276-7333/93/2312-30a7~0~.~f0 

with a variety of simple substrates.6 Unsaturated organic 
molecules (e.g., alkenes, alkynes, aldehydes, ketones) were 
observed to insert into the Zr-Si bond to generate five- 
membered metallacycles (Scheme I). In particular, the 
reactivity of q2-silanimine complexes la and lb  with 
organic carbonyl functionalities suggested that other 
species containing carbon-oxygen unsaturation, such as 
carbon dioxide, may also undergo similar insertion pro- 
cesses. We now report on thereactions of the q2-silanimine 

(5) For examples, see: (a) Manzer, L. J. Organomet. Chem. 1977,136, 
C6. (b) Hung,T.; Jolly, P. W.; Wilke,G. J. Organomet. Chem. 1980,190, 
C5. (c) Razuvaev,G. A.;Latyaeva,V. N.; Vyshinekaya,L. I.;Drobotenko, 
V. V. J. Organomet. Chem. 1981,208, 169. (d) Klei, E.; Telgen, J. H.; 
Teuben, J. H. J. Organomet. Chem. 1981,209,297. (e) Klei, E.; Teuben, 
J. H. J. Organomet. Chem. 1981,222,79. (0 Holl, M. M.; Hillhow, G. 
L.;Folting,K.; Huffman, J. C. Organometallics 1987,6,1522. (g) Johnston, 
R. F.; Cooper, J. C. Organometallics 1987,6, 2448. (h) Torres, M. R.; 
Perales, A.; Roe, J. Organometallics 1988,7,1223. (i) Scott, F.; Kruger, 
G. J.; Cronje, S.; Lombard, A.; Raubenheimer, H. G.; Benn, R.; Rufi ika,  
A. Organometallics 1990, 9,1071. 

(6) (a) Procopio, L. J.; Carroll, P. J.; Berry, D. H. J. Am. Chem. Soc. 
l991,113,lS70. (b) Procopio, L. J.; Carroll, P. J.; Berry,D. H. Manuacript 
in preparation. (c) Procopio, L. J. Ph.D. Thesis, Univereity of Penn- 
sylvania, 1991. 
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Scheme I 

Procopio et al. 
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Figure 1. ORTEP drawing of the monomeric unit in [cyclo- 
Cp2Zr(OSiMezNtBu)lz (21, showing non-hydrogen atoms. 

complexes CpzZr(q2-SiMez=NtBu) (L) (1) with carbon 
dioxide, which result in a net one-atom insertion of oxygen 
into the metal-silicon bond. The crystal structure of the 
product is discussed, as well as low-temperature NMR 
studies providing details relating to the mechanism of its 
formation. In addition, reactions of 1 with the related 
heterocumulenes CSZ and COS are also described. 

Results and Discussion 
Carbon dioxide (ca. 1 equiv) reacts very rapidly with a 

benzene-ds solution of CpzZr(+-SiMeyNtBu)(PMe3) (la) 
to yield after a few minutes a mixture of carbon monoxide 
and two zirconium products (eq 1). The minor product 

CEDE, 25 “2 
minutes 

,PMe3 ...‘ 
cp,zr’-SiMez + o=c=o - 

’N’ “Eu - PMe, 

1. 

!BU 

1 COZ, hours 1 
- co 

(ca. 30 % ) is the carbonyl adduct CpzZr(q2-SiMeyNtBu)- 
(CO) (lb), whereas the major product, the dimeric [cyclo- 
CpzZr(OSiMezNtBu)12 (21, is the result of net oxygen atom 
insertion into the Zr-Si bond. The dimeric nature of 2 
was determined by the crystallographic study described 
below. The 13C(lH) NMR spectrum of the products from 
the reaction of la and 13COz confirms the presence of free 
13C-labeled carbon monoxide and lb-13C but only displays 
resonances for the Cp (6 114.11, tBu (6 55.0, 35.01, and 
SiMez (6 4.1) groups of 2. Thus as expected from the 
proposed formula, there is no incorporation of carbon from 
COZ into 2. Carbonyl derivative l b  also reacts with COZ 
to yield 2, although much more slowly (t1p - 4 h), so that 
eventually reaction 1 quantitatively yields the oxamet- 
allacycle 2. The slower reaction of l b  is consistent with 
the lower lability of the carbonyl ligand compared to that 
of the phosphine ligand in la. 

Figure 2. ORTEP drawing of [cyclo-Cp~Zr(OSiMe~NtBu)l~ 
(2), showing non-hydrogen atoms. s6-C6H5 rings have been 
omitted for clarity. 

Oxametallacycle 2 has been isolated as pale orange 
crystals in 74% yield from the preparative-scale reaction 
of la with carbon dioxide. The lH NMR spectrum of 2 
displays three singlets for the Cp (6 6.051, tBu (6 1.11) and 
SiMez (6 0.29) groups. 

The structure of 2 has been conclusively established by 
a single-crystal X-ray diffraction study; an ORTEP 
drawing of the monomeric unit is shown in Figure 1, and 
the full dimeric structure is shown in Figure 2. Crystal- 
lographic data and selected bond distances and angles are 
given in Tables 1-111. As shown in Figure 2, the cen- 
trosymmetric molecule is composed of two crystallo- 
graphically equivalent cyclo-CpzZr(OSiMezNtBu) units 
connected through Zr-0  bridges. The ZrzOz core displays 
short (2.170(1) A) andlong (2.302(1) A) Zr-0  bondlengths. 
The shorter Zr-0 distance is found within the four- 
membered (i.e., ZrOSiN) oxametallacycle, while the long 
Zr-0 bond is due to the Zr-0 bridges between the 
monomeric unite. 

Several other oxazirconacycles have been reported to 
display dimeric structures analogous to 2. The q2- 
benzophenone complex of zirconocene, [CpzZr(q2- 
0=CPh~)lz, exhibits both short (2.109(2) and 2.112(2) A) 
and long (2.287(2) and 2.304(2) A) zirconium-oxygen bond 
distances.‘ Similar values are found for [CpzZr(q2- 

(7) Erker, G.; Dorf, U.; Cziech, P.; Petereen, J. L. Organometallics 
1986,5, 668. 
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Reactions of Zirconium 9-Silanimine Complexes 

Table I. Summary of the Structure Determination for 2 
formula 
fw 

c16HzsNOSiZr 
342.67 

crystal dimens, mm 
crystal class monoclinic 
space group P Z l / n  (No. 14) 
Z 4 
cell constants 

0.18 X 0.25 X 0.55 

a , A  10.273(2) 
6, A 10.750(1) 
C, A 14.869(3) 
6, deg 97.82(2) 
v, A3 1626.9(9) 

1, cm-1 7.27 
D(calc), g/cm3 1.399 
F(000) 712 
radiation (A, A) 
0 range, deg 2.0-27.5 
scan mode cc-28 
h,k,l collected 13,13,&19 
no. of reflns measd 4131 
no. of unique reflns 3716 
no. of reflns used in refinement 
no. of params 181 
data/param ratio 17.3 
Ri 0.026 
Rz 0.040 
GOF 1.481 

Mo Ka (0.710 73) 

3132 (I> 3 4 ) )  

Table 11. Bond Distances (A) in 2. 
Zr-O 2.170( 1) Zr-CS 2.615(3) 
Zr-N 2.195(2) Zr-C6 2.542(3) 
Z r S i  2.9170(7) Zr-C7 2.571 (3) 
Zr-O' 2.302(1) Zr-C8 2.573(3) 
Si-N 1.695(2) Zr-C9 2.580(3) 
Si-Cl 1 1.873(3) Zr-C 10 2.580(3) 
Si-C 1 2 1.880(3) c 1 4 2  1.422(5) 
N-Cl3 1.487(3) C1-C5 1.376(5) 
Si-0 1.662(2) C2-C3 1.378(4) 
C13-Cl4 1.5 1 O(4) c3-C4 1.364(4) 
C13-Cl5 1.526(5) c 4 4 5  1.369(5) 
C13-C 16 1.537(4) C M 7  1.375(4) 
Zr-C 1 2.5 53 (3) C6-C 10 1.355(4) 
Zr-C2 2.555(3) C7-C8 1.377(4) 
Zr-C3 2.593(3) C8-C9 1.385(5) 
Zr-C4 2.624(3) C9-C 10 1.359(6) 

0 Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

Table 111. Selected Bond Angles (deg) in 24b 
Cpl-Zr-Cp2 124.8 O S i - C l l  113.2(1) 
Zr-OSi 98.29(7) O S i - C l 2  11 1.9(1) 
Zr-NSi 96.31(8) N S i - C l l  116.6(1) 
0-Zr-N 69.53(6) N S i - C l 2  115.4(1) 
M i - N  95.73(8) C l l S i - C l 2  104.2(2) 
0-Zr-0' 66.87 (5) Zr-N-C 1 3 139.9( 1) 
0-Zr'-N' 136.26(6) Si-N-Cl3 123.8(2) 
Zr-O-Zr' 1 13.13(6) N-Cl3-Cl4 113.9(2) 
Si-Zr-0 34.3 l(4) N-C 13-C 1 5 110.8(2) 
Si-Zr-N 35.27( 5) N-Cl3-Cl6 110.3(2) 
Z r S i - 0  47.40(5) C14413-Cl5  108.4(3) 
ZrSi-N 48.42(6) C 1 4 4 1 3 4 1 6  106.9(2) 
ZrSi-C 1 1 131.1 (1) C15-Cl3-Cl6 106.1(3) 
Z r S i - C  12 124.5( 1) 

a Cpl and Cp2 refer to the centroids of the q5-C5H5 rings. Numbers 
in parentheses are estimated standard deviations in the least significant 
digits. 

O=CHz)Iz (2.103(2) and 2.200(2) and [cyclo-CpzZr- 
(OCHZCHZCHM~)]Z (2.190(3) and 2.234(7) In most 
cases the longer Zr-0 bonds bridge the monomeric units; 
however, Hillhouse and 'co-workers have described the 

(8) Erker, G.; Hoffmann, U.; Zwettler, R.; Betz, P.; K m e r ,  C. Angew. 

(9) Takaya, H.; Yamakawa, M.; Mashima, K. J. Chem. SOC., Chem. 
Chem., Int. Ed. Engl. 1989,28,630. 

Commun. 1983, 1283. 
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Table IV. Reported Values of Zr-Si Bond Lengths 
compound D( Z r S i )  , A ref 

CpzZr(q2-SiMeyNtBu) (PMe3) 2.654(1) a 
CpzZr(q2-SiMeyNtBu)(CO) 2.706( 1) b 
CpzZr(H)(PMe,)(SHPh2) 2.707(5) C 

Cp~Zr(SiPh3) (H) (PMe3) 2.721(2) d 
('Bu0)sZr [Si(SiMe3)3] 2.753(4) e 
[CnZr(~-H)(SiHPhz)l2 2.7590(8) C 
Cp2Zr(SiPh,)(CI) 2.8 1 3 (2) f 
Cp2Zr(SiMca)(SzCNEt2) 2.815(1) g 
See ref 6a. See ref 6b. Takahashi, T.; Hasegawa, M.; Suzuki, N.; 

Saburi, M.; Rousset, C. J.; Fanwick, P. E.; Negishi, E. J. Am. Chem. SOC. 
1991, 113, 8564. dKreutzer, K. A.; Fisher, R. A,; Davis, W. M.; 
Spakenstein, E.; Buchwald,S. L. OrganometalZics 1991,10,4031. Heyn, 
R. H.; Tilley, T. D. Inorg. Chem. 1989,28,1768. f Muir, K. W. J. Chem. 
Soc. A 1971, 2663. gTilley, T. D. Organometallics 1985, 4, 1452. 

structure of an oxametallacyclobutene derivative of zir- 
conocene, [CyClO-CpzZr(OCsHs)lz, in which the long Zr-0 
bond is found within the ZrCzO ring.1° One factor common 
to these dimeric structures is that the ring sizes of the 
oxametallacycles are small (three to five atoms). The 
influence of steric factors no doubt plays a large role in 
determining whether dimerization occurs. Crystallo- 
graphic studies of zirconocene oxametallacycloheptene and 
oxametallacyclohexadiene complexes indicate these larger 
ring systems are monomeric in the solid state." A 
monomeric oxazirconacyclobutene is also observed in the 
sterically hindered pentamethylcyclopentadienyl complex 
cyclo-Cp*zZr(OPhC=CPh) (Cp* = vWsMe&12 

Other aspects of the structure of 2 appear typical for 
zirconocene compounds. The Cpl-Zr-Cp2 angle (Cpl and 
Cp2 = Cp ring centroids) of 124.8O is within the normal 
range observed for zirconocene ~omp1exes.l~ The Zr-N 
distance of 2.195(2) A is only slightly longer than those 
found for la (2.167(3) and lb (2.162(4) A).sb The 
S i 4  and Si-N bond lengths (1.662(2) and 1.695(2) A, 
respectively) fall within the range observed for these types 
of single bonds in a variety of silicon-containing com- 
p o u n d ~ . ~ ~  

One unusual feature of the structure of 2 is the short 
Zr-Si distance of 2.9170(7) A across the four-membered 
ring. This nonbonded contact does not fall very far outside 
the observed range of Zr-Si single bond lengths (see Table 
IV). Although 2 does not contain a formal Zr-Si bond, 
the close contact imposed by the geometrical constraints 
of the four-membered ring may be the cause of the upfield 
shiftofthesiatom (6-45.11) inthemSi{lHjNMRspectrum 
of 2. Contact of silicon with a transition metal has been 
shown to cause dramatic changes in the '%i chemical 
shift.16. A similar upfield 29Si resonance (6 -57.89) is 
observed for the ring silicon in the four-membered ring of 
cyclo-CpzZr[CH(SiMe~)SiMe~N~Bul, which might also be 
expected to contain a short cross-ring Zr-Si distance.6b I t  
should be noted, however, that Si atoms in small rings 
(three or four atoms) also generally display upfield mSi 

(10) Vaughan, G. A.; Hillhouse, G. L.; Lum, R. T.; Buchwald, S. L.; 
Rheingold, A. L. J. Am. Chem. SOC. 1988,110, 7215. 

(11) (a) Kai, Y.; Kanehiaa, N.; Miki, K.; Kasai, N.; Akita, M.; Yasuda, 
H.; Nakamura, A. Bull. Chem. SOC. Jpn. 1983,56,3735. (b) Erker, G.; 
Engel, K.; Atwood, J. L.; Hunter, W. E. Angew. Chem., Int. Ed. Engl. 
1983, 22, 494. (c) Erker, G.; Petrenz, R.; KrOger, C.; Nolte, M. J. 
Orgarwmet. Chem. 1992,431, 297. 

(12) Vaughan, G. A.; Hillhouse, G. L.; Rheingold, A. L. J. Am. Chem. 
SOC. 1990, 112, 7994. 

(13) Cardin, D. J.; Lappert, M. F.; Raston, C. L. Chemistry of Organo- 
Zirconium and -Hafnium Compounds; Ellis-Horwood: Chichester, U.K., 
1986. 

Orgonosilicon Compounds; Ellis-Horwood: Chichester, U.K., 1989. 
(14) Lukevics, E.; Pudova, 0.; Sturkovich, R. Molecular Structure of 
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chemical shiftsl6and that this effect could account for the 
observed chemical shifts in the zirconacycles. 

Cross-ring interactions with silicon have previously been 
postulated for several small-ring compounds. Short cross- 
ring Si-Si interactions have been demonstrated both by 
experiment and in theoretical calculations on cyclodisi- 
loxanes17 and MzSiz18 and MSi2017bJ9 ring systems. 
Although theoretical work does not support the existence 
of a Si-Si bond in cyclodisiloxanes, the interesting idea of 
an “unsupported ?r-bond” (i.e., a a-bond without a sup- 
porting a-bond) has been suggested.17e On the other hand, 
both experiment and theory support the idea of a Si-Si 
bond in several PtzSiz rings.lgb-d Cross-ring Zr-Si distances 
even shorter than that in 2 have been observed in the 
molecular structures of cyclo-Cp2Zr(CH2SiMe~CH~) 
(2.875(2) A)2o and {cyclo-Zr(CHSiMezNSiMe3) [N- 
(SiMe3)zI)z (ca. 2.78 but were not remarked upon by 
the authors. 

Given the extreme oxophilicity of both zirconium and 
silicon, it is not surprising that the ultimate product of 
reaction 1 contains both Zr- and Si-0 bonds. The nature 
of the oxygen-transfer process, however, is not completely 
obvious. The formation of carbon monoxide in reaction 
1 suggests that 2 is formed by the decarbonylation of an 
intermediate COz insertion product (Scheme 11). Initial 
formation of the carbonyl adduct lb  is simply explained 
by a rapid scavenging of CO by unreacted la.6 However, 
the insertion of a C=O double bond of carbon dioxide 
into the Zr-Si bond could proceed by two distinct paths: 
with formation of a Zr-0 bond (intermediate 3) or a Si-0 
bond (intermediate 4.) This question has been directly 
addressed by a low-temperature NMFi study of the reaction 
of la with COz. 

The lH NMR spectrum observed at -77 OC in toluene- 
d8 of la and ca. 2 equiv I3C-1abeled COZ exhibits resonances 
for unreacted la and a single new species (ca. 35% 1. The 
new product displays resonances at  6 5.90 (s), 0.85 (s), and 
0.52 (s), assigned to Cp, tBu, and SiMez groups, respec- 
tively. More significantly, the 13C(IH) NMR spectrum 
shows an isotopically enriched peak at  6 187.1 (s), assigned 
to the carbonyl group of an insertion product. In addition, 
the peak clearly displays satellites due to coupling to the 
silicon of the SiMez group (‘Jsic = 88.4 Hz), and the 

Procopio et al. 

(15) For examples, see: (a) Pannell, K. H.; Baasindale, A. R. J.  
Organomet. Chem. 1982,229,l. (b) Pannell, K. H.; Rozell, J. M.; Tsai, 
W.-M. Organometallics 1987, 6,  2085. 

(16) For examples, see: (a) Seyferth, D.; Annarelli, D. C.; Vick, S.  C. 
J .  Am. Chem. Soc. 1976,98,6382. (b) Seyferth, D.; Annarelli, D. C.; Vick, 
S. C.; Duncan, D. P. J .  Organomet. Chem. 1980,201,179. (c) Ishikawa, 
M.; Sugisawa, H.; Kumada, M.; Higuchi, T.; Mataui, K.; Hirotau, K.; 
Iycda, J. Organometallics 1983,2,174. (d) Seyferth, D.; Annarelli, D. C.; 
Vick, S.  C. J .  Organomet. Chem. 1984,272,123. (e) Brook,A. G.; Wessely, 
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magnitude of this coupling unequivocally indicates the 
presence of a direct Si-C bond.22 The IH and 13C NMR 
data strongly support the structure for 3 shown in eq 2, 

ieu 
N 

Me#,/ \ 

‘BU 

2 

in which the five-membered metallacycle contains Si-C 
and Zr-0 linkages. Metallacycle 3 appears to be fairly 
stable in solution a t  -78 “C, as no appreciable decompo- 
sition is observed after approximately 1 h. Warming to 
room temperature results in the complete decarbonylation 
of 3J3C within minutes to yield mainly 2 and free WO.  
Only a small amount of lb-13C (ca. 5%)  was observed, 
indicating that nearly all of la had been converted to 3J3C 
prior to decarbonylation. Thus, formation of 2 appears 
to proceed by an initial insertion of COz to yield 3, followed 
by a decarbonylation and dimerization (eq 2). 

Although most metal alkyls and hydrides react with 
COz to yield products containing new metal-oxygen 

(22) Typical values of ‘Js~c  are 50-60 Hz for spa-hybridized carbon. 
Larger ‘Jsic would be expected for spkhybridized carbon. For example, 
a series of silyl-substituted acetylenes ( R s S i M X )  displayed 
70-90 Hz and *Jsic = 12-18 Hz: Liepins, E.; Biegele, 1.; Lukevics, E.; 
Bogoradovsky, E. T.; Zavgorodny, V. S. J.  Organomet. Chem. 1990,393, 
11. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Se
pt

em
be

r 
1,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

, 1
99

3 
| d

oi
: 1

0.
10

21
/o

m
00

03
2a

03
5



Reactions of Zirconium 4-Silanimine Complexes 

bonds,4I6 previous work with late metal silyls indicates 
that C02 inserts with initial silicon-oxygen bond forma- 
tione2 This has generally been attributed to the greater 
oxophilicity of silicon compared with the metals to the 
right of the transition series. However, a previous example 
of C02 insertion with formation of a S i 4  bond has been 
described by Tilley and co-workers, who reported that 
scandium silyls CpzSc(SiRs)(THF) (SiRs = Si(SiMe&, 
SitBuPh2) react rapidly with C02 to generate the dimeric 
silanecarboxylate complexes [C~ZSCO~-O&S~R~) I~ .~  Small 
amounts of an additional product were also isolated from 
the reaction and, although not positively identified, is 
proposed to be the siloxide [CpzScOSi(SiMe3)& generated 
by decarbonylation of [CpzSc(r-OzCSi(SiMe3)9)32. This 
proposal is certainly consistent with the present obser- 
vations on the zirconium 72-silanimine system. Presum- 
ably, the regiochemistry of C02 insertion for these 
scandium and zirconium systems reflects the extreme 
oxophilicity of these early transition metals, which is 
apparently effectively greater than that of silicon. Similar 
observations have been made for the reactions of early 
transition metal silicon compounds with ketones and 
aldehydes, which insert to yield metal-oxygen and silicon- 
carbon bonds.6P” The elimination of CO from intermediate 
3 also finds an analog in the decarbonylations of silane- 
carboxylic acids and their esters (eq 31, which proceed at  
relatively low temperatures compared with reactions of 
typical organic acids and esters.26 

A 0 

OR 
R,Si-CZ - R3Si-OR + CO (3) 

R = Ph, S i b 3  
R = H, Me, SiPh3, SIMe3, Si(SiMe& 

The 72-silanimine complexes la and lb also react readily 
with another heterocumulene, CS2. A benzene-de solution 
of la and ca. 1.1 equiv of CS2 changes color immediately 
upon mixing a t  25 OC, becoming deep golden-brown. A 
small amount of unidentified solid is deposited. The lH 
NMR spectrum of the mixture shows the presence of a 
single major product (ca. 50% Zr product), along with a 
number of unidentified minor species. The reaction of lb 
with CS2 also produces this major product (ca. 40% ) under 
the same conditions, but the reaction requires 2 days for 
completion. The major product has been isolated by 
sublimation as an orange-yellow solid in 49 % yield from 
the reaction of la and CS2 and has been identified as cyclo- 
Cp2Zr(SSiMe2NtBu) (5, eq 4) from spectroscopic data and 
elemental analysis. 

S 
CeHe, 25 ‘C ,.J Me3 

Cp2ZrQiMe2 + s=c=s Cp2Zr( >SiMe2 
. PMe3 (4) N 

\ 
‘Bu 

N\fBu 
18 

The lH NMR spectrum of 5 displays three singlets a t  
6 6.00, 1.07, and 0.45 due to Cp, tBu, and SiMe2 groups, 
respectively. The 13C(lHJ NMR spectrum also shows 
resonances for these three groups, and more importantly, 
no peak is observed which could be assigned to the 
thiocarbonyl carbon of an insertion product such as 
cyclo-Cp2Zr[SC(=S)SiMe2NtBul or cyclo-CpzZr[C- 

(23) Campion, B. K.; Heyn, R. H.; Tilley, T. D. Inorg. Chem. 1990,29, 

(24) Arnold, J.; Tilley, T. D. J. Am. Chem. SOC. 1987, 109, 3318. 
(26) (a) Brook, A. G. J. Am. Chem. SOC. 1955,77,4827. (b) Brook, A. 

4356. 

G.; Yau, L. J.  Organomet. Chem. 1984,271,s. 
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Scheme I11 
m e 3  cs2 s, P 

Cp2zr\-,SiMe2 - cp2zr( 7 - - cs Cp,Zr, ,SlMe2 
..$ 

N . P M e  N, Si Me2 N 
\ 

‘B u 
5 

“BU “BU 
18 6 

(=S)SSiMe2NtBul. The ?3i{lH) NMR spectrum of 5 
exhibits a singlet a t  6 -42.3, very similar to the value 
observed for 2 (6 -45.1). Mass spectral and solution 
molecular weight determinations indicate the presence of 
only monomeric units for 5. Thus, unlike the dimeric 
compound 2, compound 5 is proposed to exist as a monomer 
in the solid state, no doubt as a result of the weaker Lewis 
basicity and larger size of sulfur, compared to oxygen. 

The formation of 5 most likely proceeds by an initial 
insertion of a C-S  bond of CS2 to form the intermediate 
cyclo-Cp2Zr[SC(=S)SiMe2NtBul (6, Scheme III), in anal- 
ogy to the reaction of la with C02. Attempts a t  observing 
intermediate 6 by low-temperature ‘H and l3C{lH) NMR, 
in analogy to the observation of 3 described above, were 
not successful. Elimination of carbon monosulfide from 
6 would generate 5. Carbon monosulfide is a highly 
reactive species,26 and would be expected to either 
polymerize or react further with the zirconium species 
present. The large number (17) of minor products 
observed, as well as the formation of insoluble precipitate, 
suggests that these processes may well be occurring. 
Reaction 4 is unusual in that carbon disulfide is acting as 
a net sulfur-transfer agent. Normally, reaction of tran- 
sition metal complexes with CS2 leads to products in which 
the carbon atom of CS2 has been incorporated, often as 
a thiocarbonyl ligand.27 

The reaction of l a  with carbonyl monosulfide, COS, 
leads to a mixture of the oxygen and sulfur atom insertion 
products, 2 and 5. A benzene46 solution of la and ca. 1 
equiv of COS reacts within minutes to yield 2, 5, and 
carbonyl adduct lb in an approximate 1:6:4.6 ratio (eq 5). 

2 

No evidence for the formation of a thiocarbonyl adduct, 
Cp2Zr(.r12-SiMe~NtBu)(CS), is found in this reaction or 
for the reaction of la with CS2. Carbonyl adduct lb 
eventually reacts with the excess COS, generating a final 
mixture of 2 and 5 in a 1:6 ratio. Because insertion of the 
C=X bond (X = 0, S) into the Zr-Si linkage is most 
likely an irreversible process, the observed ratio seems to 
indicate a kinetic preference for C=S insertion. 

Conclusions 
Reactions of the heterocumulenes carbon dioxide, 

carbon disulfide, and carbonyl monosulfide with the q2- 

(26) For example, see: Klabunde, K. J.; White, C. M.; Efner, H. F. 

(27) Broadhuret, P. V. Polyhedron 1985,4,1801 and referenma cited 
Inorg. Chem. 1974,13, 1778. 

therein. 
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silanimine complexes CpzZr(+SiMeyNtBu)(L) (L = 
PMes (la), CO (lb)) have been found to result in net one- 
atom insertions of oxygen and sulfur into the  Zr-Si bond. 
In the case of carbon dioxide, t he  reaction has been 
demonstrated to proceed by the initial insertion of the  
C=O double bond into the Zr-Si linkage, generating an 
intermediate containing metal-oxygen and silicon-carbon 
bonds. Decarbonylation of the initial product, cyclo-Cp2- 
Zr[OC(=O)SiMezNtBul (3), occurs readily below room 
temperature, yielding the dimeric oxazirconacycle [cyclo- 
Cp2Zr(OSiMe2NtBu)lz (2). Analogous mechanisms are 
postulated for reactions involving carbon disulfide and 
carbonyl monosulfide. One difference is that reaction of 
1 with carbon disulfide yields a monomeric metallacycle, 
cyclo-Cp2Zr(SSiMe2NtBu) (5). Dimerization probably 
does not occur in this case due to  the  larger size and 
decreased Lewis basicity of sulfur compared to oxygen. 

Procopio et  al. 

NMR (toluene-da, -77 "C): S 187.1 (a, lJsa = 88.4 Hz, 13C=O), 
115.3 (brs,Cp),57.6(s,NCMes),34.3(s,NCCH3),3.4 (s,SiMez). 
The tube was removed from the probe several times between 
spectra and quickly shaken to increase the amount of 3-lac present 
(up to 67% Zr species at one point). After the tube was warmed 
to 25 "C for 5 min, the 1H and l3C(lH) NMR spectra (at -77 "C) 
showed the presence of PMes, excess W02, lSCO, 2, and a small 
amount of lb-13C (ca. <5% Zr species) and the loss of all signals 
due to 3-W. 

cyclo-Cp2Zr(SSiMe~NtBu) (5). Carbon disulfide (0.523 
"01) was condensed into a thick-walled glass pressure flask 
containing a frozen (-196 "C) solution of la (0.222 g, 0.520 "01) 
in 20 mL of benzene. The flask was warmed to room temperature, 
the mixture immediately became dark brown, and the formation 
of a small amount of solid was observed. The solution was stirred 
for 20 min, and then volatile8 were removed invacuo. The residue 
was dissolved in toluene and the mixture was fiitered, leaving ca. 
29 mg of an unidentified insoluble light brown powder behind. 
Solvent was removed from the filtrate, and the crude product 
wassublimed (90°C, WTor r )  ontoawater-cooledprobe,yielding 
0.097 g of bright orange-yellow 5 (49% yield). Anal. Calcd for 
ClsHdSSiZr: C, 50.21; H, 6.58. Found: C, 50.09; H, 6.61. lH 
NMR: 8 6.00 (a, Cp), 1.07 (e, 'Bu), 0.45 (a, SiMe2). l3C(lHj NMR 
6 114.4 (a, Cp), 58.9 (s,NCMes), 35.3 (a, NCCHs), 7.3 (8, SiMez, 

= 58.6 Hz). BSi('HJ NMR S -42.3 (a). Mass spectrum 
(methane CI), mle: 382 (M+ + 1). Solution molecular weight 
(benzene): 349. 

Reactionof CpaZr($-SiMeNtBu)(PMe) ( la )  andC0S. 
An NMR tube was loaded with a benzene-de solution (0.5 mL) 
of la (6 mg, 14 pmol) and placed under vacuum. Carbonyl 
monosulfide (15 pmol) was added by vacuum transfer, the tube 
sealed, and the reaction monitored by lH NMR. After 5 min at 
25 "C, all starting material had been consumed and a mixture 
of l b  (40%), 2 (9 % 1, and 5 (51 % ) was present. The tube contained 
a mixture of only 2 and 5 (ca. 1:6) after 95 h at 25 OC. 

Structure Determination of 2. Single crystals of 2 were 
grown from toluene/petroleum ether at  -35 "C under nitrogen. 
A crystal of suitable size was sealed under nitrogen in a 0.5-mm 
thin-walled Pyrex capillary and mounted on the diffractometer. 
Refined cell dimensions and their standard deviations were 
obtained from least-squares refinement of 25 accurately centered 
reflections with 28 > 25". Crystal data are summarized in Table 
I. 

Diffraction data were collected at  295 K on an Enref-Nonius 
four-circle CAD-4 diffractometer employing Mo Ka radiation 
filtered through a highly oriented graphite crystal monochro- 
mator. The intensities of three standard reflections measured 
at intervals of ca. 80 reflections showed no systematic change 
during data collection. Data collection is summarized in Table 
I. The raw intensities were corrected for Lorentz and polarization 
effects by using the program BEGIN from the SDP+ package.m 
An empirical absorption correction based on t) scans was applied. 
All calculations were performed on a DEC Microvax 3100 

computer with the SDP+ software package.29 The full-matrix 
least-squares refinement was based on F, and the function 
minimized was EUr(pd - pd)2. The weights (w) were taken as 
4F02/(u(Fo2))2, where pol and pd are the observed and calculated 
structure factor amplitudes. Atomic scattering factors and 
complex anomalous dispersion corrections were taken from refs 
30-32. Agreement factors are defined as R1= ElPd - p,#EPol 
and R2 = [Ewlpd - pcF,112/~up~211~2. The goodness of fit is defined 
as GOF = [Ew(lF,I - ~c1)2/(N,-N,)11/2, where No and N, are the 
number of observations and parameters. 

The coordinates of the zirconium and silicon atoms were 
obtained from a three-dimensional Patterson map. Analysis of 

Experimental Section 

All manipulations were carried out under an inert atmosphere 
in a Vacuum Atmospheres drybox or by using standard Schlenk 
and high-vacuum-line techniques. lH NMR spectra were ob- 
tained at  200,250, and 500 MHz on Bruker AF-200, IBM AC- 
250, and IBM AM-500 FT NMR spectrometers, respectively. 13C 
NMR spectra were obtained at  125 MHz on the AM-500 
spectrometer. BSi NMR spectra were obtained at  40 MHz on 
the AM-200 spectrometer using a DEPT pulse sequence. All 
NMR spectra were recorded in benzene-de as solvent unless 
otherwise indicated. Chemical shifts are reported relative to 
tetramethylsilane. Infrared spectra were obtained on a Perkin- 
Elmer Model 1430 infrared spectrometer. Low-resolution mass 
spectroscopic analyses were carried out on a VG Instrument 
ZAB-E mass spectrometer at the University of Pennsylvania. 
Solution molecular weight determinations were carried out by 
isothermal distillation in benzene according to the literature 
method.28 Elemental analyses were performed by Robertson 
Laboratory, Inc. (Madison, NJ). 

All solvents were distilled from sodium benzophenone ketyl 
prior to use. Benzene-dB and toluene-ds were dried over Na/K 
alloy. Carbonyl monosulfide (Aldrich) and W-labeled carbon 
dioxide (90% W ,  ICON) were used as received. Carbon disulfide 
was dried over molecular sieves and degassed prior to use. Carbon 
dioxide was dried prior to use by passing it through a dry ice/ 
acetone trap. The +silanimine complexes Cp2Zr(+-SiMe2.=Nt- 
Bu)(PMe3) (la) and Cp2Zr(v2-SiMeyNtBu)(CO) (lb) were 
prepared as previously described.B 

[ cyclo-Cp~Zr(OSiMe2NtBu)]a (2). Carbon dioxide (0.70 
mmol) was condensed into a thick-walled glass pressure flask 
containing a frozen (-196 "C) solution of la (0.255 g, 0.598mmol) 
in 15 mL of benzene. The flask was warmed to room temperature, 
and the mixture was stirred for 3 h. Volatiles were removed in 
vacuo. The residue was recrystallized from toluene/petroleum 
ether, yielding 0.161 g of pale orange 2 (73 % yield). Anal. Calcd 
for Cl&sNOSiZr: C, 52.41; H, 6.87. Found: C, 52.43; H, 7.04. 
1H NMR S 6.05 (8, Cp), 1.11 (a, tBu), 0.29 (8, SiMez). W(1H) 
NMR 8 114.1 (Cp), 55.0 (NCMe3), 35.0 (NCCHs), 4.1 (SiMez). 
Wi(1H) NMR 6 -45.1 (a). 

Observation of cyclo-Cp~Zr[OCLa(=O)SiMe~NtBu] (3- 
W). An NMR tube was loaded with la (15 mg, 35 pmol) and 
toluene-dB (0.5 mL) and placed under vacuum. W-labeled carbon 
dioxide (64 pmol) was condensed into the tube at -196 "C and 
the tube sealed under vacuum. The tube was thawed in a dry 
ice/acetone bath (-78 OC), quickly shaken at this temperature, 
and immediately placed in the cooled NMR probe (-77 "C). lH 
and 13C(lH) NMR spectra were obtained at  500 and 125 MHz, 
respectively. Characterization of 3-l5C. lH NMR (toluene-&, 
-77 OC): 6 5.90 (a, Cp), 0.85 (s, 'Bu), 0.52 (a, SiMe2). 13C{lH) 

(28) Clark, E. P. J. Ind. Eng. Chem., Anal. Ed. 1941,13, 820 

(29) B. A. Frenz and Associates, Inc., College Station, TX 77840, and 

(30) Zntemutional Tables for X-Ray Crystallography; Kynoch: Bir- 

(31) Stewart, R. F.; Davidaon, E. R.; Simpson, W. T. J. Chem. Phys. 

(32) Zntemutional Tables for X-Ray Crystallography; Kynoch Bir- 

Enraf-Noniue, Delft, Holland. 

mingham, England, 1974; Vol. IV, Table 2.2B. 

1965,42, 3176. 

mingham, England, 1974; Vol. IV, Table 2.3.1. 
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Reactions of Zirconium 4-Silanimine Complexes 

subsequent difference Fourier maps led to location of the 
remaining heavy atoms. Refinement in P!&/n using anisotropic 
Gaussian amplitudes followed by difference Fourier synthesis 
resulted in the location of most of the Cp hydrogens and at  least 
one hydrogen on each methyl group. All remaining hydrogen 
atoms were placed at  idealized locations (D(C-H) = 0.95 A) with 
use of the program HYDR0.m Final refinement included 
anisotropic Gaussian amplitudes for all non-hydrogen atoms and 
fixed positions and fixed isotropic parameters for the hydrogen 
atoms. Final agreement factors are listed in Table I. Complete 
listings of intermolecular bond distances and angles, final 
positional parameters, and Gaussian amplitudes for 2 are included 
in the supplementary material. 
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