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is comparable to other diiron p-a,?r-vinyl systems. The 
parent compound of this class, 5, R' = R2 = H, had been 
prepared by Hoffmann and Weisss some years ago by the 
reaction of thiomaleic anhydride with Fe(C0)5, and its 
structure was determined by means of X-ray crystallog- 
raphy. 

A plausible mechansim for the formation of 5 is shown 
in Scheme I1 starting with the anionic intermediate 4, 
postulated in Scheme I. Reaction with CF3C02H pre- 
sumably yields the neutral 0-protonated product that may 
then spontaneously undergo acid-catalyzed, metal-assisted 
intramolecular oxidation to give the observed product. In 
analogy with the known acid-catalyzed oxidation of organic 
hemimercaptals: further protonation at  sulfur would take 
place, yielding an unstable metallasulfonium species. 
Unable to eliminate RSH (as occurs in the acid-catalyzed 
oxidation of hemimercaptals), this intermediate undergoes 
a metal-assisted oxidation to a protonated oxonium species 
with concomitant formation of an Fe-S bond and elimi- 
nation of RH. Subsequent loss of a proton then gives the 
neutral product 5. This complex is only a minor (6-9%) 
product in such reactions of [ (r-C,H,S)(p-CO)Fe2(CO)6]- 
and [ (p-C6H5CH2S)(r-CO)Fe2(C0)6]- and is not formed at 
all in the analogous reaction of [ (p-C6H5S) (p-CO)Fe2- 
(co)6]-. In these cases, the major products (obtained in 
ca. 40% yield) are complexes of type 6. The provenance 

R' 

6 

(R', R 2  = C02CH3 when  CH302CtCCO$H3 

is the acetylene used 

of these products is, a t  this time, obscure. In any case, it 
appears that this complicated chemistry of Schemes I and 
I1 is much slower a t  low temperatures since even when R 
in RS is t-Bu, a t  -78 "C products of type 6 are formed, 
presumably via direct protonation of the intermediate vinyl 
anion. Thus, when the Li[ (pL-(CH3),CS)(p-CO)Fe2- 
(CO),] /CH,O2CC=CCO2CH3 reaction mixture (reaction 
for 1 h at  -78 "C) was protonated, also at  -78 "C, 6 (R = 
t-Bu) was formed in 71% yield and 5 in only 10% yield. 
In the case of the reaction of methyl propiolate with Li- 
[ (r-(CH3)3CS)(r-CO)Fe2(C0)6] at -78 "C, followed by ad- 
dition of CF3C02H and warming to room temperature, a 
major (30%) product was 5a, but two p-vinyl products, 7a 
and 7b, also were formed, each in 23% yield. Formation 

of 7b was unexpected since 7a, the expected Michael ad- 
dition product, was the only product of the reaction of 
HC=CCO2CH3 with [Et,"] [(r-(CH3),CS)(r-CO)Fe2- 
(co)6] a t  room temperature or at -78 o C . ~  It may be that 
a t  low temperature in the absence of a proton source, the 
initially formed anion 8a has a chance to undergo isom- 
erization to 8b, possibly via 9 (eq 3). Similar results were 
obtained for the corresponding reactions of 3-butyn-2-one. 

The action of the [(p-RS)(p-CO)Fe,(CO),]- anions on 
acetylenes, a reaction which we originally thought was 

(9) Hoffmann, K.; Weiss, E. J. Organomet. Chem. 1977, 128, 225. 
(IO) Reid, E. E. Organic Chemistry of Biualent Sulfur; Plenum: New 

York, 1977; p 320. 

P 

simple and straightforward, thus turns out to be quite 
complicated. Its course, according to our studies thus far, 
is dependent on the counterion (Et3"+ vs. Li+), on the 
substituents on the acetylenic carbon atoms, on the organic 
group of the RS ligand, on the reaction temperature, and 
on the electrophile added to react with the anionic inter- 
mediate. We are continuing our studies using other types 
of acetylenes. 

All new compounds have been characterized by analysis 
and NMR and IR spectroscopy. Characterizing data are 
provided as supplementary material. 
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Summary: The comproportionation reaction between 
Cp,Zr'"CI, and Cp,Zr"[P(CH,),] , leads to ($:T~~-C,~H& 
[(q5-C5Hs)Zr(p-CI)], (1) in good yields. Its structure has 
been determined by X-ray diffraction m'ethods. I t  crys- 
tallizes in a monoclinic space group of P2Jn symmetry 
with a = 8.234 (4) A, b = 15.199 (5) A, c = 14.096 (5) 
A, p = 93.65 (3)O, and Z = 4. Its diamagnetism and the 
Zr-Zr distance of 3.233 (1) A are consistent with the 
presence of a metal-metal bond. 

The reduction of zirconocene dichloride is a fascinating 
topic that for a long time has attracted the attention of 
chemists. This interest has been stimulated by several 
features displayed by the low-valent zirconium(I1, 111) 
organometallic compounds, like dinitrogen fixation,' for- 

' University of Groningen. * Columbia University. 
(1) (a) Gynana, M. J. S.; Jeffery, J.; Lappert, M. F. J. Chem. Soc., 

Chem. Commun. 1978,34. (b) Sanner, R. D.; Manriquez, J. M.; Marsh, 
R. E.; Bercaw, J. E. J. Am. Chem. SOC. 1976, 98, 8351 and references 
therein. 
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Figure 1. Molecular structure of (75:75-Cl&&[ (75-C$15)Zr(p-Cl)]2 
Selected bond lengths (A) and angles (deg) (estimated s tandard 
deviations in parentheses): Zrl-C11 = 2.591 (2), Zrl-C12 = 2.583 
(2), Zr2-Cl1 = 2.568 (2), Zr2-Cl2 = 2.571 (2), Zrl-Zr2 = 3.233 
(l), C11-Zrl-C12 = 99.5 ( l ) ,  Cll-Zr2-Cl2 = 100.5 (l), ZrlC11-Zr2 
= 77.6(1), Zrl-C12-Zr2 = 77.7 (l), torsion angle Cll-Zrl-ZrB-Cl2 
= 159.0 (l), Zrl-(Cpl) = 2.163 (9), Zr2-(Cp2) = 2.162 (71, 
Zr2-(Cp3) = 2.200 (9), Zrl-(Cp4) = 2.208 (lo), (Cpl)-Zrl-(Cp4) 
= 135.1 (4), (Cp2-Zr2-(Cp3) = 135.4 (3), torsion angle (Cp2)- 
Zr2-Zrl-(Cpl) = 0.4 (3) [(Cp) = centroid9 of t h e  Cp rings a n d  
fulvalene ligand]; C1-C6 = 1.451 ( l o ) ,  Cll-.C12 = 3.950 (3). 

mation of hydrides,2 reactivity with  alkyne^,^ and the 
possibility of M-M bond occurrence.4 Our current interest 
in synthesis and reactivity of Zr(II1) systems has led to a 
preliminary characterization of some bis(cyc1o- 
pentadieny1)zirconium (111) derivatives. Well-identified 
Zr(II1) species are and only in one case has the 
structure of a Zr(II1) inorganic complex been determined 
by an X-ray diffraction ana ly~ i s .~  For reactions leading 
to Z(II1) derivatives, either the maintenance of the Cp ring 
in its intact f ~ r m , ~ ~ , ~  its rearrangement to the bridging 
q1:~5-C5H4,5f or its transformation into f ~ l v a l e n e * ~ ~ ~ ~  has 
been claimed. Sometimes different products have been 
suggested even for the same reacti0n;2c,~,~ therefore, further 

(2) (a) Atkinson, J. M.; Brindley, P. B.; Davies, A. G.; Hawari, J. A. 
A. J. Organomet. Chem. 1984,264,253. (b) Hudson, A.; Lappert, M. F.; 
Pichon, R. J .  Chem. Soc., Chem. Commun. 1983, 374. (c) Samuel, E. 
Inorg. Chem. 1983,22, 2967. (d) Gell, K. I.; Schwartz, J. J.  Am. Chem. 
SOC. 1981,103,2687. (e) Choukroun, N.; Gervsis, D. J .  Chem. SOC., Chem. 
Commun. 1985, 224. (f) Bajgur, C. S.; Jones, S. B.; Petersen, J. L. Or- 
ganometallics 1985, 4, 1929. (9)  Pez, G. P.; Putnik, C. F.; Snib, S. L.; 
Stucky, G. D. J .  Am. Chem. SOC. 1979,101,6933. 

(3) Gell, K. I.; Schwartz, J. J. Chem. Soc., Chem. Commun. 1979, 244. 
(4) Lahuer, J. W.; Hoffmann, R. J .  Am. Chem. SOC. 1976, 98, 1979. 
(5) (a) Issleib, K.; Hackert, H. 2. Naturforsch. B: Anorg. Chem. Org. 

Chem. Biochem., Biophys., Biol. 1966,218, 519. (b) Wade, S. R.; Wall- 
bridge, M. G. H.; Willey, G. R. J. Chem. Soc., Dalton Trans. 1983,2555. 
(c) Blenkem, J.; Bruin, P.; Teuben, J. H. J.  Organornet. Chem. 1985,297, 
61. (d) Jeffery, C.; Lappert, M. F.; Riley, P. Y. J. Organomet. Chem. 1979, 
181,25. (e) Baker, R. T.; Whithey, J. F.; Wreford, S. S. Organometallics 
1983, 1049. (f) Gell, K. I.; Harris, T. V.; Schwartz, J. Inorg. Chem. 1981, 
20, 481. 

(6) Several other Zr(II1) compounds have been postulated on the basis 
of ESR data: (a) Bailey, S. I.; Colgan, D.; Engelhardt, L. M.; Leung, W. 
P.; Papasergio, R. I.; Raston, C. L.; White, A. H. J .  Chem. SOC., Dalton 
Trans. 1986,603. (b) Kenworthy, G. J.; Myatt, J.; Todd, P. F. J .  Chem. 
SOC., Chem. Commun. 1969, 263. (c) Young, S. J.; Olmstead, M. M.; 
Knudsen, M. J.; Schore, N. E. Organometallics 1985,4, 1432. (d) Koh, 
J. J.; Rieger, P. H.; Shim, I. W.; Risen, W. M. Inorg. Chem. 1985,24, 2312. 
(e) Lappert, M. F.; Raston, C. L. J.  Chern. SOC., Chem. Commun. 1981, 
173. 

(7) Wengrovius, J. H.; Schrock, R. R.; Day, C. S. Inorg. Chem. 1981, 
20, 1844. 

(8) Both the formation of 1 and (CpzZrC1)z have been claimed in the 
Na/Hg reduction of CpzZrClz. (a) Ashworth, T. V.; Cuenca, T.; Hert- 
weeck, E.; Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 1986,25, 289. 
(c) Cuenca, T.; Royo, P. J .  Organomet. Chem. 1985,293, 61. Spectro- 
scopical data for complex 1 are superimposable with those reported in 
ref Sa. 

(9) Samuel, E.; Guery, D.; Vedl, J.; Basile, F. Organometallics 1985, 
4, 1073. 

Table I. Selected Bond  Distances in Some  Dinuclear 
Molecules Con ta in ing  Bridging Fu lva lene  (CIoH,) 

M-M 
comDd M-M.A ref bond 

2.834 
2.921 
3.053 
2.930 
3.329 
2.821 
3.233 
3.347 

19 
19 
20 
21 
22 
23 
a 
23 

no 
Yes 
no 
no 
Yes 

T a b l e  11. Zr-Zr Bond  Distances 
compd M-M, A ref 

P-Zr 3.1789 24 
d-ZrC1, 3.07" 2 6 

ZrI, 3.32" 25 

(Cl~H8)(C6H5)2ZrzClZ 3.233 b 

a From X-ray powder diffraction patterns. *This  work. 

ZrBr, 3.16" 25 

[ZrC13(PB~3)212 3.182 7 

clarifying work is necessary. 
We wish to describe in this paper, which is the first 

structural report of a dinuclear organometallic Zr(II1) 
compound, the synthesis and X-ray structure of (q5:q5- 
C,oHg)e[ (q5-C5H5)Zr(p-Cl)]2 obtained by using compropor- 
tionation reaction (l).l@*z The spectroscopic and ana- 

l 
( 1 )  

lytical datal3 are consistent with the solid-state structure 
as solved by X-ray ana1y~is.l~ The structure reveals that 

(10) Comproportionation reaction using CpzZr(CO)2 or "zirconocene" 
has been reported to lead to the formation of (CpzZrC1)z as a green 
diamagnetic solid. (a) Fochi, G.; Guidi, G.; Floriani, C. J .  Chem. Soc., 
Dalton Trans. 1984, 1253. (b) Wailes, P. C.; Weigold, H. J .  Organomet. 
Chem. 1971,28, 91. 

(11) In a standard experiment, a deep red solution of 1 g of CpzZr[P- 
(CH3)J2 and 0.8 g of CpzZrClz in toluene (100 mL) was heated until the 
boiling point of the solvent was reached. A little darkening of the color 
was observed during the heating. After partial removal of the solvent and 
standing 2 days at  -30 OC, large-size, air-sensitive, deep red crystals (see 
ref 12) separated in 57% yield. Another crop of crystals could he obtained 
after n-hexane addition. 

(12) The color of the crystalline I appeared as shiny green. When 
ground under inert atmosphere, the color of the solid is actually deep red 
as well as its toluene, THF, and pyridine solutions. 

(13) Spectra: ELMS, m/e  508 [1zClo'H$5C1zwZr2], 288 [Cl0HsZrCl2], 
253 [CloHsZrC1], 225 [C5H5ZrClz], isotopic pattern typical for Zr-con- 
taining ions; IR [KBr, (rings C-H), Nujol mull, cm-'1 1525 (w), 1430 (m), 
1295 (w), 1115 (w), 1047 (w), 1045 (w), 1020 (m), 1005 (s), 840 (w), 800 

4.92 (pseudotriplet, 4 H, ClOHs), 3.98 (pseudotriplet, 4 H, Cl0H8), con- 
sistent with an AA'BB' spin system, J(expt1) = 2.9 Hz; I3C, 6 104.8 (C5H,), 
104.6, 101.1, 106.2 (CloHS). Anal. Calcd for CzoHiSCl2Zr2: C, 46.90; H, 
3.52; C1, 13.87; Zr, 35.36. Found: C, 46.65; H, 3.88; C1, 12.75; Zr, 35.46. 
Elemental hydrogen has been identified and measured by GC analysis 
of the gas phase. 

(vs), 782 (vs). NMR (350 MHz, CeD,j, 31 "C): 'H, 6 5.57 (9, 10 H, C,HJ, 
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the crystal is composed of discrete molecules of (q5:q5- 
CloH8) [ (q5-C5H5)Zr(pC1)]2 (Figure 1)) containing two Zr 
atoms bonded to two bridging chlorines and q5-bonded to 
the cyclopentadienyl rings and bridging fulvalene ligand. 

The Zr-Zr distance [3.233 (1) A] is consistent with the 
formation of a M-M bond. The coordination around each 
Zr atom can be described as a distorted tetrahedron if we 
consider the Cp ring centroid as each occupying one co- 
ordination site around the metal. 

The fulvalene ligand is folded, forming a dihedral angle 
of 166.7 ( 1 ) O  between the two ring planes. The inter-ring 
bond distance Cl-C6 is 1.451 (10) A, and an almost neg- 
ligible twist is observed along this bond [dihedral angles 
C5-Cl-C6-C7 = 1.2 (l)', C2-Cl-C6-C10 = 1.4 ( 1 ) O I .  The 
angles subtended at the Zr by the centroids of the two 
staggered individual Cp and fulvalene [ (Cp1)-Zrl-(Cp4) 
= 135.1 (2)') (Cp2)-Zr2-(Cp3) = 135.4 (4)O; (Cp) = ring 
centroid], are in the region expected for a normal bent 
q5-Cp metal system. Probably as a result of the M-M 
interaction, the plane containing the Zr2Clz fragment is 
symmetrically folded along the Zr-Zr vector [torsion angle 
Cll-Zrl-Zr2-Cl2 = 159.0 ( 1 ) O ] ,  assuming a butterfly con- 
figuration with the two bridging chlorine atoms symme- 
trically placed on the wings. The Zr-C1-Zr [77.7 
(1)-77.6(1)O] and C1-Zr-Cl [100.5 (1)-99.5 (l)'] angles are 
comparable to those observed by Schrock for a similar 
molecular frame.7 The little increase in Zr-C1 [Zrl-C11 
= 2.591 (2) A, Zr2-Cll = 2.568 (2) A, Zrl-C12 = 2.583 (2) 
A, Zr2-Cl2 = 2.571 (2) A] and Zr-Zr bond lengths, in this 
case, can be ascribed to a distortion caused by the fulvalene 
ligand. The Cll-Cl2 nonbonded distance [3.950 (3) A] is 
just 0.35 A larger than the van der Waals diameter for C1. 
All the other bond lengths and angles are as expected. 

The absence of any hydride signal in both the IR and 
'H NMR spectra, down to a 6 value of -30 ppm, rules out 
the presence of bridging hydrogen atoms undetected by 
the X-ray diffraction. The diamagnetism of 1, containing 
two Zr(II1) atoms, can be rationalized either by a direct 
M-M interaction (bond) or by ligand-propagated super- 
exchange.15 In the present case, the Zr-Zr distance falls 
within the range observed for other transition metals with 
similar arrangement (Table I). Since only few structures 

(14) X-ray diffraction data: crystal size (mm), 0.40 X 0.45 X 0.80, deep 
red prism; monoclinic, space group R 1 / n ;  a = 8.234 (4) A, b = 15.199 (5) 
A, c = 14.096 (5) A, j3 = 93.65 (3)O, 2 = 4, V = 1761 A9, d(ca1cd) = 1.93 
g / ~ m - ~ ,  p(Cu) = 131.0 cm-' (absorption coefficient); F(000) =-1:_1008; data 
were collected on a Nicolet R3m diffractometer; Cu radiation, X = 1.541 78 
A; scan mode = 6'/26', scan speed = 3.91 -29.3 depmin-', scan width = 2.01 
-2.44, T = 298 K; measured reflections 2693, range of hkl = (+h, +k, N); 
(sin O)/X limit (A-1) = 0.544 (26'- = 114'); no. of unique reflections, 2379; 
no. of reflections used in analysis, 2182 [I > 3u(O]; structure solved by 
direct method; all the non-hydrogen atoms were located and refined 
anisotropically; hydrogen atom positions were calculated; number of 
variables, 217; R = 0.053; R, = 0.068, w = 1/[u2(Fo) + g(Fo)z] with g = 
0.0005; GOF = 2.522; largest remaining peak, 1.12 e/A; largest shift/esd, 
final cycle, 0.057. 

7870. (b) Olthof, G. J. J.  Organomet. Chem. 1977, 128, 367. 
(15) (a) Guggenberger, L. J.; Tebbe, F. N. J.  Am. Chem. Soc. 1973,95, 

(16) Cuenca, Y.; Royo, P. J .  Organomet. Chem. 1985,295, 159. 
(17) Guggenberger, L. J.; Tebbe, F. N. J.  Am. Chem. SOC. 1976, 98, 

4137. 
(18) (a) Lemenovskii, D. A.; Fedin, V. P.; Yanovskii, A.; Slovokhotov, 

Y. L.; Struchkov, Y. T. Koord. Kim. 1980,6,882. (b) Perevalova, E. G.; 
Urazovskii, I. F.; Lemenovskii, D. A.; Slovokhotov, Y. L.; Struchkov, Y. 
T. J. Organomet. Chem. 1985,289, 319. 

(19) Lemenovskii, D. A.; Fedin, V. P.; Slovokhotov, Y. L. J. Organo- 
met. Chem. 1982,228, 153. 

(20) Prout, K.; Caldwell, M. C. Acta Crystallogr., Sect. B: Struct. 
Crystallogr. Cryst. Chem. 1977, B33, 2146. 

(21) Freman, M. J.; Orpen, A. G.; Connelly, N. G.; Manners, I.; Raven, 
S. J. J. Chem. Soc., Dalton Trans. 1985, 2283. 

(22) Frederich, M. F.; Day, V. W.; Smart, J. C.; Pinsky, B. L. J.  Am. 
Chem. Soc. 1979,101,4371. 

(23) Vollhardt, K. P.; Weidman, T. W. J. Am. Chem. Soc. 1983,105, 
1676 and references therein. 

of Zr(II1) species have been clarified by X-ray analysis 
(Table 11)) the evaluation of the significance of a Zr-Zr 
distance in the complex I is difficult and any extensive 
comparison with other Zr(II1) organometallic derivatives 
is impossible. It is unclear whether Zr(I1) or Zr(II1) is 
responsible for the unexpected formation of fulvalene in 
reaction 1. Further work to clarify this point is presently 
in progress together with a broad investigation of the re- 
activity of complex I. 
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of Columbia University Chemistry Department for sup- 
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Supplementary Material Available: Tables of crystal data, 
anisotropic thermal parameters, atomic coordinates, interatomic 
distances, bond lengths, bond angles, and torsion angles and a 
stereoview and a lateral view of the molecule (18 pages); a listing 
of observed and calculated structure factors (13 pages). Ordering 
information is given on any current masthead page. 

(24) Pearson, W. B. A Handbook of Lattice Spacing Structures of 

(25) Dahl, L. F.; Chiang, T.; Seabaugh, P. W.; Larsen, E. M. Inorg. 
Metals and Alloys; Pergamon: New York, 1976; Vol. 2, p 90. 

Chem. 1964, 3, 1236. 

Influence of the Donor Atom In Metaiiocyclic Rings 
on the Insertion of fed-Butyl Isocyanide and Carbon 
Monoxide into Their Pd-C Bonds.' X-ray Molecular 
Structure of 
[Pd( 1-( C,N)-p-C(C,H,CH,SMe)=N-t -Bu)Br], 
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Summary: The insertion of CO and tert-butyl isocyanide 
(t-BuNC) into the Pd-C bonds of metallocyclic complexes 
occurs much more readily with cyclopalladated benzyl 
methyl sulfide or methyl 1-naphthyl sulfide derivatives than 
with the corresponding compounds in which the SMe unit 
is replaced by an NMe, group. These reactions afford 
new compounds containing six-merfibered organo- 
palladium rings, in both cases the reaction with CO being 
reversible. 

The reaction of nucleophiles and electrophiles with cy- 
clopalladated compounds is well-known to produce new 
organopalladium compounds orland organic products.3a 

(1) Reactivity of Cyclopalladated Compounds. 17. Part 16: see ref 
3i. 

(2) (a) Laboratoire de Chimie de Coordination. (b) Laboratoire de 
Chimie des MBtaux de Transition. 

(3) (a) For a recent review see: Ryabov, A. D. Synthesis 1985,233. (b) 
Ossor, H.; Pfeffer, M. J. Chem. Soc., Chem. Commun. 1985, 1540. (c) 
O'Sullivan, R. D.; Perkins, A. W. J. Chem. SOC., Chem. Commun. 1984, 
1165. (d) Massarani, F.; Pfeffer, M.; Le Borgne, G. J. Chem. Soc., Chem. 
Commun. 1986, 488. (e) Albinati, A.; Pregosin, P. S.; Ruedi, R. Helu. 
Chim. Acta 1985, 68, 2046. (f) Barr, N.; Bartley, J. P.; Clark, P. W.; 
Dunston, P.; Dyke, S. F. J.  Organomet. Chem. 1986,302, 117. (9) Wu, 
G.; Rheingold, A. L.; Heck, R. F. Organometallics 1986, 5, 1922. (h) 
Dupont, J.; Pfeffer, M. J. Organomet. Chem. 1987, 321, C13. (i) Ma- 
sassarani, F.; Pfeffer, M.; Le Borgne, G. Organometallics, in press. 
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