
J. Am. Chem. Soc. 1985, 107, 501-503 501 

than a mixed acetal as the temporary connection. Reaction of 
the allylic alcohol 1 with commercially available (bromo-
methyl)chlorodimethylsilane (1 equiv, 10% NEt3 in CH2Cl2, 
catalytic DMAP) followed by refluxing the resulting silyl ether 
4 in benzene with 1.5 equiv of tributylstannane (1/20 equiv of 
AIBN, 30 min) produced, in about 65% yield, the cyclic siloxane 
5. This was essentially one isomer. The angular methyl at <5 1.02 
in the decalin system again indicated a trans junction. This was 
rigorously established by removal of the silicon (KF-DMF, 30% 
H2O2),6 oxidation of the resulting diol (NaOCl, acetic acid)7 to 
the ketol 6, acetylation, and annulation, using ethyl acetoacetate,8,9 

to give the known tricyclic enone 7, mp 120-122 0C, identical 
(mp of mixture, spectra) with an authentic sample.8 

The allylic alcohol 8 provides an even more impressive example 
of this method of stereocontrol. The same sequence of steps just 
described transformed 8 into 9 (NMR 5 0.89).10 The stereo­
chemistry was easily established as that of a /ran5-hydrindane by 
conversion, as above, using the proper analogue of ethyl aceto­
acetate,9 into 19-nortestosterone, identical with an authentic 
sample. 

rf ?+ 

8 > J 

9 
OH 

The overall process just described thus achieves the operational 
equivalent of the net trans addition of a functionalized alkane to 
the double bond of cyclic allyl alcohols so that when a ring junction 
stereochemistry is generated (cf. 1 and 8) the junction hydrogen 

(5) Removable connection to an allyl alcohol via a silyl ether is concep­
tually very similar to our previously used mixed acetal connection but differs 
in that it introduces a one-rather than a two-carbon functional chain at the 
a-carbon of the allylic alcohol double bond, via the carbon-silicon cleavage 
method of ref 6. Experiments on the silyl ether connection, using (bromo-
methyl)dimethylchlorosilane with allylic alcohols, were carried out in 1983 
by Dr. Pawel Fludzinski in our laboratory. For a recent illustration of the 
silyl variation of the acetal cyclization, see: Nishiyama, H.; Kitajima, T.; 
Matsumoto, M.; Itoh, K. / . Org. Chem. 1984, 49, 2298. 

(6) Tamao, K.; Ishida, N.; Kumada, M. J. Org. Chem. 1983, 48, 2120. 
(7) Stevens, R. V.; Chapman, K. T.; Waller, H. N. J. Org. Chem. 1980, 

45, 2030. 
(8) Stork, G.; d'Angelo, J. J. Am. Chem. Soc. 1974, 96, 7114. 
(9) (a) Hajos, Z. G.; Parrish, D. R. J. Org. Chem. 1973, 38, 3244. (b) 

Micheli, R. A.; Hajos, Z. G.; Cohen, N.; Parrish, D. R.; Portland, L. A.; 
Sciamanna, W.; Scott, M. A.; Wehrli, P. A. / . Org. Chem. 1975, 40, 675. 

(10) The yield (unoptimized) of pure 9 was only 36%, but we could find 
no evidence of the presence of any cw-hydrindane in the crude cyclization 
product. 

is introduced trans to the original hydroxyl function of the allylic 
system. Further work is planned to test the generality of the 
method. 
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Two different transition metals brought into close proximity 
in a bimetallic complex may display chemistry unique from that 
found in the individual separated fragments.2"4 Heterobimetallic 
centers have been formed and stabilized in such altered envi­
ronments by construction of metal-metal bonds, ligand bridges, 
or a combination of both structural features. In this regard, 
phosphido ligands have been found in some instances to provide 
particularly stable bridge anchors which retard fragmentation of 
the bimetallic unit.5 On the other hand, bridging phosphido 
ligands can also participate in interesting complex reactions.6 

In our efforts to expand the chemistry of phosphido ligands to 
the actinides, we have recently prepared and structurally char­
acterized a phosphido complex of thorium, ThCp*2(PPh2)2 (I).7,8 

Further, we have investigated the reactivity of this species with 
a variety of transition-metal complexes and now report the syn­
thesis and structure of a nickel-carbonyl derivative. Most im-

(1) (a) On leave from the Department of Chemistry, Fort Lewis College, 
Durango, CO 81301. (b) On leave from the Department of Chemistry, 
Georgia Southern College, Statesboro, GA 30458. (c) Department of 
Chemistry, University of Nev Mexico, Albuquerque, NM 87131. 

(2) Gladfelter, W. L.; Geoffroy, G. L. Adv. Organomet. Chem. 1980, 18, 
207. 

(3) Roberts, D. A.; Geoffroy, G. L. In "Comprehensive Organometallic 
Chemistry"; Wilkinson, G., Stone, F. G. A., Abel, W. E., Eds.; Pergamon 
Press: Oxford, 1982; Chapter 40. 

(4) Vyanzankin, N. S.; Razuvaev, G. A.; Kruglaya, O. A. Organomet. 
Chem. Rev., Sect. A 1968, 3, 323. 

(5) (a) Roberts, D. A.; Steinmetz, G. R.; Breen, M. J.; Shulman, P. M.; 
Morrison, E. D.; Duttera, M. R.; DeBrosse, C. W.; Whittle, R. R.; Geoffroy, 
G. L. Organometallics 1983, 2, 846. (b) Rosan, R. P.; Hoke, J. B.; Whittle, 
R. R.; Geoffroy, G. L.; Hutchinson, J. P.; Zubieta, J. A. Organometallics 
1984, 3, 846. (c) Nucciarone, D.; Taylor, N. J.; Carty, A. J. Organometallics 
1984, 3, 177. (d) Carty, A. J. Pure Appl. Chem. 1982, 54, 113. (e) Mott, 
G. N., Carty, A. J. Inorg. Chem. 1983, 22, 2726. 

(6) (a) Regragui, R.; Dixneuf, P. H.; Taylor, N. J.; Carty, A. J. Organo­
metallics 1984, 3, 814. (b) Shyu, S.-G.; Wojcicki, A. Organometallics 1984, 
3, 809. (c) Yu, Y.-F.; Chan, C-N.; Wojcicki, A.; Calligaris, M.; Nardin, G.; 
Balducci, G. J. A. Chem. Soc. 1984, 706, 3704. (d) Yu, Y.-F.; Gallucci, J.; 
Wojcicki, A. J. Am. Chem. Soc. 1983, 105, 4826. 

(7) Abbreviations used in the text include Cp* = T^-C5(CH3J5, THF = 
tetrahydrofuran, COD = 1,5-cyclooctadiene, Ph = phenyl. 

(8) Wrobleski, D. A.; Ryan, R. R.; Wasserman, H. J.; Moody, D. C; 
Paine, R. T.; Salazar, K. V1, manuscript in preparation. ThCp*2(PPh2)2 was 
prepared from ThCp*2Cl2 and LiPPh2. Average Th-P distance = 2.866 (7) 
A, P-P distance = 4.12 (2) A, /P-Th-P = 92.0 (2)°. 
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Figure 1. Overall geometry of the Cp*2Th(PPh2)2Ni(CO)2 molecule 
(ORTEPiI diagram, 30% thermal ellipsoids). 

P2 

^ D l C1 
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Figure 2. Geometry of the Th(M-P)2Ni core with distances shown in 
angstroms and angles in degrees. 

portantly, the structural data for this complex present the in­
triguing possibility of a bonding interaction between the thorium 
and nickel atoms, the first such interaction between an actinide 
and a transition metal of which we are aware. 

One equivalent each of 1 and Ni(COD)2 in THF react under 
a CO atmosphere over a period of 2 days producing an orange 
microcrystalline solid9 formulated as Cp*2Th(M-PPh2)2Ni(CO)2 

(2). The solution IR spectrum of 2 exhibits two carbonyl 
stretching frequencies at 1988 and 1944 cm"1, which are slightly 
lower than those observed MCO) = 2010, 1955 cm"1) for Ni-
(CO)2(PPh3)2

10 and are consistent with the presence of a Ni(C-
O)2L2 fragment. In addition, a downfield chemical shift of 5 111 
was observed in the 31P J1H) NMR spectrum, a value that is 
downfield of the resonance in 1, S 143.8 In closely related 
phosphido-bridged transition-metal complexes, the 31P chemical 
shift for M-PPh2 ligands bridging two metals linked by a metal-
metal bond often appears downfield (<5 300 to 50) whereas upfield 
resonances (S 50 to -300) are commonly observed for compounds 
without a metal-metal bond.11 Exceptions to these correlations 
have appeared,5b,n and structural assignments cannot be based 
solely on these data where an adequate data base is lacking. 
Because of the lack of other examples of phosphido bridged 
thorium-transition-metal complexes, the comparison of 31P NMR 
chemical shift data for a series of closely related actinide-tran-
sition-metal binuclear systems is not possible at this time, although 
our continuing effort toward preparation of other related systems 
is in progress. It will be interesting to see if similar correlations 
exist for the actinide-transition-metal complexes. 

(9) 1H NMR (300 MHz, C6D6) S 8.0-7.0 (m), 1.72 (s); 31PS1H) NMR 
(121.5 MHz, C6D6) S +177 (downfield of 85% H3PO4); IR (toluene soln) 
1988 (vs), 1944 (vs), 1581 (m), 750 (m), 735 (m), 725 (m), 695 (m) cm"1; 
UV-vis (toluene) 480 nm (1630 cm"1 M"1). 

(10) Meriwether, L. S.; Fiene, M. L. J. Am. Chem. Soc. 1959, 81, 4200. 
(11) (a) Garrou, P. E. Chem. Rev. 1981, 81, 229. (b) Peterson, J. L.; 

Stewart, R. P., Jr. Jnorg. Chem. 1980, 19, 186. (c) Carty, A. J. Adv. Chem. 
Ser. 1982, No. 196, 163. (d) Carty, A. J.; MacLaughlin, S. A.; Taylor, N. 
J. J. Organomet. Chem. 1981, 204, C27. 

(12) Jones, R. A.; Wright, T. C; Atwood, J. L.; Hunter, W. E. Organo-
metallics 1983, 2, 470. 

The molecular structure13 of Cp*2Th(m-PPh2)2Ni(CO)2 is 
shown in Figure 1. There is no crystallographic symmetry im­
posed on the molecule. A view depicting important metrical 
parameters in the core of the mlecule is shown in Figure 2. The 
two thorium-phosphorus distances are shorter than those of 3.17 
(3) A found recently in a thorium-phosphine16 complex, although 
they are nearly equivalent to the average Th-P distance of 2.866 
(7) A in I.8 In contrast, the observed nickel-phosphorus bond 
lengths are within the range previously found for nickel-phosphine 
complexes.17 

The most salient feature of the structure concerns the nature 
of the interaction between the thorium and nickel atoms, the 
distance between which is 3.206 (2) A. We consider the appro­
priate radius for thorium to lie between 1.8 and 2.0 A, on the basis 
of the 3.59-A separation in the metal,18 3.8-4.1-A Th-Th distances 
in two binary hydrides,19 and the 4.007-A distance in 
[ThCp*2H(/x-H)]2.

20 Note that subtraction of the covalent radius 
of phosphorus (1.10 A) from the observed Th-P distance yields 
a value of ~1.8 A. The structures of several binuclear nickel 
complexes21 have revealed nickel-nickel separations of 2.3-2.4 
A, suggesting a covalent radius of about 1.18 A. The nonbonding 
nickel-nickel separation of 3.36 A in [CpNiPPh2]2

22 is far greater. 
If one assumes the distances in [ThCp*2H(/u-H)]2 and 
[CpNiPPh2] 2 represent nonbonded metal-metal contacts then the 
present complex 2 possesses a Th-Ni distance that is ca. 0.5 A 
less than the expected nonbonded distance. 

The angles at the phosphorus atoms subtended by the metals 
are acute, with Th-P(I)-Ni = 75.8 (I)0 and Th-P(2)-Ni = 76.6 
(1)°. Similar values are observed in transition-metal complexes 
containing phosphido-bridged metal-metal bonds,5b'23 but dras­
tically larger values occur in phosphido-bridged systems without 
a metal-metal interaction, viz., Ni-P-Ni = 102.3 (2)° in 
[CpNiPPh2J2

22 and Fe-P-Mn = 106.4° in Cp(CO)Fe(M-
PPh2)(M-CH3CO)Mn(CO)4.

5b There are no previously reported 
structures with M-P-M angles in the range 75-85° that lack a 
clearly defined M-M bond. In systems with no metal-metal bond, 
the (nonbonded) P-P contacts are short, as in [CpNiPPh2J2 where 
P-"P = 2.70 (I)A. In 2 the phosphorus-phosphorus separation 
is 3.850 (5) A. The deviation from an ideal tetrahedral geometry 
about the nickel atom is also significant. While the phospho-
rus-nickel-carbonyl and carbonyl-nickel-carbonyl angles remain 

(13) Cp*2Th(PPh2)2Ni(CO)2 crystallizes in the space group FlJc with 
a = 11.903 (2) A,b= 11.283 (2) A, c = 34.353 (6) A, 0 = 90.08 (I)0, V 
= 4613.8 A3, and p(calcd) = 1.42 g cm"3 for Z = 4 and M, = 986.4. Intensity 
data were collected at -65 (1) 0C with use of an Enraf-Nonius CAD4 dif-
fraometer. The structure was solved via MULTANSO14 and difference Fourier 
techniques. Full-matrix least-squares refinement15 utilizing 5711 absorption 
(^ = 38.4 cm"1) corrected data (using T scans on an axial reflection) for which 
/ > 2.0CT(/) and 1.0 < S < 25° (Mo Ka radiation) resulted in a final RF = 
4.5%. The model contained anisotropic thermal parameters for all non-hy­
drogen atoms, hydrogen atoms of the four phenyl groups fixed in idealized 
positions (BIU> = 4.5 A2), and a correction for secondary extinction (470 
parameters). Since 0 is close to 90°, symmetry-related reflections were 
compared to confirm monoclinic symmetry. 

(14) Main, P.; Fiske, S. J.; Hull, S. E.; Lessinger, L.; Germain, G.; De-
clercq, J.-P.; Wolfson, M. M., MULTAN80, a system of computer programs for 
the automatic solution of crystal structures from x-ray diffraction data, 
University of York, England, and University of Louvain, Belgium, 1980. 

(15) Larson, A. C. Am. Crystallogr. Soc. Proc, Program Abstr. Bull, Ser. 
2 1977, 5, 67. 

(16) Edwards, P. G.; Anderson, R. A.; Zalkin, A. Organometallics 1984, 
3, 293. 

(17) For examples, see: Moody, D. C; Ryan, R. R. lnorg. Chem. 1979, 
18, 223. 

(18) Wells, A. F. "Stuctural Inorganic Chemistry"; 4th ed.; Oxford 
University Press: New York, 1975; p 1014. 

(19) (a) ThH2: Rundle, R. E.; Shull, C. G.; Woolan, E. O. Acta Crys­
tallogr. 1952, 5, 22. (b) Th4H15: Zachariasen, W. H. Acta Crystallogr. 1953, 
6, 393. 

(20) Broach, R. W.; Schultz, A. J.; Williams, J. M.; Manriquez, J. M.; 
Fagan, P. J.; Marks, T. J. Science (Washington, D. C) 1979, 203, 174. 

(21) For example, see: Jones, R. A.; Stuart, A. L.; Atwood, J. L.; Hunter, 
W. E. Organometallics 1983, 2, 874 and references therein. 

(22) Coleman, J. M.; Dahl, L. F. J. Am. Chem. Soc. 1967, 89, 542. 
(23) (a) Breen, M. J.; Duttera, M. R.; Geoffroy, G. L.; Novotnak, G. C; 

Roberts, D. A.; Shulman, P. M.; Steinmetz, G. R. Organometallics 1982, 1, 
1008. (b) Jarvis, A. J.; Mais, R. H. B.; Owston, P. G.; Thompson, D. T.; J. 
Chem. Soc. A 1970, 1867. 
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close to the expected tetrahedral value (range 104.5-109.8°), the 
P(l)-Ni-P(2) angle is severely enlarged, at 117.9 (2)°. The 
corresponding P(l)-Th-P(2) angle is still acute [83.7 (1)°]; in 
fact, this value represents a decrease over the P-Th-P angle is 
I.8 The closest contact between a methyl carbon on the Cp* ring 
and a phenyl carbon is 3.27 (2) A compared to the closest methyl 
carbon contact between Cp* rings of 3.28 (2) A. 

If one considers the Th-phosphido bonding to be principally 
ionic in character, the P-Th-P angle may vary over a considerable 
range with only an insignificant cost in energy. Indeed the H-
Th-H angle in [ThCp*2H(.M-H)]2 is only 58 (1)°.20 For the 
present complex if one imagines a structure in which the ThP2Ni 
core is planar, the metal-phosphorus distances remain fixed at 
the observed values and the Th-Ni distance is increased to 3.7 
A, the calculated internal angles would be P-Th-P = 74.9°, 
Th-P-Ni = 91°, and P-Ni-P = 103.2°. Since the P-Th-P angle 
is less than the observed angle we would expect C-C contacts 
between Cp* and the phenyl rings to increase slightly for the 
hypothetical model. We conclude, therefore, that there are no 
structural constraints in the present structure which dictate a short 
Th-Ni distance, other than a direct metal-metal interaction. 
Nonetheless, the extent of this interaction obviously remains an 
open question. The problem is currently being pursued at Los 
Alamos via theoretical calculations, attempts to oxidize or reduce 
the complex, spectroscopic and magnetic measurements, and 
attempts to prepare a monobridged Th-Ni phosphido species. 
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Aldol Reactions of Transition-Metal Carbene 
Complexes 

William D. Wulff* and Scott R. Gilbertson 

Searle Chemistry Laboratory, Department of Chemistry 
The University of Chicago, Chicago, Illinois 60637 

Received August 16, 1984 

The enolate anions of metal acyl complexes are known to 
condense with carbonyl compounds to give /3-hydroxy acyl com­
plexes of the type 2.1,2 These complexes can serve as synthons 
for esters in the aldol reaction since oxidative cleavage of the metal 
gives rise to /3-hydroxy esters. We report here the first examples 
of the reactions of "enolate" anions of transition-metal carbene 
complexes3 with carbonyl compounds to give aldol products of 
the type 5 and an initial look at the stereoselectivity of these 
condensations and at methods for the removal of the metal from 
these complexes (Scheme I). 

(1) (a) Liebeskind, L. S.; Welker, M. E.; Goedken, V. J. Am. Chem. Soc. 
1984,106, 441-443 and references therein, (b) Davies, S. G.; Seeman, J. I. 
Tetrahedron Lett 1984, 1845-1848 and references therein, (c) Theopold, K. 
H.; Becker, P. N.; Bergman, R. G. J. Am. Chem. Soc. 1982, 104, 5250-5252. 

(2) Aktoga, N.; Felkin, H.; Davies, S. G. / . Chem. Soc, Chem. Commun. 
1982, 1303-1304. 

(3) For reviews of the chemistry of these complexes, see: (a) Dotz, K, H.; 
Fischer, H.; Hofmann, P.; Kreissl, F. R.; Schubert, U.; Weiss, K. "Transition 
Metal Carbene Complexes"; Verlag Chemie: Deerfield Beach, FL, 1984. (b) 
Wulff, W. D.; Tang, P. C ; Chan, K. S.; McCallum, J. S.; Yang, D. C ; 
Gilbertson, S. R. Tetrahedron, in press, (c) Dotz, K. H. Pure Appl. Chem. 
1983, 1689. (d) Casey, C. P. React. Intermed. 1981, 2. (e) Brown, F. J. Prog. 
Inorg. Chem. 1980, 27, 1. (f) Casey, C. P. In "Transition Metal Organo-
metallics in Organic Synthesis"; Alper, H., Ed.; Academic Press: New York, 
1976; Vol. 1. (g) Casey, C. P. Organomet. Chem. Libr. 1976, / , 397-421. 
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It is well established3 that heteroatom-stabilized carbene com­
plexes activate a-hydrogens and give anions of the type 4 upon 
deprotonation. The methyl group in complex 6a (R1 = H, M = 
Cr) displays tremendous thermodynamic acidity4 (pKa = 8) and 
as might be anticipated the conjugate base of complex 6a was 
found to be relatively unreactive with all but the most reactive 
of electrophiles.3f'8'5,6 The anions 7 do not react with ketones or 
most aldehydes. Reactions have only been reported with three 
nonenolizable aldehydes from which the a,/3-unsaturated com­
plexes 11 were isolated in 20-50% yield.6 The aldol complexes 
10 were never observed from these reactions, which was attributed 
to an intramolecular prototropic shift which is rapid due to the 
greater acidity of protons a to the carbene carbon in 10 (R4 = 
Li) than the proton of a hydroxyl group (Scheme II). 

The inherent unreactivity of the anion 7 can be overcome by 
preactivating the carbonyl compound with a Lewis acid (Table 
I), which gives rise to the /3-hydroxy carbene complex 10 (R4 = 
H) as the exclusive product, a result that can be attributed to the 
much greater bond strengths of the boron and titanium bonds to 

(4) Casey, C. P.; Anderson, R. L. J. Am. Chem. Soc. 1974, 96, 1230. 
(5) (a) Casey, C. P.; Brunsvold, W. R.; Scheck, D. M. Inorg. Chem. 1977, 

16, 3059. (b) Casey, C. P.; Anderson, R. L. J. Oganomet. Chem. 1974, 73, 
C28. 

(6) (a) Casey, C. P. CHEMTECH1979, 378. (b) Casey, C. P.; Brunsvold, 
W. R. / . Organomet. Chem. 1974, 77, 345. (c) Casey, C. P.; Boggs, R. A.; 
Anderson, R. L. J. Am. Chem. Soc. 1972, 94, 8947. (d) Casey, C. P.; 
Brunsvold, W. R. J. Organomet. Chem. 1975, 102, 175. (e) Brunsvold, W. 
R. Ph.D. Thesis, University of Wisconsin, Madison, 1976. (f) Anderson, R. 
L. Ph.D. Thesis, University of Wisconsin, Madison, 1974. 
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