
Organometallics 1991,10,533-535 

Regio- and Dlastereoselectlve C-C Coupling of Two q3-Allyl Fragments 
on a Tetranuclear Ruthenium Chain Complex' 

Wilhelmus P. Mul, Cornelis J. Elsevier,' Monique van Leijen, and Kees Vrieze 
Anorganisch Chemisch Laboratorium, J. H. van 't Hoff Instituut, Universiteit van Amsterdam, 

Nieuwe Achtergracht 166, 10 18 WV Amsterdam, The Netherlands 

Anthony L. Spek 
Vakgroep Algemene Chemie, A fdeling Kristal- en Structuurchemie, RJks Universiteit Utrecht, 

Padualaan 8, 3584 CH Utrecht, The Netherlands 
Received December 20. 1990 

533 

Summary: Thermolysis of Ru,(CO),[CH,CC(H)C(H)=N- 
t-Bu] (l), which contains a a-N, p2-q3-bonded allylimine 
ligand, in refluxing nsctane for 24 h yields the novel 
tetranuclear chain complex Ru,(CO),,[(CH,C=C(H)C(H)- 
=N-t-Bu),] (2) in about 40% yield. The X-ray crystal 
structure of 2 has been solved. Crystals of 2 are triclinic, 
with space group P I ,  2 = 2, and cell constants a = 
9.279 (I) A, b = 13.647 ( I )  A, c = 13.981 (I) A, a = 
60.84 (l)', 6 = 88.26 (l)', and y = 84.90 (1)'. A total 
of 5636 reflections were used in the refinement, which 
resulted in a final R value of 0.028 (R ,  = 0.039). Com- 
pound 2 contains a multidentate 1,l Odi-tert-butyl-1 , lo- 
diazadeca-l,3,7,9-tetraene-4,7diyl ligand that is formed 
by completely regio- and diastereoselective tail-to-tail 
coupling of two allyl fragments on the ruthenium core. 
The 66-electron compound 2 represents the first acyclic 
tetranuclear chain complex stabilized by a multidentate 
ligand bonded to all four metal centers. 

Carbon-carbon coupling reactions on small transition- 
metal units are of substantial interest because they may 
serve as models for such processes taking place on dissolved 
complex metallic catalysts in homogeneously catalyzed 
reactions and on the active sites of heterogeneous cata- 
l y s t ~ . ~  Although C-C coupling between q3-aUyl groups has 
been observed for a number of group 9 and 10 metals (i.e. 
Co,,Ni, Pd),2a% it has, to our surprise, not been found on 
a ruthenium carbonyl (cluster) unit so far, despite the 
variety of mono- and bis(r13-allyl)ruthenium complexes 

In this paper we wish to report on the synthesis 
and molecular structure of a novel tetranuclear ruthenium 
chain complex containing a 1,lO-di-tert-butyl-1,lO-dia- 
zadeca-l,3,7,9-tetraene-4,7-diyl (t-Bu-DAT) ligand, which 
is formed by completely regio- and diastereoselective 
tail-to-tail coupling of two q3-allyl fragments on the ru- 
thenium core. 

To whom correspondence should be addressed. 
(1) Reactione of Metal Carbonyl Complexes with Monoazadienes. 8. 

For earlier parts see refs 4-6 and 14. 
(2) See for example: (a) Keim, W. In Transition Metal Homogeneous 

Catalysis; Schrauzer, G. N., Ed.; Marcel Dekker: New York, 1971; p 59. 
(b) Noyori, R. In Transition Metal Organometallics in Organic Syn- 
thesis; Alper, H., Ed.; Academic Press: New York, 1976, Vol. 1, p 83. (c) 
Whyman, R.; Thompson, D. T. Ibid., p 147. (c) Tsuji, J. Ado. Organomet. 
Chem. 1979, 27, 105. (d) Whyman, R. In Transition Metal Clusters; 
Johnson, B. F. G., Ed.; Wiley-Interecience: Chichester, U.K., 1980; p 545. 
(e) Brady, R. C.; Pettit, R. J. Am. Chem. SOC. 1981,103, 1287. (0 Chi- 
usoli, G. P. J. Organomet. Chem. 1986,300,57. (g) Denie, p.; Jean, A,; 
Crcizy, J. F.; Mortreux, A,; Petit, F. J. Am. Chem. SOC. 1990, 222, 1292. 
(h) Troet, B. M.; Kottirsch, G. J. Am. Chem. SOC. 1990, 112, 2816. (i) 
Reaconi, L.; Waymouth, R. M. J. Am. Chem. SOC. 1990, 212,4953. ti) 
Jolly, R. S.; Luedtke, G.; Sheehan, D.; Livinghouse, T. J. Am. Chem. SOC. 
1990,222,4966. (k) Brookhart, M.; Volpe, A. F.; Lincoln, D. M. J. Am. 
Chem. SOC. 1990, 222,5634. 

(3) Bennet, M. A.; Bruce, M. I.; Matheson, T. W. In Comprehensive 
Organometallic Chemistry; Wilkineon, G., Stone, F. G. A., Abel, E. W., 
Eds.; Pergamon: Oxford, U.K., 1982; Vol. 4, p 744, and references cited 
therein. 
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Figure 1. Molecular view of RU~(CO)~,-,[(CH~C=C(H)C(H)=N- 
t-Bu),] (2), with numbering scheme. Relevant bond lengths (A): 
Ru(l)-Ru(2) = 2.6940 (6), Ru(2)-Ru(3) = 2.8833 (5), Ru(3)-Ru(4) 
= 2.6858 (6), Ru(l)-N(l)  = 2.226 (3), Ru(l)-C(5) = 2.249 (4), 
Ru(l)-C(6) = 2.288 (4), Ru(l)-C(7) = 2.309 (4), Ru(l)-C(25) = 
2.067 (4), Ru(2)-N(l) = 2.212 (4), Ru(2)-C(7) = 2.084 (4), RU- 
(2)C(25) E 2.098 (4), Ru(3)-N(2) = 2.220 (5), Ru(3)C(lO) E 2.070 
(4), Ru(3)-C(26) = 2.120 (41, Ru(4)-N(2) = 2.234 (3), Ru(4)4(10)  
= 2.327 (4), Ru(4)-C(11) = 2.289 (4), Ru(4)-C(12) = 2.252 (5 ) ,  
Ru(4)-C(26) = 2.071 (5), N(l)-C(5) = 1.355 (5) ,  C(5)C(6) = 1.414 
(6), C(6)-C(7) = 1.390 (6), C(7)C(8) = 1.508 (6), C(8)-C(9) = 1.530 

= 1.406 (7), C(12)-N(2) = 1.359 (6). Relevant bond angles (deg): 
(6), C(9)-C(lO) = 1.517 (6), C(lO)-C(ll)  = 1.407 (6), C(ll)-C(12) 

R u ( ~ ) - R u ( ~ ) - R u ( ~ )  = 137.38 (2), R u ( ~ ) - R u ( ~ ) - R u ( ~ )  = 138.68 
(2), C(7)-C(8)-C(9) = 110.3 (3), C(8)-C(9)-C(lO) = 109.4 (3). 

In the course of our study, aimed at  cyclometalation of 
l-aza-1,3-dienes and formation of azametallacyclo- 
pentadiene systems, a number of interesting di-? tri-,l and 
tetranuclear6 ruthenium compounds, containing an isom- 
erized or dehydrogenated azadiene ligand that is part of 
a four- or five-membered azaruthenacycle, have been 
synthesized, the reactivity of which is currently being in- 
vestigated. 

Thermolysis of one of these, the dinuclear RU~(CO)~-  
[CH,CC(H)C(H)=N-t-Bu] (1),4 which contains a a-N, 
p2-q3-bonded allylimine ligand, in refluxing n-octane (bp 
125 "C) for 24 h under an inert atmosphere produces the 
new tetranuclear cluster RU&O)~,[ (CH2C=C(H)C(H)= 
N - ~ - B U ) ~ ]  (Ru4(CO),,[t-Bu-DAT]; 2) in a yield of about 
40% (Scheme I).' This conversion is most likely initiated 

(4) (a) Polm, L. H.; Elsevier, C. J.; Mul, W. P.; Vrieze, K.; Christo- 
phersen, M. J. N.; Muller, F.; Stam, C. H. Polyhedron 1988, 7,2521. (b) 
Mul. W. P.: Elsevier. C. J.: Polm. L. H.: Vrieze. K.: Zoutbern. M. C.: 
Heijdenrijk,' D.; Stam; C. H.'Organometaliics, submitted for puha t ion :  

(5) Mul, W. P.; Elsevier, C. J.; Vrieze, K.; Smeets, W. J. J.; Spek, A. 
L. Red. Truu. Chim. Pays-Bas 1988, 207, 297. 

(6) Polm, L. H.; Mul, W. P.; Elsevier, C. J.; Vrieze, K.; Christophersen, 
M. J. N.; Stam, C. H. Organometallics 1988, 7, 423. 

(7) Synthesis of 2: A yellow solution of RuZ(CO),JCH2CC(H)C(H)= 
N-t-BuJa (1; 1 mmol) in n-octane (40 mL) was heated at  reflux for 24 h 
under an atmosphere of dry nitrogen. When the mixture was cooled to 
room temperature, a dark brown precipitate of Ru,(CO)~~[(CH,C--C- 
(H)C(H)=N-t-Bu),] (2) was formed, which was isolated by filtration. The 
crude product was dissolved in dichloromethane and filtered over a gel 
of silica, affording pure 2 (ca. 40% yield). Hazel brown cryatale of 2 were 
obtained by slow evaporation of pentane into a concentrated dichloro- 
methane solution of 2. 

0 1991 American Chemical Society 
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Scheme I 

0 0 

Communications 

by thermally induced loss of a CO ligand from 1, followed 
by dimerization of the thus-formed transient coordinatively 
unsaturated [ Ruz( CO)& CH,CC(H)C (H)=N-t-Bu)] species 
or association with another molecule of 1. The resulting 
tetranuclear ruthenium frame serves as a template for the 
consecutive regioselective reductive C-C coupling of the 
two q3-allyl fragments, giving rise to the formation of a 
1,5-diene unit. 

As 1 consists of a mixture of two enantiomers, the title 
reaction may in principle result in the formation of two 
diastereomers of 2.* However, both in solution ('H and 
l3CI1H} NMR)g and in the solid state (X-ray) only one 
diastereomer of 2 is observed.1° A 'H NMR spectrum of 
a crude reaction mixture also showed the sole presence of 
this diastereomer of 2. Thus, diastereospecific formation 
of 2 must have taken place by chiral recognition between 
two homochiral molecules of [Ru,(CO),(CH,CC(H)C- 
(H)=N-t-Bu)] (n = 5, 6), which provide, as indicated by 
inspection of molecular models, a better mutual fit than 
two heterochiral molecules. 

The structure of 2 has been elucidated by X-ray crys- 
tallography." A PLUTO drawing of one of the two enan- 
tiomers present in the centrosymmetric unit cell is pres- 
ented in Figure 1. 

The molecular structure of 2 possesses noncrystallo- 
graphic C2 symmetry, with the 2-fold axis running through 
the midpoints of the central Ru(2)-Ru(3) bond and the 
new C(8)-C (9) bond. The ( U - N , ~ - C , ~ ~ ~ - C = C , ~ ~ ~ - C = N ) ~ -  
bonded t-Bu-DAT ligand donates 14 electrons to the 

(8) Although 1 contains two and 2 contains four stereogenic ruthenium 
centers, these are pairwise related. Hence, 1 consists of one pair of 
enantiomers (one diastereomer) and 2 might consist of two pairs of en- 
antiomers (two diastereomers), of which only one pair is observed. 

(9) Spectroscopic and analytical data for 2 IR (u(CO), in cm-') 2042 
(vw), 2018 (vs), 1995 (m), 1962 (m br), 1840 (w br) in CH2ClZ; 2038 (vw), 
2002 (vs), 1986 (a), 1968 (a), 1958, (a), 1942 (a), 1936 (s), 1848 ( 4 ,  1841 
(e) in KBr disk; 'H NMR (100 MHz, CDCl,, 297 K, 6 in ppm, J in Hz) 
7.48 (d, 3J = 2.0, N=CH), 6.88 (d, 3J = 2.0, C=CH), 3.44 (d, 2J = 7.5, 

MHz, CDC13, 263 K, B in ppm) 203.8, 201.7, 201.4 (CO's, CH,C=CH), 

(NC(CH,),); FD-mass found m/e 928 (calcd M, = 930; based on 'O'Ru). 
Anal. Found (calcd) for CBHBN2O1&u,: C, 33.18 (33.55); H, 2.67 (2.82); 
N, 3.24 (3.01). 

(IO) The other, unobserved diastereomer of 2 would be built up of two 
heterochiral dinuclear units and would formally possess C, symmetry, 
with the two unsaturated azadien-4-yl subunits bonded to the same face 
instead of to opposite faces of the metal core as in the isolated diaste- 
reomer. 

(11) Crystal data for 2: C28H26Nz01&~l, M, = 930.78, brownish 
plate-shaped crystal (0.1 X 0.3 X 0.5 mm), triclinic, space group PI,  a = 
9.279 (1) A, b .C 13.647 (1) A, c = 13.981 (1) A, a = 60.84 (l)', @ =  88.26 

V - 1539.8 (3) A3, 2 = 2, duld = 2.007 g cm+, F(000) 
= 904, ~ ( M o  Ka) = 19.4 cm-I. Independent reflections ( B  C 28.2O; w/28 
scan; AU = 0.55 + 0.35 tan B; T = 295 K) were measured on an Enraf- 
Nonius CAD4F diffractometer (Mo Ka; Zr-filtered; 0.71073 A). Data 
were corrected for Lp and absorption (OF-). The structure was solved 
with heavy-atom methods and refined by full-matrix anisotro ic least 

parameters; 5636 reflections with I > 2.5a(O). Hydrogen atoms were 
introduced on calculated positions and refined on their carrier atoms with 
three common isotropic thermal motion parameters. A final difference 
Fourier map showed no residual densities outside 0.7 and -0.9 e A-3 (near 
Ru atoms). 

CCHH), 2.54 (d, 'J = 7.5, CCHH), 1.22 (8, NC(CHJ3); W('H) NMR (25.0 

121.1 (N-CH), 111.1 (C=CH), 62.6 (CCHZ), 57.9 (NC(CH&,), 23.0 

y = 84.90 

squares (SHELX'IB) to R = 0.028 (R, = 0.039; S = 1.09; u-l = u B (F); 409 

O C ' C  0 c 
2 0 0 

cluster core while the 8 terminal and 2 asymmetrically 
bridging CO ligands donate 20 electrons. Consequently, 
2 contains a total of 66 cluster electrons, for which the 
presence of three metal-metal bonds is predicted.', The 
intermetallic distances in 2 (Ru(l)-Ru(2) = 2.694 (6) A, 

indicate the presence of three normal single ruthenium- 
ruthenium bonds, from which it may be concluded that 
this tetranuclear chain complex is electron-precise. The 
intermetallic bond angles deviate considerably from line- 
arity; i.e., the Ru(l)-Ru(2)-Ru(3) and Ru(2)-Ru(3)-Ru(4) 
angles amount to 137.38 (2) and 138.68 (2)", re~pective1y.l~ 
This is probably caused by the reduced conformational 
freedom of the tetraruthenium moiety due to the coupling 
of the carbon fragments a t  C(8)-C(9) in the t-Bu-DAT 
ligand. The intermetallic angles in a related tetranuclear 
ruthenium chain complex, RU,(CO)~~[CH,C=C(H)C(H)- 
=N-i-Pr],, in which two separate azaruthenacycles are 
present, amount to 174.550 (16)".6 The new central C- 
(8)-C(9) bond connecting the two aza dien-4-yl subunits 
of the t-Bu-DAT ligand and the sp3 C(8) and C(9) atoms 
show normal geometric features. The a-N,a-C,q2-C= 
C,q2-C=N coordination of the azadien-4-yl subunits in 2 
is reminiscent of the 7e coordination mode of this ligand 
as has been found for several di-, tri-, and tetranuclear 
c ~ m p l e x e s . ~ ~ ~ J ~  The overall geometry of the rigid cluster 
is a result of the snakelike winding of the t-Bu-DAT ligand 
around the metal frame. Compound 2 represents the first 
acyclic tetranuclear transition-metal complex that is sta- 
bilized by a multidentate ligand, bonded to all four metal 
centers. 

The 'H and 13C11HJ NMR datag for 2 in CDC13 solution 
are consistent with the molecular structure in the solid 
state. The AB pattern at  6 3.44 and 2.54 ppm in the 'H 
NMR spectrum with a geminal coupling of 7.5 Hz is in 
agreement with the conversion of the methylene groups 
of the two t13-allyl moieties into an ethane-1,2-diyl unit. 

Complex 2 is thermally rather stable; only slight de- 
composition takes place when it is refluxed in toluene over 
a period of 72 h. Apparently, stabilization of 2 is reached 
by octadentate bonding of the t-Bu-DAT ligand to the 
metal core. Furthermore, 2 could not be reconverted into 
1 by refluxing 2 in toluene under a CO atmosphere. This 

Ru(2)-Ru(3) = 2.8833 (5) A, Ru(3)-Ru(4) = 2.6858 (6) A) 

(12) (a) Wade, K. Ado. I n i g .  Che; RadiLhem. 1978, 18, 1, *(b) 
Lauher, J. W. J. Organomet. Chem. 1981,213,25. (c) Johnson, B. F. C.; 
Benfield, R. E. Top. Stereochem. 1981,12,253. (d) Mingos, D. M. P. Acc. 
Chem. Res. 1984, 17, 311. 

(13) A limited number of acyclic tetranuclear ruthenium clusters have 
been reported (a) Field, J. S.; Haines, R. J.; Smit, D. N.; Natarajen, K.; 
Scheidsteger, 0.; Huttner, G. J. Organomet. Chem. 1982,240, C23. (b) 
Feasey, N. D.; Farrow, N. J.; Hogarth, G.; Knox, S. A. R.; MacPherson, 
K. A.; Morris, M. J.; Orpen, A. G. J .  Organomet. Chem. 1984,267, C41. 
(c) Keijsper, J.; Polm, L. H.; van Koten, G.; Vrieze, K.; Nielaen, E.; Stam, 
C. H. Organometallics 1985, 4, 2006. See also ref 6. 

(14) (a) Beers, 0. C. P.; Elsevier, C. J.; Mul, W. P.; Vrieze, K.; Himing, 
L. P.; Stam, C. H. Inorg. Chim. Acta 1990, 171, 129. (b) Spek, A. L.; 
Duisenberg, A. J. M.; Mul, W. P.; Beers, 0. C. P.; Elsevier, C. J. Acta 
Crystallogr., Sect. C: Cryst. Struct. Commun., in press. (c) Mul, W. P.; 
Elsevier, C. J.; van Leijen, M.; Vrieze, K.; Smeets, W. J. J.; Spek, A. L. 
Organometallics, to be submitted for publication. 
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indicates that the new central C-C bond of the t-Bu-DAT 
ligand is thermally resistant toward homo- and heterolytic 
fission. 

The presented concept of selective dimerization of chiral 
metal units and preorganization of carbon fragments fol- 
lowed by C-C coupling might well be extended to the 
directed synthesis of functionalized dienes on small tran- 
sition-metal clusters. 
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coordinates of all atoms, bond distances and angles, and aniso- 
tropic thermal motion parameters for 2 and an ORTEP diagram 
of 2 showing 30% probability ellipsoids (7 pages); a listing of 
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Cycloalkyne Ligands Formed by the Coupling of Polymethylene-Bridged 
Alkylidynes: LnM=C(CH,)nCWIL, - L,,M,(p-C,(CH,),) 
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Summary: Polymethylene-bridged alkylidyne complexes 
( ~-BUO)~W=C(CH,), c ~ w ( 0 - t - B ~ ) ~  ( I )  have been pre- 
pared from the reactions between W,(O-t-Bu),(M=M) 
and the dinitriles N=C(CH,),C=N, where n = 3-6, in 
hexane. Addition of carbon monoxide to hydrocarbon 
solutions of I leads to the formation of the cycloalkyne 
adducts (t-BuO),W,(~-C,(CH,),~CO) (11) for n = 4, 5 but 
not for n = 3, 6. These results are discussed in terms 
of the stereochemical requirements for the reversible re- 
action 2L, MECR 2 L,, M2(p-C2R2). 

Cycloalkynes C2(CH2)n with small rings (n  = 3-5) are 
kinetically too labile to be isolated as pure compounds.' 
They may be stabilized by coordination to metal atoms, 
and three routes, shown in eqs 1-3, have been developed 
to such complexe~.~-~ Two are similar in that they start 
from cycloalkenylmetal precursors, and the third involves 
closure of the ring in a preformed acyclic alkyne complex 
by carbon-carbon bond formation away from the coordi- 
nated triple bond. 

We describe here a new synthetic approach for the 
generation of certain cycloalkyne ligands based on the 
coupling of two linked metal-alkylidyne moieties. This 
coupling reaction takes advantage of the equilibrium shown 
in eq 4, which is sensitive to both steric and electronic 
 effect^.^ 

(1) Greenberg, A,; Lieberman, J. F. In Strained Organic Molecules; 
Academic Press: New York, 1978. 

(2) (a) Bennett, M. A.; Robertson, B. B.; Whimp, P. 0.; Yoshida, T. 
J. Am. Chem. SOC. 1971,93,3797. (b) Bennett, M. A,; Ycahida, T. J. Am. 
Chem. SOC. 1978, 100, 1750. 

(3) (a) Buchwald, S. L.; Lum, R. T.; Dewan, J. C. J. Am. Chem. SOC. 
1986, 208, 7441. (b) Buchwald, S. L.; Lum, R. T.; Fisher, R. A.; Davis, 
W. M. J. Am. Chem. SOC. 1989, 111,9113. 

(4) Schreiber, S. L.; Sammakia, T.; Crowe, W. E. J. Am. Chem. SOC. 
1986, 108, 3128. 

(5) (a) Chisholm, M. H.; Folting, K.; Hoffman, D. M.; Huffman, J. C. 
J. Am. Chem. SOC. 1984,106,6794. (b) Chisholm, M. H.; Conroy, B. K.; 
Huffman, J.  C.; Marchant, N. S.  Angew. Chem. Int. Ed.  Engl. 1986,25, 
446; Angew. Chem. 1986,98, 448. (c) Chisholm, M. H.; Conroy, B. K.; 
Huffman, J. C. Organometallics 1986, 5, 2384. (d) Chisholm, M. H.; 
Huffman, J. C.; Marchant, N. S. J. Chem. Soc., Chem. Commun. 1988, 
717. 
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L =  PPh,; n =  2 , 3  

Me0 ,SiMe, 

n-2-4 

R 
C 

R 
R\ / c,- c 
/A\ = 2 111 

LA-ML, M 
(4) 

L" 

In the present study the dialkylidyne compounds ( t -  
BUO)~W=L(CH~),C=W(O-~-BU)~ (I), where n = 3 4 ,  were 
prepared from the reaction shown in eq 5, a reaction based 
on chemistry developed by Schrock! The tungsten nitride 

22 *c 
hexane 

2WZ(O-t-Bu),(M=M) + N=C(CHJ,C=N - 
B(t-BuO),W=N + 

(~-BuO)~W~C(CH~)~C~W(O-~-BU), ( 5 )  
1 
1 

that forms is polymeric, is insoluble in hexane, and can be 
removed from the reaction mixture by filtration.' Re- 

(6) (a) Schrock, R. R.; Listemann, M. L.; Sturgeoff, L. G. J .  Am. Chem. 
SOC. 1982,104,4291. (b) Krouse, S. A.; Schrock, R. R. Macromolecules 
1989,22, 2569. 

(7) Chisholm, M. H.; Hoffman, D. M.; Huffman, J. C. Inorg. Chem. 
1983,22, 2903. 
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