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(CO), 104.4 (C5Me5), 91.2 (C5H5), 72.1 (p-CCH,), 31.8, 22.2, 13.5 

1842 (m) cm-'. 
cis -[ (C5Me5)(CO)Fe][ (C5H5)(CO)Fe](p-CO)(p-C=CH- 

(CH2)3CH3) (34). NMe3 (2.1 mmol) was added to a solution of 
33 (86 mg, 0.14 mmol) in 3 mL of CH2Clz at  -78 "C. Solvent was 
evaporated at ambient temperature, and the oily residue was 
crystallized from 2 mL of hexane at -78 "C to give 34 (40 mg, 

(s, C5H5), 2.95 (m, =CHCH2), 1.2-1.9 (m, 4 H), 1.46 (s, C5Me5), 
1.08 (t, J = 7.0 Hz, CH3). 13C{'H) NMR (C6D6, 0 "c): 6 274.5, 
272.1 (p-CO, p-C), 213.1,212.1 (CO), 134.9 (C=CH-), 96.5 (Cfie,), 

IR (CH,Cl,): 1983 (s), 1940 (w), 1769 (m) cm-'. HRMS for 
Cz4H38e2O3: calcd, 478.0885; found, 478.0891. 

cis -[ (C5Me5)(CO)Fe][ (C5H5)(CO)Fe](p-CO) (p-q1,q2- trans - 
CH==CHCH(CH3)2)+PF6- (35). A solution of 32 (190 mg, 0.32 
mmol) and isobutylene (0.72 mmol) in 10 mL of CH2C1, was 
warmed from -78 "C to ambient temperature. Solvent was 
evaporated, and the residue was recrystallized from CHzCl,-ether 
to give 35 (172 mg, 82%). 'H NMR (CDCl,): 6 10.85 (d, J = 11.5 

CH=CH), 2.40 (m, CHMe,), 1.90 (s, C5Me5), 1.46 (d, J = 6.5 Hz, 
CH3). 13C{1HJ NMR (CD,CN, 0 "C): 6 215.0 (CO), 180.6 (p-  
CH=CH-), 106.6 (p-CH=CH-), 103.7 (C5Me5), 87.7 (C5H5), 39.9 
(CHMe,), 26.1 (CH,), 21.8 (CH,), 9.6 (C5(CH3)5). IR (CH,C12): 
2015 (s), 1995 (m), 1859 (m) cm-'. 

Anal. Calcd for C23H,,F6Fe203P: C, 45.28; H, 4.79. Found: 
C, 44.91; H, 4.87. 

[ (C5Me5) (CO)Fe][ (C5H5) (CO)Fe]( p-CO)( p-CHCH=C- 
(CH,),) (36). NMe3 (2.1 mmol) was added to a solution of 35 
(86 mg, 0.14 mmol) in 3 mL of CHzClz at -78 "C. Solvent was 
evaporated at ambient temperature, and the residue was dissolved 
in toluene. The toluene solution was filtered and evaporated to 
dryness. The resulting violet crystalline solid was washed with 

((CH,),CH,); 8.8 (C5(CH3)5). IR (CH2ClZ): 2030 (s), 2001 (w), 

51%). 'H NMR ((&De): 6 7.00 (t, J = 6.9 Hz, p-C=CH), 4.51 

85.5 (C5H5), 37.1,34.5,23.1,14.7 (CH&H,CH,CHJ, 9.3 (C5(CH3)5). 

Hz, p-CH=C), 5.03 (9, C5H5), 3.52 (dd, J = 9.3, 11.5 Hz, p- 

hexane to give 36 (50 mg, 76%). 'H NMR (CD2C12): 6 10.77 (d, 

C5H5), 2.10 (9, CH3), 1.83 (s, CHJ, 1.66 (9, C5Me5). 13C NMR 
J = 12.8 Hz, p-CH), 6.73 (d, J = 12.8 Hz, p-CH-CH=), 4.70 (s, 

(C6D6, O "C): 6 275.4 (9, p-CO), 214.4, 213.4 (9, CO), 165.8 (d, J 
= 132 Hz, w-CH), 154.0 (d, J = 150 Hz, p-CHCH=), 120.3 (5, 

J = 128 Hz, =C(CH3)CH3), 19.0 (4, J = 128 Hz, =C(CH,)CHS), 
CH=CMe2), 96.6 (8, C5Me5), 85.6 ( d , J  = 180 Hz, C5H5), 26.3 (4, 

9.1 (4, J = 128 Hz, C5(CH3),). IR (CH,Cl,): 1980 (s), 1916 (m), 
1779 (m) cm-'. HRMS: for CZ3Hz8Fe2O3: calcd, 464.0729; found, 
464.0737. 

[ (C5Me5)(CO)Fe]z(p-CO)(p-CH)+PF6- (37) and Isobutylene. 
The initial 'H NMR spectrum obtained from a solution of 
[(C5Me5)(CO)Fe],(p-CO)(p-CH,)'2 (38) (7.0 mg, 15 pmol) and 
(C6H5)3C+PF6- (7.0 mg, 18 pmol) in 0.3 mL of CD2Cl, had a broad 
(aljz = 223 Hz) band centered at 6 13 in addition to other reso- 
nances. After 20 min, the broad resonance disappeared and peaks 
at 6 21.63 (p-CH) and 6 1.84 (C5Me5) assigned to 37 appeared. 

An impure sample of 37 was obtained from the reaction of 38 
(128 mg, 0.26 mmol) and (C8H5)3C+PF& (95 mg, 0.25 mmol) in 
4 mL of CH,Cl, at ambient temperature. The solution was cooled 
to -78 "C, and hexane was added to precipitate a purple-black 
solid (120 mg) which was washed with hexane. 'H NMR indicated 
a k0.5 ratio of 37(C,&-15)3CX. When a solution of 37 (5 mg, 7 pmol) 
and isobutylene (30 pmol) in 0.3 mL of CDzC12 at ambient tem- 
perature was monitored by 'H NMR, no new resonances were seen 
initially. After 24 h, the resonance at 6 21.6 due to 37 was still 
visible, but many resonances due to decomposition products were 
observed. 
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Ruthenium atoms generated from an electron beam furnace have been cocondensed with either 1,3- or 
l,4-cyclohexadiene, and CO subsequently has been added at -196 "C. The initial product of the syntheses 
has been characterized as Ru(CO)(.~~~-C~H~)(~~-C~H~) (1). In solution at  room temperature 1 underwent 
a thermal rearrangement to R U ( C O ) ( . ~ ~ ~ - C ~ H ~ ) ~  (2) ( t l lz  = 96 min a t  31 "c). Prolonged reflux of 2 in the 
presence of free 1,3-cyclohexadiene and under CO (1 atm) yielded the bis(ally1) complex R U ( C O ) ~ ( ~ ~ : $ - C ~ ~ H ~ ~ )  
(5) via C-C coupling of the diene ligands. Hydride abstraction from 1 and 2 using [Ph3C]BF4 gave 
[RU(CO)(.~~~-C~H~)(.~~~-C~H~)]BF~ (3) and [RU(C~)(~~~-C~H~)(.~~~-C~H~)]BF~ (4), respectively. The reverse 
reactions 3 - 1 and 4 - 2 occurred on treatment with NaBH4, and the hydride additions were assigned 
exo to  the ruthenium atom (deuterium labeling). The transformation 4 - 2 is not consistent with a 
charge-controlled nucleophilic addition. 

Introduction 
A large and diverse range of mononuclear ruthenium 

complexes bearing two c6-c8 cyclic hydrocarbon ligands 
are now known.2-12 Convenient syntheses from chloro- 

(1) Part 1: Cox, D. N.; Roulet, R.; Chapuis, G .  Organometallics 1985, 
4, 2001. 

(2) Jones, D. L.; Pratt, L.; Wilkinson, G .  J. Chem. SOC. 1962, 4458. 
(3) (a) Fischer, E. 0.; Maer ,  J. Chem. Ber. 1963,96,3217. (b) Muller, 

J.; Fiacher, E. 0. J. Organomet. Chem. 1966,5, 275. (e) Fischer, E. 0.; 
Elschenbroich, C.; Kreiter, C. G .  J .  Organomet. Chern. 1967, 7, 481. 
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ruthenium complexes have been developed, chiefly by 
Bennett6 and by Vitulli,' and in general the resulting or- 

(4) Muller, J.; Schmitt, S. J. Organomet. Chem. 1975, 97, 275. 
(5) Pertici, P.; Simonelli, G.; Vitulli, G.; Deganello, G.; Sandrini, P. L.; 

(6) Bennett, M. A.; Matheson, T. W. J. Organomet. Chem. 1979, 175, 

(7)  Pertici, P.; Vitulli, G.; Paci, M.; Porri, L. J. Chem. SOC., Dalton 

(8) Bennett, M. A.; Matheson, T. W.; Robertson, G .  B.; Smith, A. K.; 

Mantovani, A. J. Chem. Soc., Chem. Commun. 1977, 132. 

87. 

Trans. 1980, 1961. 

Tucker, P. A. Inorg. Chem. 1980,19, 1014; 1981,20, 2353. 
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Chemistry Derived from Ruthenium Atoms 

ganometallics do not carry additional ligands.13 In several 
cases i t  has proved possible to prepare monocarbonyl de- 
rivatives from these species by ligand addition without loss 
of a carbocycle. These reactions are shown in eq 1-3 and, 
metal atom techniques apart, represent the only prepa- 
rations of monocarbonyl ruthenium species of this 
Hence, a ruthenium analogue of Fe(C0) (q4-C6H8)z17 is not 
yet available by classical routes. 

co 
RU(?~'-C~H~~)(?~~-CSH~Z) - 

Ru(CO)(q4-CsHio)(q4-CsHiz) (1) 

co 
R u ( T ~ - C ~ H ~ ) ( ~ ~ - C & & )  - R U ( C O ) ( ~ ~ - C , H , ) ( ~ ~ - C ~ H ~ )  

(2) 

i. HPFB 
RU(774-C~Hs)(q6-C~Meg) 

[ R u ( c o ) ( ~ ~ - C @ g )  (V6-Ce,Me6)l' (3) 

The use of ruthenium atoms in synthesis was first 
achieved, on a small scale (ca. 100 mg), by Timms and 
King, who reported spectroscopic data  for the unstable 
RU(C&I&.~~ More recently, gram quantities of ruthenium 
atoms have been made synthetically available by the 
positive hearth electron beam technique developed by 
Cloke and Green.19.20 We have used this method to  pre- 
pare ruthenium-cyclohexadiene cocondensates as de- 
scribed in a preliminary communication.21 We now report 
on their low-temperature carbonylation as a route to mo- 
nocarbonyl ruthenium complexes bearing two cyclic c6 
ligands. 

Organometallics, Vol. 5, No. 9, 1986 1887 

Results and Discussion 

The analogous iron-cyclohexadiene cocondensates have 
been studied both by Skell et al.22 and by Ittel e t  The 
former group has reported the catalytic disproportionation 
of the cyclohexadiene to benzene and cyclohexene and 
isolated Fe(q6-C6E&)(q4-C6H8) in very low yields. The latter 
workers have investigated the reaction of the cocondensate 
with P(OMe)3 at  low temperature and isolated Fe[P- 

(9) Rybinskaya, M. I.; Kaganovich, V. S.; Kudinov, A. R. J. Organo- 
met. Chern. 1982,235, 215. 

(10) Pertici, P.; Vitulli, G.; Lazzaroni, R.; Salvadori, P.; Barili, P. L. 
J. Chem. SOC., Dalton Trans.  1982, 1019. 

(11) Vitulli, G.; Pertici, P.; Salvadori, P. J. Chern. SOC., Dalton Trans. 
1984, 2255. 

(12) Itoh, K.; Nagashima, H.; Ohshima, T.; Oshima, N.; Nishiyama, H. 
J. Organornet. Chem. 1984,272, 179. 

(13) Reports of monochloro species resulting from such syntheses have 
been made: (a) Zelonka, R. A.; Baird, M. C. Can. J. Chem. 1972,50,3063. 
(b) Itoh, K.; Oshima, N. Chem. Lett. 1980,1219. In addition, isomers of 
RUH(PPh3)2(83-C6H7)(~2-C6H10) have been obtained from an independent 
route: Chaudret, B. N.; Cole-Hamilton, D. J.; Wilkinson, G. Acta Chem. 
Scand., Ser. A 1978, A32, 763. 

(14) Deganello, G.; Mantovani, A.; Sandrini, P. L.; Pertici, P.; Vitulli, 
G. J. Organornet. Chern. 1977,135, 215. A phosphite analogue has also 
been reported: Pertici, P.; Vitulli, G.; Porzio, W.; Zocchi, M.; Barili, P. 
L.; Deganello, G. J. Chem. SOC., Dalton Trans.  1983, 1553. 

(15) Schrock, R. R.; Lewis, J. J. Am. Chem. SOC. 1973,95, 4102. 
(16) Bennett, M. A,; Matheson, T. W. J. Organornet. Chern. 1978,153, 

(17) Kruger, C.; Tsay, Y. Angew. Chern., Int. Ed.  Engl. 1971,10, 261. 
(18) Timms, P. L.; King, R. B. J. Chem. SOC., Chem. Cornrnun. 1978, 

(19) Green, M. L. H. J. Organornet. Chern. 1980,200, 119. 
(20) Cloke, F. G. N.; Green, M. L. H. J. Chern. Soc., Dalton Trans. 

(21) Cox. D. N.: Roulet. R. Helu. Chim. Acta 1984. 67. 1365. 

C25. 

898. 

1981,1938. 

(22) Wilkam-Smith, D. L.; Wolf, L. R.; Skell, PIS. $. Am. Chem. SOC. 

(23) Ittel, S. D.; Van-Catledge, F. A.; Jesson, J. P. J. Am. Chern. SOC. 
1972, 94, 4042. 

1979, 101, 3874. 

Scheme I' 

( i )  d I ( i i )  I 
Rust, Ru-CO - Ru-CO 

h 4  
1 2 

a (i) Cocondensed with excess 1,3- or 1,4-cyclohexadiene at -196 
(ii) In solution at "C, followed by low-temperature CO addition. 

room temperature; t l l z  = 96 min (31 "C, octane). 

Scheme 11" 

l ( 1 0 )  3 Z ( 2 D )  4 

"(i) [Ph3C]BF4 (1 equiv) in CH,Cl,; 1 - 3 at -20 "C, 2 - 4 at 
(ii) NaBH, or NaBD, (excess) in CHzClz at 

The lettering refers to the proton assignments (Experi- 
room temperature. 
-20 OC. 
mental Section). 

(OMe)3]2(q4-C6H8) (qz-C6Hs) as the major product. Osmi- 
um-cyclohexadiene cocondensates have not yet been 
studied, and our earlier communicationz1 is the only report 
of a ruthenium-cyclohexadiene cocondensate. 

Formation of Neutral Monocarbonyl Complexes. 
The addition of CO at  -196 "C to  either ruthenium-1,3- 
cyclohexadiene or ruthenium-1,4-cyclohexadiene cocon- 
densates yielded, after workup, a temperature-sensitive 
orange oil. On the basis of IR, 'H NMR, and 13C NMR 
data the oil was identified as a mixture of two mono- 
carbonyl ruthenium complexes in a 1 O : l  ratio. The major 
constituent was characterized as the thermally unstable 
Ru(CO)(q5-C6H7)(q3-C6H9) (1) (ca. 40% with respect to 
Ru,,) and with contaminant as R U ( C O ) ( ~ ~ - C ~ H ~ ) ~  (2). 
Although the oil proved stable for several weeks at  -20 "C, 
attempts to isolate 1 from this mixture were unsuccessful. 
Low-temperature crystallization from pentane, for exam- 
ple, gave small quantities of yellow microcrystals but  of 
an unchanged composition. Nevertheless, the crude oil 
proved a satisfactory source of 1 in a subsequent synthesis, 
and samples of 1 free from 2 were eventually isolated via 
the reduction of 3 (vide infra). 

When solutions of crude 1 were warmed to room tem- 
perature and stirred for 24 h, good yields of crystalline 2 
(ca. 30% with respect to Ru,,) could be isolated. The  
disappearance of 1, as followed by IR spectroscopy, was 
found to obey first-order kinetics (t lI2 in octane = 96, 29, 
and 9.1 min a t  31,41, and 53 "C, respectively), although 
the conversion to 2 was nonquantitative (65% isolated). 
Even in the solid state crude 1 is unstable, and after 10 
days at  room temperature the decay to 2 had neared 
completion. 

The proposed structures for 1 and 2 are illustrated in 
Scheme I, symmetrical conformations (C, for 1, CZv for 2) 
are indicated by the 'H NMR spectra which remained 
temperature invariant to -70 OC. 

The direct formation of the kinetic product 1 on CO 
addition suggests that  a hydride (or related a g o ~ t i c ~ ~ )  
species, R u H ( ~ ~ - C ~ H , ) ( ~ ~ ~ - C ~ H ~ ) ,  could be the initial 

(24) Brookhart, M.; Green, M. L. H. J. Organornet. Chem. 1983,250, 
395. 
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product laid down on cocondensation. An analogous hy- 
dride species has been postulated in the initial iron- 
cyclohexadiene cocondensate on the basis of the isolation 
of FeH(q5-C6H7) [P(OMe),], when iron atoms are cocon- 
densed with a mixture of P(OMe), and 1,3-cyclo- 
he~adiene.~,  An iron analogue of 1, however, has not been 
reported. Attempts to observe the proposed ruthenium 
hydride were made by extraction under argon of the Ru- 
1,3-cyclohexadiene cocondensate with pentane below -40 
"C. This yielded very air-sensitive orange oils from which 
no stable organometallics could be isolated. Furthermore, 
the 'H NMR (toluene-d,, -40 "C) indicated no charac- 
teristic hydride resonances upfield of Me4&. 

The thermal isomerization (Scheme I) of the q5:77,-co- 
ordination in 1 to the q4:q4-coordination in 2 provides a rare 
example of a hydrogen shift between two coordinated c6 
rings. Although the conversion is formally a Ru(I1) to 
Ru(0) reduction, it is evident that  the more stable species 
2 has less electron density available for d x  - px retro- 
donation to the carbonyl x* orbitals (v(C0) = 1956 cm-l 
(1) and 1981 cm-' (2)). I t  is interesting to note that  for 
related molybdenum complexes a reverse order of stability 
apparently prevails. Thus, while M O ( C ~ ) ~ ( ~ ~ - C ~ H , ) ~  and 
MO(CO)~(~~-C~H~)(~'-C~H~) have both been isolated from 
the thermal reaction of Mo(CO)~ and 1,3-cyclohexadiene, 
the $:q3-coordination is of greater ~ tab i l i ty . ,~  

Reversible Hydride Abstractions. Hydride abstrac- 
tion from 1 and 2 is readily effected (process i, Scheme 11). 
Hence, when a sample of crude 1 (>go% purity) was 
treated with a near molar equivalent of [Ph,C]BF, a t  -20 
"c ,  the cationic arene species [Ru(CO)(q6-C6Hs)(q3-C6Hg)]+ 
(3) was isolated in 45% yield (BF, salt). Similar treatment 
of 2 (room temperature) yielded the cation [Ru(CO)(q5- 
C6H7)(q4-C6H8)]+ (4; 53% as BF4- salt). Despite the 
presence of 2 as an impurity in the samples of 1, contam- 
ination of 3 by 4 was not observed when 1 was the reagent 
in excess. Furthermore, the pentane extract after the 
reaction of crude 1 showed relative enrichment in 2, so that 
preferential hydride removal from 1 may be implicated. 

The  cations 3 and 4 were characterized by lH and I3C 
NMR, and symmetrical C, structures are proposed. The 
hexamethylbenzene derivative of 3 had previously been 
prepared (eq 3 9 ,  and these cations are presumably 
structurdly related to the series of RuC1(q6-C6H6)(q3-al1yl) 
complexes reported by Rubezhov and co-workers.26 The 
iron analogue of 4 is known,n and the closely related cation 
[Ru(C0)(q5-C,H,)(q4-C6H8)]+ has recently been reported.,, 

The conformation of the cyclohexenyl ring in complexes 
1 and 3, following the recent work of Crocker e t  al., may 
be assigned as boatlike.2s The 'H-lH coupling constants 
between the terminal allyl protons and the adjacent 
methylene protons of the cyclohexenyl ring are 6.9 and 
C0.2 Hz for 1 and 6.5 and C0.2 Hz for 3. These values are 
consistent with those observed for the boatlike confor- 
mation in the closely related Ru(CO)(q5-C5H6)(q3-C6H9) (6) 
(6.6, 0 Hz) and a t  variance with the values observed for 
the chair-like conformation in Mo(C0)2(175-C5HS)(q3-C6H9) 
(1.9, 1.8 Hz). The adoption of the boatlike conformation 

Organometallics, Vol. 5, No. 9, 1986 Cox and Roulet  

(25) (a) Fischer, E. 0.; Frohlich, W. 2. Naturforsch., B Anorg. Chem., 
Org. Chem., Biochem., Biophys., Biol. 1960, 15B, 266. (b) Fritz, H. P.; 
Keller, H.; Fischer, E. 0. Naturwissenschaften 1961,48, 518. ( c )  King, 
R. B.; Fronzaglia, A. Inorg. Chem. 1966, 5, 1837. 

(26) (a) Nesmeyanov, A. N.; Rubezhov, A. 2. J .  Organomet. Chem. 
1979,164,259. (b) Lutaenko, 2. L.; Aleksandrov, G. G.; Petrovskii, P. V.; 
Shubina, E. S.; Andrianov, V. G.; Struchkov, Y. T.; Rubezhov, A. 2. J .  
Organomet. Chem. 1985,281, 349. 

(27) Ashley-Smith, J.; Howe, D. V.; Johnson, B. F. G.; Lewis, J.; Ryder, 
I. E. J .  Organomet. Chem. 1974, 82, 257. 

(28) Cracker, M.; Green, M.; Morton, C .  E.; Nagle, K. R.; Orpen, A. 
G. J .  Chem. SOC., Dalton Trans. 1985, 2145. 

by the cyclohexenyl ring in 1 and 3 may, like 6, be ascribed 
to the minimalization of interligand steric effeckZ8 

The  hydride abstractions from 1 and 2 are directly re- 
versible (Scheme 11). Hence, on treatment with NaBH, 
a t  -20 "C, 3 gave 1 and 4 gave 2. The transformations 
occurred in high yields (>70%) and cleanly, providing 
samples of 1 and 2 free from cross-contamination. The 
stereospecificities of the hydride additions were investi- 
gated by reduction of 3 and 4 with NaBD,. The  mono- 
deuterated derivatives 1D and 2D respectively were iso- 
lated, and in both cases the deuterium atom was located 
exo to ruthenium on the basis of the lH NMR.29 

The transformation 4 - 2 has an exact parallel in iron 
chemistry, as shown in eq 4.27 These reactions are note- 

[Fe(CO)(175-CsH.i)(q4-CsHs)]+ ---+ F ~ ( C O ) ( T ~ - C ~ H &  
(4) 

worthy as exceptions to the charge density based rules 
proposed to govern the regioselectivity of nucleophilic 
addition.30 A consecutive pathway, 4 - 1 - 2 for these 
reactions (M = Ru or Fe), in accord with the aforemen- 
tioned rules, can be rejected on the following grounds: (i) 
for M = Ru, the thermal isomerization 1 - 2 cannot occur 
over the relevant time scale a t  -20 "C, and an isomerization 
promoted by the reaction conditions can be excluded by 
the isolation of 1 from 3; (ii) for M = Ru and Fe, the 
observed stereochemistry of the deuterium label on ad- 
dition of BD4- to 4 is exo on a methylene group of 2 (for 
M = Fe, see ref 27), which is not consistent with a con- 
secutive pathway.,l The observed exo stereochemistry of 
the deuterated derivatives also renders unlikely an initial 
attack a t  the carbonyl or metal center. 

Following the recent work of Astruc et  al.,,, these vio- 
lations of the regioselectivity rules may be ascribed to an 
orbital control of the hydride additions to 4 (M = Ru, Fe). 
It is not yet possible, however, to predict if a particular 
nucleophilic addition will be subject to orbital rather than 
charge control. For example, unlike the similar behavior 
toward H- of the ruthenium cation 4 and its iron analogue, 
addition of H- to the cation [M(q6-C6H6)(q5-C6H7)]+ is 
apparently subject to orbital control for M = Fe32 and yet 
consistent with charge control for M = Os.33 

Ligand-Induced Diene Coupling. Prolonged reflux 
(36 h) of Ru(Co)(q4-C6H& (2) under CO and in the 
presence of free 1,3-cyclohexadiene gave the bis(ally1) 
complex R U ( C O ) ~ ( ~ ~ : ~ ~ - C ~ ~ H ~ ~ )  (5), isolated in 34% yield. 
The presence of free cyclohexadiene, which presumably 
enhances the thermal stability of 2, is essential to the 
progress of the reaction. In its absence the solution ap- 
peared black and colloidal after reflux and only traces of 
5 were detected. The overall reaction parallels the more 
rapid and facile carbonylation of Ru(C0)(q4-2,3-di- 
methylbutadiene)2 which we recently reported to produce 
R U ( C O ) ~ ( ~ ~ : ~ ~ - C ~ ~ H ~ ~ )  (71.l Hence, while the scope of 

BH; 

(29) In 1, the ex0 d proton was distinguished as a clean doublet (6 2.65) 
as is often observed in $-cyclohexadienyl systems (Le., Jcdr = 0 Hz; see 
ref 2). In 2, the exo (6 1.54) and endo (6 1.85) c protons were distinguished 
by Jbn > Jbcx and a,, > 6,, (see: Brown, D. A.; Fitzpatrick, N. J.; Glass, 
W. K.; Sayal, P. K. Organometallics 1984,3,1137). 'H NMR of 1D and 
2D are reported in the Experimental Section. 

(30) Davies, S. G.; Green, M. L. H.; Mingos, D. M. P. Tetrahedron 
1978, 34, 3047. 

(31) On BD,- addition to 4 (M = Ru, Fe) the consecutive pathway 4 - 1 - 2 would result in (a) partial scrambling of the D label between 
the sites b and cx of 2 (Scheme 11) for an initial exo attack on the g*-ring 
of 4 and (b) D incorporation at the site cn of 2 for an initial endo attack. 

(32) Astruc, D.; Michaud, P.; Madonik, A. M.; Saillard, J.-Y.; Hoff- 
mann, R. Nouu. J .  Chim. 1985, 9, 41. 

(33) Bandy, J. A.; Green, M. L. H.; O'Hare, D.; Prout, K. J.  Chem. 
Soc., Chem. Commun. 1984, 1402. 
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Data for 1: IR (pentane) 1956 cm-' (CO); 'H NMR (CDC13, 250 
K) 6 5.03 (tt, J a b  = 4.4, J,, = 1.2 Hz, 1 H, Ha), 4.74 (dd, J h  = 6.3 
Hz, 2 H, Hb), 4.52 (t, Jef = 6.5 Hz, 1 H, He), 3.68 (dd, Jcdn  = 6.6 
Hz, 2 H, H,), 3.56 (dd, JfP = 6.9 Hz, 2 H, Hf), 2.85 (dt, J,,, = 
12.8 Hz, 1 H, Hdn), 2.65 (d, 1 H, 2.03 (m, 2 H, H J, 1.78, 
1.02 (2m, 4 H, H,, Hh, H 3 ;  13C NMR (CDCl,, 250 Kf 6 214.8 
(s, CO), 94.2 (d, JCH = 165 Hz), 82.7 (d, JCH = 170, 3 J c ~  = 3 Hz), 
72.3 (d, J C H  = 162 Hz), 48.8 (d, JCH = 156 Hz), 46.5 (d, JCH = 163 
Hz), 28.6 (t, JcH = 132, 3 J ~ ~  = 4 Hz), 28.4 (t, JCH = 128 Hz), 20.2 
(t, J C H  = 128 Hz). 

Carbonylbis( 1-4-q-cyc1ohexadiene)ruthenium (2). Crude 
1 (1300 mg) was stirred at room temperature in pentane (200 mL) 
for 24 h. Activated carbon was added to the resulting cloudy 
solution which was then filtered. Concentration and cooling to 
-78 OC gave pale orange microcrystals which were characterized 
as RU(CO)(T~-C~H~)~  (2; 850 mg; 65% yield from 1, 30% from 
evaporated Ru). Alternatively, crude 1 may be heated in vacuo 
(60 "C) and the resulting brown oil extracted with pentane in the 
presence of activated carbon. The decay of 1, as followed in octane 
by IR, was found to follow first-order kinetics ( t l12 = 96 min at 
31 "C, 29 min at 41 "C, and 9.1 min at  53 "C). Data for 2: mp 
99 OC dec; IR (pentane) 1981 cm-l (CO); MS (70 eV, loZRu), m / e  
(relative intensity) 290 (M', 24), 262 (48), 260 (loo), 180 (82), 102 

3.41 (m, 4 H, Hb), 1.85 (dm, J,,, = 10 Hz, 4 H, H,,), 1.54 (dm, 

Anal. Calcd for C13H160Ru: C, 53.96; H, 5.57. Found: c, 54.08; 
H, 5.54. 

Carbonyl(q-benzene) (1-3-q-cyclohexeny1)ruthenium 
Tetrafluoroborate (3). A freshly prepared sample of crude 1 
(400 mg, purity ?%I%, ca. 1.3 mmol of 1) was dissolved in CH2ClZ 
(30 mL) at -20 "C. Addition of a near molar equivalent of 
[Ph,C]BF, (410 mg, 1.25 mmol) resulted in an orange-red solution 
which was stirred at -20 "C for 1 h. The solvent was then 
evaporated under reduced pressure and the oily residue washed 
with cold pentane. Recrystallization of the residue from ace- 
tone-THF deposited a microcrystalline material at low temper- 
ature. It was separated from the mother liquor by filtration and 
washed with small quantities of cold THF. Vacuum drying gave 
a fawn powder (210 mg) characterized as [Ru(CO)(v6- 
c6H6)(q3-c6H9)]BF4 (3; 45% based on added trityl). Data for 3: 
mp 160 "C dec; IR (CHC13) 2020 cm-' (CO); 'H NMR (CD3CN) 

(15); 'H NMR (CDClJ 6 4.65 (m, 3Jab % 5,  4 J a b  S= 2 Hz, 4 €3, €Ia), 

4 H, Hex); 13C NMR (CDCl3) 6 216.7 (s, CO), 78.6 (d, JCH = 167 
Hz, Ca), 58.9 (d, JCH = 157 Hz, Cb), 25.0 (t, JCH = 128 Hz, cc). 

6 6.50 ( S , 6  H, C&), 5.30 (dd, J a b  = 6.5, J b c x  = 6.5 HZ, 2 H, Hb), 
5.07 (t, 1 H, Ha), 2.43 (dddd, Jgem = 18, Jcxdn = 7.9, Jcxdx  = 1.4 

J,,, = 14 Hz, 2 H, Hh, Hb); 13C NMR (CDSCN) 6 198.7 (s, CO), 
99.0 (d, JCH = 179 Hz, C&3), 80.6 (d, JCH = 171 Hz, ca), 64.0 (d, 
JCH = 163 Hz, Cb), 28.5 (t, JcH = 129 HZ, CJ, 18.2 (t, JCH = 129 

Hz, 2 H, H,,), 1.80 (m, J c n d r  = 7.0 Hz, 2 H, Hen), 1.37, 1.22 (2m, 

Hz, Cd). Anal. Calcd for C13H1&3F40Ru: C, 41.62; H, 4.03. Found 
C, 41.85; H, 4.25. 

Carbonyl( 1-4-q-cyclohexadiene)( I-5-q-cyclohexadieny1)- 
ruthenium Tetrafluoroborate (4). Complex 2 (350 mg, 1.21 
mmol) was dissolved in CH2C12 (30 mL). A near molar equivalent 
of [Ph3C]BF4 (380 mg, 1.15 mmol) was then added and the 
yellow-orange solution stirred at room temperature for 1 h. The 
solvent was evaporated under reduced pressure and the residue 
washed with pentane. Two recrystallizations from CHZC!,-Et20 
at -78 "C gave a pale yellow microcrystalline powder which was 
dried in vacuo (230 mg). It was characterized as [Ru(CO)(q5- 
C6H,)(v4-c6H8)]BF4 (4; 53% yield). Data for 4: mp 122 "c dec; 
IR (CHCl,) 2048 cm-' (CO); 'H NMR (CDC1,) 6 6.88 (tt, J a b  = 
5.2, J,, = 1.3 Hz, 1 H, Ha), 5.89 (m, 3Jef = 5, 4Jef= 2 Hz, 2 H, He), 

Hz, 2 H, H,), 4.28 (m, Jfgn = 1.8 Hz, 2 H, Hf), 3.00 (dt, Jgem = 14.5 
Hz, 1 H, Hd,), 2.64 (dt, 1 H, Hdx), 2.01 (dm, J,,, = 12 Hz, 2 H, 
H,), 1.63 (dm, 2 H, HP); 13C NMR (CDCl,) 6 208.4 (s, CO), 96.5 

Hz), 22.8 (t, JCH = 133 Hz). Anal. Calcd for C13H15BF40Ru: C, 
41.62; H, 4.03. Found: C, 42.00; H, 4.28. 

Dicarbonyl(2-4:2'-4'-q-l,l'-bicyclo hex-3-ene-2,2'-diyl)ru- 
thenium (5). Complex 2 (350 mg, 1.21 mmol) was dissolved in 
THF (60 mL), and 20 molar equiv (2.4 mL) of 1,3-cyclohexadiene 
was added. The solution was saturated with CO by freeze-thaw 
cycles and then refluxed under CO (1 atm). The reaction as 

5.55 (dd, J h  = 7.0 Hz, 2 H, Hb), 4.60 (dddd, Jcdn = 6.0, Jcdx = 0.9 

(d, J C H  = 178 Hz), 92.8 (d, JCH = 175 Hz), 83.9 (d, JCH = 176 Hz), 
72.6 (d, JCH = 165 Hz), 61.5 (d, JCH = 171 Hz), 28.8 (t, JCH = 137 

ligand-induced diene coupling reactions in ML(diene)2 
complexes (M = Fe, Ru) is not yet defined, it is now clear 
that the reaction type is not solely restricted to 2,3-di- 
methylbutadiene complexes. 

The spectral data (IR, 'H NMR, and 13C NMR) indicate 
that only one isomer of 5 is formed in the reaction. They 
do not, however, distinguish between the two symmetrical 
isomers of 5 shown below. We propose, by analogy with 
the C2 molecular symmetry determined crystallographically 
for 7, that the C2 isomer of 5 has been produced. 

Complex 5, or a related isomer, had previously been 
synthesized by Whitesides and Budnik on reflux of Ru- 
(C0)3(q4-C6Hs) in 1,3-~yclohexadiene. No characterization 

C2 5 c, 

of the product was, however, reported.34 We have elim- 
inated the possibility that the carbonylation of 2 proceeds 
via formation of RU(CO)~(~~-C~H,J (the tricarbonyl is inert 
under similar conditions). A common intermediate for 
both reactions is, nevertheless, plausible. 

Experimental Section 
General Comments. Unless otherwise stated all manipulations 

were carried out under argon by using standard Schlenk tech- 
niques. Solvents were dried, distilled, and deaerated prior to use. 
1,3- and 1,4-cyclohexadienes (Fluka) were distilled over CaH2 at 
reduced pressure. [Ph3C]BF4, NaBH4, NaBD, (Fluka), and CO 
(Carbagas) were used as received. A commercial vapor synthesis 
plant (G.V. Planar; VSP 500) was used for the preparation of the 
cocondensates.21 Infrared spectra were recorded on a Perkin- 
Elmer 577 spectrometer and calibrated with polystyrene film. 
Mass spectra were recorded on a Finnigan 1020 GC-MS spec- 
trometer in the electron ionization mode. NMR spectra were 
recorded on a Bruker WH-360 FT spectrometer ('H, 360 MHz; 
13C, 90.55 MHz; D signal of solvent as lock; Me,% as internal 
referencej. The proton assignments are based on selective pro- 
ton-decoupling experiments. Elemental analyses were performed 
by Ilse Beetz Mikroanalytisches Laboratorium, Kronach, West 
Germany, and by the Mikrolabor of the ETH, Ziirich, Switzerland. 

Syntheses. Carbonyl( 1-5-q-cyclohexadienyl) (1-3-q- 
cyclohexeny1)ruthenium (1). In a typical experiment, Ru atoms 
(1.0 g, 10 mmol) were cocondensed at -196 "C with a large excess 
(30 mL) of either 1,3- or l,4-cyclohexadiene over a period of 2 
h. Carbon monoxide was immediately admitted to the reaction 
chamber and the temperature allowed to rise to ca. -20 "C under 
a constant pressure of CO (1 atm). The condensate was then 
extracted from the reactor as an orange-brown solution in cold 
THF (300 mL) and immediately filtered through dry Florisil. The 
solvent was evaporated under reduced pressure without heating, 
and the oil obtained was taken up in cold pentane (200 mL). 
Activated carbon (2 g) was added to bring down polymeric 
products, and after the mixture was stirred for 5 min, filtration 
and solvent removal below 0 "C yielded a temperature-sensitive 
oil which was stored overnight at -20 "C. Further treatment with 
pentane and activated carbon and vacuum drying below 0 "C gave 
1300 mg of orange oil. It was characterized (IR, 'H NMR, and 
l3C NMR) as RU(CO)(T~-C~H~)(T~-C~H~) (1; 290% purity; ca. 40% 
yield from evaporated Ru) contaminated by RU(CO)(~*-C,H~)~ 
(2). Attempts to obtain 1 in a pure state from this oil were 
unsuccessful. In solution at room temperature the gradual for- 
mation of 2 is evident (see following section). The reduction 3 - 1 provided the only samples of 1 free from such contamination. 

(34) Whitesides, T. H.; Budnik, R. A. J. Chem. Soc., Chem. Commun. 
1973, 81. 
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monitored by IR was complete after 36 h. The yellow solution 
was then evaporated to dryness under reduced pressure. The 
orange oil obtained was extracted with pentane (80 mL) in the 
presence of activated carbon (200 mg). Concentration of the 
filtrate and cooling to -78 "C gave yellow microcrystals which were 
dried in vacuo and subsequently characterized as Ru(CO)~- 
(v3:v3-C12H1& (5; 130 mg, 34%). Traces of RU(CO)~(~~-C~H,) were 
detected in the mother liquor. Data for 5: mp 86 "C; IR (pentane) 
2020,1951 cm-' (CO); MS (70 eV, ' q u ) ,  mle (relative intensity) 
318 (M', 14), 290 (lo), 262 (40), 260 (87), 208 (21), 180 (loo), 102 
(44); 'H NMR (CDC1,) 6 5.70 (dd, J b c  = 6.0, J c d  = 6.5 Hz, 2 H, 
H,), 4.70 (ddd, J d e x  = 6.5, Jw = 1.5 Hz, 2 H, Hd), 3.49 (ddd, J a b  
= 7.0 Hz, 2 H, Hb), 2.87 (ddd, J em = 15.5, Jenr = 11, 7 Hz, 2 H, 
Hen), 2.73 (dddd, Jed = 7.5, 1.3 82, 2 H, He,), 2.58 (dd, Jd = 5.5, 
<0.5 Hz, 2 H, Ha), 1.38 (m, Jgem = 13 Hz, 4 H, Hh, Hk); 13C NMR 
(CDC13) 6 203.6 (s, CO), 101.1 (d, JCH = 164 Hz), 82.8 (d, J c H  = 
157 Hz), 55.1 (d, J C H  = 163 Hz), 53.4 (d, JCH = 132 Hz, CJ, 31.8 
(t, J C H  = 129 Hz), 27.2 (t, J C H  = 127 Hz). Anal. Calcd for 
C14H,602Ru: C, 52.99; H, 5.08. Found: C, 53.22; H, 5.38. 

Reaction of 3 with Borohydride. Complex 3 (110 mg, 0.29 
mmol) was dissolved in CH2C12 (40 mL) and the solution cooled 
to -20 "C. An excess of NaBH, (120 mg, 3.2 mmol) was added 
and the mixture stirred at -20 "C for 1 h. The solvent was then 
evaporated under reduced pressure at -20 "C, and the resulting 
solids were extracted with cold pentane (2 X 30 mL). The pentane 
solution was evaporated under reduced pressure at -20 "C, yielding 

1986,5, 1890-1896 

1 (70 mg, 82%) as a yellow oil. No trace of 2 w&s detected. Under 
similar conditions with NaJ3D4, the formation of Ru(CO)(v5- 
c,&D)(v3-c6&) (1D) was observed. The deuterium was assigned 
exo on the methylene of the cyclohexadienyl ring from the 'H 
NMR (CDCl,, 250 K): 1D as for 1 except for 6 2.83 (t, J c d n  = 6 
Hz, J H D  < 1 Hz, 1 H, Hdn) and no signal at 6 2.65. 

Reaction of 4 with Borohydride. Complex 4 (135 mg, 0.36 
mmol) was dissolved in CH,Cl, (40 mL) and the solution cooled 
to -20 "C. An excess of NaBH4 (120 mg, 3.2 mmol) was added 
and the mixture stirred at -20 "C for 1 h. The solvent was 
evaporated under reduced pressure at -20 "C, and the resulting 
solids were extracted with cold pentane (2 X 30 mL). The pentane 
solution was evaporated under reduced pressure at -20 "C, yielding 
2 (75 mg, 72%) as a yellow oil. No trace of 1 was detected. The 
reaction was repeated at -50 "C with similar results. With NaBD, 
the formation of RU(CO)(~~-C~H~D)(~~~-C~H,) (2D) was observed. 
The deuterium was assigned exo on a methylene group from the 
'H NMR: 2D as for 2 except for 6 1.85 (m, J H D  = 1.7 Hz, 4 H, 
Hen) and 1.54 (dm, 3 H, Hex). 
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Dicarbonyl( y5-cyclopentadienyl)ruthenium Complexes of 
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Dicarbonyl(l,3,5-cycloheptatrienyl)(~5-cyclopentadienyl)ruthenium [(15-C,H5)Ru(CO),(C,H,)1 (13; as 
a mixture of isomers) and two benzannelated analogues, dicarbonyl(l,2-benzocycloheptatrien-5-yl)(~5- 
cyclopentadieny1)ruthenium (22) and dicarbonyl( 1,2-benzocycloheptatrien-4-y1) (q5-cyclopentadienyl)ru- 
thenium (19), have been prepared by reaction of the corresponding cycloheptatrienyllithiums with RpBr 
(Rp = dicarbonyl(~5-cyclopentadienyl)ruthenium). Hydride abstraction from these complexes with 
triphenylcarbenium hexafluorophosphate gave the corresponding carbene complexes 15,20, and 19, re- 
spectively. In all cases the salts behaved like their iron analogues in that they exhibited properties of carbene 
u complexes (e.g., 15b) rather than allene A complexes (e.g., 15a). Substitution of tributylphosphine for 
carbonyl on the parent 15 did not change this structural preference. The barrier to rotation about the 
carbon-metal bond in the phosphine-substituted carbene complex 29 was found to be 8.5 kcal/mol which 
is 1.1 kcal/mol less than that of the corresponding iron coMplex. Attempts to prepare C7H7COCo(C0)4 
(as a potential precursor to a cobalt analogue of the cycloheptatrienylidene complex 15) by reaction of 
CO(CO)~- with C7H7COC1 failed; the only isolated product was the cycloheptatrienyl cluster compound 
11.  

Introduction 
Strained organic molecules1 have received extensive 

attention over the past several decades. Of these, one of 
the more unusual subgroups includes the strained cyclic, 
conjugated allenes la, 2a, and 3a which have as their re- 

(1) Cf. Greenberg, A.; Liebman, J. F. Strained Organic Compounds; 
Academic Press: New York, 1978. March, J. Aduanced Organic Chern- 
istry, 3rd ed.; Wiley: New York, 1985; pp 13C-140. Carey, F. A.; Sund- 
berg Advanced Organic Chemistry; 2nd ed.; Plenum: New York, 1985; 
pp 141-144 and references therein. 

0276-733318612305- 1890$01.50/0 

spective valence isomers, carbenes lb, 2b, and 3b. To date 

a b  a b e b 
1 2 3 

the  attention tha t  has been devoted to  the question of 
structural preference in these isomeric pairs has varied 
from none to rather extensive. For instance, although there 
can be little question but  tha t  the lowest energy form of 
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