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Reactions of the (arene)ruthenium(II) complexes (q6-arene)(PMe3)RuCl2 (arene = C6Me6 (11, C6Me4Hz 
(1’)) with disubstituted HC=CC(R)(R’)OH (R, R’ = Me, Me (a), cyclohexyl (b), Ph, Ph ( c ) )  or mono- 
substituted 2-propyn-1-ols HC*C(R)(H)OH (R = Me (a), Ph (e), 2-thienyl (f)), in methanol containing 
NaPF6, lead to the cationic methoxyalkenylcarbene complexes [ ($-arene)(PMe,)(Cl)Ru=C(OMe)(CH= 
CRR’)]PF6 (2, 2’, R’ # H; 3,3’, R’ = H) in ca. 70% yield. Difference ‘H NOE experiments establish an 
s-cis conformation for ((monosubstituted alkeny1)carbene)ruthenium moieties (3,3’) and an s-trans con- 
formation in (disubstituted alkeny1)carbene complexes 2 and 2’. A crystal structure of [ ($-C6Me6)- 
(PMeJ(Cl)Ru=C(OMe)(CH=CPhd]PF, (2c) has been determined by X-ray diffraction. It shows an s-trans 
conformation for the methoxy(diphenylalkeny1)carbene moiet . Crystal data are as follows: monoclinic, 
P2,/n, with a = 9.826 (2) A, b = 15.659 (1) A, c = 21.552 (2) 1, B = 92.89 (l)’, V = 3312.0 (6) A3, 2 = 4, 
R = 6.9%, R ,  = 7.2%. Treatments of 1 and 1’ with HC=CC(CH=CHR)(H)OH (R = Ph (g), Me (h)) 
and HCeC(CH=CHCH=CHMe)(H)OH (i) produce dienylcarbene (4g, 4’h) and trienylcarbene (5i, 5’i) 
ruthenium complexes in 70-90% yield. Reaction of 1 with HC=CCHBOH in methanol gives a double 
addition of MeOH and generates [(~6-C6Me6)(PMe3)(Cl)Ru~(OMe)(CHzCHzOMe)]PF6 (7). Methoxy- 
alkenylcarbene complexes 2-5 and 2’-5’ are formed via allenylidene intermediates [ (q6-C6Me6) (L) (C1)- 
Ru=C=C=CPhz]PF6 that have been trapped during the reaction of (~6-C6Me6)(L)RuC1z (L = PMe3 (l), 
PPh3 (8)) with H C e C P h 2 0 H  (c) in methanol (9c, 1Oc). The (alleny1idene)ruthenium intermediate can 
be stabilized by the introduction of a ferrocenyl group at C3: reaction between HC=CC(Ph)(Fc)OH (j) 
and 1 in methanol only leads to the stable complex [(~6-C6Me6)(PMe3)(Cl)Ru=C=C=C(Ph)(Fc)]PF6 (llj). 

Introduction 
During the last decade, (alkeny1carbene)metal complexes 

have been shown to be of interest for both organic and 
organometallic syntheses. They undergo useful transfor- 
mations such as Diels-Alder reactions,’ cyclohexadienone 
annulations,2 cy~lopropanations,~ and formation of bi- 
metallic ~omplexes.~ They are also key intermediates in 
the polymerization of alkynes5 and formation of living 
polyenes! The polymerization of a (viny1carbene)tungsten 
complex to organometallic polymers has also been recently 
described.’ Most of this chemistry concerns the Fisch- 
er-type alkenylcarbene complexes of group 6 transition- 
metal carbonyls. They are typically prepared by the 
Fischer method via addition of an alkenyllithium species 
to M(C0)6 followed by alkylation1a~8 or by an aldol con- 
densation with deprotonated methoxyalkylcarbenes of the 
type [ (CO),M=C(OMe)(CH,R)]? Another method deals 

(1) Wulff, W. D.; Bauta, W. E.; Kaesler, R. W.; Lankford, P. J.; Miller, 
R. A,; Murray, C. K.; Yang, D. C. J. Am. Chem. SOC. 1990, 112, 3642. 

(2) (a) Dotz, K. H. New J. Chem. 1990,14,433 and references therein. 
(b) Dotz, K. H.; Noack, R.; Harms, K.; Miiller, G. Tetrahedron 1990,46, 
1235 and references therein. 

(3) (a) Kuo, G.-H.; Helquist, P.; Kerber, R. C. Organometallics 1984, 
3,806. (b) Casey, C. P.; Miles, W. H.; Tukada, H. J. Am.  Chem. SOC. 
1985, 107, 2924. (c) Murray, C. K.; Yang, D. C.; Wulff, W. D. J. Am. 
Chem. SOC. 1990,112,5660. 

(4) Macomber, D. W.; Liang, M. Organometallics 1988, 10, 737 and 
references therein. 

(5) Katz, T. J.; Ho, T. H.; Shih, N.-Y.; Ying, Y.-C.; Stuart, V. I. W. J. 
Am. Chem. Soc. 1984,106, 2659. 

(6) (a) Wallace, K. C.; Liu, A. H.; Davis, W. M.; Schrock, R. R. Or- 
ganometallics 1989,8,644. (b) Schlund, R.; Schrock, R. R.; Crowen, W. 
E. J. Am. Chem. SOC. 1989, 111 ,  8004. 

(7) Macomber, D. W.; Hung, M.-H.; Liang, M.; Verma, A. G.; Ma- 
dhukar, P. Macromolecules 1988,21, 1187. 

(8 )  Wilson, J. W.; Fischer, E. 0. J. Organomet. Chem. 1973,57, C63. 

with the reaction between M(C0):- and acyl chloride 
followed by alkylation.l0 On the other hand, to our 
knowledge, no general route to alkenylcarbene complexes 
that do not contain any CO ligands has been reported. 
This paper presents a new strategy to build alkenylcarbene 
complexes, in one step, by activation of 2-propyn-1-01 
derivatives with (arene)ruthenium(II) complexes which do 
not contain carbonyl ligands. Moreover, the propyn-1-01 
derivatives, which are readily available from unsaturated 
aldehydes,” offer a unique access to (polyeny1carbene)- 
metal complexes. 

We have recently reported that [ (176-C6Me6)RuClz(PR3)] 
compounds very efficiently produce (alkoxyalkyl- 
carbenelruthenium complexes by activation of 1-alkynes 
in alcohols, via highly reactive vinylidene intermediates.” 
On the other hand, (arene)ruthenium(II) complexes have 
been shown to be remarkable catalyst precursors for the 
addition of ammonium carbamates or carboxylic acids to 
2-propyn-1-01s.’~ These results led us to investigate the 
stoichiometric activation of 2-propyn-1-01 derivatives with 
[ ($-arene)RuCl2(PMe3)] (arene = hexamethylbenzene, 
tetramethylbenzene). Here we describe the full details of 
this work and we show (i) that (arene)ruthenium(II) com- 
plexes readily promote the dehydration of 2-propyn-1-01s 

(9) (a) Casey, C. P.; Brunsvold, W. R. Inorg. Chem. 1977,16,391. (b) 
Aumann, R.; Heinen, H. Chem. Ber. 1987, 120, 537. (c) Wulff, W. D.; 
Gilbertson, S. R. J. Am. Chem. SOC. 1985,107,503. (d) Rudler-Chauvin. 
M.; Rudler, H. J. Organomet. Chem. 1981, 212, 203. 

(b) Imwinkelried, R.; Hegedus, L. S. Organometallics 1988, 7, 702. 
(10) (a) Semmelhack, M. F.; Lee, G. R. Organometallics 1987,6,1839. 

(11) Midland, M. M. J. Org. Chem. 1975, 70, 2250. 
(12) Le Bozec, H.; Ouzzine, K.; Dixneuf, P. H. Organometallics 1991, 

(13) (a) Bruneau, C.; Dixneuf, P. H. Tetrahedron Lett. 1987,18,2005. 
(b) Devanne, D.; Ruppin, C.; Dixneuf, P. H. J. Org. Chem. 1988,53,925. 

I 0, 2768. 
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Table I. Selected NMR Data for Methoxyalkenylcarbene Compounds" 
6(13C and lH), ppm 

6(31P), ppm C2 c3 c4 c5 C6 c7 
compd no. PMea Ru=C ('Jpr, Hz) H2 H3 H4 H5 H6 H7 

2a 7.71 306.89 (18.81 138.73 

2'a 

2b 

2c 

3d 

3'd 

3e 

3'f 

4g 

4'h 

5i 

5'i 

7.65 

7.35 

5.23 

12.00 

13.33 

12.18 

13.71 

12.16 

13.43 

11.89 

13.37 

. ,  
- 

310.15 (22.4) 

304.24 (18.7) 

305.77 (20.6) 

303.74 (19.7) 

302.56 (20.3) 

298.40 (20.6) 

299.00 (21.2) 

298.31 (18.8) 

297.34 (21.0) 

295.02 (19.7) 

6.68 

6.54 
134.74 

6.54 
136.43 

7.50 
134.36 

6.78 
136.17 

6.82 
126.56 

7.32 
128.85 

7.26 
128.54 

6.88 
130.82 

6.76 
128.41 

6.69 
130.18 

6.81 

- 

a All spectra in CD2C12 at 297 K. 

to give (alkeny1carbene)ruthenium derivatives and (ii) that 
these reactions occur via denylidene intermediates, which 
have been isolated and characterized in several cases. 
Preliminary accounts of part of this work have been 
published.14J5 

Results and Discussion 
1. Synthesis of (Methoxyalkeny1carbene)rutheni- 

um Complexes. (Hexamethylbenzene)- and (tetra- 
methy1benzene)ruthenium dichloride trimethylphosphine 
complexes 1 and 1' readily reacted (10 min to 2 h) with 
disubstituted propyn-1-01s a and b in methanol a t  room 
temperature, in the presence of 1 equiv of NaPF6, to give 
(methoxyalkeny1carbene)ruthenium complexes 2a,b and 
2'a in 70-75% yield. The synthesis of 2c (R = Ph) from 
diphenylpropargyl alcohol (c) took more time: a deep 
purple solution rapidly appeared (15 min) and then slowly 
turned red (24 h), from which 2c was obtained in 74% 
yieid (eq 1). In a similar way a variety of alkenylcarbene 

L-/ 
'*' H-CEC-C(OH)R2 

m 
MeOHl NaPF, 

PMe3 

a R,  R= Me, Me 

1 X= Me b R,  RI Cycloheryl 

1 ' X =  H C R, R= Ph. Ph 

2.. Z'a, 2b. 2c 

(14) Le Bozec, H.; Ouzzine, K.; Dixneuf, P. H. J. Chem. SOC., Chem. 

(15) Le Bozec, H.; Pilette. D.: Dixneuf, P. H. New J. Chem. 1990. 14, 
Commun. 1989, 219. 

793. 

149.37 

155.93 

147.70 

171.34 
7.80 

173.17 
7.91 

168.23 
8.46 

161.81 
8.59 

168.80 
8.28 

170.65 
8.20 

170.60 
8.13 

170.82 
8.28 

129.87 
7.24 

132.86 
6.60 

130.25 
6.55 

130.98 
6.58 

150.10 
7.40 

152.67 
6.84 

151.66 132.34 143.71 
7.05 6.35 

151.81 132.32 143.86 
7.11 6.35 

Chart I 
+ OMe 

[ R&<OMe 7 [ R u = d  \(dR ' 'R 
,-Ha 

Ha 
H - c /  

'R 

s-cis s-trans 

complexes 3d,e and 3'd-f, containing a hydrogen atom a 
C3, was rapidly formed and isolated in good yield (70% 
from monosubstituted propargyl alcohols d-f (eq 2). 

d R. M. 
1 & M a  R ~ R  

I' X I  n f R: 2-Thbnyl 36. 3'6. 3.. 3'1 

(2) 

These new carbene complexes were characterized on the 
basis of their elemental analyses and 'H, 31P, and 'W NMR 
spectroscopy (Table I). The 31P(1H) NMR spectra show 
a single line between 5 and 8 ppm for disubstituted alke- 
nylidene complexes 2 and 2' and between 12 and 14 ppm 
for monosubstituted complexes 3 and 3'. For complexes 
3 and 3' only the E isomers were produced, as determined 
by observing the strong vicinal coupling constants ( V H H  
= 15 Hz). The 13C NMR spectra of 2 and 3 were diagnostic 
of the presence of the carbene ligands with low-field 
doublets found at 302-310 ppm, corresponding to the 
resonance of the metal-bonded (carbene) carbon nucleus 
coupled with the 31P nucleus of the phosphorus ligand 

= 20 Hz). Only the complex 3'f showed a higher field 
13C NMR resonance for the carbene carbon atom (6 298 
ppm). A conjugation between the alkenylcarbene moiety 
and the thienyl substituent explains this shielding. 

The conformation of the ruthenium alkenylidene moiety 
in 2,2', 3, and 3' was established by difference NOE ex- 
periments (Chart I). The methoxy 'H NMR resonance 
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Table 11. Experimental Crystallographic Data for 2c 
formula C ~ ~ H ~ ~ C ~ F ~ O P Z R U  
fw 742.13 
cryst syst 
space group 
a ,  A 
b, A 
c, A 
8, deg v, A3 
z 
dd, Mg m-3 
cryst size, mm 
28,, deg 
diffractometer 
X(Mo Ka radiation), A 
T, K 
F(O00) 
abs coeff 1, cm-* 
scan type 
no. of rflns read 
no. of unique rflns 
R; R, 

~~ 

monoclinic 

9.826 (2) 
15.659 (1) 
21.552 (2) 
92.89 (1) 
3312.0 (6) 
4 
1.488 
0.25 X 0.20 X 0.20 
50 
CAD-4 
0.710 69 
291 
1520 
7.0 
w/28 
4679 
2527 ( I  > 3 4 )  
0.069; 0.072 

m / n  

Table 111. Selected Bond Distances (A) for 2c 
1.47 (2) 

c(1)-C(2) 1.30 (2) 
Ru-C(l) 1.98 (1) 
Ru-Cl 2.418 (4) C(l)-O 
Ru-P 2.339 (4) C(2)-C(3) 1.34 (2) 
Ru-C(31) 2.25 (1) o-cm 1.44 (2) 

Ru-C(33) 2.29 (1) C(3)-C(21) 1.53 (2) 
RuC(34) 2.29 (1) P-C(6) 1.83 (6) 
RuC(35) 2.32 (1) P-C(7) 1.85 (2) 
Ru-C(36) 2.33 (1) P-C(8) 1.83 (1) 

Ru-C(32) 2.25 (1) C(3)-C(ll) 1.49 (2) 

Table IV. Selected Bond Angles (deg) for 2c 
C( l)-RU-Cl 88.8 (4) C(l)-Ru-P 92.6 (4) 
Cl-RU-P 81.8 (2) Ru-C(l)-O 129.0 (1) 
Ru-C(1)-C(2) 119.0 (1) o-C(l)-C(2) 111.0 (1) 
C(l)-O-C(5) 125.0 (1) C(l)-C(2)-C(3) 126.0 (1) 
C(2)4(3)-C(ll)  121.0 (1) C(2)-C(3)-C(21) 123.0 (1) 
C( 11)-C(3)-C( 21) 116.0 (2) Ru-P-C(6) 110.5 (6) 
Ru-P-C(7) 114.5 (6) Ru-P-C(8) 122.7 (6) 

of 3d and 3e was irradiated. A strong enhancement was 
observed in the HC2 resonance (3d, 17%; 3e, 14%) but 
none in the HC3 resonance. Thus, an s-cis conformation 
was found for monosubstituted alkenylcarbene compounds 
3 and 3', where the HC2 protons are much closer to the 
methoxy group than those of HC3. On the other hand, an 
analogous NOE experiment was conducted with (disub- 
stituted alkeny1)carbene complexes 2a and 2c. No en- 
hancement in the HC2 proton resonance was observed, 
which is suggestive of an s-trans conformation. The al- 
ternative s-cis conformation may be disfavored in this case 
because of steric interaction of the R groups with the 
phosphine ligand. 

2. X-ray Crystal Structure of [ (C6Me6)(PMe3)- 
(C1)Ru=C(OMe)CH=CPhz]PF6 (2c). Crystals of 2c 
were grown by slow diffusion of hexane into a dichloro- 
methane solution, and X-ray data were collected as sum- 
marized in Table 11. The geometry about the rutheni- 
um(I1) center is nearly octahedral, with the arene ring 
occupying one face of the octahedron and the alkenylidene, 
the PMe3, and the chloride ligands occupying the opposite 
face (Figure 1). Selected bond lengths and angles are 
listed in Tables I11 and IV. 

The most interesting features of this structure are in the 
ruthenium alkenylidene moiety. It is noteworthy that 2c 
also exhibits the s-trans conformation in the crystalline 
form, as it does in solution. The C(l)-C(2)-C(3) (126 (l)O), 
C(2)4(3)-C(ll) (121 (1)O), and C(2)4(3)-C(21) (123 ( 1 ) O )  

angles are typical of C(sp2) atoms. The Ru-C(l) distance 

C(4 I 

C 

-"5 
, Ci7) Ci7) 

- __ 
Figure 1. ORTEP diagram for [ (CsMes)(PMe3)(C1)Ru=C- 
(OMe)CH=CPh2]PFB ( 2 4 .  

(1.98 (1) A) is slightly longer than the ruthenium-carbon 
bond distance found in [Cp(PhzPCH(CH3)CH2PPh2)- 
R U = C ( O M ~ ) C H ~ P ~ ] P F ; ~  (1.93 (2) A). The C(l)-O dis- 
tance (1.30 (2) A) is within the range for other methoxy- 
alkylcarbene complexes." The C(l)-C(2) and C(2)-C(3) 
bond lengths, respectively 1.47 (2) and 1.34 (2) A, are 
characteristic of a C(spz)-C(sp2) single-bond (1.48 A) and 
C(sp2)-C(sp2) double-bond (1.34 A) distances. It can also 
be pointed out that in contrast to most of the structurally 
resolved (tf'-cyclopentadienyl)metal carbene complexes 
that adopt an "upright" orientation (I), the ($-hexa- 
methy1benzene)ruthenium carbene 2c adopts the alter- 
native lateral orientation (11). 

I I I  

On the other hand, a lateral conformation (11) was also 
found in crystalline (?6-C6~)(CO)2Cr=C(OEt)Ph.18 MO 
calculations have indicated that the upright orientation 
is favored in cyclopentadienylmetal carbene complexes 
(Mn(I), Fe(II))l9 whereas the other conformation is pre- 
ferred for the (benzene) (carbene)chromium(O) complex.20 
In complex 2c, however, it seems that the steric interaction 
of the bulky diphenylalkenyl substituent determines the 
horizontal conformation found in the solid state. 

3. Synthesis of (Methoxydieny1carbene)- and 
(Methoxytrieny1carbene)ruthenium Complexes. The 
simple and general formation of alkenylcarbenes 3 and 3' 
from the alcohols HC=CC(R)(H)OH actually offers a 
straightforward transformation of an aldehyde (111) into 
an alkenylcarbene (IV), via the addition of LiCECH to 

(16) Consiglio, G.; Morandi, F.; Ciani, G. F.; Sironi, A. Organometallics 

(17) Schubert, U. In Transition Metal Carbene Complexes; Verlag 

(18) Schubert, U. J. Organomet. Chem. 1985,185, 373. 
(19) Schilling, B. E. R.; Hoffmann, R.; LIchtenberger, D. L. J. Am. 

(20) Kostic, N. M.; Fenske, R. F. J. Am. Chem. SOC. 1982,104,3879. 

1986, 5, 1976. 

Chemie: Weinheim, Germany, 1983; pp 74-111. 

Chem. SOC. 1979,101,585. 
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111. The absence of a direct route to polyenylcarbene 
derivatives of type VI motivated our attempts to demon- 
strate that unsaturated aldehydes such as V could be the 
key substrates to VI. 

1 X= Me 
1' X= H 

M O H  

Pilette et al. 

of five multiplets at 6 8.13 (dd, H3), 7.05 (dd, H5), 6.69 (d, 
H2), 6.55 (dd, H4), and 6.35 (m, H6 and H'). 3&H values 
across double bonds were found to be 14-15 Hz and those 
across single bonds 9-11 Hz. These coupling constants are 
typical of an all-trans geometry for the butadienyl and 
pentatrienyl ligands in 4, 4', 5, and 5'. 

Difference NOE experiments were conducted with 
complexes 4g and 5i. Irradiation of the methoxy protons 
led to a strong enhancement of the vinyl HC2 signal (4i, 
16%; 5g, 21%) and no enhancement of the HC3 signal, 
consistent with the s-cis conformation of the ruthenium 
vinylcarbene moiety in 4, 4', 5, and 5' (Chart I). 

The 13C{'H) NMR spectra showed characteristic doublet 
resonances in the region 6 295-299 ppm, due to the car- 
benic carbons of the di- and trienylidene ligands (Table 
I). As expected, these shifts were found at higher field than 
those observed for the alkenylidene complexes 2,2', 3, and 
3' (6 303-310 ppm), consistent with increased electron 
density at the carbene carbon atoms. The 13C{'H} spectra 
also exhibited singlets in the spectral region 125-170 ppm, 
corresponding to the olefinic carbon resonances of the di- 
and trienyl substituents. Their correct attributions were 
made possible by using a heteronuclear 13C-lH correlation 
(HETCOR) experiment on trienylcarbene 5i as shown in 
Figure 2. By analogy the assignments of the olefinic 
carbon atoms for the other complexes were easily deduced 
(Table I). 

4. Synthesis of a (Methoxy(methoxyethy1)carb- 
ene)ruthenium Complex. The reaction of 1 with 2- 
propyn-1-01, HCMCH20H, in methanol was investigated 
in order to prepare the vinylcarbene 6. Surprisingly, under 
the same conditions employed for the synthesis of the 
alkenylcarbene complexes 2 and 3, the red methoxy- 
(methoxyethy1)carbene complex 7 was obtained in 74% 
yield (eq 4). This new compound formally resulted from 

p R =  Ph, n i  1 
h R= Me, nn 1 
I R =  Me. n; 2 

N i P F s  

The 1-(styry1)propyn-1-01 (g), 1-(propeny1)propyn-1-01 
(h), and l-(penta-1,3-dienyl)propyn-l-o1 (i) derivatives 
were prepared by addition of LiC=CH to the corre- 
sponding unsaturated aldehydes." Treatment of com- 
plexes 1 and 1' with g and h in methanol gave more slowly 
the dienylcarbene complexes 4g and 4'h in ca. 70% yield 
(eq 3). 4g and 4'h are air-stable greenish black crystalline 

x*x H 

4g. 4'h 

solids. The reaction of 1 and 1' with i was also very slow: 
after 18 h at  room temperature, the black octatrienyl- 
carbene complexes 5i and 5'i were obtained in excellent 
yield (90%; eq 3). The IR spectra of these new unsatu- 
rated carbene complexes contained in the 1600-cm-' region 
respectively two medium-intensity absorptions (for 4 and 
4') and three medium-intensity absorptions (for 5 and 59, 
assigned to vc* of the dienyl and trienyl substituents. 
The 31P(1HJ NMR spectra showed, as for the monosub- 
stituted alkenylidene complexes 3 and 3', a single line 
between 12 and 14 ppm. The 'H spectra of 4,4', 5, and 
5' revealed between 8.3 and 6.3 ppm several multiplets 
attributed to the olefinic hydrogens. These were easily 
assigned according to their coupling constants and 'H-'H 
decoupling experiments (Table I). As an example, the 'H 
NMR spectrum of the trienylidene ligand in 5i consisted 

c 

1 

PM., 

I 

7 

(4) 

the dehydration of the coordinated propargyl alcohol and 
the double addition of methanol. 7 was also produced in 
ca. 70% yield by reacting 1 in methanol with either methyl 
propargyl ether or propargyl bromide (eq 4). Complex 7 
exhibited in its 13C NMR spectrum a doublet at 6 326 ppm 
characteristic of the carbene carbon resonance. This shift 
was 25-30 ppm downfield from those of the previous alk- 
enylcarbene ligands but was similar to those found in 
(alkoxyalky1carbene)ruthenium complexes (6 - 320-330 

5. Synthesis of (Alleny1idene)ruthenium Com- 
plexes. As mentioned before, the reaction of 1 with 1,l- 
diphenyl-2-propyn-1-01 (c) in methanol was slow and re- 
vealed the formation of a violet intermediate. When the 
reaction was quenched by addition of ether and the mix- 
ture was stirred for 20 min at room temperature, a violet 
precipitate was isolated in 69% yield and identified by IR 

ppm).12 
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plains the nonaddition of methanol to the C' center by 
replacement of a phenyl substituent (of 9c) by the elec- 
tron-releasing ferrocenyl substituent at C3. 

6. Mechanism. For the formation of (alkenyl- 
carbene)ruthenium complexes from 2-propyn-l-ols, taking 
into account the isolation of (diphenylalleny1idene)ru- 
thenium intermediates 9c and lOc, we can propose the 
mechanism illustrated in Scheme 11: initial displacement 
of a chloride ligand in methanol, in the presence of NaPF6, 
coordination of the alkyne, and tautomerization to give the 
+hydroxyvinylidene intermediate A, which readily de- 
hydrates to allenylidene B. This mechanism has already 
been proposed by Selegue to explain the formation of 
[(C5H5)(PMe3)Ru=C=C=CPh21PFs.21~22 

We have also recently shown that l-alkynes can be ac- 
tivated by (hexamethylbenzene)ruthenium(II) derivatives, 
such as 1, in alcohols to give akoxyakylcarbene complexes 
via highly reactive vinylidene intermediates.12 By analogy 
the last step leading to the alkenylcarbene complexes is 
likely to be the nucleophilic attack of methanol on the 
electrophilic C' carbon of the allenylidene ligand. This 
addition can be inhibited when R and R' are phenyl and 
ferrocenyl substituents, which contribute to delocalize the 
positive charge between the ruthenium center and R (or 
R') and thus to stabilize the allenylidene ligand. If di- 
phenylallenylidene complexes 9c and 1Oc slowly add 
methanol, the isoelectronic cyclopentadienyl complex 
seems to be indefinitely stable in ethanol? we have al- 
ready observed a similar variation of reactivity between 
the cyclopentadienyl- and the (arene)ruthenium series for 
the nucleophilic addition of methanol to vinylidene- 
ruthenium species.12 This variation can be explained by 
the highest electron deficiency of the [ (arene)Ru(PR3)- 
(Cl)]' vs the [(C5H5)Ru(PR3),]+ fragments. A decreasing 
of the electron density at the ruthenium center in (ar- 
ene)ruthenium allenylidene species must increase the 
electrophilicity of the allenylidene ligand and especially 
that of the C' carbon. 

The formation of the methoxy(methoxyethy1)carbene 
complex 7, from HC=CCH20H and 1 in methanol, is 
likely to occur via a double addition of methanol to alle- 
nylidene B. MO calculations on a manganese allenylidene 
complex revealed that not only C1 but also C3 is an elec- 
trophilic center, whereas C2 is a nucleophilic site.23 
Moreover, several examples of nucleophilic addition of 
phosphines or amines to the C3 carbon have been pub- 
l i ~ h e d . ~ ~ , ~ ~  Methanol addition to the C3 carbon of [Ru+- 
=C=C=CH2] (B), which does not contain any bulky 
and/or donor R substituent, may occur to afford the me- 
thoxyvinylidene intermediate D. D could also be formed 
during the reaction between 1 and methyl propargyl ether. 
The last step is expected12 to be the rapid nucleophilic 
addition of methanol a t  the electrophilic C' carbon of the 
methoxyvinylidene ligand. 

I 
r. pe + 

VI1 VI11 

and 'H NMR spectroscopy to  be the (diphenyl- 
alleny1idene)rutheniw.n complex 9c (eq 5). 9c was rather 

l + P $ '  

H -CEC-C(OH)Ph. 
c c ,RU = c=c=c /Ph 

'Ph CI' I 
i 

)s b PY., 
loc L. PPh3 

I 5. 

(5) 

unstable in solution, preventing its full spectroscopic 
characterization. The use of RU(.116-CsMe6)(PPh3)C12 (8), 
which contains the more bulky triphenylphosphine ligand, 
led to the isolation of the more stable (diphenyl- 
alleny1idene)ruthenium species 1Oc in 81% yield (eq 5). 
An analogous ruthenium diphenylallenylidene moiety was 
previously obtained by Selegue from the reaction of the 
isoelectronic derivative R U ( ~ ~ - C ~ H ~ ) ( P P ~ ~ ) ~ C ~  and c in 
ethanol without any addition of alcohol and formation of 
the (alkeny1carbene)ruthenium complexes.21 The alle- 
nylidene ligand in 9c and 10c was characterized by a strong 
V~ band at  ca. 1950 cm-'. The 13C(lH) NMR spectrum 
of 1Oc contained three resonances at 6 288.3 (d), 191.0 (s), 
and 167.0 ( 8 )  corresponding respectively to the C' (carb- 
ene), C2, and C3 chemical shifts of the diphenylallenylidene 
ligand. These data were comparable to those of the same 
ligand in the isoelectronic cyclopentadienyl complex (C', 
6 295.8; C2, 6 216.0; C3, 6 153.8).21 

In order to study the influence of an electron-donor 
substituent at C3, such as the ferrocenyl (Fc) group, on the 
stability of the ruthenium allenylidene moiety, the reaction 
between 1 and the alkyne HC=CC(C5H4FeC5H5)(Ph)OH 
(j) in methanol was carried out. The violet ferrocenyl- 
phenylallenylidene complex 11 j was isolated in 45 % yield 
after 2 h at  room temperature (eq 5). No formation of the 
corresponding (alkenylcarbenehuthenium complex was 
observed, even after the reaction mixture was stirred at  
rmm temperature for several days. For l l j  the IR v 
frequency was found at  1965 cm-' and the 13C NMR C , 
C2, and C3 resonances were observed at  6 243,170, and 155 
ppm, respectively. Comparison with those resonances 
found in 1Oc showed a substantial shielding of C' (45 ppm) 
and of C2 (21 ppm) and, to a lesser extent, of C3 (12 ppm). 
Undoubtedly, these data suggest an important contribution 
of the mesomeric acetylide structure VI11 (Scheme I), 
which might account for the stabilization of the ruthenium 
allenylidene moiety in l l j .  This acetylide structure ex- 

c=c=1c 

(21) Selegue, J. P. Organometallics 1982, 1, 217. 

Summary 
The present results offer an easy synthetic route to new 

(alkenylcarbene), (dienylcarbene), and (trienylcarbenel- 

(22) Another type of dehydration of hydroxyvinylidenes of type A to 
give vinylvinylidene complexes have been recently reported. It only 
occurs from reaction of CpRu(PMe,),Cl with 2-propyn-1-01 derivatives, 
when hydrogen atoms are adjacent to the hydroxy group such as in 
l-ethynylcyclohexanol (b); see: Selegue, J. P.; Young, B. A.; Logan, S. 
L. Organometallics 1991, 10, 1972. 

(23) Berke, H.; Huttner, G.; Van Seyerl, J. 2. Naturforsch., B: Anorg. 
Chem., Org. Chem. 1981, 36B, 1277. 

(24) Romero, A.; Peron, D.; Dixneuf, P. H. J .  Chem. Soc., Chem. 
Commun. 1990, 1410. 
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Scheme 11 

Pilette et  al. 

C I 

""1 R,R'=  

E D 

f 

ruthenium complexes, by direct activation of readily 
available 2-propyn-1-01 derivatives with (arenehtheni- 
um(I1) complexes. With the exception of 2-propyn-1-01, 
HC=CCH,OH, which leads to a methoxy(methoxy- 
ethy1)carbene complex, the reaction appears to be quite 
general. I t  occurs via the intermediacy of allenylidene- 
ruthenium complexes which can be stabilized by intro- 
duction of bulky and donor substituents a t  C3, such as a 
ferrocenyl (Fc) group. Attempts to apply this method to 
other transition-metal complexes are currently under in- 
vestigation and have recently led to the formation of 
(alkeny1carbene)chromium carbonyl and (alkenyl- 
carbene)tungsten carbonyl complexes.25 

Experimental Section 

General Data. All reactions were performed under an argon 
or nitrogen atmosphere with use of Schlenk techniques. The 
solvents were deoxygenated and dried by standard methods. 
Infrared spectra were recorded on a Nicolet 205 FT-IR spec- 
trometer. 'H (300.13 MHz), 13C (75.47 MHz), and 31P (121.49 
MHz) NMR spectra were recorded on a Bruker AM 300 spec- 
trometer at 297 K and referenced to TMS for 'H and 13C and to 
85% H3P04 for 31P. Elemental analyses were performed by the 
Service Central de Microanalyse du CNRS at  Lyon, France. 

The complexes (~6-CsMe6)RuC12(PMe3), (~f-C6Me6)RUC12- 
(PPh3), and (g6-C6H2Me4)R~C12(PMe3)26 and the different pro- 
pargyl alcohols" were prepared by literature methods. 

General Procedure. In a Schlenk tube, 1 mmol of the complex 
(arene)RuC12(PMe3) (1 or 1') was dissolved in 30 mL of methanol 
(arene = hexamethylbenzene (HMB)) or in 40 mL of a metha- 
nol/dichloromethane (1:l) mixture (arene = tetramethylbenzene 
(TMB)). To the red solution was added 167 mg (1 mmol) of 
NaPF, and an excess of propargyl alcohol (from 2 to 6 equiv). 
After 10 min to 18 h of stirring at  room temperature, the solvent 
was removed under vacuum. The precipitate was washed with 
30 mL of diethyl ether and then dissolved in 20 mL of di- 
chloromethane. The solution was filtered through a filter-pa- 
per-tipped cannula. The slow addition of 60 mL of diethyl ether 
allowed the formation of a biphasic system affording crystals in 
70% yield. 

(25) Le Bozec, H.; Cosset, C.;  Dixneuf, P. H. J. Chem. SOC., Chem. 
Commun. 1991, 881. 

(26) (a) Bennett, M. A.; Robertson, G. B.; Smith, A. K. J. Organomet. 
Chem. 1972, 43, c41. (b) Bennett, M. A,; Smith, A. K. J .  Chem. SOC., 
Dalton Trans. 1974, 233. 

[C~e6(Cl)(PMe3)Ru=C(OMe)CH=CMez]PF6 (2a). From 
410 mg of the crystalline 1 (1.0 mmol), 167 mg of NaPFs (1.0 
mmol), and 0.5 mL of HC=CC(OH)Me2 (5.2 mmol), 450 mg of 
red crystals of 2a (73%) was isolated after 10 min of reaction. 
Anal. Calcd for Cz1H3,C1F6OP2Ru: c ,  40.84; H, 5.99; P, 10.04, 
Found: C, 41.04, H, 6.01; P, 10.21. IR (ax-'; KBr): 1595 (m, v-), 

K; 6, ppm): 6.68 (8,  1 H, CH=), 4.73 (e, 3 H, OMe), 2.10 (8, 18 
H, C&fes), 1.94 (s,3 H, Me2C=), 1.90 (s,3 H, Me&=), 1.42 (d, 

297 K; 6, ppm): 306.89 (d, Ru=C, 2 J p ~  = 18.86 Hz), 149.37 (s, 
=CMe2), 138.73 (8, HC=), 106.29 (8, C a d ,  68.68 (8, OMe), 28.31 
(s, =CMe2), 23.49 (s, =CMe2), 16.18 (8, C&e6),15.95 (d, PMe3, 

ppm): 7.71 (s, PMe3), -143.79 (sept, PF;, ' J ~ F  = 711.1 Hz). 
[C6H2Me4(Cl)(PMe3)Ru=C(OMe)CH=CMe~]PF~ (2'a). 

From 382 mg of crystalline 1' (1.0 mmol), 167 mg of N&'F6 (1.0 
mmol), and 0.5 mL of HC=CC(OH)Me2 (5.2 mmol), 440 mg of 
an orange powder of 2'a (75%) was isolated after 10 min of 
reaction. IR (cm-I; KBr): 1600 (m, v w ) ,  1275 (w, Y C ~ ) ,  840 
(s, vp-F). 'H NMR (300.13 MHz, CDZC12, 297 K; 6, ppm): 6.54 
(s, 1 H, CH=), 5.83 (s, 2 H, Cd2Me4),  4.88 (s, 3 H, OMe), 2.01 
(s,6 H, C6H&e4), 1.95 (s,3 H, Me&=), 1.91 (s,6 H, c~H@e4), 
1.90 (s,3 H, Me2+), 1.49 (d, 9 H, PMe,, 'JPH = 10.6 Hz). 31P(1H) 
NMR (121.49 MHz, CD2C12, 297 K 6, ppm): 7.65 (8,  PMe,), 
-143.88 (sept, PF;, 'JpF = 711.1 Hz). 
[C6Me6(C1)(PMe3)Ru~(OMe)CHEC(CH2)5]PFs (2b). 

From 410 mg of crystalline 1 (1.0 mmol), 167 mg of NaPFs (1.0 
mmol), and 620 mg of HCSCC(OH)(CH~)~ (5.0 mmol), 425 mg 
of red crystals of 2b (65%) were isolated after 10 min of reaction. 
Anal. Calcd for CZ4H3&1F60P2Ru: c ,  44.14; H, 5.52; P, 9.50. 
Found: C, 44.21; H, 5.60; P, 9.54. IR (ax-'; KBr): 1590 (m, v ~ ) ,  

K; 6, ppm): 6.54 (s, 1 H, CH=), 4.65 (s, 3 H, OMe), 2.08 (e, 18 

H, PMe3, 2JpH = 10.4 Hz). 13C(lH) NMR (75.47 MHz, CD2C12, 
297 K; 6, ppm): 310.15 (d, Ru=C, ' Jpc  = 22.5 Hz), 155.93 (s, 
=C(CHz)5),134.74 (s,HC=), 106.64 (8, C6Me6),68.84 (s,OMe), 
38.77,33.36, 29.30,28.16, 26.16 (s, (CH2)5), 16.54 (8, C&fes), 16.00 
(d, PMe,, 'JPc = 34.7 Hz). 31P(1H) NMR (121.49 MHz, CD2Cl2, 
297 K; 6, ppm): 7.35 (8,  PMe,), -143.50 (sept, PFs-, 'JPF = 711.1 
Hz). 

[C6Me6(C1)(PMe3)Ru~(OMe)CH=CPhz]PF6 (2c). From 
410 mg of crystalline 1 (1.0 mmol), 167 mg of NaPF6 (1.0 mmol), 
and 1040 mg of HC=CC(OH)Ph2 (5.0 mmol), 512 mg of red 
crystals of 2c (69%) was isolated after 24 h of reaction. Anal. 
Calcd for C31H41C1FsOP2Ru: C, 50.17; H, 5.53; P, 8.36. Found 
C, 49.98; H, 5.60; P, 8.32. IR (cm-'; KBr): 1590 (m, v ~ ) ,  1280 

6, ppm): 7.50 (8, 1 H, CH=), 7.43-7.11 (m, 10 H, PhJ, 4.11 (8,  
3 H, OMe), 2.13 (s, 18 H, C&fe6), 1.46 (d, 9 H, PMe3, 'JpH = 10.3 
Hz). 13C(1H) NMR (75.47 MHz, CD2C12, 297 K; 6, ppm): 304.24 

Ph), 136.43 (8,  CH-), 131.30, 129.69, 129.48, 129.04, 128.67 (s, 

PMe3, VPc = 34.7 Hz). 31P\1H} NMR (121.49 MHz, CD2C12, 297 
K 6, ppm): 5.23 (s, PMe,), -143.47 (sept, PF,, 'JPF = 711.1 Hz). 
[C6Me6(C1)(PMe3)Ru=C(OMe)cH=CHMe]PF6 (3d). 

From 410 mg of crystalline 1 (1.0 mmol), 167 mg of NaPF6 (1.0 
mmol), and 0.4 mL of HC=CCH(OH)Me (5.1 mmol), 420 mg of 
red crystals of 3d (70%) was isolated after 2 h of reaction. Anal. 
Calcd for c&3sc~soPzRu: C, 39.80; H, 5.81; P, 10.21. Found 
C, 39.30; H, 5.76; P,  9.81. IR (cm-'; KBr): 1630 (m, V C ~ ) ,  1300 

6.78 (d, 1 H, CH=, 3Jm = 14.7 Hz), 4.37 (s, 3 H, OMe), 2.17 (dd, 
3 H, MeCH=, ,Jm = 7.0 Hz, 4Jm = 1.5 Hz), 2.05 (s,18 H, C$Me& 
1.37 (d, 9 H, PMe,, = 12.0 Hz). ''C('H} NMR (75.47 MHz, 
CD2C12, 297 K, 6, ppm): 305.77 (d, Ru=C, %Tpc = 20.6 Hz), 171.34 
(s,=aMe),134.36 (8, m=), 106.55 (8,  C6Mes),65.50 (8, OMe), 
21.80 (8, MeCH=), 16.60 (s, C&fe6), 16.25 (d, PMe,, 'Jpc = 35.0 
Hz). 31P(1H) NMR (121.49 MHz, CDzClz, 297 K; 6, ppm): 12.00 
(8, PMe,), -149.30 (sept, PFs-, l J p ~  = 710.4 Hz). 
[C6H,Me,(C1)(PMe,)Ru=C(OMe]PFs (3'd). 

From 382 mg of crystalline 1' (1.0 mmol), 167 mg of NaPF6 (1.0 

1280 (w, Y C ~ ) ,  840 (~,yp-F).  'H NMR (300.13 MHz, CD&l2,297 

9 H, PMe,, 'JpH = 10.3 Hz). 13C(lH) NMR (75.47 MHz, CDzC12, 

' Jpc  = 35.5 Hz). 31P{1H) NMR (121.49 MHz, CD2Cl2, 297 K; 6, 

1280 (w, Y C ~ ) ,  840 (8, Q-F). 'H NMR (300.13 M H Z ,  CD&12,297 

H, C&es), 1.71-1.62-1.51-1.46 (m, 10 H, -(cH&5-), 1.40 (d, 9 

(w, Y C ~ ) ,  840 (8, vp-F). 'H NMR (300.13 MHz, CD2C12, 297 K; 

(d, R u ~ ,  'Jpc = 18.7 Hz), 147.70 (8, =CPhz), 140.25,139.75 (8,  

Ph), 107.14 (8, C&k+j), 67.87 (5, OMe), 16.68 (8, c&fes), 16.66 (d, 

(w, Y C ~ ) ,  840 (8, vp-F). 'H NMR (300.13 MHz, CDzClz, 297 K; 
6, ppm): 7.80 (dq, 1 H, < m e ,  ,JHH = 14.7 Hz, 3~~ = 6.9 Hz), 
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Figure 2. Heteronuclear 13C-'H correlation experiment on [ (C6Me6) 

mmol), and 0.5 mL of HCNCH(0H)Me (5.7 mmol), 460 mg of 
red crystals of 3'd (80%) was isolated after 2 h of reaction. Anal. 
Calcd for C18H31ClF60P2Ru: C, 37.54; H, 5.43; C1,6.16; P, 10.76. 
Found C, 37.73; H, 5.51; C1,6.49; P, 10.57. IR (cm-'; KBr): 1612 
(m, v ~ ) ,  1286 (w, U C ~ ) ,  840 (8,  UP-F).  'H NMR (300.13 MHz, 
CD2C12, 297 K 6, ppm): 7.91 (dq, 1 H, =CHMe, 3Jm = 14.3 Hz, 
3Jm = 6.9 Hz), 6.82 (dm, 1 H, CH=, 3Jm = 14.6 Hz, *Jm = 1.2 
Hz), 5.75 (8,  2 H, Ca2Me4),  4.37 (s, 3 H, OMe), 2.21 (dd, 3 H, 

C6H&e4), 1.45 (d, 9 H, PMe3, 2JpH = 10.9 Hz). 13C('H) NMR 
(75.47 MHz, CD2C12, 297 K, 6, ppm): 303.74 (d, Ru=C, 2 J p ~  = 
19.7 Hz), 173.17 (8,  =CHMe), 136.17 (s, CH=), 108.75, 106.98, 
98.71,98.63 (8, C&12Me4), 65.22 (8, OMe), 22.11 (s, MeCH=), 17.40 
(8, C&&4e4), 17.23 (d, PMe3, ' J ~ c  = 18.3 Hz), 16.94 (9, C6H&fe4). 
31P(1H) NMR (121.49 MHz, CD2C12, 297 K; 6, ppm): 13.33 (8 ,  
PMeJ, -143.90 (sept, PFs-, 'JPF = 711.1 Hz). 

[C&l%( C1) (PMe3)Ru=C ( OMe)CH=CHPh]PF, (3e). Using 
the same procedure, 400 mg of black crystals of 3e (60%) was 
obtained from 410 mg of crystalline 1 (1 mmol), 167 mg of NaPF, 
(1 mmol), and 264 mg of H C e C H ( 0 H ) P h  (2.0 mmol). Anal. 
Calcd for C&35C1F60P2Ru: C, 45.09; H, 5.55; P, 9.31. Found: 
C, 44.31; H, 5.50; P, 8.92. IR (cm-'; KBr): 1610 (m, v-), 1580 
(m, vw), 1280 (w, v c a ) ,  840 (s, up+). 'H NMR (300.13 MHz, 
CD2C12, 297 K 6, ppm): 8.46 (dd, 1 H, =CHPh, 3 J ~  = 15.1 Hz), 
7.81-7.48 (m, 5 H, Ph), 7.32 (dd, 1 H, CH=, 3Jm = 15.1 Hz), 4.44 
(s,3 H, OMe), 2.07 (8,  18 H, C&e& 1.39 (d, 9 H, PMe3, 2 J p ~  = 
10.7 Hz). l3C(lH] NMR (75.47 MHz, CD2C12, 297 K; 6, ppm): 

65.15 (e, OMe), 16.51 (8, C&e6), 16.16 (d, PMe3, 'JPC = 35.1 Hz). 
31P(1H) NMR (121.496 MHz, CD2C12, 297 K; 6, ppm): 12.18 (9, 

PMe3), -143.44 (sept, PFe, 'J~F 
[ C&Me4( C1) ( P M e 3 ) R u 4 (  OMe)CH=CH( 2 4  hienyl)]PF6 

(3'f). From 382 mg of crystalline 1' (1.0 mmol), 167 mg of NaPF, 
(1.0 mmol), and 277 mg of HC==CCH(OH)(2-thienyl) (2.0 mmol), 
460 mg of black crystals of 3'd (72%) was isolated after 4 h of 
reaction. Anal. Calcd for C2,H3,Cm,OPZSRu: c ,  39.17; H, 4.85. 
Found: C, 39.11; H, 4.85. IR (cm-'; KBr): 1587 (m, uc4), 840 
(8 ,  vp-~). 'H NMR (300.13 MHz, CD2C12, 297 K; 6, ppm): 8.59 
(d, 1 H, =CH(fL-thienyl), 3Jm = 14.7 Hz), 8.11 (dd, 1 H, 2-thienyl, 

MeCH=, 3 J ~ ~  = 6.9 HZ, 4 J ~ ~  = 1.4 HZ), 1.98, 1.87 (5 ,  6 H, 

302.56 (d, R u ~ ,  2Jpc = 20.3 Hz), 168.23 ( 8 ,  GCHPh), 135.04, 
134.05,130.67,130.11 (s, Ph), 126.56 (8, m=), 106.70 (5, C,MQ), 

710.3 Hz). 

4 e J ~ ~  = 2.7 HZ, 4 J ~ ~  = 1.2 HZ), 7.56 (dd, 1 H, 2-thienyl, 3 J ~ ~  = 

i(C1)(PMe3)Ru=C(OMe)CH=CHCH=CHCH=CHMe]PF6 (5i). 

5.2 Hz, 4 J ~ ~  
4 J ~ ~  = 2.7 HZ, 5 J ~ ~  = 0.5 HZ), 7.26 (d, 1 H, CH=, 

1.3 Hz), 7.51 (ddd, 1 H, 2-thienyl, 3 J ~ ~  = 5.1 Hz, 
5 14.7 

Hz), 5.79 (s, 2 H, Ca2Me4),  4.42 (8,  3 H, OMe), 2.04, 1.89 (s, 6 
H, C&&fe4), 1.48 (d, 9 H, PMe3, 2 J p ~  = 10.9 Hz). 13C(lH) NMR 
(75.47 MHz, CDzC12, 297 K, 6, ppm): 298.40 (d, R u e ,  2 J p ~  = 
20.6 Hz), 161.81 ( 8 ,  =CH(2-thienyl)), 139.28, 136.76, 128.94 (8,  

98.79 (8, C6H2Me4), 64.99 (s,OMe), 17.43 (8,  C6H&e4),17.25 (d, 
PMe,, 'JPc = 35.1 Hz), 17.02 (8, C,H&fe4). 31P('H) NMR (121.496 
MHz, CD2C12, 297 K 6, ppm): 13.71 (e, PMed, -143.87 (sept, PF,-, 

128.85 (s, m=), 126.29 (s, Czthienyl), 107.77,105.94,98.86, 

.. 

'JpF = 7f1.3Hz). 
[ C6Me6(Cl) (PMe3)Ru=C( OMe)CH=CHCH=CHPh]PF, 

(&).-From 410 mg of crystalline 1 (1.0 mmol), 167 mg of N&F, 
(1.0 mmol), and 320 mg of HC=CCH(OH)CH=CHPh (2.0 
mmol), 490 mg of black crystals of 4g (71%) was isolated after 
18 h of reaction. Anal. Calcd for C27H39C1F60P2Ru: C, 46.90; 
H, 5.64, P, 8.96. Found C, 44.99; H, 5.26; P, 8.38. IR (cm-'; KBr): 
1620 (m, vc4), 1590 (m, v c d ) ,  1280 (w, vc-), 840 (s, vp-~) .  'H 
NMR (300.13 MHz, CDZCl2, 297 K; 6, ppm): 8.28 (dd, 1 H, 
CH=CH=CHPh, 3Jm = 14.1 Hz, 3Jm = 11.0 Hz), 7.67-7.42 (m, 
5 H, Ph), 7.40 (d, 1 H, =CHPh, 3 J ~ ~  = 14.3 Hz), 7.24 (dd, 1 H, 
C H X H P h ,  3 5 ~ ~  = 15.2 Hz, 3 5 ~ ~  = 11.0 HZ), 6.88 (d, 1 H, 
CH=CHCH=CHPh, 3 J ~ ~  = 14.1 Hz), 4.33 ( 8 ,  3 H, OMe), 2.06 
(s, 18 H, C&e,), 1.37 (d, 9 H, PMe3, 'JPH = 10.7 Hz). 13C('HJ 
NMR (75.47 MHz, CD2C12, 297 K; 6, ppm): 299.36 (d, R u e ,  
2Jpc = 21.2 Hz), 168.80, 150.10 (s, CH=), 136.00, 131.57 (s, Ph), 
129.87 (s, CH=), 129.68, 128.98 (s, Ph), 128.54 (e, CH=), 106.10 
(8,  CsMes), 64.56 (5 ,  OMe), 16.45 (5, Cfle,), 16.16 (d, PMe3, 'JPC 
= 34.8 Hz). 31P(1HJ NMR (121.49 MHz, CD2C12, 297 K; 6, ppm): 
12.16 (s, PMe3), -143.42 (sept, PF,, ' J ~ F  = 710.3 Hz). 

[C6HzMe4(C1)(PMe3)Ru=C(OMe)CHCEI=CHMe]- 
PF, (4'h). From 382 mg of crystalline 1' (1.0 mmol), 167 mg of 
NaPF, (1.0 mmol), and 490 mg of HC=CCH(OH)CH=CHMe 
(5.1 mmol), 450 mg of dark red crystals of 4'h (75%) was isolated 
after 18 h of reaction. Anal. Calcd for c&-&&~60P2Ru: c, 39.89; 
H, 5.48; C1, 5.90, P, 10.30. Found C, 39.69; H, 5.56; C1,6.89; P, 
9.67. IR (cm-'; KBr): 1637 (m, U C ~ ) ,  1574 (m, V C ~ ) ,  1282 (w, 

ppm): 8.20 (dd, 1 H, CH=CHCH=CHMe, 3Jm = 14.1 Hz, 3Jm 

Hz), 6.76 (d, 1 H, CH=CHCH=CHMe, 3JHH = 14.1 Hz), 6.60 

vc+), 840 (s,  up-^). 'H NMR (300.13 MHz, CD2C12, 297 K); 6, 

= 11.1 HZ), 6.83 (SeXt, 1 H, =CHMe, 3JHH = 13.9 HZ, 3 J ~ ~  = 7.0 
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(ddd, 1 H, CH=CHMe, 3 J ~ ~  = 14.1 HZ, 3 J ~ ~  = 11.1 HZ, 4 J ~ ~  

3 H, Me, 3 J ~ ~  = 7.0 HZ, 4 J ~ ~  = 1.3 HZ), 1.99, 1.85 (8, 6 H, 
= 1.4 Hz), 5.73 (s, 2 H, C61,Me4), 4.31 (s, 3 H, OMe), 1.98 (dd, 

C6H2Me4), 1.44 (d, 9 H, PMe3, 2 J p ~  = 10.7 Hz). l3C('H) NMR 
(75.47 MHz, CD2C12, 297 K; 6, ppm): 298.31 (d, Ru=C, 2 J p ~  = 
18.8 Hz), 170.65, 152.67, 132.86, 130.82 (8, CH=), 107.41, 105.68, 
98.69,98.56 (s, C&12MeJ, 64.48 (8, OMe), 20.24 (s, MeCH=), 17.39 
(s, C&I&fe4), 17.20 (d, PMe3, ' J ~ c  = 28.5 Hz), 16.92 (8, C&I&fe4). 
31P(1H) NMR (121.49 MHz, CD2C12, 297 K; 6, ppm): 13.43 (e, 
PMe3), -143.87 (sept, PF6-, l J p ~  = 711.3 Hz). 

[ C6Me6(Cl) (PMe3)Ru=C( OMe)CH=CHCH=CHCH= 
CHMe]PF6 (5i). From 410 mg of crystalline 1 (1.0 mmol), 167 
mg of NaPF6 (1.0 mmol), and 500 mg of HC=CCH(OH)CH= 
CHCH=CHMe (4.1 mmol), 580 mg of black crystals of 5i (88%) 
was isolated after 18 h of reaction. Anal. Calcd for 
C24H&1F60P2Ru: C, 43.93; H, 5.95. Found C, 44.36; H, 5.75. 
IR (cm-'; KBr): 1610 (m, u w ) ,  1580 (m, u-), 1250 (w, YC-C)), 
840 (8, vp-F). 'H NMR (300.13 MHz, CD2C12, 297 K; 6, ppm): 
8.13 (dd, 1 H, CH=CH(CH=CH)2Me, 3 J ~ ~  = 13.9 Hz, 3 J ~ ~  = 
11.8 Hz), 7.05 (dd, 1 H, =CHCH=CHMe, 3 J ~  = 14.5 Hz, 3 J ~  
= 9.5 Hz), 6.69 (d, 1 H, CH=CH(CH=CH)2Me, 3JHH = 13.9 Hz), 
6.55 (dd, 1 H, CH=CHCH=CHMe, 3Jm = 14.5 Hz, 3Jm = 11.8 
Hz), 6.45-6.28 (m, 2 H, CH=CHMe), 4.24 (s,3 H, OMe), 2.17 (d, 
3 H, MeCH=, 3 J ~ ~  = 5.4 Hz), 2.02 (9, 18 H, c&e6), 1.33 (d, 9 
H, PMe3, 2JpH = 10.7 Hz). 13C('H) NMR (75.47 MHz, CD2C12, 
297 K 6, ppm): 297.34 (d, Ru=C, 2JpC = 21.0 Hz), 170.6,151.66, 
143.71, 132.34, 130.25, 128.41 (8, CH=), 105.62 (8, c6Me6), 64.56 
(8, OMe), 19.58 (s, MeCH=), 16.41 (8, C&e6), 16.00 (d, PMe3, 
'Jpc 34.9 Hz). 31P('H) NMR (121.49 MHz, CD2C12, 297 K; 6, 
ppm): 11.89 (8, PMe3), -143.40 (sept, PFs-, 'JPF = 710.3 Hz). 

CHMe]PF6 (55). From 382 mg of crystalline 1' (1.0 mmol), 167 
mg of NaPF6 (1.0 mmol), and 500 mg of HC=CCH(OH)CH= 
CHCH=CHMe (4.1 mmol), 380 mg of black crystals of 5'i (60%) 
were isolated after 18 h of reaction. Anal. Calcd for 
C&I&m60P2Ru: C, 42.07; H, 5.57. Found: C, 42.30; H, 5.51. 
IR (cm-'; KBr): 1630 (w, vw), 1600 (m, v-), 1570 (m, V C ~ ) ,  

K; 6, ppm): 8.28 (dd, 1 H, CH(CH=CH),Me, 3 J ~ ~  = 13.8 Hz, 
3Jm = 11.6 Hz), 7.11 (dd, 1 H, CHCH=CHMe, 3 J ~ ~  = 14.6 Hz, 
3Jm = 9.7 Hz), 6.81 (d, 1 H, CH=CH(CH=CH),Me, 3JHH = 14.0 

= 11.6 Hz), 6.44-6.30 (m, 2 H, CH=CHMe), 5.73 (8, 2 H, 
C&12Me4), 4.28 (8, 3 H, OMe), 1.99 (s, 6 H, C6H&fe4), 1.88 (dd, 

K; 6, ppm): 295.02 (d, Ru=C, 2 J p ~  = 19.7 Hz), 170.82, 151.81, 
143.84,132.32, 130.95,130.18 (s, CH-), 107.40,105.40,98.40,98.34 
(8,  C6H2Me4), 64.36 (8, OMe), 19.60 (s, MeCH=), 17.37 (8, 
C6H&e4), 17.20 (d, PMe3, 'Jpc = 34.9 Hz), 16.90 (8, C6H2Me4). 
31P(1HJ NMR (121.49 MHz, CD2C12, 297 K; 6, ppm): 13.37 (s, 
PMe3), -143.86 (sept, PFe-, 'JPF = 711.1 Hz). 

[C&S%(Cl) ( PMe3)Ru==C( OMe)CH&H20Me]PF6 (7). From 

and 0.5 mL of H W C H 2 0 H  (5.0 mmol), 460 mg of red crystals 
of 7 (74%) was isolated after 2 h of reaction. Anal. Calcd for 
C&137C~602P2R~: c, 38.58; H, 5.99; P, 9.95. Found c, 38.32; 
H, 5.96; P, 9.89. IR (cm-'; KBr): 1280 (w, VC-C)), 840 (8, vp-F). 
'H NMR (300.13 MHz, CD,C12, 297 K 6, ppm): 4.60 (s,3 H, OMe), 
3.86 (d, 1 H, -CH,OMe, 2 J H H  = 24.0 Hz), 3.77 (d, 1 H, =C- 
(OMe)CH2, ' J H H  = 13.0 Hz), 3.71 (d, 1 H, =C(OMe)CH2, 2 J H H  
= 13.0 Hz), 3.38 (d, 1 H, -CH20Me, 2 J H H  = 24.0 Hz), 3.29 (8, 3 
H, CH20Me), 2.10 (8, 18 H, C&e6), 1.37 (d, 9 H, PMe3, VPH = 
10.7 Hz). 13C('H) NMR (75.47 MHz, CD2C12, 297 K; 6, ppm): 

-CH20Me), 67.66 (s, OMe), 58.97 (8, OMe), 51.14 (8, -CH2-), 16.51 
(e, C a d ,  15.70 (d, PMe3, l J p ~  = 32.5 Hz). 31P{1H) NMR (121.49 
MHz, CD2C12, 297 K 6, ppm): 8.80 (s, PMe3), -143.50 (sept, PF6-, 

[C6Me6(C1)(PMe3)Ru=C=6=CPh2]PF6 (9c). To a red 
solution of 410 mg (1.0 "01) of 1 in methanol (30 mL) was added 
167 mg of NaPF, (1.0 mmol) and 1040 mg of HC=CC(OH)Ph2 
(5.0 mmol). The solution rapidly turned violet. After 20 min of 
stirring at room temperature, half of the solvent was removed 
under vacuum and 20 mL of diethyl ether was added. The violet 

[ CsH2Me4(Cl) (PMe3)Ru=C( OMe)CH=CHCH=CHCH= 

1286 (w, VC-C)), 840 (8, ~P-F). 'H NMR (300.13 MHz, CD&12,297 

Hz), 6.58 (dd, 1 H, CH=CHCH=CHMe, 3 J ~ ~  = 14.5 Hz, 3 J ~ ~  

3 H, Me, 3 J ~ ~  = 5.7 Hz), 1.86 (8, 6 H, C6H&fe4), 1.44 (d, 9 H, 
PMe3, *JpH = 10.9 Hz). 13C(lH) NMR (75.47 MHz, CD2C12, 297 

410 mg Of crystallie 1 (1.0 mmOl), 167 mg Of NaPF6 (1.0 XIlmOl), 

325.84 (d, R u 4 ,  2Jpc = 21.2 Hz), 107.90 (8 ,  C6Me6), 69.50 (8, 

'JPF = 711.1 Hz). 

Pilette et al. 

precipitate was dissolved in 10 mL of dichloromethane and the 
solution filtered through a filter-paper-tipped cannula. A total 
of 490 mg of a violet powder, 9c (69%), was obtained by addition 
of 10 mL of diethyl ether. IR (cm-'; KBr): 1940 (s, v-), 840 
(8,  vp-F). 'H NMR (300.13 MHz, CD2C12, 297 K; 6, ppm): 7.30 
(m, 10 H, Ph), 2.00 (s,18 H, C&e6), 1.40 (d, 9 H, PMe3, 2 J p ~  = 
10.7 Hz). 31P(1H) NMR (121.49 MHz, CD2C12, 297 K; 6, ppm): 
1.90 (s, PMe3), -143.50 (sept, PF6-, 'JpF = 711.1 Hz). 
[C6Me6(Cl)(PPh3)Ru=C=C=CPh2]PF6 (10~) .  To a red 

solution of 450 mg (0.8 "01) of 8 in methanol (30 mL) was added 
127 mg of NaPF6 (0.8 mmol) and 512 mg of HC=CC(OH)Ph2 
(2.0 mmol). The solution rapidly turned violet. After 24 h of 
stirring at  room temperature, half of the solvent was removed 
under vacuum and 20 mL of diethyl ether was added. The violet 
precipitate was disdlved in 10 mL of dichloromethane and the 
solution filtered through a filter-paper-tipped cannula. A total 
of 545 mg of dark green crystals of 1Oc (81%) was obtained by 
addition of 10 mL of diethyl ether. Anal. Calcd for 

4.31; P, 6.73. JR (cm-'; KBr): 1965 (s, vc-+.& 1600 (m, v m ) ,  
840 (8, up-+). 'H NMR (300.13 MHz, CD2C12, 297 K; 6, ppm): 
7.83-7.26 (m, 25 H, Ph and PPh,), 1.87 (s, 18 H, C&fe6). 13C(1HJ 
NMR (75.47 MHz, CD2C12, 297 K; 6, ppm): 288.30 (d, Ru-C, 

C~H&IFSP~RU: C, 60.30; H, 4.80; P, 6.92. Found: C, 58.97; H, 

'Jpc = 29.1 Hz), 191.04 (8, =C=), 167.38 (8, =CPh2), 144.50 (8, 
Ph), 135.06 (d, PPh3, 'Jpc = 9.7 Hz), 134.30, 132.61, 130.30 (8, 
Ph), 129.44, 128.80, 126.85 (d, PPh3, 'Jpc = 10.7 Hz), 116.26 (8,  
C6Me6), 16.27 (s, C&e6). 31P(1H) NMR (121.49 MHz, CD2C12, 
297 K; 6, ppm): 47.04 (s, PPh,), -143.47 (sept, PF,, 'Jpp = 707.0 
Hz). 

[C6Me6(C1) (PMe,)Ru=C=C,(Ph)( Fc)]PF6 (1 Ij). To a 
red solution of 410 mg (1.0 "01) of 1 in 30 mL of methanol was 
added 167 mg of NaPF6 (1.0 mmol) and 1040 mg of HCGCC- 
(OH)(Fc)(Ph) (5.0 mmol). The solution rapidly turned violet. 
After 2 h of stirring at room temperature, half of the solvent was 
removed under vacuum and 20 mL of diethyl ether was added. 
The violet precipitate was dissolved in 10 mL of dichloromethane 
and the solution filtered through a filter-paper-tipped cannula. 
The compound was purified by chromatography on silica gel with 
a dichloromethane/diethyl ether mixture as eluent. A total of 
370 mg of a violet powder, l l j  (45%), is obtained after evaporation 
of the solvent. Anal. Calcd for C34H41ClF$2FeR~: C, 49.90, H, 
5.01. Found C, 50.14; H, 4.90. IR (cm-'; KBr): 1965 (8, v-), 
1600 (m, u m ) ,  840 (8, yp-F). 'H NMR (300.13 MHz, CDzCl2, 297 
K 6,ppm): 7.77-7.40 (m, 5 H,Ph), 5.59-5.56 (m, 2 H, C&), 4.36 
(s, 5 H, C a s ) ,  4.25-3.90 (m, 2 H, C,H4), 2.00 (s, 18 H, C&fe6), 
1.40 (d, 9 H, PMe3, 2JpH = 10.7 Hz). 13C('H) NMR (75.47 MHz, 
CD2C12, 297 K 6, ppm): 243.26 (d, Ru=C, 2 J ~  = 30.5 Hz), 169.40 
(s, =C=), 154.70 (s, =C(Ph)(Fc)), 143.20, 132.52, 129.30, 126.40 
(8, Ph), 109.00 (8, C&e& 91.90,82.66,76.42,74.52,71.25 (8, Cad) ,  
17.00 (d, PMe3, 2 J ~  = 30.5 Hz), 16.80 (s, C6Me6). 31P(1H) NMR 
(121.49 MHz, CD2C12, 297 K; 6, ppm): 11.73 (8, PMe3), -143.55 

Crystal Structure Analysis of 2c. A red crystal was obtained 
by diffusion of ethyl ether saturated nitrogen into a concentrated 
CH2C12 solution of 2c. Data were collected at 291 K on a CAD-4 
diffractometer from an irregular fragment of dimensions 0.25 X 
0.20 X 0.20 mm. A total of 4679 reflections (2527 >3u(I)) were 
collected by 20 scans to a 20 limit of 50'. The intensity of three 
reflections was monitored throughout data collection as a check 
on crystal movement or decomposition, no nonstatistical variations 
b e i i  observed. Lorentz and polarization ~ o r r e c t i ~ n ~  were applied, 
and absorption corrections were applied by the empirical azi- 
muthal method.27 The structure was solved by conventional 
Patterson and Fourier techniques and refined by full-matrix least 
squares using the program s ~ ~ ~ x - 7 6 . ~  The hexafluorophosphate 
group is disordered and has been modeled by the inclusion of two 
sets of fluorine atoms weighted 3:l. Least-squares weights were 

(sept, PF,3-, 'JPF = 710.4 Hz). 

(27) North, A. C.; Phillips, D. C.; Mathews, F. S. Acta Crystallogr. 

(28) Sheldrick, G .  M. SHELX-76; University Chemical Laboratory: 
1968, A24, 351. 

Cambridge, England, 1976. 
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w = 1.53/($Q + 0.002P). Refmement converged to the residuals 
R = 0.069 and R, = 0.072. 

NMR assistance. 
Supplementary Material Available: For 2c, lists of bond 

lengths and angles, least-squares planes, and atomic fractional 
coordinates and thermal parameters (4 pages); a listing of observed 
and calculated structure factors (11 pages). Ordering information 
is given on any current masthead page. 
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The complex (PPh3)z(CO)HRe(p-H)3RuH(PPh3)2 (1) reacts with acetonitrile to give (PPh3)2(CO)Re- 
(pH),Ru(MeCN)(PPhJ2 (2). The reaction is reversible under hydrogen at atmospheric pressure. The 
complex 1 reacts with benzonitrile to afford (PPh3)2(CO)Re(p-H)2(p-NCHPh)Ru(PPh3)2(PhCN) (3), which 
results from a hydrometalation of the nitrile. Complex 3 has been both spectroscopically and crystallo- 
graphically characterized. Crystallographic data for 3: monoclinic, R 1 / n ,  a = 14.775 (2) A, b = 23.775 
(2) A, c = 21.695 (3) A, /3 = 92.53 (l)', V = 7613 (2)  A3, 2 = 4, R = 0.049, R, = 0.060 for 4489 observations 
(F,2 > 3a(F,2) and 299 variable parameters. Under CO at atmospheric pressure, the benzonitrile ligand 
in 3 is easily displaced to give (PPh3)2(CO)Re(p-H)z(pNCHPh)Ru(CO)(PPh3)z) (4). Under 10 atm of 
hydrogen, 3 reverts to 1 with liberation of benzonitrile and formation of traces of benzylamine. 

Introduction 
We have recently shown that R ~ R u H ~ ( C O ) ( P P ~ , ) ~  (l), 

an unsaturated heterodinuclear complex resulting from the 
reaction of [ReH6(PPh3)2]- with R u H C ~ ( C O ) ( P P ~ ~ ) ~ ,  was 
readily protonated, leading to the first example of a het- 
erodinuclear complex containing molecular hydrogen, 
[R~RU(H~)H~(CO)(PP~~)~I'.~ 

Pursuing the study of the reactivity of complex 1, we 
have investigated possible reactions with nitriles. 

Indeed, homogeneous hydrogenation of heteroatomic 
triple bonds is not usually an easy process.2 The literature 
gives examples of hydrometalation of nitriles either with 
an unsaturated dimetallic rhenium hydride complex3 or 
with RU,(CO)~~ under a hydrogen atmosphere! Therefore, 
it was tempting to test the reactivity of our mixed Re-Ru 
unsaturated complex 1 toward nitriles, RCN. In this pa- 
per, we report two types of reactions which have been 
actually observed: (i) a reversible substitution reaction of 
two hydride ligands by the incoming nitrile (R = CH,); (ii) 
a substitution reaction and a hydrometalation of the nitrile 
leading to a complex containing a benzonitrile ligand and 

(1) Cazanoue, M.; He, Z.; Mathieu, R. J. Chem. Soc., Chem. Commun. 
1991, 307. 

(2) (a) Yoshida, T.; Okano, T.; Otauka, S. J. Chem. Soc., Chem. Com- 
mun. 1979,870. (b) Grey, R. A.; Pez, G. P.; Wallo, A. J. Am. Chem. Soc. 
1981, 103, 7536. (c) Bose, R.; Sbitra, C. R. J. Mol. Catal. 1989, 49, 271. 

(3) Prest, D. W.; Mays, M. J.; Raithby, P. R. J. Chem. Soc., Dalton 
Trans. 1982, 2021. 

(4) Bernhardt, W.; Vahrenkamp, H. Angew. Chem., Int. Ed. Engl. 
1984, 23, 381. 

0276-733319212311-0817$03.00/0 

a benzylideneimido ligand (R = C6H5). 

Results and Discussion 
Reactivity of ReRuH4(CO)(PPh3), (1) toward Ace- 

tonitrile. The complex 1 dissolves in acetonitrile a t  room 
temperature, and the brown precipitate 2 rapidly appears 
(Scheme I). The infrared spectrum (Table I) of 2 shows 
that the uc0 stretching wavenumber is lowered by 65 cm-' 
compared to that for 1 and an absorption is observed at  
2255 cm-', which can be attributed to the uCN stretching 
vibration of a coordinated acetonitrile. The 'H NMR 
spedrum confirms the presence of coordinated acetonitrile, 
as a resonance is observed at  1.21 ppm, which is integrated 
as three protons by comparison with the phenyl reso- 
nances. In the hydride region, at 298 K, three resonances 
in a 1/1/1 intensity ratio are observed: two broad ones 
centered at  -4.42 and -5.64 ppm, and a third one, an un- 
resolved multiplet, at -14.38 ppm. At 193 K, the last signal 
remains the same but the broad resonances become a 
doublet and a double pseudotriplet centered at -3.39 and 
-6.15 ppm, respectively. The room-temperature 31P(1H) 
NMR spectrum shows two broad signals of equal inten- 
sities centered at  60.2 and 42.5 ppm. At  193 K, these two 
signals split into four resonances of equal intensity: one 
doublet centered at  73.6 ppm, a doublet of doublets cen- 
tered at  58.2 ppm, one doublet centered at 45.65 ppm, and 
a singlet at 42.5 ppm. By analogy with the ,'P('H) NMR 
data for 1,' we attribute the two signals observed at  low 
field to the phosphine ligands bonded to ruthenium. Se- 

0 1992 American Chemical Society 
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