
1976 Organometallics 1986,5, 1976-1983 

Stereochemical Studies on the Interconversion of 
Alkylidenecarbene, Carbene, and Alkyl Ligands in Chiral 

Cyclopentadienyl Ruthenium Complexes+ 

Giambattista Consiglio, la Franco Morandini,lb Gian Franco Ciani,” and Angelo Sironi’’ 

Eidgenossische Technische Hochschule, Technisch-Chemisches Laboratorium, ETH-Zentrum, CH-8092 Zurich, 
Switzerland, CNR, Centro di Studio sulla Stabilltii e Reattivkii dei Composti di Coordinazione, Dipartimento di 
Chimica Inorganica, Metallorganica e Analitica, I-35 13 1 Padova, Italy, and Istituto di Chimica Strutturistica 

Inorganica, Universits di Milano, I-20 133 Milano, Italy 

Received November 22, 1985 

Pseudotetrahedral (S,S)-(q-C,H,)Ru(Ph,PCH(CH,)CH3)CH(CH3)PPh2}Cl (l) ,  (SR,,&)-1’a, and (RR,,Rc!- 
(a-C5H5)ku(Ph2PCH(CH3)CH2PPh2]C1 (l’b) have been used to investigate the stereochemistry of alkyli- 
denecarbene and carbene formation. Depending on conditions 1’s and l’b can react stereospecifically with 
terminal acetylenes, in the presence of halogen scavengers, to give the corresponding alkylidene complexes 
[(RukC=CHR]PF6 (R = c6H5,2’a and 2%; R = CH3, 6‘a and 6’b). Retention of configuration at ruthenium 
was confirmed by an X-ray crystal structure of 6’a. 2‘a and 2% are converted with base to the corresponding 
phenylacetylide complexes (Ru}C=CC6H5 (5’a and 5’b), which, in turn, regenerated 2’a and 2’b on reaction 
with HPF,. Neither reaction changes the stereochemistry at the metal. 2‘a and 2’b react further with 
CH30H stereospecifically and with retention of the configuration at ruthenium to give the methoxycarbene 
complexes [(Ru~(oCH3)CHzC6H5]PF6 (3’a and 3%). The crystal structure of 3% has also been determined. 
3’a and 3’b react with LiAlH4 in THF at low temperature to give the 2-phenylethyl complexes (Ru)C- 
HzCHzC6H5 (4’a and 4’b) with retention of configuration. Labeling studies have demonstrated that the 
two hydrogen atoms of the new formed methylene group arise from LiAlH,. The summary of crystal data 
is as follows. For 6’8: a = 11.469 (4) A, b = 14.976 (4) A, and c = 20.696 (7) A with Z = 4 in space group 
P2,2121 (no. 19). For 3’b: a = 12.555 (4) A, b = 12.651 (4) A, and c = 24.198 (8) 8, with Z = 4 in space 
group P212121 (no. 19). 

The stereochemical fate of the metal atom in the course 
of simple reactions of transition-metal organometallic 
compounds has recently1 aroused much interest2 due to 
the increasing importance of asymmetric catalysis using 
homochiral transition-metal complexes3 and to  the dis- 
covery of stereospecific transformations of organic ligands 
within transition metal complexes which can be useful for 
organic syn the~ i s .~  

Alkylidenecarbene and carbene complexes of cyclo- 
pentadienylruthenium(I1) derivatives are readily accessi- 
ble.5 If these ligands have different substituents, they are 
two-dimensional chiral simplexes6 ke., they are prochiral), 
and their reactions can, therefore, be used to investigate 
asymmetric induction by chiral center(s) on the ligand 
and/or on the metal. Rhenium complexes containing such 
ligands have been recently studied’ and have shown in- 
teresting phenomena in the transmission of the chiral in- 
formation by the metal. 

We have recently synthesized chiral complexes of the 
type (~-C5H,)Ru(Ph2PCHRCHR’PPh2)X, in which chiral 
centers are located on the metal atom and f or on the di- 
phosphine ligand.8 We report here on the stereochemical 
course of some reactions connected with the formation and 
the transformation of complexes containing alkylidene- 
carbene and carbene moieties starting from the above 
complexes. Some results have appeared in a preliminary 
form.g 

Results 
The reactions reported in Scheme I have been carried 

out starting with8 (S,S)-(a-C5H5)Ru[Ph2PCH(CH(CH)CH- 
(CH3)PPh2JC1 (1) as well as with (SRU,Rc)-l’a, and 
(RRU,RC)-(~-C5H5)R~{Ph2PCH(CH3)CH2PPhz}Cl (l’b) 

Dedicated to Professor Piero Pino on the occasion of his 65th 
birthday. 

Chart I 

l ’a  (S)Ru,(R)c l ’ b  ( R ) R u , ( R ) c  
N N 

(Chart I). 
products are reported in Table I. 

Typical NMR parameters of the reaction 
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Cyclopentadienyl Ruthenium Complexes 

Scheme I 
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Table I. Some NMR Parameters of the Complexes Investigateda 
'H 31P 13c 

complex CD H or OCHe PA P R  JP-P CD IRul=C 
2 

2'a 
2'b 
6'a 
6'b 

3 
3'a 
3'b 

4 
4'a 
4'b 

5 
5'a 
5'b 

5.17 
5.44 
5.32 
5.16 
5.15 
5.06 
5.03 
5.08 
4.62 
4.77 
4.66 
4.49 
4.67 
4.62 

4.62 
4.50 
3.60 
5.02 
3.89 
2.98 
2.86 
3.01 

a Chemical shifts in 6; coupling constants in Hz. 

76.6 
80.0 
83.7 
83.1 
90.7 
89.3 
92.2 
84.0 
97.0 

100.4 
89.6 
89.1 
91.7 
89.0 

(a) Formation of the Benzylidenecarbene (and of 
the Ethylidenecarbene) Complexes. The reaction of 1 
with C6H5C=CH in boiling methanol, using ",PF6 or 
KPF, as the halogen scavenger, following the procedure 
described in the literature5c for the analogous diphos 
complex (diphos is 1,2-ethanediylbis(diphenylphosphine)) 
is not chemoselective. In fact (S ,S)-[  (7-C5H6)Ru- 
(Ph2PCH(CH3)CH(CH3)PPhz](C=CHC6H5)]PF6 (2) forms 
together with about 10-15% of the corresponding meth- 
oxycarbene complex (S,S) - [ ( 7-C5H5) Ru( Ph,PCH ( CH3) CH- 
(CHB)PPh2)(C(OCH3)CH2C6H5)]PF6 (3). The analogous 
reaction of either l'a or l'b under the same conditions 
shows comparable chemoselectivity and is neither stereo- 
specific nor stereoselective. Almost equimolar amounts 
of the rose-pink benzylidenecarbene complexes 
(SRu,Rc)-2'a and (RRU,R~)-[(s-C5H5)Ru(Ph2PCH(CH3)- 
CH2PPhz)(C=CHC6H5J]PF6 (2'b) are formed which are 
contaminated with about 15% of the methoxycarbene 

(7) (a) Wong, A.; Gladysz, J. A. J .  Am. Chem. SOC. 1982,104,4948. (b) 
Kiel, W. A.; Lin, G.  Y.; Constable, A. G.; McCormick, F. B.; Strouse, C. 
E.; Eisenstein, 0.; Gladysz, J. A. Ibid. 1982,104,4865. (c) Merrifield, J. 
H.; Lin, G. Y.; Kiel, W. A.; Gladysz, J. A. Ibid. 1983, 105, 5811. (d) 
Hetton, W. G.; Gladysz, J. A. Ibid. 1983, 105, 6157. 

(8) Morandini, F.; Consiglio, G.; Straub, B.; Ciani, G.; Sironi, A. J.  
Chem. SOC., Dalton Trans. 1983, 2293. 

(9) Consiglio, G.; Bangerter, F.; Morandini, F. J.  Organomet. Chem. 
1985,293, C29. 

71.5 
61.0 
63.5 
67.9 
74.1 
80.6 
67.6 
76.6 
83.1 
74.3 
82.4 
77.1 
68.8 
79.4 

34.2 
27.9 
29.3 
25.8 
23.8 
37.8 
32.8 
33.1 
42.0 
35.7 
36.3 
34.2 
31.1 
24.7 

93.6 
92.4 
93.4 
92.0 
92.6 
nd 
nd 
nd 
84.0 
82.9 
83.5 
84.1 
nd 
nd 

354 
355 
354 
347 
347 
nd 
nd 
nd 

complexes (SRu,Rc)-(3'a) and (RR,,Rc)-[ (7-C5H,)Ru- 
(Ph,PCH(CH3)CHzPPh,)(C(OCH3)CH,C6H5)]PF6 (3'b) as 
revealed by lH and 31P NMR spectroscopy on the crude 
reaction mixture. In contrast the chemoselective trans- 
formation of l'a and l'b (which gives rise to 2'a and 2'b, 
respectively) are completely stereospecific when carried 
out a t  room temperature for a period of 2.5-3 h. Neither 
2'a nor 2'b gave crystals suitable for X-rays analysis, so 
we carried out the same reaction with propyne as the 
acetylenic substrate. Analogous to the previous reactions, 
the corresponding ethylidenecarbene complexes 6'a and 
6'b were stereospecifically formed. The similarity of the 
31P NMR parameters of 2'a to 6'a and of 2% to 6% strongly 
implies the same stereochemical pathway for the reactions 
with the two different acetylenes, as logically expected. 
The crystal structure determination (see infra) of 6'a shows 
retention of configuration a t  the ruthenium atom (when 
compared with the precursor l'a8 during the formation of 
the alkylidenecarbene complexes. Furthermore, the con- 
formation of the alkylidenecarbene10 ligand is the one in 
which the plane of the vinylidene ligand is nearly or- 
thogonal to the plane containing the centroid of the cy- 
clopentadienyl ligand, the ruthenium atom, and the un- 

(10) (a) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D. L. J .  Am. 
Chem. SOC. 1979, 101, 585. (b) Kostii., N. M.; Fenske, R. F. Organo- 
metallics 1982, I ,  1974. 
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1978 Organometallics, Vol. 5, No. 10, 1986 

substituted carbon atom of the ethylidene carbene ligand. 
Such a conformation (which is the one also present in 
solution)” implies the possible existence of two diaste- 
reomeric rotamers, which have in fact been identified 
through low-temperature 31P NMR spectroscopy.l’ 

(b) Formation of the Methoxybenzylcarbene Com- 
plexes. 2 reacts in boiling methanol over a period of more 
than 24 h to give yellow crystals of the corresponding 
methoxybenzylcarbene complex 3.5b Use of CH302H gives 
[2H2]-3, which is completely and only deuterated at  the 
methylenic benzylic carbon atom.12 The analogous re- 
actions of either 2’a or 2’b with unlabeled methanol give 
stereospecifically 3’a and 3’b, respectively, according to IH 
and 31P NMR on the crude reaction product (Table I). 
The assignment of the absolute configuration a t  the ru- 
thenium atom follows from the crystal structure deter- 
mination on 3’b (vide infra). 

( c )  Formation of the 2-Phenylethyl Complexes. The 
methoxycarbene complex 3 does not show the typical re- 
activity of Fischer-like carbene complexes toward hydride 
nu~leophi1es.l~ We expected attack at  the carbene carbon 
atom to form an a-methoxyalkyl c0mp1ex.l~ In fact, 3 
reacts with LiAlH, in boiling THF to give two products 
in a 65:35 molar ratio as determined by NMR of the crude 
product mixture. The more abundant product forms in 
almost quantitative yield (>95%) when the reaction is 
carried out a t  -70 “C in the same solvent. Elemental and 
NMR analysis showed this product is (S,S)-(&5H5)Ru- 
(Ph2PCH(CH3)CH(CH3)PPh,)CH2CHzC6H5 (4); the other 
product formed a t  higher temperature has not yet been 
identified. The analogous reaction with LiA12H4 gives 
I2HZ]-4 which is completely and exclusively deuterated at 
the carbon atom (of the 2-phenylethyl group) directly 
bound to ruthenium. Reaction of either 3‘a or 3’b under 
the same reaction conditions gave the corresponding 2- 
phenylethyl complexes (SRU,Rc)-4’a and (R,,,Rc)-(v- 
C,H5)Ru{Ph2PCH(CH3)CHzPPh2}CHzCHzC6H5 (4’b) with 
selectivity higher than 90%. These reactions are com- 
pletely stereospecific according to NMR analysis of the 
crude products. 4‘a and 4’b are also stereospecifically 
formed with about 70% chemoselectivity in the reaction 
of either l’a or l’b with C6H5CH2CH2MgBr. Byproducts 
in these alkylation reactions include the corresponding 
hydrido complexes2’ (SR,,Rc)-7’a and (RRu,&)-(v-C5H5)- 
Ru(PhzPCH(CH3)CH2PPh2)H (7’b) which also form ster- 
eospecifically. We have previously shown that such al- 
kylation reactions take place with retention of configura- 
tion a t  ruthenium,15 and we may therefore conclude that 
in the reaction of 3’a and 3’b with LiA1H4 the configuration 
a t  ruthenium is also retained. 

(d) Interconversion of Benzylidenecarbene and 
Phenylethynyl Complexes. The benzylidenecarbene 

Consiglio et a1. 

(11) Consiglio, G.; Morandini, F., to be submitted for publication. 
Compare for similar results in the iron series: Consiglio, G.; Bangerter, 
F.; Darpin, C.; Morandini, F.; Lucchini, V .  Organometallics 1984,3,1446. 

(12) Bruce, M. I.; Duffy, D. N.; Humphrey, M. G.; Swincer, G. A. J .  
Organomet. Chem. 1985,282,383. 

(13) (a) Kreissl, F. R. In Transition Metal Carbene Complexes; Verlag 
Chemie; Weinheim, 1983; p 152. (b) Doetz, K. H. Ibid.; p 192. 

(14) (a) Green, M. L. H.; Mitchard, L. C.; Swanwick, M. G. J. Chem. 
SOC. A 1971, 794. (b) Bodnar, T.; La Croce, S. J.; Cutler, A. R. J. Am. 
Chem. SOC. 1982,102,3292. (c) Bodnar, T.; Cutler, A. R. J. Organomet. 
Chem. 1981,213, C31. (d) Brookhart, H.; Tucker, J. R.; Husk, G. R. J.  
Am. Chem. SOC. 1983,105, 258. (e) Baird, G. J.; Davies, S. G.; Maberly, 
T. R. Organometallics 1984, 3, 1974, (0 Casey, C. P.; Miles, W. H.  J. 
Organomet. Chem. 1983,254,333. (g) Cutler, A,; Bodnar, T.; Coman, G.; 
La Croce, S.; Lambert, C.; Manard, K. In Catalytic Activation of Carbon 
Monoxide; Ford, P.  C., Ed.; ACS Symposium Series 152; American 
Chemical Society: Washington, DC, 1981; p 279. 

(15) Consiglio, G.; Morandini, F.; Ciani, G.; Sironi, A. Angew. Chem. 
1983, 95, 322. 

(16) Fryzuk, M. D.; Bosnich, B. J .  Am. Chem. Soc. 1978, 100, 5491. 

n 

Figure 1. View of the cation (SR,,Rc)-[ (&HS)Ru{Ph,PCH- 
(CHB)CH2PPh2)(C=CHCH3)]+ @’a) in  i t s  absolute configuration. 

Table 11. Distances (A) from the PI-Ru-P2 Plane and 
Torsion Angles (des)” Defining the Conformation of the 

Phenyl Rings for Complexes 3’b and 6’a 

atom(s) dist angle dist angle 
6’a 3‘b 

C(1) 0.04 0.42 
C(2) -0.63 -0.33 
C(3) -0.54 -0.14 
C(111) 1.38 1.14 
C(121) -1.43 -1.55 
C(2 l l )  1.61 1.56 
C(221) -1.01 -1.28 
Ru-P( 1)-C( 11 1)-C( 112) -79.6 -60.4 
Ru-P( 1)-C( 121)-C( 122) 22.8 -36.9 
Ru-P(2)-C(211)-C(212) -68.6 70.8 
R~-P(2)-C(21l)-C(222) -29.5 40.0 

“2 takes the  value of 6 or 2 depending on which ortho carbon 
atom (with respect to Cip.,) is closer to  the ruthenium atom. 

Table 111. Bond Distances for Complexes 3’b and 6’a 
3‘b 6‘a 

Ru-P(l) 2.286 (4) 2.297 (2) 
Ru-P(2) 2.299 (4) 2.289 (2) 
Ru-C/C(4) 1.93 (2) 1.839 (10) 
Ru-Cp(mean) 2.27 2.24 
Cp-Cp(mean) 1.40 1.39 
P( 1)-c (1) 1.86 (1) 1.83 (1) 
P ( l ) - C ( l l l )  1.79 (1) 1.80 (1) 
P(l)-C(121) 1.81 (1) 1.84 (1) 
P(2)-C(2) 1.85 (1) 1.83 (1) 

1.79 (1) P(2)-C(211) 
P(2)-C(221) 1.84 (1) 1.83 (1) 
C(l)-C(2) 1.54 (2) 1.49 (1) 
C(2)-C(3) 1.53 (2) 1.54 (1) 
c-0 1.38 (2) 
O-C(4) 1.45 (2) 
C-C(5) 1.46 (2) 
C(4)-C(5) 1.25 (1) 
C(5)-C(6) 1.41 (2) 

1.84 (1) 

complexes 2,2’a, and 2‘b are easily d e p r ~ t o n a t e d ~ “ ~ , ~  when 
treated with KOH in methanol quantitatively giving rise 
to the corresponding phenylethynyl complexes. When 
either 2’a or 2’b are used as starting materials, (SR,Pc)-5’a 
and (RR,,R&(v-C5H5)Ru(Ph,PCH(CH(CH,PPh, 
CC&, (5’b) are formed in completely stereospecific re- 
actions. The reaction of either l’a or l’b with C6H5C=CLi 
to give 5’a and 5’b, respectively, is also stereospecific. The 
stereochemical course of this last reaction is expected to 
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Cyclopentadienyl Ruthenium Complexes Organometallics, Vol. 5, No. 10, 1986 1979 

Table IV. Bond Angles (deg) for Complexes 3’b and 6’a” 

Figure 2. View of the cation (RRu,Rc)-I(?-C5HS)Ru(Ph2PCH- 
(CH3)CH2PPh2]{C(OCH3)CH2Ph}]+ (3’b) in its absolute configu- 
ration. 

occur with retention of configuration at the metal, as noted 
for the alkylation with Grignard reagents.15 Therefore the 
configuration a t  the metal must also be retained in the 
deprotonation reaction. The phenylethynyl complexes can 
be reprotonated back to the benzylidenecarbene complexes 
by using HPF, or HBF4. As expected, the reaction is 
stereospecific and takes place with retention of configu- 
ration at the metal. 

Crystal Structure of 3’b and 6’a. Views of the 

CHCH3)]PF6 (6’a) and (RR,,Rc)-[ (q-C5H5)Ru{Ph2PCH- 
(CH3)CH2PPh2)(C(OCH3)CH2Ph}]PF6 (3’b) cationic com- 
plexes, showing their absolute configurations, are given in 
Figures 1 and 2, respectively. The ruthenium atoms in the 
two compounds have different absolute configurations. 
This results in different arrangements of the h confor- 
mation and the phenyl rings of the two metallodiphosphine 
moieties (Table 11). The bonding parameters within the 
two cations are reported in Tables I11 and IV. With the 
exception of the Ru-C bond lengths and the orientation 
of the carbene units, which deserve some comments, all 
the other interactions are similar and comparable to those 
found in the related (7-C5H5)Ru{Ph2PCH(CH3)- 
CHZPPh2)Lln+ species (n = 0, L = C1,8 SnC13,17 CH 3 ,  *15 n 
= 1, L = CH3CN18). 

that for metal carbene 
complexes [LnM-CRR’) the metal-carbon bond order, as 
indicated by the M-C length, depends on the relative 
r-donor abilities of all the carbene atom substituents. In 
particular, the different behavior of the [(CO),Cr] frag- 
ment, which interacts weakly with the carbene atom but 
allows it to interact strongly with R or R’, and that of the 
[ (T-C,H,)M~(CO)~] fragment, which being a good r-donor 
does the opposite, has been stressed. A pictorial repre- 
sentation of this observation can be obtained from a 
localized molecular orbital analysis as in ref 20. 

(S,,,Rc)- [ (T/-C~H,)RU(P~~PCH(CH~)CH~PP~~}{C= 

It has been recently pointed 

~ ~~ 

(17) Consiglio, G.; Morandini, F.; Ciani, G.; Sironi, A,; Kretschmer, M. 

(18) Morandini, F.; Consielio, G.: Ciani, G.: Sironi. A. Inore. Chim. 
J. Am.  Chem. SOC. 1983, 105, 1391. 

Acta 1984, 82, L27. 

also U. Schubert in ref 13, p 74. 
(19) (a) Schubert, U. Coord. Chem. Reo. 1984,55, 261. (b) Compare 

3‘b 6‘a 
P( l)-Ru-P( 2) 83.4 (1) 83.5 (1) 
P(l)-Ru-C/C(4) 90.8 (5) 93.8 (3) 
P(l)-Ru-Cp* 128.4 125.5 
P (2)-Ru-C/ C (4) 89.6 (5) 85.4 (4) 
P( 2)-Ru-Cp* 129.2 130.2 
Cp*-Ru-C/ C (4) 122.7 125.2 
Ru-P( 1)-C( 1) 110.8 (4) 109.5 (3) 
RU-P(l)-C(ll l)  117.6 (5) 115.7 (3) 
R~-P( l ) -C( l21)  118.3 (5) 118.3 (3) 
C( l ) -P( l ) -C( l l l )  104.6 (7) 106.2 (5) 
C(l)-P(l)-C(121) 101.9 (6) 104.3 (4) 
C( l l l ) -P (  1)-C( 121) 101.6 (6) 101.6 (4) 
Ru-P (2)-C (2) 108.4 (4) 107.7 (3) 
Ru-P (2)-C (2 11) 114.1 (5) 116.6 (3) 
Ru-P(2)-C(221) 120.9 (5) 118.0 (4) 
C(2)-P(2)--C(211) 110.4 (6) 106.8 (5) 
C(2)-P(2)-C(221) 100.5 (6) 103.7 (4) 
C(211)-P(2)-C(221) 101.5 (6) 102.8 (4) 
Ru-C-C(5) 126 (1) 

O-C-C(5) 115 (1) 
Ru-C (i)-C (5) 175 (1) 
C (4)-C (5)-C (6) 128 (1) 

Ru-C-0 119 (1) 

a Cp* is the centroid of the qJ&Hs ligand. 

The (q-C5115)Ru{Ph2PCH(CH3)CHzPPh2) fragment 
should have a r-donor ability more similar to that of [ (7- 
C,H,)Mn(CO),], and, therefore, for 3’b we expect short 
Ru-C and “normal” C,,z-OCH3 bond distances. For 6’8, 
we would anticipate an even shorter Ru-C interaction due 
to the sp nature of the carbon atom.21 Indeed the Ru-C 
bond distance in 6’a is 1.839 (10) A compared to 1.845 (7) 
A for the similar complexz2 [ (~-C,H,)RU{P(CH,),}~{C= 
CHCH3)]+. However, the Ru-C bond length in 3’b is 
longer a t  1.92 (2) A while a value of 2.169 (6) A was found 
for the Ru-C single bond in (Q-C,H,)RU(P~,PCH(CH~)- 
CHzPPh,]CH3.15 

In 3’b we have found the C(4),0,C(5) plane “coplanar” 
to that defined by Cp* (the centroid of the cyclo- 
pentadienyl ring), Ru, and C(4) atoms (dihedral angle 
16°).z3 In contrastlo the plane of the ethylidenecarbene 
ligand in 6’a is “orthogonal” to the corresponding Cp*,- 
Ru,C(4) plane (dihedral angle 70’). 

Discussion 
The assignment of the absolute configuration at  ruthe- 

nium for complexes 1’8, l’b, 6’a, 6’b, 3’a, and 3’b follows 
from the crystal structure analyses carried out on l’a, 6’a, 
and 3’b. The assignment for complexes 2’a, 2‘b, 4’8, 4’b, 
5’8, and 5’b is based on the assumption that similar re- 
actions have similar stereochemical outcome. In fact, we 
have previously found that the reaction of l’a and l’b with 
methylmagnesium bromide takes place stereospecifically 
with retention of the configuration at  ruthenium.lj The 
reasonable assumption that other metathesis reactions 
(such as those with C6H5CHzCH2MgBr or C,H5C=CLi) 
should also follow the same stereochemical course allows 
us to identify the absolute configuration at  the metal for 
complexes 4’a,4’b, 5’8, and 5’b. Similarly we assume the 
reaction of l’a and l’b with CH,C=CH has the same 
stereochemical course as that  with C6HSC=CH, and 

(20) Marynick, D. S.; Kirkpatrick, C. M. J .  Am. Chem. SOC. 1985, 107, 

(21) Wisner, J. M.; Bartczak, T. J.; Ibers, J. A. Inorg. Chim. Acta 1985, 

(22) Bruce, M. I.; Wong, F. S.; Skelton, B. W.; White, A. H. J. Chem. 

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

1993. 

100, 115. 

SOC., Dalton Trans. 1982; 2203. 
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therefore we can stereochemically identify 2’a and 2’b. 
The formation of the alkylidenecarbene complexes from 

terminal acetylenes was expected, given the reports of the 
analogous behavior of the triphenylphosphine- and di- 
phos-containing complexes.5b Previous work2, suggests the 
most probable reaction pathway might involve (a) oxida- 
tive addition of the acetylene (possibly preceded by H- 
complex formationz5) to form a hydrido alkynyl complex, 
(b) deprotonation to the neutral alkynyl complex, and (c) 
protonation at  the substituted carbon atom of the alkynyl 
ligand. Recent theoretical calculations, however,26 suggest 
a mechanism involving slippage of an q2-coordinated alk- 
yne to q’-geometry, followed by hydrogen migration to the 
C, carbon atom. The acidity of the hydrogen atom in the 
resulting alkylidenecarbene complex makes labelin& 9 ex- 
periments (e.g., with RC+D) meaningless, since alcoholic 
solvents must be used. 

In the reaction, carried out in boiling methanol, between 
either l’a or l’b and phenylacetylene, complete epimeri- 
zation a t  the ruthenium atom takes place. It should be 
noted, however, that  both 2’a and 2’b must be optically 
stable under the reaction conditions used, since they react 
stereospecifically in boiling methanol (over a period of 
about 24 h) to give the corresponding methoxycarbene 
complexes 3’a and 3’b. Furthermore the stereochemical 
course of alkynyl complex protonation to the corresponding 
benzylidenecarbene complexes was found to take place 
stereospecifically with retention of configuration a t  the 
ruthenium atom. This is, in fact, to be expected if the 
proton attack takes place directly on the alkynyl ligand 
and does not involve the ruthenium atom. The afore- 
mentioned epimerization should therefore most probably 
take place at  the level of $-acetylene complexes, if their 
further transformation is slow with respect to their for- 
mation. In fact, analogous olefin complexes27 were found 
to be labile. 

The stereochemical courses of the reactions of benzy- 
lidenecarbene complexes with basic methanol to form 
phenylacetylenic complexes are not surprising, since 
reagent attack would only be expected at  the organic lig- 
and. Less expected is the very chemoselective reaction of 
methoxybenzylcarbene complexes with LiA1H4 a t  low 
temperature. Theoretical considerationslob and almost all 
literature14 precedents suggest nucleophilic addition of the 
hydride to the carbon atom directly bound to ruthenium 
should take place. In fact, we carried out this reaction in 
an attempt to prepare secondary 1-methoxy-2-phenylethyl 
complexes and to study asymmetric induction as influ- 
enced by different configurations at  the metal.’s The 
reaction has precedent in the formation of the b y p r o d ~ c t ~ ~  
Iq-C5H5)Fe(CO)(PPh3)C2H5 (although in much lower yield) 
when the corresponding ethoxymethylcarbene complex is 
treated with NaBH, to  give -50% yield of the (7- 
C5H5)Fe(CO)(PPh3)CH(OC2H,)CH3. Labeling studies in 
both our system and the iron case29 have shown t h e  two 
hydrogen atoms involved in transforming the carbene 
carbon atom into a methylene group arise from the metal 
hydride. This suggests that the observed transformation 
involves only the carbene ligand. 

Consiglio et al.  

The simultaneous formation of the aforementioned 
ethyl- and (1-ethoxyethy1)iron complexes in the presence 
of excess NaBH, implies the ethoxyethyl complex is not 
a precursor to the ethyl complex. If this is also true for 
our complexes, then the formation of the methylene group 
should be a consequence of a nucleophilic substitution 
followed by a nucleophilic addition of the hydride. How- 
ever, a t  least one other alternative appears possible, Le., 
reduction3’ of a phenylacetyl complex formed by deme- 
thylation of the methoxycarbene ligand.32,33 A t  the 
present, however, detailed mechanistic conclusions are not 
possible. Nevertheless this reaction allows us to obtain, 
in pure form, 2-phenylethyl complexes, which are not ac- 
cessible by metathesis reactions of halide complexes with 
the Grignard reagent. 

In the case of complex 4 the greater separation of ‘H 
NMR signals has allowed us, through a two-dimensional 
J-decoupled NMR experiment: to identify H-H and P-H 
coupling constants for the methylenic protons of the car- 
bon atoms bound to ruthenium. Vicinal H-H coupling 
constants (14 and 4 Hz) indicate, on the basis of the 
Karplus relationship, the expected antiperiplanar con- 
formation around the CH2-CH2 bond. The similar P-H 
coupling constants (3.0, 8.8, 4.4, and 7.6 Hz, respectively) 
for those methylenic protons may again result from an 
almost antiperiplanar conformation around the P2Ru-CH, 
bond, which might not have been expected.34 

(24) Wolf, J.; Werner, H.; Serhadli, 0.; Ziegler, M. L. Angew. Chem. 

(25) Stoutland, P. 0.; Bergman, R. G. J .  Am. Chem. SOC. 1985, 107, 

(26) Silvestre, J.; Hoffmann, R. Helu. Chim. Acta 1985, 68, 1461. 
(27) Consiglio, G.; Morandini, F., to be submitted for publication. 
(28) Brookhart, M.; Timmers, D.; Tucker, J. R.; Williams, G. D.; Husk. 

G. R.; Brunner, H.; Hammer, B. J .  Am. Chem. SOC. 1983, 105, 6721. 
(29) Davison, A,; Reger, D. L. J .  Am. Chem. SOC. 1972, 94, 9237. 

Compare also footnote 6 in ref 30. 
(30) Bodnar, T. W.; Cutler, A. R. Organometallics 1985, 4,  1558. 

1983, 95, 428. 

4581. 

Experimental Section 
General Procedure. All manipulations were performed under 

an atmosphere of nitrogen by using Schlenk techniques. Diethyl 
ether, tetrahydrofuran, pentane, benzene, and toluene were re- 
fluxed over LiA1H4 and distilled under nitrogen. CH2C12 was 
purified by distillation from CaH2 ‘H, 31P, and 13C NMR spectra 
were recorded on a Bruker WH90 or AM300WB spectrometer. 
Infrared spectra were measured by using Perkin-Elmer 983 G and 
177 instruments. Mass spectra were obtained on a Hitachi/ 
Perkin-Elmer RMU-6L instrument. Chemicals were obtained 
from Fluka. Complexes 1, l’a, and l’b were prepared according 
to previously* published procedures. 

Preparation of [ (~-C5H6)Ru(diphosphine)(C==CHC6H,)]- 
PF6 (2, 2’8, and 2’b). A 0.500-g (0.80-mmol) sample of finely 
ground 1 was stirred at  room temperature with 0.450 g of NH,PF, 
in 20 mL of CH30H containing 2 mL of phenylacetylene. After 
2 h CH30H and most of the excess of phenylacetylene were 
removed under vacuum. The residue was washed three times with 
20 mL of n-pentane, dried, and then dissolved in 20 mL of CH2Cl2. 
This solution was filtered through Celite and the CH2Cl2 sub- 
sequently evaporated under vacuum. The microcrystalline 
rose-pink complex 2 was washed again with n-pentane and dried; 
yield 604 mg (-90%). Analogously starting with 0.681 g (1.11 
mmol) of l’a (diastereomeric purity 98 f 2%), 0.64 g of KPF,, 
4 mL of phenylacetylene, and 20 mL of CH30H gave 0.869 g (95% 
yield) of 2’a (diastereomeric purity 97 f 2%) after 2.8-h reaction 
time and similar workup. 

Similarly from 0.518 g (0.84 mmol) of l’b (diastereomeric purity 
97 =k 2%) 0.638 g (92% yield) of 2’b (diastereomeric purity 97 
f 2%) were obtained. 2: ‘H NMR (CDCl,, 6) CH, 0.83-1.28 (m, 
6 H), CH 2.5-3.2 (m, 2 H) =CH 4.60 (t, 1 H, JP-H 1.7 Hz), C,H, 
5.17 (s, 5 H), C6H5 6.44-6.54 and 6.93-7.70 (m, 25 H); 31P NMR 
(CDCl,) (6 from H3P04) 71.5 and 76.6 (d, Jp-p = 34.2 Hz); I3C 
NMR (CD&12, 6) CH3 15.0 (t, Jp-c = 5.2 Hz), CH3 15.2 (t, Jp-c  
= 4.9 Hz), CH 38.4 (t, Jp-c = 15.4 Hz), CH 38.8 (t, Jp-c  = 13.4 
Hz), C5H5 93.6 (s), =CH and C,H, 118-134 (m), =C= 354 (dd, 

(31) Van Dorn, J. A.; Masters, C.; Volger, H. C. J .  Organomet. Chem. 

(32) Groetsch, G.; Malisch, W. J. Organomet. Chem. 1984, 262, C38. 
(33) Bodnar, T. W.; Cutler, A. R. Synth. React. Inorg. Met.-Org. 

(34) Seeman, J. I.; Davies, S. G. J .  Chem. SOC., Chem. Comm. 1984, 

1976, 105, 245. 

Chem. 1985, 15, 31. 
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Jpx = 12.7 and 16.4 Hz). Anal. Calcd for C41Ha6P3R~:  c, 58.64; 
H, 4.68. Found: C, 58.39; H, 4.66. 

2'a: 'H NMR (CDC13) CH3 1.27 (ddd, 3 H, JH-H 6.5 Hz, J p - H  
= 12 and 1.5 Hz), CH and CH, 2.25 and 3.2 (m, 3 H), =CH 4.50 
(t, 1 H, JP-H = 1.5 Hz), CjHj 5.42 (s, 5 H), C& 6.17-6.23 and 
6.82-7.73 (m, 25 H); 31P NMR (CDCl,, 6 from H3P04) 80.0 and 

4 and 18 Hz), CH2 32.6 (dd, Jp-c = 15 and 35 Hz), CH 34.0 (dd, 
Jpx = 11 and 25 Hz), C5Hj 92.4 (s), C6H5 and =CH 117-126, 
=C= 354.7 (q, Jp-c = 13.3 and 17.8 Hz). Anal. Calcd for 
C,oH3,F,P3Ru: C, 58.18; H, 4.52. Found: C, 58.35; H, 4.67. 

2'b: 'H NMR (CD2C12, 6) CH3 1.15 (dd, JH-H = 6.9 Hz, JP-H 
= 14.5 Hz), CH and CH, 2.86-3.37 (m, 3 H), =CH 5.07 (t, 1 H, 
JP-H = 1.5 Hz), C5H5 5.31 (9, 5 H), C,& 6.54-6.57 and 6.95-7.71 
(m, 25 H); 31P NMR (CDCl,, 6 from H3P04) 81.9 and 67.3 (d, Jp-p 
= 25.8 Hz); 13C NMR (CDC13) CH3 17.3 (dd, J p x  = 2 and 13 Hz), 
CH 36.0 (dd, JPx = 1 2  and 33 Hz), CH, 37.2 (dd, Jpx = 15 and 
36 Hz), C5H5 93.4 (s), C&5 and =CH 95-136, e= 354.3 (t, J p x  
= 15 Hz). Anal. Calcd for C40H37FsP3R~: C, 58.18; H, 4.52. 
Found: C, 58.72; H, 4.47. 

Preparation of [ (q-C5Hj)Ru(diphosphne)(C==CHCH3)]PF6 
(6'a and 6%). A 0.300-g (0.49-mmol) sample of l'a (diastereomeric 
purity 98 f 2%)  was combined with 0.240 g (1.48 mmol) of 
NH4PF6 under an atmosphere of propyne in 20 mL of CH30H 
until a yellow-orange solution was obtained (2 h). The solvent 
was removed under vacuum and the crude product recrystallized 
from CH,Cl,/n-hexane to give 0.318 g of 6'a (diastereomeric purity 
93 f 2%) (85% yield). Analogously starting with 0.300 g of l'b 
(diastereomeric purity 97 f 2%) 0.337 g of 6'b (diastereomeric 
purity 95 f 2%) was recovered (90% yield). 

6'a: 'H NMR (CD2C12, 6) CCH3 0.92 (d, 3 H, JH-H = 7.6 Hz), 
CH, 1.35 (ddd, 3 H, JH-H = 6.4 Hz, J p - H  = 12.8 and 1.5 Hz), CH 
2.34 (m, 1 H), CH2 3.10 (m, 2 H), =CH 3.60 (dq, 1 H, JH-H = 7.6 
Hz, J p - H  = 1.5 Hz), C5H5 5.32 (s, 5 H), CsH5 7.57 (m, 20 H); 31P 
NMR (CD2C12, 6 from H,PO,) 83.7 and 63.5 (d, Jp-p = 29.3 Hz); 
13C NMR (CD,Cl,/CDCl, 3:l; 6) CH3 15.9 (dd, Jpx = 5 and 21 
Hz), CH, 34.1 (d, Jp-c = 34 Hz), CH 34.2 (dd, JP-c = 13 and 34 

Jpx = 14 and 18 Hz). Anal. Calcd for C35H35FsP3R~: C, 55.05; 
H, 4.62. Found: C, 54.96; H, 4.61. 

J p - H  = 12.8 Hz), CH3 (d, 3 H, JH-H = 8.2 Hz), CH and CH, 2.96 
(m, 3 H), =CH 3.89 (m, 1 H), C5H5 5.15 (s, 5 H), C6H5 7.46 (m, 
20 H); 31P NMR (CD2C12, 6 from H3PO4) 90.7 and 74.1 (d, Jpwp 

= 8.8 Hz), CH2 35 (dd, Jpx = 12 and 33 Hz), CH 37.7 (dd, Jpx 
= 15 and 25 Hz), C5Hj 92.6 (s), =CH 109 (s), C6H5 128-138 (m), 
=C= 346.6 (t, Jp-c = 15 Hz). Anal. Calcd for C3jH35F6P3Ru: 
C, 55.05; H, 4.62. Found: C, 54.84; H, 4.57. 

Preparation of [(q-CjH5)Ru(diphosphine)(C(OCH3)- 
CH2C6H6]]PF6 (3,3'a, and 3'b). A 1.32-g (2.1-mmol) sample of 
1 was refluxed in CH30H with 1.31 g of KPF6 and 5 mL of 
phenylacetylene for 48 h. Solvent and excess phenylacetylene 
were removed under vacuum, and the residue was dissolved in 
CH2C12 and filtered through Celite. 3 was crystallized through 
slow diffusion of diethyl ether and was then filtered and dried; 
yield 1.80 g (98%). A preparation starting with 0.100 g of 2, which 
was refluxed for 48 h in CH,OH, gave 0.095 g (92% yield) of 3. 
Similarly 0.530 g (0.64 mmol) (diastereomeric purity 97 f 2%) 
of 2'a was refluxed for 48 h in methanol. Methanol was then 
removed under vacuum. 'H NMR analysis of the crude reaction 
mixture showed a 97 f 2% diastereomeric composition. The crude 
reaction product was dissolved in CH2C12 and filtered through 
Celite. Slow diffusion of diethyl ether resulted in precipitation 
of yellow crystals of 3'a which were filtered and dried; yield 0.495 
g (90%). Analogously 0.480 g (0.58 mmol) of 2'b (diastereomeric 
purity 98 f 2%) was refluxed in 20 mL of CH,OH for 48 h. 
Cooling a t  room temperature resulted in formation of yellow 
crystals of 3'b. The suspension was cooled to -20 "C. Filtration, 
washing with diethyl ether, and drying gave 0.420 mg (87% yield) 
of 3'b. The diastereomeric composition of the crude reaction 
product (97 f 2% by 'H NMR) was determined by drying of a 
small part of the hot methanol solution of 3'b. 

60.1 (d, Jp-p = 27.9 Hz); 13C NMR (CDC13) CH3 15.2 (dd, Jp-c 

Hz), C5H5 92.0 (s), =CH 107 (s), CsH5 129-137, =C= 347 (dd, 

6'b: 'H NMR (CD2C12, 6) CH3 1.00 (dd, 3 H, JH-H = 6.8 Hz, 

= 23.8 Hz); I3C NMR (CD,C12/CDC13, 3:l; 6) CH3 17.6 (d, Jp-c 

3: 'H NMR (CD,Cl,,6) CH3 0.94 (dd, 3 H, JH-H = 6.8 Hz, JH-P 
= 12.9 Hz), CH3 1.33 (9, 3 H, JH-H = 7.1 Hz, JH-P = 12.3 Hz), CH 

4.11 (dd, 2 H, JH-H = 16.1 Hz), C5Hj 5.12 (s, 5 H), CsH5 6.16 (d, 
2.1 (m, 1 H), CH 3.15 (m, 1 H), OCH3, 2.95 (s, 3 H),CH2 3.23 and 

2 H) and 7.0-7.7 (m, 23 H); 31P NMR (CD2C12, 6 from HSPO,) 
89.0 and 80.9 (d, Jp-p = 38 Hz). Anal. Calcd for C4,H4,F60P3Ru: 
C, 57.86; H, 4.97. Found: C, 58.01; H, 4.78. 

3'a: 'H NMR (CD2C12, 6 )  CH3 1.07 (ddd, 3 H, JH-H = 6 Hz, 
JH-p = 13 and 1.4 Hz), CH and CH, 2.20 and 3.20 (m, 3 H), OCH, 
2.87 (s, 3 H), CH2 3.50 and 3.18 (dd, 2 H, JH-H = 15.8 Hz), CjH5 
5.09 (s, 5 H), CsHj 6.18-6.29 (m, 2 H), 6.92-7.97 (m, 23 H); 31P 
NMR (CD2C12, 6 from &PO,) 67.6 and 92.2 (d, Jp-p = 37.8). Anal. 
Calcd for C4,H,,F,0P,Ru: C, 57.42; H, 4.82. Found: C, 57.15; 
H, 4.99. 

J H - p  = 12.1 Hz), CH and CH, 2.2-3.1 (m, 3 H), OCH3 3.01 (s, 3 
H), CH2 3.63 and 4.15 (dd, JH-H = 15.0 Hz), C5H5 5.08 (s, 5 H), 
C&5 6.42-6.53 (m, 2 H), 7.11-7.72 (m, 23 H); 31P NMR (CD2C12, 
6 from H3P0,) 76.6 and 84.0 (d, Jp-p = 34.1 Hz). Anal. Calcd 
for C,,H,,F,0P3Ru: C, 57.42; H, 4.82. Found: C, 56.67; H, 5.04. 

Reaction of 3,3'a and 3'b with LiAlH,: Synthesis of (r)- 

C5H5)Ru(diphosphine)CH2CH2C6H5 (4,4'a, and 4'b). A 5-mL 
sample of a saturated tetrahydrofuran solution of LiAlH, was 
slowly added to a suspension of 0.420 g (0.48 mmol) of 3 in 20 
mL of THF cooled a t  -70 "C. The reaction mixture was left for 
6.5 h at -70 "C and overnight a t  room temperature. THF was 
removed under vacuum. The residue was dissolved in 10 mL of 
benzene, and the excess LiA1H4 was cautiously hydrolyzed with 
H20. The benzene solution was dried with Na2S04 and con- 
centrated to 3 mL. Slow diffusion of 50 mL of n-pentane gave 
yellow crystals of 4 (0.235 g, 70% yield). 'H NMR analysis of 
a small amount of the benzene solution shows a chemoselectivity 
higher than 95%. 

Analogously starting with 0.440 g (0.51 mmol) of 3'a having 
a 97 f 2% diastereomeric purity 0.260 g (0.38 mmol, 75% yield) 
of 4'a (diastereomeric purity 97 f 2%) was obtained. In the 
similar reaction of 0.400 g (0.47 mmol) of 3% (diastereomeric purity 
96 f 2%), the crystallization of 4'b (diastereomeric composition 
of the crude reaction product 95 f 2%) from the benzeneln- 
pentane solution was carried out at -80 "C; yield 63 mg (25%). 

3'b: 'H NMR (CD2C12, 6) CH3 1.41 (dd, 3 H, JH-H = 6.8 Hz, 

4: 'H NMR (CsD,3,6) CH3 0.71 (dd, 3 H, JH-H = 6.7 Hz, J H - ~  
= 10.4 Hz), CH3 0.78 (dd, 3 H, JH-H = 7.1 Hz, J H - p  = 10.4 Hz), 
CH 1.52 (m, 1 H), CH 2.25 (m, 1 H), CH2" 0.60 and 0.84 (m, 2 
H), CH26 1.91 and 2.26 (dt, JH-H = 14 and -4 Hz), C5H5 4.62 (s, 

and 97.0 (d, Jp-p = 42.0 Hz); 13C NMR (C6D6) CH, 13.8 (dd, Jc-p 
= 4.6 and 18.4 Hz), CH3 15.8 (dd, J c - ~  = 4.6 and 16.9 Hz), CH 
36.0 (dd, Jc-p = 17.6 and 29.3 Hz), CH 42.8 (dd, J c - ~  = 21.9 and 

Anal. Calcd for C4,H,,P,Ru: C, 70.57; H, 6.07. Found: C, 70.82; 
H, 6.06. 

4'a: 'H NMR (C&, 6) CH3 0.81 (dd, 3 H, JH-H = 6 Hz, J p - H  
= 9.5 Hz), CH and CH, 1.30 and 2.40 (m, 3 H), CH," 0.75-0.85 
(m, 2 H), CH,B 1.80 and 2.31 (dt, 2 H, JH-H = 4 and 14 Hz), C5H5 

H3PO4) 100.4 and 74.3 (d, Jp-p = 35.7 Hz); l3C NMR (C6D6, 6) 
CH3 16.6 (dd, Jc-p = 4.7 and 16.8 Hz), CH 31.3 (dd, Jp-c = 15 
and 28 Hz), CH, 36.9 (dd, Jc-p = 21 and 29 Hz), CH," 6.2 (t, Jc-p 
= 11.5 Hz), CH,@ 44.3 (s), C5H5 82.9 (s), C6H5 123-150. Anal. 
Calcd for C40H40P2Ru: C, 70.26; H,  5.90. Found: C, 69.88; H, 
5.65. 

= 0.7 Hz), CH, CH,, and CH2P 2.0-2.4 (m, 5 H), CH," 0.77-1.2 
(m, 2 H), C5H5 4.66 (s, 5 H), CsH5 6.82-7.76 (m, 25 H); 31P NMR 
(CsD6, 6 from H3PO4) 89.6 and 82.4 (d, Jp-p = 36.3 Hz); 13C NMR 
(C6D6, 6) CH3 15.9 (dd, Jcwp = 4.2 and 16.9 Hz), CH2 37.2 (dd, 
Jc-p = 18.3 and 31.4 Hz), CH 38.2 (dd, Jc-p = 18.7 and 27.3 Hz), 

124-150. Anal. Calcd for C40H40P2R~: C, 70.26; H, 5.90. Found: 
C, 69.83; H, 5.72. 

Reaction of 1, 1'8, and l'b with C6H5CH2CH2MgBr. 1 (60 
mg, 0.096 mmol) dissolved in 5 mL of toluene was treated with 
1 mL of a 1.7 M solution of CsH5CH2CH2MgBr in ether. The 
solution was stirred for 48 h a t  room temperature and then hy- 
drolyzed cautiously with water. The separated organic phase was 
dried over Na2S04. The solvent was removed under vacuum, and 

5 H), C6H5 6.8-7.8 (m, 25 H); 31P NMR (C,jDs, 6 from H3PO4) 83.1 

28.1 Hz), CHp" 5.1 (t, J p x  = 11.0 Hz), CH2'44.1 (s), C$5 126-150. 

4.77 (s, 5 H), C & ,  6.74-7.70 (m, 25 H); 31P NMR ( C & , ,  6 from 

4'b: 'H NMR (CsD,j, 6) CH3 0.89 (dd, 3 H, JH-H = 6.7 Hz, Jp-H 

CH," 4.7 (t, Jc-p = 11.2 Hz), CHf 45.6 (s), C5H5 83.5 (s), CsH5 
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Table V. Details of Data Collection and Structure Determination for Compounds 3’b and 6’a _____- ~ _ _ ~  
3‘b 6‘a 

formula 
M ,  
cryst syst 
space group 
a. A 
b. 
c. A 
L’, ‘42 
z 
p ,  g cm 
p ( M o  K n ) ,  cm 
cryst size, m 
radiatn (A,  A) 
scan type 
scan width, deg 
data collection range, deg 
part of the sphere 
no. of unique data 
no. oi data used in the refinement 
cryst decay 
max and min transmissn factors 
weighting fudge fact,or 
I? 
I< ~ 

(.:OF 

the residue was dissolved in CsDs. ‘H and 31P NMR analysis 
showed quantitative formation of 4 (40%) and hydrido complex 

Analogously l’a (diastereomeric purity 9890) gives a 65:35 
mixture of 4’a and 7‘a, both having a diastereomeric purity higher 
than 98%. In the similar reaction of l’b (diastereomeric purity 
86%) 4’b and 7’b are formed in a 70:30 ratio; also in this reaction 
the diastereomeric composition is maintained. 

Prepara t ion  of (q-C,H6)Ru(diphosphine)(C=CC6H5) (5, 
5’a, and 5%). To a CH2Clz solution containing 0.300 g (0.36 mmol) 
of 2 was added 0.2 g (33.4 mmol) of KOH in CH,OH; the color 
instantaneously turned from red to yellow. The solvents were 
removed under reduced pressure, and yellow crystals of 5 were 
obtained through crystallization from CH2Clz/n-hexane; yield 
0.225 g (90%). Analogously starting with 0.300 g (0.36 mmol) of 
2/a (diastereomeric composition 98 f 2%) 0.197 g (0.29 mmol) 
of 5’a was obtained; the diastereomeric composition of the crude 
reaction product was 96 f 2%. In a similar way 0.300 g (0.36 
mmol) of 2’b (diastereomeric purity 98 f 2%) gave 0.200 g (0.29 
mmol) of 5‘b (diastereomeric purity 97 f 2Yc). 

5: ‘H NMR (CDC13, 6) CH:, 0.80 and 0.95 (dd, 6 H, JH-H = 6.6 
Hz, JP-H = 11.7 Hz), CH 1.89 and 2.89 (m, 2 H ) ,  C,H5 4.49 (s, 5 
H), C6H5 6.96-8.26 (m, 25 H); 31P NMR (CDCI,) ( 6  from HBP04) 
89.1 and 77.1 (d, Jp-p = 34.2 Hz); I3C NMR (C6D6, 6 )  CH3 15.3 
(dd, Jc-p = 4.7 and 15.2 Hz), CH3 17.1 (d, Jc.p = 17.3 Hz), CH 
36.4 (dd, Jc-p = 17.0 and 27.8 Hz). CH 39.5 (dd, Jc.p = 16.8 and 

= 21.5 and 26 Hz), C,,H5 123-144. Anal. Calcd for CrlH,,P2Ru: 
C,  70.98; H, 5.52. Found: C, 69.67; H, 5.42. 

5’a: ‘H NMR (CL)C13, (1) CH:, 1.10 idd, 3 H, J H - H  = 7.0 Hz. 
Jp-H = 10.6 Hz): CH, and CH 1.75-3.10 (m, 3 H), C5H5 4.67 (s, 
5 H), CsH, 6.5-8.0 (ni, 25 H); ”P NMR (CDCI,, 6 from H,P04) 
91.7 and 68.8 (d, JI,.p = 31.1 Hz). Anal. Calcd for C,oH36P2Ru: 
C ,  70.67; H, 5.34. Found: C, 69.62; H, 5.23. 

JP-H = 12.5 Hz). CH and CH, 2.40-2.80 (m, 3 H), C5H5 4.62 (s, 
5 H), C6H5 6.5-8.1 (m, 25 H); 31P NMR. (CDCl?, 6 from H,P04) 
89.0 and 79.4 (d, Jp.p = 24.7 Hz). .4nal. Calcd for C4”H3GP2Ru: 
C, 70.67; H, 5.34. Found: C, 69.12; H, 5.44. 

Reaction of l’a a n d  l ‘b  wi th  C,H,C=CLi: Formation of 
5’a and  5’b. A 50-mg (0.80-mmol) sample of l’a (diastereomeric 
purity 98%) dissolved in 5 mL of toluene was treated with a large 
excess of C6H5C=CLi (0.8 mmol) in THF for 24 h. The resulting 
solution was cautiously hydrolyzed with HzO, and the separated 
organic phase was dried on Na2S04. The solvent was removed 
under vacuum, and the residue was dissolved in C6Ds. ‘H and 
31P NMR showed exclusive formation of 5’a having a diastereo- 
meric purity higher than M Y C ,  Analogously l’b idiastereomeric 

(S,S)-(~-C,H,)RU(P~~PCH(CHJCH(CH~)PP~,]H (7) (60%). 

34.4 Hz), C5H5 84.1 (s). P h C E  112.9 (s), RuC= 116.5 (dd, ./c.r> 

5’b: ’H NMR (CDCI,, 6) CH:, 0.90 (dd, 3 H, JH-H = 6.7 Hz, 

C,,H,,F,OP,Ru 
837.8 
orthorhombic 
1’2,2,2, (no. 19) 
12.555 (4 )  
12.6331 (1) 
84.198 (8) 
J543.4 
4 
I .48 
5 82 
0.27 X 0.14 X 0.14 
MCJ Ktu (0.71074) 

1.4 + 0.347 tan 0 
3 < 0 < 24’ 
+h,+k.+l 
3401 
1530 
no decay 
100-0.81 
0.03 
0.053 
0 067 

LL scan 

orthorhombic 
P2,2,2, (no. 19) 
11.469 (4) 
14.976 (4) 
20.696 (7) 
3554.7 
4 
1.43 
6.18 
0.25 X 0.15 X 0.12 
Mo K n  (0.71073) 
o scan 
1.6 + 0.347 tan 8 
3 < 8 < 23’ 
+h,+k,+l 
2793 
1783 
no decay 
1.00--0.91 
0.03 
0.044 
0.052 

1.85 1.98 

purity 96 f 290) gave formation of 5’b (diastereomeric purity 97 
+ 2%).  

Reaction of 5’a and  5’b with HPF,: Formation of 2’a and  
2’b. A 0.030-g (0.044-mmol) sample of 5’a (diastereomeric purity 
96 f 2%) was dissolved in 20 mL of CHZCI2 and treated with an 
excess of HPF6.Etz0. The solvent was removed under reduced 
pressure, and the crude reaction product was dissolved in CDzClz. 
The filtered solution was analyzed by ‘H and 31P NMR spec- 
troscopy and showed quantitative formation of 2’a (diastereomeric 
purity 96 f 2%).  Analogously from 5’b (diastereomeric purity 
97 f 2%) 2’b was exclusively formed with a diastereomeric purity 
of 98 f 2%. 

X-ray Data  Collection, S t ruc tu re  Determination, and  
Refinement. The refined cell constants and other relevant crystal 
data for the two compounds (RR,,Rc)-[ (q-C,H,)Ru{Ph,PCH- 
~CH3~CHzPPhz}(C~OCH3)CH2C6H~]lPF6 (3’b) and (SR,,&)-[(V- 
C5H,)Ru{PhzPCH(CH,)CHzPPhz~(C=CHCH3)]PF6 (6’a) are 
presented in Table V together with details of intensity mea- 
wrements. The intensity data were collected on an Enraf-Nonius 
CAD-4 diffractometer. All the data were corrected for Lorentz 
and polarization effects. An empirical absorption correction was 
applied by measuring the intensities of two reflections with x near 
to 90’ for different $ values (4 = 0-360’ every 10’). The 
itructures were solved by conventional Patterson and Fourier 
methods and refined by full-matrix least squares. All the non- 
phenyl group atoms were treated anisotropically in both cations, 
and in the final refinement the hydrogen atoms were located in 
their ideal positions (C-H = 0.95 A) (after each cycle but not 
refined). The absolute configuration was tested by refining both 
enantiomers for each compound. In both cases the lower R and 
R ,  values were associated with the previously knowd6 R con- 
figuration of the asymmetric carbon atom of the diphosphine 
ligand 

In both compounds the [PF,] anion was slightly disordered, 
and we decided to use a model of 12 half fluorine atoms refined 
isotropically in compound 3‘b and of 6 anisotropic fluorine atoms 
in compound 6’a. The final difference Fourier maps were flat 
in both cases, showing only residual peaks not exceeding 0.5 e/A3 
near the PF6 anions. 

All the computations were performed on a PDP 11/34 computer 
using the Enraf-Nonius structure determination package (SDP). 
Bond distances and angles are reported in Tables I11 and IV. The 
final positional and thermal parameters and computed and ob- 
served structure factors for the two compounds are given in the 
supplementary material. 
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The transition-metal complexes-(~-C5Me5)Ru(C0)~CH~0H (7), (o-C5Me5)Ru(C0)2CH0 (lo), and (a- 
C5Me5)Ru(CO)(PMe2Ph)CH0 (1 1)-were synthesized and studied as models for intermediates thought 
to be involved in the reduction of CO to organic oxygenates by transition-metal catalysts. Complex 7 was 
prepared by NaBH3CN reduction of (T~C~M~~)RU(CO)~+BF; (1). Compound 10 was synthesized by reduction 
of 1 with [Ph3PCuH]6, but it could not be isolated in pure form. Pure crystalline 11 was isolated from 
the reduction of (a-C5Me5)Ru(C0)2(PMe2Ph)+I- (2) with NaBH4 in tetrahydrofuran/water. Formyl 
complexes 10 and 11 were shown to decompose by radical chain mechanism as evidenced by the fact that 
the addition of 9,10-dihydroanthracene, a hydrogen atom donor, to solutions of 10 or 11 drastically slowed 
their decomposition. The intermediate formed from the decomposition of 11 was shown to undergo electron 
transfer with (q-C5R5)Ru(C0)21 (R = H, Me). An X-ray structure of 11 was completed. 

Introduction 
been proposed that the catalytic reduction of 

carbon monoxide by transition-metal complexes to form 
organic oxygenates proceeds through a mechanism in- 
volving formyl and a-hydroxymethyl complexes.' In re- 
cent years, intensive effort has gone into modeling these 
intermediates. 

A number of neutral mononuclear f ~ r m y l ~ - ~  and a-hy- 
droxy complexes have been i~o la t ed ,~~ '  and several X-ray 
structures of formyl complexes have been completed.6 We 
report here the full details of the synthesis and charac- 
terization of (o-C5Me5)Ru(CO)(PMe2Ph)CH0,8 (7- 

(1) Blackborow, J. R.; Daroda, R. J.; Wilkinson, G. Coord. Chem. Rev. 
1982, 43, 17-38 and references therein. 

(2) (a) Collins, T.  J.; Roper W. R. J. Organomet. Chem. 1978, 159, 
73-89. (b) Tam, W.; Lin, G.; Wong, W.; Kiel, W.; Wong, V.; Gladysz, J. 
A. J. Am.  Chem. SOC. 1982, 104, 141-152. (c) Casey, C. P.; Andrews, 
Mark, A.; McAlister, D. R.; Ring, J. E. J. Am. Chem. SOC. 1980, 102, 
1927-1933. Tam, W.; Wong, W. K.; Gladysz, J. A. J. Am. Chem. SOC. 
1979, 101, 1589-1591. Graham, W. A. G.; Sweet, J. R. J. Organomet. 
Chem. 1979,173, C9-Cl2. (d) Thorn, D. L. J. Am. Chem. Co. 1980,102, 
7109-7110. (e) Wayland, B.; Woods, B. J. Chem. SOC. Chem. Commun. 
1981,700-701. (f) Gibson, D. H.; Owens, K.; Ong, T.4. J. Am. Chem. 
SOC. 1984,106,1125-1127. (9) Fagan, P.; Moloy, K; Marks, T. J. J. Am. 
Chem. SOC. 1981, 103, 6959-6962. 

(3) Tam, W.; Lin, G.; Gladysz, J. A. Organometallics 1982, I, 525-529. 
(4) Davies, S.; Simpson, S. J. Organornet. Chem. 1982,240, C48-C50. 
(5) Casey, C. P.; Andrews, M. A.; McAlister, D. R.; Jones, W. D.; 

(6) Casey, C. P.; Meszaros, M. W.; Neumann, S. M.; Cesa, I. G.; Haller, 
K. J. Organometallics, in press and references therein. 

(7) (a) Blackmore, T.; Bruce, M. I.; Davison, P. J.; Iqbal, M. Z.; Stone, 
F. G. A. J. Chem. SOC. A 1970, 3153-3158. Headford, C.; Roper, W. R. 
J. Organomet. Chem. 1980, 198, C7-C10. (c) Wayland, B.; Woods, B.; 
Minda, V. J.  Chem. Soc. Chem. Commun. 1982,634-635. (d) Vaughn, 
G.; Gladysz, J. J.  Am. Chem. SOC. 1981,103,5608-5609. (e) Lapinte, C.; 
Astruc, D. J. Chem. SOC., Chem. Commun. 1983,430-431. (f) Lin, Y. C.; 
Milstein, D.; Wreford, S. S. Organometallics 1983,2,1461-1463. (9) May, 
C.; Graham, W. A. G. J. Organomet. Chem. 1982, 234, C49-C51. (h) 
Thorn, D. L.; Tulip, T. H. Organometallics 1982,1, 1580-1586. (i) La- 
pinte, c. ;  Astruc, D. J. Chem. SOC., Chem. Commun. 1983,430-431. (j) 
Gladysz et  al. J. Am. Chem. SOC., in press. 

(8) Sumner, C. E.; Nelson, G. 0. J. Am. Chem. SOC. 1984,106,432-433. 
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I 

(r)-Cst&)Ru(CO)nH + ,+Ru, t (~-C&le~)Ru(CO)2C~OMe 

8 OC I CyOH 
co 

7 

Q 

C5Me5) R u  (C 0) (PE t3) C HO , and  ( q -  C5Me5) Ru-  
(CO)2CH20H.9 In addition, the radical-catalyzed decom- 
positon of the formyl complexes is discussed along with 
the detailed X-ray structure analysis of (a-C5Me5)Ru- 
(CO) ( PMe2Ph) CHO. 

Results 
Syn theses  of (q-C5Me5)R~(C0)3+BF4-  ( l ) ,  (q -  

C5Me5)Ru (C 0) 2( P MezP h)+I- (2), a n d  ( q-C5Me5)Ru- 
(C0)2(PEt3)+BF4- (4). Prior to the present work, some 
cationic complexes of the type (q-C5H5)Ru(C0)2L+ had 
been synthesized by the reaction of (~-C,H,)RU(CO)~C~ 
with AlCl, and L in benzene.1° These preparations re- 
quired a counterion-exchange step that can be avoided by 
using AgBF, instead of AlC1,. Thus, high yields of (a- 
C5Me5)Ru(C0),+BF4- (1) and ( T - C ~ M ~ ~ ) R U ( C O ) ~ ( P E ~ $ + -  
BF4- (4) are obtained by reaction of the corresponding 

(9) Nelson, G. 0. Organometallics 1983, 2, 1474. 
(10) Jungbauer, A.; Behrens, H. Z. Naturoforsch. E:  Anorg. Chem., 

Org. Chem. 1978, 33B, 1083-1086. 
(11) Indirect proof comes from decomposition of (?-CSMeS)Ru(CO)- 

(PMe2Ph)CH0 (1 1) in the presence of (~C5Mes)Ru(CO),I (4). Details 
w ~ l l  be published elsewhere: Nelson, G. O., in preparation. 
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