
Subscriber access provided by American Chemical Society

Organometallics is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036

Oxidation of (alkylidyne)triruthenium clusters. Spectroscopic
characterization of the cation radicals [H3Ru3(CX)(CO)9-nLn]+ (X =

OMe, L = PPh3, n = 2, 3; X = OMe, L = AsPh3, n = 3; X = SEt, NMeCH2Ph,
L = PPh3, n = 3) and the decomposition products [H3Ru3(CO)7L3]+

William G. Feighery, Robert D. Allendoerfer, and Jerome B. Keister
Organometallics, 1990, 9 (9), 2424-2426• DOI: 10.1021/om00159a006 • Publication Date (Web): 01 May 2002

Downloaded from http://pubs.acs.org on March 8, 2009

More About This Article

The permalink http://dx.doi.org/10.1021/om00159a006 provides access to:

• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://dx.doi.org/10.1021/om00159a006


2424 Organometallics 1990, 9, 2424-2426 

Oxidation of (Alkylidyne) triruthenium Clusters. Spectroscopic 
Characterization of the Cation Radicals [ H,Ru,(CX)(CO),_, L, ]+ (X = 

OMe, L =' PPh,, n = 2, 3; X = OMe, L = AsPh,, n = 3; X = SEt, 
NMeCH,Ph, L = PPh,, n = 3) and the Decomposition Products 

[H3Ru3 (CO) A I +  
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Summary: Chemical or electrochemical oxidation of 
[H,Ru,(CX)(CO),-,L,] (X = OMe, L = PPh,, n = 2, 3; X 
= OMe, L = AsPh,, n = 3; X = SEt, NMeBz, L = PPh,, 
n = 3) reversibly forms the corresponding cation radical 
[H,Ru,(CX)(CO),-, L, 3'. Decomposition of [H,Ru,- 
(COMe)(CO),L,] ' generates [H,Ru,(CO),L,] +. The com- 
plexes [H,Ru,(CX)(CO),-,L,]+ were characterized by 'H 
NMR and EPR spectroscopies. The complexes [H,Ru,- 
(CO),L,]' were characterized by 'H and ,'P NMR spec- 
troscopies and by comparison of the spectra with those 
of [H,0s3(CO),,-,L,]+ (L = PPh,, n = 0, 1). 

Electrochemical activation has become an important 
technique in organometallic chemistry, as odd-electron 
intermediates have been identified in a number of fun- 
damental reactions, including ligand substitution and ox- 
idative addition.' Odd-elect.ron species derived from tetra- 
and trimetallic alkylidynes have been of interest for some 
time.2 We present here the new class of cation-radical 
clusters [H3Ru3(CX)(CO),-,L,]' and a new example of 
electrochemical activation of a methylidyne ligand, in 
which 0-CH3 bond cleavage from the moderately stable 
radical cations [H3Ru3(COMe)(CO)fiL,]+ forms the new 
complexes [H3Ru3(C0),L3]+. 

One-electron oxidation of H3Ru3(~3-CX)(CO),_,L. (X 
= OMe, L = PPh,, n = 3, la; X = OMe, L = PPh,, n = 
2, Ib; X = OMe, L = AsPh3, n = 3, IC; X = SEt, L = PPh,, 
n = 3, Id; X = NMeBz, L = PPh,, n = 3, le)3 in di- 
chloromethane solution can be achieved by chemical or 
electrochemical methods. Cyclic voltammograms of these 
clusters exhibit in each case two one-electron-oxidation 
waves, the first of which is quasi-reversible and the second 
irreversible (e.g. la and le, Figure l).* The cyclic volt- 

(1) Kochi, J. K. J .  Organomet. Chem. 1986,300, 139. (b) Halpern, J. 
Angew. Chem., Int. Ed. Engl. 1985, 24, 274. (c) Geiger, W. E.; Connelly, 
N. G. Ado. Organornet. Chem. 1985, 24, 87. 

(2) (a) Connelly, N. G.: Forrow, N. J.; Knox, S. A. R.; Macpherson, K. 
A.; Orpen, A. G. J .  Chem. Soc., Chem. Commun. 1985,16. (b) Bond, A. 
M.; Peake, B. M.; Robinson, B. H.; Simpson, J.: Watson, D. J. Inorg. 
Chem. 1977, 16, 410. (c) Bond, A. M.; Dawson, P. A.; Peake, B. M.; 
Rieger, P. H.; Robinson, B. H.; Simpson, J. Inorg. Chem. 1979, 18, 1413. 
(d) Kotz, J. C.; Petersen, J. V.; Reed, R. C. J. Organomet. Chem. 1976, 
120, 433. (e) Colbran, S. B.; Robinson, B. H.; Simpson, J. Organo- 
metallics 1983,2, 943. (f) Colbran, S. B.; Robinson, B. H.; Sinfpson, J. 
Organometallics 1983, 2, 952. (g) Strickland, D. S.; Wilson. S. R.: 
Shapley, J. R. Organometallics 1988, 7, 1674. 

(3) These compounds were prepared by ligand substitution on the 
parent carbonyls according to procedures published previously for other 
H3Ru3(CX)(CO)+,L, clusters: (a) Rahman, Z. A.; Beanan, L. R.; Bavaro. 
L. M.; Modi, S. P.; Keister, J. B.; Churchill, M. R. J .  Organomet. Chem. 
1984, 263, 75. (b) Keister, J. B.; Payne, M. W.; Muscatella, M. J. Or-  
ganometallics 1983,2, 219. (c) Churchill, M. R.; Ziller, J. W.; Dalton, D. 
M.: Keister, d .  B. Organometallics 1987, 6, 806. 
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Figure 1. Cyclic voltammograms of H,RU~(COM~)(CO)~(PP~~)~ 
(la; upper) and H3Ru3(CNMeCH2Ph)(CO),(PPh,), (le; lower) 
(0.1 M NBu4BF4 in dichloromethane, 100 mV/s). Potentials are 
referenced to the SCE. 

ammograms of the mono- and unsubstituted analogues 
each display only a single, irreversible anodic wave. A 
single one-electron oxidation of la-e can also be achieved 
with the chemical oxidants AgS03CF3, [FeCp2][PFfi], and 
[Fe(o-phen),] [C10,]3, in each instance causing the yellow 
solution to immediately become dark green, attributed to 

(4) la: IR (CHZCI2) 2035 s, 2009 vs, 1959 m cm-'; (Ep+ + Ep,)/2 = 0.31 
V (S, = 117 mV, i = 0.77), E,, = 0.60 V. Ib: (Epa + Ep,)/2 = 
0.51 V (S, = 70 m e ,  i , : / J ~ ~  = 0.88),'Ep, = 0.77 V. IC: (% + ,k ,J/2 
= 0.45 V (AE, = 86 mf ~ ~ , ~ / i ~ , ~  = 0.84), h ,B = 0.68 V. Id: ffi (Cd2C12) 
2036 s, 2013 vs, 1962 m cm-'; (Epa + E 9 / 2  = 0.35 V (ap = 77 mV, $k/tp., = 0.78), E a = 0.81 V. le: ' IR (8k2CI2) 2030 vs, 2002 s, 1953 m 

= 0.35 
V. Cyclid voltammetry data were recorded in dichPbromethane solution 
(0.1 M NBu4BF4) at  100 mV/s and referenced to SCE ((Ep+ + E,,,)/2 for 
ferrocene is 0.53 V under the same conditions). 

, (Ep8  + EpcP2 = -0.06 V (AEp = 61 mV, iPJi a = 0.97), 

'C 1990 American Chemical Society 



Communications Organometallics, Vol. 9, NO. 9, 1990 2425 

the similarity between the IR spectra in the carbonyl re- 
gion for l e  and 2e (the spectrum of the latter shifted to 
higher frequency, as expected for its positive charge) and 
the dissimilarities between the IR spectra of la and 2a and 
of Id and 2d.4!5 This structure accounts for the coupling 
of the unpaired electron to only two of the three in- 
equivalent ,'P nuclei for 2a, since the SOMO of [H3Ru3- 
(CX)(CO),]+, by analogy to H,Ru,(c(,-CX)(CO)~,~ is ex- 
pected to be largely Ru-C bonding in character, localized 
primarily trans to the axial coordination sites. Electron- 
transfer-induced ligand isomerization has precedent in the 
chemistry of monometallic complexe~.~ 

The cation radicals decompose upon standing in solu- 
tion, with the times required for decomposition at  room 
temperature varying from minutes (2c) to hours (2e). 
Products from 2b, 2d, and 2e have not been characterized. 
Decompositions of solutions of 2a or 2c produce red so- 
lutions whose 'H and ,'P NMR spectra indicate the 
presence of diamagnetic products 3, containing three in- 
equivalent hydrides and inequivalent ligands L, in addition 
to variable quantities of l a  or lcS8 In no case is there a 
resonance that can be attributed to a methyl group asso- 
ciated with 3, and we have been unable to identify an 
organic product derived from this substituent. The 
probable formula is therefore [H3Ru3(C0),L3]+ (3a, L = 
PPh,; 3c, L = AsPh,), heretofore unknown. Consistent 
with this proposal, the 'H NMR spectra of 3a and 3c are 
notably similar to those of [H30s3(CO)l,,(PPh,),1+ (n  = 
0 (4a), 1 (4b)), previously prepared by protonation of the 
unsaturated clusters H20s3(CO),,,(PPh,), (n  = 0 (5a), 1 
(5b)).9 In accordance with this assignment, oxidation of 
H,OS,(COM~)(CO)~(PP~,) with Ag+ produces a fleeting 
green color before the solution turns bright yellow, and the 
'H NMR spectrum of the yellow solution shows the 
presence of 4b. The identity of 4b was confirmed by de- 
protonation with NEt, and isolation of the neutral product 
5b (34% isolated yield). The structure of 4b, which was 
previously proposed by Johnson, Lewis, and co-workers, 
is 11, based upon 'H NMR spectra. However, we propose 
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H 
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Figure 2. EPR spectra of [H3Ru3(COMe)(CO)6(PPh3)3]+ (2a; 
upper) and [H3Ru3(CNMeCH2Ph)(CO)6(PPh3)3]* (2e; lower) in 
dichloromethane solution at 25 "C. 

the formation of the corresponding cation radicals 2a-e. 
The cyclic voltammogram of 2a is identical with that of 
la, indicating that 2a is the product of the first electro- 
chemical oxidation, and chemical reduction of 2a regen- 
erates la (99% conversion). The 'H NMR spectrum of 
2a displays broad resonances for hydrides and a methyl 
group (integration vs an internal standard gives a yield for 
2a of 86% from la), consistent with its formulation as a 
paramagnetic p r ~ d u c t . ~  EPR spectra were obtained for 
2a, 2b, 2d, and 2e.5 The EPR spectrum of 2e consists of 
a quartet with coupling to three equivalent ,'P nuclei 
(Figure 2), and the spectrum of 2b shows coupling to two 
equivalent ,'P nuclei. However, the EPR spectrum of 2a 
displays a strong four-line absorption, indicative of hy- 
perfine coupling to two inequivalent 31P nuclei (Figure 2). 
Since la-e have equivalent, axial EPh3 ligands, a structural 
rearrangement must have occurred during the formation 
of 2a. We propose structure I (2a,d, L = L' = PPh,, L2 

L 

I 

= CO; 2c, L = L' = AsPh,, L2 = CO; 2b, L' = L2 = co, 
L = AsPh,; 2e, L = L2 = PPh,, L' = CO) having the same 
basic cluster geometry as la-e, but with isomerization of 
an EPh3 ligand from an axial to an equatorial coordination 
site for 2a, 2c, and 2d. This proposal is consistent with 

(5) 2a: 'H NMR (CDC1,) 4.1 (v br) and -15.1 (v br) ppm; 31P NMR 
(CDCI,) 20.9 (v br) ppm; EPR (CH2C12, 25 "C) g = 2.08 (dd), A1PP) = 
40.4 G, A2(,IP) = 59.8 G; IR (CH2C12) 2088 w, 2067 m, 2029 s, 2018 vs, 
1975 w cm-'. 2 b  lH NMR (CDC1,) 3.9 (v br, 3 H), -15.8 (v br, 1 H), -16.4 
(v br, 2 H) ppm; EPR (CH2C12, 25 "C): g = 2.08 (t), A P P )  = 51.1 G. 2d: 

2087 w, 2070 s, 2029 sh, 2021 vs, 1975 w cm-I. 2e: EPR (CH2C12, 25 "C) 
g = 2.06 (q), A(,IP) = 36.3 G; IR (CH2C12) 2057 8,2036 vs, 1953 s cm-'. 
EPR spectra were recorded on an IBM/Bruker X-band ER-200 SRC 
spectrometer with a microwave power of 20 mW. 

EPR (CH2C12,25 "C): g 2.06 (dd), A(,lP) 34.8,48.2 G; IR (CH2Cl2) 

L 

IV 

the alternative structure 111, based upon the low symmetry 
of the 13C NMR spectra (inconsistent with 11) and the large 
lH-,lP coupling constant, which indicates a trans rela- 

(6) Sherwood, D. E., Jr.; Hall, M. B. Organometallics 1982, I ,  1519. 
(7) Connelly, N. G. Chem. SOC. Rev. 1989,18,153. Geiger, W. E. h o g .  

Inow.  ChPm. 19R.5. 3 3 .  275. . _  
(a', 3al-IH N-MRTCDCi,) -11.13 (br S, 1 H), -11.56 (d, 1 H, JPH = 48 

Hz), -12.35 (br s, 1 H) ppm; 31P NMR (CDCl,) 29.4 (9, 1 P), 33.7 (s, 1 P), 
40.7 (d, 1 P, JPw = 48 Hz) ppm. 3c: 'H NMR (CDClJ -11.02 (dd, 1 HA), 
-12.56 (dd, l-HB), -12.66-(dd, 1 Hc) ppm, J A B  = J ic  = JAC = 2.5 Hz. 

(9) Bryan, E. G.; Jackson, W. G.; Johnson, B. F. G.; Kelland, J. W.; 
Lewis, J.; Schorpp, K. T. J .  Organornet. Chem. 1976, 108, 385. 
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tionship between one of the hydrides and the PPh, lig- 
and.1° By analogy, the structure adopted by 3a,c is IV. 

Complete characterization of 3a,c is hampered by the 
instability of these compounds. Decomposition of 2a,c 
frequently produces some 1a,c in addition to 3a,c, but 
addition of excess Ag+ does not produce 3a,c in higher 
yield. In one experiment decomposition of 2a produced 
la and 3a in 30 and 42% yields, respectively, based upon 
the initial quantity of la. Treatment of 3 with triethyl- 

(10) 4a: 'H NMR (CDC1,) -12.33 (d, 2 HA), -14.49 (t, 1 HB) PPm, JAB 
= 1.4 Hz; I3C NMR (CDClJ 161.8 (s, 2 C), 164.4 (8 ,  1 C), 166.8 (S, 1 c), 
170.1 (s, 1 c), 170.2 (s, 1 c i ,  170.5 (s, 2 C), 172.0 (9, 2 C) ppm. 4b: 'H 
NMR (CDClJ -11.89 (d, 1 H, JPH 7.3 Hz), -12.03 (d, 1 H, JPH = 30.5 
Hz), -13.78 (d, 1 H, JPH = 9.3 Hz) ppm; '9 NMR (CDClJ 165.4 (s, 1 C), 
165.7 (d, 1 C, Jpc = 8.6 Hz), 166.1 ( 8 ,  1 C), 168.0 (d, 1 C, Jpc = 9.6 Hz), 
170.6 (s, 1 C), 170.7 (9, 1 C), 171.2 (s, 1 C), 173.6 (s, 1 C), 175.0 (d, 1 C, 
Jpc = 8.6 Hz) ppm; NMR (CDCIJ 9.53 ppm. 

amine or methanol does not give neutral products analo- 
gous to 5a and 5b. In fact, ruthenium analogues to 5a and 
5b appear to be unstable. The new cations 3a,c therefore 
cannot be prepared by the route used for 4a,b. 

The chemistry of the cation radicals 2a-e is currently 
under investigation. In addition to 0-CH, bond cleavage, 
the reactivity for ligand substitution, hydride transfer to 
unsaturated hydrocarbons, and reductive elimination of 
C-H or H-H bonds may differ significantly from the re- 
activity of the diamagnetic precursors, thus providing an 
excellent opportunity to explore the enhanced reactivity 
of odd-electron cluster species. 
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Summary: Bis(dimethy1 sulfide) complexes of zirconium- 
( IV)  chloride and hafnium( IV)  chloride have been found 
to undergo facile substitution reactions with 1-(trimethyl- 
silyl)cyclopenta-2,4-diene and l-(tri-n -butylstannyl)cyclo- 
penta-2,4diene, respectively, to afford the corresponding 
(~5-cyclopentadienyl)trichlorozirconium and -hafnium com- 
plexes in good to excellent yield. 

Monocyclopentadienyl complexes of hafnium and zir- 
conium possess reactivity profiles that differ considerably 
from those of their bis-q5-C5H5 counterparts. I t  is, 
therefore, not surprising that these complexes have as- 
sumed an increasingly important role in synthetic2 and 
mechanistic3 endeavors. Despite the intensifying interest 
in these compounds, practical routes for their preparation 
in pure form remain very few in number. A t  the present 
time, the most widely utilized procedure for the synthesis 
of CpZrCl, involves the free-radical chlorination of zirco- 
nocene d i~hlor ide .~  This method is somewhat exacting 
and can on occasion give varying amounts of ZrC1, as a 
consequence of over-~hlorination.~ The preparation of 
CpHfC1, via the chlorination of Cp,HfCl, has not been 
reported. However, the expense of Cp2HfC12 would likely 
categorize such an approach as an act of desperation. The 
published synthesis of the hafnium derivative is never- 
theless laborious. It involves the treatment of a 10% excess 
of HfCl, with 0.5 equiv of CpTMg. and subsequent purifi- 
cation by multiple recrystallizations to furnish the bis- 
(tetrahydrofuran) complex CpHfC13.2THF free of HfC1, 
and Cp,HfCl, in a maximum of 25% yield.6 In this paper, 
we report a direct, one-step procedure that is suitable for 

(1) Fellow of the Alfred P. Sloan Foundation 1989-1991. 
(2) Nugent, W. A.; Taber, D. F. J .  Am. Chem. SOC. 1989, 111, 6435. 
(3) Erker, G.; Berg, K.;.Benn, R.; Schroth, G. Chem. Ber. 1985, 118, 

(4) Erker, G.; Berg, K.; Treschanke, L.; Engel, K. Inorg. Chem. 1982, 

(5) Casey, C. P.; Nief, F. Organometallics 1985, 48 1218. 
(6) Renaut, P.; Tainturier, G.; Gautheron, B. J. Organomet. Chem. 

1383 and references therein. 

21, 1277. 

1978, 148, 35. 
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the preparation of CpZrC1, and CpHfC1, as the corre- 
sponding 1,P-DME complexes in high yield. 

Results and Discussion. As part of our continuing 
interest in the synthetic applications of the early transition 
elements, we required large quantities of pure CpZrCl, 
complexes. In 1980, Clark and co-workers reported that 
CpTiCl, could be synthesized in high yield via the reaction 
of TiCl, with l-(trimethylsilyl)cyclopenta-2,4-diene 
(TMSCp).' It was therefore, at  first, quite surprising that 
CpZrC1, and CpHfCl, had not been prepared by analogous 
procedures. In an effort to explore this possibility, several 
attempts were made to effect the direct cyclo- 
pentadienylation of commercial ZrC1, in CH,C12 with 
TMSCp. Unfortunately, under these heterogeneous re- 
action conditions, partial polymerization of the TMSCp 
was found to occur with concomitant formation of Cp,ZrC12 
as well as intractable side products. Attempts to utilize 
soluble complexes of the type ZrCl.,-20R2 formed by the 
treatment of ZrC1, with various ethers (e.g., EhO, (i-Pr),O, 
and PhOCH, (2 equiv/equiv of Zr)) in the above process 
gave no appreciable reaction. 

I n  sharp contrast to  these discouraging results, simple 
exposure of T M S C p  (1 equiu) to  the  homogeneous com- 
plex prepared in situ by the treatment of ZrCl, with 
(CH3)$' (2  equiv, CH,C12, 0 "C)  led to  the  formation o f  
CpZrC1,-2SMe2 in excellent yield after several minutes. 

(7) Cardoso, A. M.; Clark, R. J. H.; Moorhouse, S. J. Chem. SOC., 
Dalton Trans. 1980, 1156. 
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