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The ancillary character of the 6,6-dimethylcyclohexadienyl ligand (dmCh) was examined via the syntheses 
of various (dmCh)MoL, derivatives. Treatment of (diglyme)Mo(CO), with K(dmCh) afforded [K(di- 
glyme),][dmCh)Mo(CO),] (1, 85%), which was converted to (dmCh)Mo(CO),I (2) by I2 in low yield. The 
addition of Hg12 to 2.0 equiv of 1 produced [(dmCh)Mo(CO),],Hg (3, 77%); iodination of 3 generated 2 
in 65% yield. Photolysis of 3 provided the dimer, [(dmCh)Mo(CO)& (4), which was most conveniently 
prepared via [Cp2Fe]PF, oxidation of 1 (57%) .  Thermolysis of 4 yielded a triply bonded dimer, 
[(dmCh)M0(C0)~]~ (5, go%), that contains a 2.508-A M e M o  bond and two semibridging carbonyls. Crystal 
data for 5: Cu Ka, triclinic, P1, a = 9.654 (1) A, b = 8.658 (1) A, c = 12.608 (2) A, a = 93.44 (l)", = 104.80 
( 1 ) O ,  y = 100.79 (I)", 2 = 2, T = 23 "C, R = 0.049, R, = 0.036, 2518 reflections (IFo/ 2 347,)). Anion 1 
(E,  = +0.14 V) and singly bonded dimer 4 (E, = -0.60 V) were observed to be electrochemically coupled 
via either an ECE or an ECC process; 5 displayed a reversible reduction at -1.10 V. Diazald reacted with 
1 to form (dmCh)M0(C0)~N0 (6, 46%); exposure of 6 to PPh3 and PMe, resulted in the synthesis of 
(dmCh)Mo(PPh,)(NO)CO (7) and (dmCh)Mo(PMe,)(NO)CO (9) in modest yield, the latter via ($- 
~ ~ C ~ ) M O ( P M ~ , ) ~ ( C O ) ~ N O  (8). The characteristics of these complexes, as compared with cyclopentadienyl 
congeners, are consistent with an assessment of dmCh as a strong-field ligand. 

Introduction 
The recently explored pentadienyl (pd) ligand'-* has 

drawn substantial interest as an alternative to the ubi- 
quitous cyclopentadienyl (Cp) fragment,5 primarily due 
to its ability to stabilize low-valent early metals.6-s An 
investigation into the feasibility of cyclohexadienyl ligation8 
was initiated in an effort to design an ancillary ligand with 
characteristics similar to pentadienyl. A series of sandwich 
complexes, (dmCh)*M (M = Ti,  V, Cr, Fe), containing 
6,6-dimethylcyclohexadienyl (dmCh = q5-6,6-Me2C6H,) 
exhibited properties intermediate between related Cp- and 
pd-containing  specie^.^ A substantial amount of the 
strong-field bonding common to the "wrap-around", 
acyclic, pentadienyl ligand2 is transposed to the more rigid 
dmCh, while the combined steric effects of methyl sub- 
stituents and the six-membered ring inhibit undesirable 
ligand reactivity. To further examine the ancillary char- 
acter of dmCh, a series of (dmCh)MoL, complexes anal- 
ogous to those derived from CpMo(CO), (Mp)'O were 
prepared and studied. Reported herein are the results of 
this investigation. 

Results and Discussion 
Synthesis and Characterization. All members of the 

(dmCh)MoL, class of half-sandwich complexes were ul- 
timately derived from [K(diglyme),] [(dmCh)Mo(CO)J (l), 
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Table I. Comparative CO (NO) IR Data ( ~ m - ' ) ~  for 
(dienyl)MoL, Complexes (dmCh = qK-6,6-Me2CsH5, Cp = 

q5-C5Hs, Cp* = q5-C5Me5) 
(dienyl)MoL, dmCh Cp/other 

[ (dieny1)Mo- l:b 1890, 1790, 1898, 1790, 1750c~12 
(C0)JK 1745 

(dienyl)Mo(CO)J 2:b 2015, 1959, 2040, 1970, 1955db'3 
1948 

[ (dieny1)Mo- 3:' 1990, 1968, 1998, 1971, 1917, 1908, 
(C0)312Hg 1914, 1880 1890f2'2 

[(dienyl)M~(CO)~], 4:d 1950, 1900 1960, 19158J4 
Cp*: 1940, 19078J4 
indenyl: 2020 (vw), 

1958, 1910h-'5 

Cp*: 1874, 1846d*14 
indenyl: 1893, 1858h115 

[ (d ienyl )M~(CO)~]~  5:d 1945, 1886 1889, 18598~'~ 

(dieny1)Mo- 6:d 2017, 1957, 2016, 1936, (1674)e3'6 

(dienyl)Mo(PPh3)- 7:e 1930, (1616) 1906, (1617)e.16 
(C0)J'JO (1678) 

(NONCO) 
(dienyl)Mo(PMe& 9:d 1933, (1625) 1901, (1610)c317 

(NO)(CO) 

a Bands are medium to strong. Solvents/media: * Nujol; THF; 
cyclohexane; e benzene; 'toluene; goctane; CH2C12. 

prepared from treatment of ( d i g l y m e ) M ~ ( C O ) ~ ~ ~  with 
K(dmChIg a t  -78 "C in T H F  according to eq 1. Precip- 

(diglyme)Mo(CO), + K(dmCh) 
THF 

[K(digl~me),I[(dmCh)Mo(CO)~l (1) 
1 

1990 American Chemical Society 



1098 Organometallics, Vol. 9, No. 4, 1990 DiMauro e t  al.  

Table 11. ‘H NMR Data (6 ( J ,  Hz)) for (dmCh)MoL, Complexes (dmCh = ~5-H,C(CHb)(CH,)(CMe2)(CHcr)(CH~t))n 
compound Me(exo) Me(endo) H,,H,‘ H d b l  Ha others 

[(dmCh)Mo(CO)JK (l)* 0.50 (s, 3 H) 1.18 (s, 3 H) 2.73 (dd, J = 4.83 (dd, J = 5.21 (tt, J = 
7.2, 1.3, 2 H) 

(dmCh)Mo(CO),I (2) 0.24 (s, 3 H) 1.09 (s, 3 H) 3.52 (dd, J = 3.93 (dd, J = 5.04 (t, J = 
6.2, 1.8, 2 H) 

[(dmCh)M0(C0)~]~Hg (3) 0.37 (s, 6 H) 1.06 (s, 6 H) 2.95 (dd, J = 4.23 (dd, J = 5.98 (tt, J = 
5.8, 1.6, 4 H) 

[(dmCh)Mo(CO),], (4) 0.23 (s, 6 H) 1.12 (s, 6 H) 3.25 (dd, J = 4.64 (dd, J = 5.18 (tt, J = 
7.0, 1.8, 4 H) 

[(dmCh)Mo(C0),IZ (5) 0.06 (s, 6 H) 0.83 (s, 6 H) 2.84 (dd, J = 4.82 (dd, J = 5.55 (tt, J = 
7.4, 1.4, 4 H) 

(dmCh)Mo(CO)2N0 (6) 0.35 (s, 3 H) 0.82 (s, 3 H) 2.19 (dd, J = 4.56 (dd, J = 5.16 (tt, J = 
7.5, 1.2, 2 H) 

(dmCh)Mo(PPh,)(NO)- 0.49 (s, 3 H) 1.05 (s, 3 H) 1.72 (d’t”, J = 4.38 (“q”d, J = 5.61 (“tt”, J = 6.9-7.8 (m, 

(d’q”, J = 
7, 1, 1 H) 

7.2, 5.5, 2 H) 

6.2, 5.0, 2 H) 

6.0, 5.0, 4 H) 

6.9, 5.4, 4 H) 

7.4, 5.5, 4 H) 

7.4, 5.8, 2 H) 

5.4, 1.5, 1 H) 

5.0, 1.7, 1 H) 

5.0, 1.2, 2 H) 

5.4, 1.7, 2 H) 

5.5, 1.6, 2 H) 

5.5, 1.5, 1 H) 

(CO) (7) 8, 2, 1 H), 3.88 5, 2, 1 H), 4.65 5, 1.5, 1 H) 15 H), PPh3 
(“tt”, J = 
5.5, 1.8, 1 H) 

(dmCh)Mo(PMe,)(NO)- 0.58 (s, 3 H) 1.01 (s, 3 H) 2.39 (d’t”d, J = 4.77 (“t”d, J = 5.81 (tdd, J = 1.38 (d, (J = 

3.98 (ddd, J = 
7.5, 2.7, 1.6, 1 H) 

(CO) (3IC 7.9, 2.2, 0.7, 1 H), 6.6, 1.6, 1 H), 5.5, 3.4, 1.4, 1 H) 8.4, 9 H), PMe, 
5.07 (m, 1 H) 

CD3CN. CDZCl2. “All spectra recorded in CsD6 (Me@, 6 0.0) at 25 “C, unless otherwise noted. 
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itation from THF afforded air-sensitive 1 (n  - 0.7) in 85% 
yield as a tan solid, which could be freed from residual 

diglyme after careful washing with cold THF/pentane 
(1:5). Prior to its use in ensuing reactions, the diglyme 

(1) (a) Ernst, R. D. Chem. Reu. 1988,88,1255-1291. (b) Ernst, R. D. 
Acc. Chem. Res. 1985, 18, 56-62. 

(2) (a) Ernst, R. D. Struct. Bonding (Berlin) 1984, 57, 1-53. (b) 
Powell, P. Adu. Organomet. Chem. 1986,26,125-164. (c) Bohm, M. C.; 
Eckert-Maksic, M.; Ernst, R. D.; Wilson, D. R.; Gleiter, R. J. Am. Chem. 
SOC. 1982,104,2699-2707. (d) Gleiter, R.; Bohm, M. C.; Ernst, R. D. J .  
Electron Spectrosc. Relat. Phenom. 1984,33, 269-278. (e) Ernst, R. D.; 
Wilson, D. R.; Herber, R. H. J. Am. Chem. SOC. 1984, 106, 1646-1650. 

(3) (a) Bleeke, J. R.; Xie, Y.-F.; Peng, W.-J.; Chiang, M. J. Am. Chem. 
SOC. 1989, 111, 4118-4120. (b) Bleeke, J. R.; Rauscher, D. J. Organo- 
metallics 1988, 7, 2328-2339, and references therein. 

(4) (a) Lee, G.-H.; Peng, S. M.; Lush, S.-F.; Liao, M.-Y.; Liu, R. S. Ibid. 
1986,5, 2378-2380. 

(5) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. 
Principles and Applications of Organotransition Metal Chemistry; 
University Science Books: Mill Valley, CA, 1987. (b) Yamamoto, A. 
Organotramition Metal Chemistry; Wiley-Interscience: New York, 1986. 

(6) (a) Melendez, E.; Arif, A. M.; Rheingold, A. L.; Ernst, R. D. J.  Am. 
Chem. SOC. 1988, 110, 8703-8704. (b) Melendez, E.; Arif, A. M.; Ziegler, 
M. L.; Ernst, R. D. Angew. Chem., Int. Ed. Engl. 1988,27, 1099-1101. 
(c) Ernst, R. D.; Stahl, L. J .  Am. Chem. SOC. 1987,109,5673-5680. (d) 
Kowaleski, R. M.; Basolo, F.; Trogler, W. C.; Gedridge, R. W.; Newbound, 
T. D.; Ernst, R. D. Ibid. 1987, 109,4860-4869. (e) Stahl, L.; Hutchinson, 
J. P.; Wilson, D. R.; Emst, R. D. Ibid. 1985,107,5016-5018. (0 Campana, 
C. F.; Ernst, R. D.; Wilson, D. R.; Liu, J.-Z. Inorg. Chem. 1984, 23, 
2734-2735. (9) Liu, J.-Z.; Ernst, R. D. J. Am. Chem. SOC. 1982, 104, 
3737-3739. (b) Wilson, D. R.; Liu, J.-Z.; Emst, R. D. Ibid. 1982, 104, 
1120-1122. 

(7) For related pentadienylmolybdenum chemistry see: (a) Kralik, M. 
S.; Hutchinson, J. P.; Ernst, R. D. J .  Am. Chem. Soc. 1985, 107, 
8296-8297. (b) Kralik, M. S.; Rheingold, A. L.; Ernst, R. D. Organo- 
metallics 1987, 6 ,  2612-2614. 
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content of each batch of 1 was analyzed by 'H NMR. 
Insoluble in ether and hydrocarbons, 1 dissolved readily 
in THF or CH,CN, resulting in dark brown solutions. The 
IR spectrum (Table showed the requisite CO 
stretches (1890, 1790, 1745 cm-l, Nujol) indicative of ter- 
minal carbonyls that constitute the legs of a three-legged 
"piano stool" of C, symmetry, and the lH NMR spectrum 
(Table 11) revealed a typical dmCh pattern. 

An attempt to substitute for CO in [K(diglyme),]- 
[(dmCh)Mo(CO),] (1) with PMe3 (1.0 equiv, CD,CN) re- 
sulted in no reaction over 2 days a t  100 "C. Electrophilic 
attack of 1 by CH,I or HBF4-Et20 a t  -78 "C in T H F  of- 
fered no tractable organometallic products' besides Mo- 
(CO),. Anion l failed to undergo metalation with ZnC1, 
in T H F  and was recovered unchanged when subjected to 
HzO or CH,OH, consistent with the weak basicity inherent 
to a carbonylate. Treatment with MeaSiI in THF pro- 
duced a colorless oil that possessed resonances ('H NMR) 
characteristic of a substituted 1,3-~yclohexadiene,'~ sug- 
gesting that electrophilic attack a t  dmCh preceded de- 
composition. Ample precedent for attack at the dienyl 
fragment has been established by Semmelhack et. al., who, 
for example, have described the electrophilic functional- 
ization of the cyclohexadienyl group in ($-C6H7)Cr(C0)<.8 

As indicated in Scheme I, oxidation of [K(diglyme),]- 
[(dmCh)Mo(CO),] (1) in T H F  a t  -78 "C by 1, produced 
(dmCh)Mo(CO)J (2) in low yield (-10-15%). Red-orange 
crystals of 2 were isolated only after exhaustive hexane 
extraction of the dark solid remaining upon removal of 
THF a t  25 "C. Repeated attempts a t  optimizing the yield 
through varied reaction times, with use of CHZCl2 as the 
solvent, or with [I (~yridine)~]  [BF4]19 as the I+ source were 
unsuccessful. Iodide 2 was soluble in aromatics and polar 
solvents and slightly soluble in hexane from which an 
insoluble orange solid deposited with time. The IR 
spectrum of 2 reflects the Mo(I1) oxidation state, exhibiting 
CO stretches a t  2015, 1959, and 1948 cm-'. Phosphine 
substitution reactions (e.g., PPh,, P(OMeI3, in C6H6) in- 
volving 2 were uncontrollable, giving a myriad of products, 
along with an immediate, copious evolution of CO. Similar 
phenomena have been observed in the analogous Cp sys- 
tem.,O 

It  was necessary to develop an alternate, higher yield 
synthesis of 2 to exploit its iodo functionality. Using 
methodology applied to Mp,,l [K(diglyme),] [(dmCh)Mo- 

(8) (a) Semmelhack, M. F.; Hall, H. T.; Farina, R.; Yoshifuji, M.; Clark, 
G.; Bargar, T.; Hirotsu, K.; Clardy, J. J .  Am. Chem. SOC. 1979, 101, 
3535-3544. (b) Williams, G. M.; Rudisill, D. E. J.  Am. Chem. SOC. 1985, 
107, 3357-3358. (c) Kane-Maguire, L. A. P.; Honig, E. D.; Sweigart, D. 
A. Chem. Reo. 1984, 84, 525-543, and references therein. 

(9) DiMauro, P. T.; Wolczanski, P. T. Organometallics 1987, 6, 

(10) Davis, R.; Kane-Maguire, L. A. P. In Comprehensiue Organo- 
metallic Chemistry: Wilkinson, G., Stone, F. G. A., Abel, E. W.,  Eds.; 
Pergamon: Elmsford, NY, 1982; Val. 3, pp 1176-1195. 

(11) Werner, R. P. M.; Coffield, T. H. Chem. Ind. 1960, 936-937. 
(12) Ellis, J. E.; Flom, E. A. J .  Organomet. Chem. 1975,99,263-268. 
(13) (a) Alway, D. G.; Barnett, K. W. Inorg. Chem. 1980, 19, 

1533-1543. (b) Hart-Davis, A. J.; White, C.; Mawby, R. J. Inorg. Chim. 
Acta 1970, 4, 431-434. 

(14) Wrighton, M. S.; Ginley, D. S. J .  Am. Chem. Soc. 1975, 97, 
3533-3535. 

(15) Merola, J. S.; Greany, M. A,; Halbert, T. R. Organometallics 1985, 
4 ,  2057-2058. 

(16) Brunner, H. J .  Organomet. Chem. 1969, 16, 119-124. 
(17) Casey, C. P.; Jones, W. D.; Harsy, S. G. J .  Organomet. Chem. 

(18) Mironov, V. A.; Fedorovitch, A. D.; Akhrem, A. A. Usp. Khim. 

(19) Kauffman, G. B.; Stevens, K. L. Inorg. Synth. 1963, 7, 173-176. 
(20) Barnett, K. W.; Slocum, D. W. J .  Organomet. Chem. 1972, 44, 

1947-1954. 

1981, 206, C38-C42. 

1983,52, 104-137. 
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(CO),] (1) was cleanly metalated with 0.5 equiv of Hg12 
(THF, 0 "C) to form light- and heat-sensitive [(dmCh)- 
Mo(CO),],Hg (3), isolated as a yellow powder in 77% yield. 
Fortunately, further handling of 3 proved unnecessary, as 
both IR (v(C0) = 1990,1968,1914,1880 cm-') and NMR 
data indicated a sufficient purity (>95%) to proceed with 
derivatization studies. Exposure of 3 to 2.0 equiv of I, in 
CH2C12 (25 "C, 12 h) provided 2 in good quantity upon 
crystallization from hexane (65%). Alternatively, 3 could 
be generated in THF and reacted in situ with 1, to give 
comparable yields of 2. 

As expected, the photosensitivity of 3 could be traced 
to the cleavage of its Hg-Mo single bonds. When thin- 
walled, Pyrex NMR tubes containing dilute C6D6 solutions 
of 3 (0.03 M) were exposed to standard fluorescent room 
light a t  25 "C, wisps of green color were immediately de- 
tected and the entire solution rapidly (10 min) became 
deep green. The formation of [(dmCh)Mo(CO),], (4), with 
concomitant Hg droplets, was complete within 12 h of 
irradiation according to 'H NMR (Scheme I). A scale-up 
of this reaction using a simple laboratory apparatus failed 
to near completion. Apparently the rapid buildup of in- 
tensely colored 4 inhibits its photosynthesis because the 
product preferentially absorbs the available light. Since 
reaction of the dilute sample monitored by NMR appeared 
quantitative, utilization of a flow system during photolysis 
would probably solve the scale-up problem. Dimer 4 was 
most efficiently prepared (57%) via oxidation of [K(di- 
glyme),] [ (dmCh)Mo(CO),] (1) with [Cp,F€?]PF, (THF, -78 
to 0 "C, -30 min), followed by rapid workup. Ferricinium, 
either the PF, or BPh4 salt, proved best in numerous trials, 
although various oxidants produced some amount of 4. 

Crystallization of [ (dmCh)M0(C0)~]~  (4) from deep 
green solutions in toluene/hexane provided analytically 
pure purple needles, which appeared green when pulver- 
ized. The reflectance responsible for the purple hue in 
large crystals is characteristic of a complex possessing 
intense absorptions in the blue and red regions of the 
spectrum. In cyclohexane solution, 4 exhibits bands a t  h 
= 424 nm ( E  > 5 X lo4 M-' cm-' ), and h = 622 nm ( 6  - 
1 X lo4 M-' cm-'1. The energy and intensity of these 
absorptions suggest that the former is the r w *  transition 
of the Mo-Mo bond, while the latter may be assigned as 
the dir-w* transition, analogous to ones in similar d5 
[(dienyl)M(C0),l2 dimers.22 The bands are a t  lower en- 
ergies than those of Mp, ( A  = 382, 508 nm).14 Two sharp 
terminal carbonyl bands in the IR spectrum (v(C0) = 1950, 
1900 cm-l) are suggestive of an antidienyl geometry (C2J. 
In this case the dmCh ligand appears to function as a 
somewhat better ir-donor than Cp, since the CO stretches 
characterizing Mp, ( Y  = 1960, 1915 cm-l)14 are slightly 
higher. The 'H and 13C NMR spectra were normal for 
v5-dmCh (Table 11), and the CO resonance (25 "C) was 
detected a t  6 223.7. No EPR absorptions were observed 
for dilute benzene solutions of 4. EPR signals centered 
at ( g )  = 2.044 and 2.0455 have been observed for solutions 
of [pdFe(CO),], (pd = pentadienyl) and [ChFe(CO),], (Ch 
= cyclohexadienyl), re~pectively.~, Presumably the 
weakened Fe-Fe linkages in these complexes lead to small 

(21) (a) Burlitch, J. M.; Ferrari, A. Inorg. Chem. 1970,9,563-569. (b) 
Fischer, R. D.; Noack, K. J.  Organomet. Chem. 1969, 16, 125-140. (c) 
Fischer, E. 0.; Hafner, W.; Stahl, H. 0.2. Anorg. Allg. Chem. 1955,282, 

(22) (a) Wrighton, M. S.; Ginley, D. S. J .  Am. Chem. SOC. 1975, 97, 
4246-4251. (b) Trogler, W. C. J .  Chem. Educ. 1980, 57, 424-427. (c) 
Goldman, A. S.; Tyler, D. R. Organometallics 1984, 3, 449-456. 

(23) (a) Ernst, R. D.; Gedridge, R. W.; Patton, A. T.; Ma, H. J .  Orga- 
nomet. Chem. 1987,331, 73-80. (b) Zou, C.; Ahmed, K. J.; Wrighton, M. 
S. J .  Am. Chem. SOC. 1989, I l l ,  1133-1135. 

47-62. 
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concentrations of (dienyl)Fe(CO)2. 
Dimer 4 was only slightly soluble in hexane but dissolved 

easily in aromatic solvents, where it was indefinitely stable 
a t  25 "C. The intense green color of 4 faded slowly (-4 
h) in T H F  and rapidly bleached in CH3CN ( -  10 min). 
The reactivity of [ (dmCh)Mo(CO),I2 (4) is dominated by 
decarbonylation to  form the M o r M o  derivative, 
[ (dmCh)M0(C0)~]~  ( 5 ) .  For example, thermolysis of 4 in 
hexane for 4 days a t  90 "C (or <1 h a t  120 "C) produced 
brick-red 5 quantitatively by 'H NMR. Heating 4 in the 
presence of Hz  (0.5 atm), PPh,, or even CH,I a t  90 "C for 
extended periods caused only the formation of 5 ,  while 
PMe3 slowly reacted a t  25 "C to give a yellow mixture of 
unidentified products. The decarbonylation was reversible, 
for solutions of triply bonded 5 slowly (- 1 h) reverted to 
singly bonded 4 upon exposure to CO (1 atm). A slurry 
of [K(diglyme),] [ (dmCh)Mo(CO),] (1) and (dmCh)Mo- 
(Co),I (2) in C6D6 (25 "c, 1 day) also resulted in 5 (75% 
by 'H NMR) via a pathway that was not investigated. 

Triply bonded [ (dmCh)M0(C0)~]~  (5) was remarkably 
stable, withstanding extensive thermolysis at 135 "C for 
>2 weeks and the array of reagents described above. Since 
the metal-metal bond order of 3 was assigned in reference 
to Cp(CO)2Mo=Mo(CO)2Cp,24 5 was expected to display 
substantial reactivity. Tolane and 2-butyne failed to react 
with 5 upon extended heating (120 "C, 2 days), while such 
reagents are known to readily bridge the Mo=Mo bond 
of [ C ~ M O ( C O ) ~ ] ~ . ~ ~  The IR spectrum of 5 manifested two 
absorptions (u(C0) = 1945,1886 cm-' in C6H12) at energies 
lower than those for 4, yet still within the range of terminal 
CO stretches. Interestingly, these values are higher (by 
an average of 40 cm-') than for the comparable Cp, Cp*, 
and indenyl ( v5-C9H,) c ~ m p l e x e s . ' ~ J ~ ~ ~  The inert character 
of 5 and the possible absence of a bridging CO were 
puzzling. To elucidate the possible structural basis for 
these results, 5 was characterized via an X-ray crystallo- 
graphic study (vide infra). 

Through the use of the standard, mild nitrosylating 
agent Diazald (N-nitroso-N-methyl-p-toluenesulfon- 
amide) ,26 it  was possible to prepare mononuclear deriva- 

(24) Curtis, M. D.; Butler, W. M.; Klinger, R. J. J .  Am. Chem. Soc. 

(25) (a) Curtis, M. D. Polyhedron 1987, 6 ,  759-782. (b) Bailey, W. I.; 
Chisholm, M. H.; Cotton, F. A,; Rankel, L. A. J. Am. Chem. SOC. 1978, 
100, 5764-5773. ( c )  Stone, F. G .  A.; Knox, S. A. R.; Stansfield, R. F. D.; 
Winter, M. J .  J .  Chem. Soc., Chem. Commun. 1978, 221-223. 

1978, 100, 5034-5039. 

tives of 1 bearing a terminal NO ligand (Scheme 11). 
Treatment of 1 with Diazald in diethyl ether at 0 "C gave 
an orange solution, from which red-orange crystals of 
(dmCh)Mo(CO)2(NO) (6,4670) were obtained after hexane 
extraction and sublimation. Nitrosyl 6 was soluble in 
hydrocarbons, stable to air for short periods, and thermally 
stable in benzene at elevated temperatures (>5 h, 93 "C), 
but degraded upon prolonged exposure (- 14 days) to room 
fluorescent light. Examination of the IR spectrum showed 
two carbonyl bands (2017, 1957 cm-') and a stretching 
vibration in the region expected for a linear, terminal 
bound nitrosyl group (1678 cm-'). 

Further derivatization of 6 was possible through phos- 
phine substitution of a carbonyl. Reflux of a toluene so- 
lution containing 6 and equimolar PPh3 for 16 h afforded, 
upon cooling, analytically pure red crystals of (dmCh)- 
Mo(CO)(NO)(PPh,) (7, 30%). The IR revealed the ex- 
pected shift of absorbances to lower energy upon re- 
placement of CO by PPh, and the 'H NMR showed five 
inequivalent ring-bound protons, indicative of a chiral 
metal center. It is clear that  the disparity in chemical 
shifts between formerly mirror-related protons (i.e., in 6) 
was large. In 7, the chemical shift difference ( D )  between 
H, and H, (Table 11), assigned according to the upfield 
position and typically large (8 Hz) of each resonance, 
was 2.16 ppm. A large D reflects the sensitivity of a ligand 
to factors that foster chemical-shift anisotropy. A detailed 
study by Coville et al.n of chiral (q5-Cp')Fe(CO)(PR,)I (Cp' 
= methylcyclopentadienyl) complexes indicated that 
comparable D values were less than 1.8 ppm for all 
phosphines studied. Given prior work establishing the 
greater covalent bonding of dmCh relative to Cp and the 
larger size of the former dienyl, it  is not unreasonable to 
expect substantial chemical shift differences. 

Exposure of 6 to 1.0 PMe, a t  25 "C for 3 h produced 
(dmCh)Mo(CO)(NO)(PMe,) (9) as a red-orange, slightly 
impure oil upon evaporation of hexane solvent (>%YO, 'H 
NMR). Thermolysis of 9 (90 "C, 24 h) with an additional 
10 equiv of PMe, incurred no further substitution, pro- 
viding evidence for a particularly stable q5-dmCh config- 
uration. This derivative proved difficult to purify and 
crystallize; hence characterization rested on spectroscopic 
data. NMR spectra consisted of a five-resonance pattern 
for the dmCh ligand ('H) and a single resonance a t  6 
-0.48 (CD2C1,). The IR spectrum showed stretching vi- 
brations (1933 (CO), 1625 (NO) cm-') not significantly 
perturbed from 7, analogous to Cp congeners in which the 
Au upon changing from PPh, to PMe, averages only 5 cm-' 
(Table Both 7 and 9 are extremely light- (Hg vapor 
lamp, 25 "C, 1 day) and temperature-stable (133 "C, 1 day) 
in C6D6 solution. 

Close inspection of the reaction between 6 and PMe, by 
'H NMR (-20 "C, CD,Cl,) revealed the presence of an 
intermediate, tentatively assigned as (v'-dmCh)Mo- 
(C0),(NO)(PMeJ2 (8), along the pathway to 9. If -1.0 
equiv of PMe, was used, only -0.5 equiv of 8 was detected, 
whereas excess phosphine (Le., 2.0, 4.0 or -10 equiv) led 
to its complete formation, implicating the incorporation 
of two phosphines. Two inequivalent methyl groups dif- 
fering by only 0.005 ppm ( 6  0.985, 0.990) were observed 
for 8. Normally, the methyl shifts are quite dissimilar for 
an q5-dmCh, but (dmCh), (3-(4,4-dimethyl-2,5-cyclo- 
hexadien-l-yl)-6,6-dimethyl-l,4-cyclohexadiene)g manifests 
only a single methyl resonance. The two equivalent PMe, 

(26) Hoyano, J. K.; Legzdins, P.; Malito, J. T. Inorg. Synth. 1978,18, 

(27) Coville, N. J.; Johnston, P.; Loonat, M. S.; Ingham, W. L.: Carlton, 
126-129. 

L. Organometallics 1987, 6,  2121-2127. 
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Figure 1. (A) Cyclic voltammogram for oxidation of [(dmCh)- 
Mo(CO)~]- (1) beginning with a cathodic scan (scan rate = 200 
mV/s). (B) Cyclic voltammogram for reduction of [(dmCh)- 
M O ( C O ) ~ ] ~  (4) beginning with an anodic scan (scan rate = 200 
mV/s).  

groups exhibited an AX,A'X', patternzs a t  6 1.51 (IJPH + 
JpH'I = 6.9 Hz) and a singlet a t  6 -24.4 in the 31P NMR. 
In comparison, the PMe, ligands in fuc-($-C,H,)Re- 
(C0)3(PMe3)29 display a similar motif (IJPH + JpHtI = 7.7 
Hz). Although characteristic of chemically equivalent 
phosphines, this pattern can be observed for both cis- and 
trans-phosphine geometries. 

Resonances distinct from other dmCh-containing com- 
plexes appeared clustered in the vinylic region. A doublet 
of doublets at 6 4.63 ( J  = 9.7, 0.7 Hz) was assigned to Hc,+ 
in contrast to typical positions for an q5-dmCh (6 2.2-3.5, 
Table 11). An overlapping set of resonances a t  6 5.68, best 
described as a doublet of doublets superimposed on a 
complex multiplet, was tentatively assigned to Hb,bt ( J  = 
9.7, 4.5 Hz) and H, (m). Upon warming, 8 reverted to 
(dmCh)Mo(CO)(NO)(PMe,) (91, concomitant with the loss 
of CO and PMe3. The NMR data, while informative, fall 
short of establishing the exact coordination geometry of 
8, since various structures, including some that contain 
a3-dmCh and bent NO ligands, conform to the spectra. 
However, comparisons with structurally and spectrally 
characterized Cp analogues (e.g., ~ ~ c - ( ~ ~ - C , H , ) R ~ ( C O ) , -  
(PMe3)z,z9 ($-C5H5)Re(CO)(NO)(CH3)(PMe3)2,30 and 
~~C-(~~~-C,H~)M(CO)~(NO)(PM~~)~ (M = Mo, W))17 lend 
credence to a structure containing cis-PMe, groups, a 
truns-dmCh,NO arrangement, and a linear nitrosyl 
(Scheme 11). 

Electrochemistry  of (dmCh)Mo(CO),- ( l ) ,  

Since oxidation of [K(diglyme),] [(dmCh)Mo(CO),] (1) 
resulted in the formation of [ (dmCh)Mo(CO),], (4), an 
electrochemical study was initiated to examine their in- 
terrelationship. Dissolution of 4 in acetonitrile or CH,ClZ 
resulted in apparent decomposition; thus T H F  was em- 
ployed as the solvent, with 0.2 M nB~4NBF4 as supporting 
electrolyte. Cyclic voltammetry (CV) of anion 1 (Figure 
lA), beginning with an initial scan in the cathodic direction 
(200 mV s-l), revealed no peaks to -1.0 V. The return scan 

[ ( ~ ~ C ~ ) M O ( C O ) ~ I ~  (4), and [ ( ~ ~ C ~ ) M O ( C O ) ~ I ~  ( 5 ) .  

(28) Bertrand, R. D.; Ogilvie, F. B.; Verkade, J. G. J .  Am. Chem. SOC. 

(29) Casey, C. P.; O'Connor, J. M.; Jones, W. D.; Haller, K. J. Or- 
ganometallics 1983, 2, 535-538. 

(30) (a) Casey, C. P.; Jones, W. D. J. Am. Chem. SOC. 1980, 102, 
6157-6159. (b) Casey, C. P.; Andrews, M. A.; McAlister, D. R.; Jones, W. 
D.; Harsy, S. G. J. Mol. Catal. 1981,13,43-59. (c) Casey, C. P.; O'Connor, 
J. M.; Haller, K. J. J. Am. Chem. SOC. 1985, 107, 1241-1246. (d) Casey, 
C. P.; O'Connor, J. M. Chem. Reu. 1987,87, 307-318. 

1970, 92, 1908-1915. 
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exhibited an electrochemically irreversible oxidation wave 
at E,  +0.14 V (vs Ag/AgCl/THF) that was devoid of a 
coupled reduction peak. Upon generation of a second scan, 
a reduction peak at E, = -0.63 V was observed without a 
coupled oxidation wave. Successive scans showed no 
further changes, establishing the steady-state CV shown. 
Independent CV scans confirmed the absence of extra- 
neous peaks beyond the potential limits shown ( -  1.5 to 
-1.5 V). The complementary CV of the dimer 4 was es- 
sentially identical with that of 1, once a steady state had 
been established (B). Initial oxidation of 4 showed no 
peaks to +1.0 V (vs Ag/AgCl/THF), while an irreversible 
reduction appeared a t  E,  = -0.60 V. Completion of the 
scan displayed only the accompanying irreversible oxida- 
tion E, = +0.11 V. 

Overall, the cyclic voltammetry closely resembles that 
of [CpMo(CO),lz and CpMo(CO),-, examined recently by 
Kadish and c o - w ~ r k e r s , ~ ~  in firmly implicating the inter- 
mediacy of the monomer radical, (dmCh)M0(C0),'.~~ Two 
plausible mechanisms involve the reactions indicated in 
eq 2-6. The cathodic wave corresponds to the le- re- 

[ (dmCh)M0(C0)~]~  + e- - [(dmCh)Mo(CO),],'- (2) 
4 4- 

E, 

kdiea 
[(dmCh)M0(C0)~]~'-  - 

4- 
(dmCh)Mo(CO),- + (dmCh)Mo(CO),' (3) 

(dmCh)Mo(CO),' + e- - (dmCh)Mo(CO),- (4) 

(dmCh)Mo(CO),' - '/z[(dmCh)Mo(CO)~lz (5) 

(dmCh)Mo(CO),- - (dmCh)Mo(C0)3' (6) 

duction of [ (dmCh)Mo(CO),], (4), generating the dimer 
radical anion, [(dmCh)Mo(CO),],*- (4-, eq 2). The sub- 
sequent dissociation of 4- to (dmCh)Mo(CO),- (1) and 
(dmCh)Mo(CO),' is expected to occur rapidly (kdiss,.eq 3), 
followed be either of two events: direct reduction of 
transient (dmCh)Mo(CO),' to 1 (eq 4) or dimerization of 
the radical monomer to regenerate 4 (kdim, eq 5). Both 
processes can account for the net 2e- transfer involved in 
converting 4 to 2 equiv of 1. At the potentials required 
to reduce 4, electrochemical reduction of (dmCh)Mo(CO),' 
would be favorable. Alternatively, dimerization of the 
transient radical is expected to be exceedingly fast (e.g., 
for CpMo(CO),*, kdim = 3.1 X lo9 M-I s-l),,, leading to 
regeneration of 4 and its ensuing reduction, despite the low 
concentrations of (dmCh)Mo(CO),*. Either mechanism 
is preferable to a second electron transfer to 4- followed 
by dissociation to 2 equiv of 1, since the former step would 
undoubtedly require greater potential. In total, eq 2-4 
represent the common ECdimE pathway, and eq 2, 3, and 
5 comprise the related ECdissCdim process.34 The anodic 

1 
E,  

1 

kdim 

4 
Ea 

1 

(31) Kadish, K. M.; Lacombe, D. A.; Anderson, J. E. Inorg. Chem. 

(32) For the observation of similar Cr species, see: (a) McLain, S. J. 
J. Am. Chem. SOC. 1988, 110, 643-644. (b) Baird, M. C.; Jaeger, T. J. 
Organometallics 1988, 7, 2074-2076. (c) Baird, M. C. Chem. Rev. 1988, 

1986,25, 2246-2250. 

88. 1217-1227. - ,  ~~~ ~-~ 
(33) (a) Hughey, J. L.; Bock, C. B.; Meyer, T. J. J. Am. Chem. SOC. 

1975,97,4440-4441. (b) Meyer, T. J.; Casper, J. V. Chem. Reu. 1985,85, 

(34) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: 
New York, 1980. 

187-218. 
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electrochemistry is less ambiguous; oxidation of 1 produces 
(dmCh)M0(C0)~* (eq 6), whose dimerization occurs swiftly 
(eq 5 ) .  

Irreversible electrochemical events are implicated in the 
mechanisms addressed (i.e., EiCiEi, EiCiCi) due to the rapid 
chemical reactions that succeed e- transfer. Since 4- was 
deemed likely to possess a significant lifetime, the scan rate 
(Y) was increased to 500 V s-l in an attempt to  observe 
reversibility in the cathodic wave. No corresponding ox- 
idation was noted, placing an approximate lower limit on 
kdiss (ca. > lo3 A value of 1.06 X lo3 s-l has been 
measured for the dissociation of [ CpFe(CO),] ,-. Davies 
et al. determined this value by means of the derivative CV 
technique,% but the use of this method in the 4/4- system 
requires electrochemical reversibility at high CV scan rates, 
which has not been achieved. In principle, for an EiCiEi 
or related process and suitable value of k d k ,  the technique 
of potential step ch ron~amperomet ry~~v~~  can determine 
the time regime in which the Ci step occurs, providing rate 
information about the dissociation. This technique is 
equally suitable when applied to an irreversible or rever- 
sible electron-transfer step and thus is more reliable than 
CV. Using a platinum bead working electrode, the chro- 
noamperometric method was applied to the cathodic wave 
(4 - 49.  Unfortunately, rapid coating of the electrode 
surface proved troublesome, and the experiment merely 
suggested that the cleavage of 4- occurred a t  a rate too 
great to measure. The related scission of a fulvalene- 
bridged hexacarbonyldimolybdenum radical anion has 
been studied by Bard et al.,38 and rapid-scan CV placed 
a lower limit on the process as kdjss > 600 s-’. 

Further comparisons of the electrochemistry with cor- 
responding data pertaining to Cp analogues reveal some 
differences.,’ Oxidation of [CpMo(CO),], occurs a t  E, - 
+1.0 V (vs Ag/AgCl in THF), providing an unstable 
monocation that cleaves into CpMo(CO),* and CpMo- 
(CO),+. The latter is persistent on the CV time scale (-4 
s, using a 200 mV s-’ scan rate), as shown by its subsequent 
reduction at -0.47 V. In contrast, only a small, irreversible 
wave that could correspond to oxidation of 4 was noticed 
in CV scans taken to the periphery of the anodic solvent 
breakdown potential, a t  which point rapid decolorization 
of the intense green solution was seen. Comparisons can 
be drawn between redox potentials for [CpMo(CO),!, 
(Mp,) and 4. The reduction of Mp, occurs a t  -1.15 V in 
contrast to  -0.60 V for 4, each vs Ag/AgCl in THF. 
Vahrenkamp and co-worker have established a linear 
correlation of the electrochemical reduction potential of 
group 6 dimers with the energies of their P(T* transitions; 
the higher the transition energy, the more cathodic the 
potential.% The data for 4 fall close to the line established 
for those homo- and heterobimetallic dimers. Similarly, 
the oxidation of Mp- (-0.12 V) occurs a t  potentials more 
cathodic than that of 1 (+0.14 V).31 Although the elec- 
trochemical irreversibility of all four cited peaks precludes 
any true thermodynamic assessment, the data are con- 
sistent with the contention that dmCh is more covalent 
and thus “softer” than CP.~O Dimer 4 is more prone to  
reduction and 1 less prone to oxidation than the Mp 

(35) Estimated from u / A E  , where AEp is the peak-to-peak separation 

(36) Davies, S. G.; Simpson, S. J.; Parker, V. D. J. Chem. SOC., Chem. 

(37) Alberts, G. S.; Shain, I. Anal. Chem. 1963, 35, 1859-1866. 
(38) Moulton, R.; Weidman, T. W.; Vollhardt, K. P. C.; Bard, A. J. 

(39) Vahrenkamp, H.; Madach, T. 2. Naturforsch. B 1979, 34B, 

(40) Pearson, R. G. Hard and Soft Acids and Bases; Dowden, Hut- 

found for Fc/Fc+ couple in t i e  system at hand. 

Commun. 1984, 352-353. 

Znorg. Chem. 1986,25, 1846-1851. 

573-578. 

chison, and Rossi: Stroudsburg, PA, 1973. 
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Figure 2. Molecular structure of [ (dmCh)M0(C0)~]~ (5). 

analogues, because electron delocalization is aided by the 
presence of the dmCh ring. In comparison, Cp* (v5-C5Me5) 
is substantially better a t  donating electron density to the 
Mo center, and hence [Cp*Mo(CO),], is more difficult to 
reduce and Cp*Mo(CO),- easier to oxidize than the Cp 
 compound^.^^ 

Calculations by Hoffmann et al. on [CpMo(CO),], sug- 
gest that the HOMO is metal-metal ?r-bonding in char- 
acter, whereas the LUMO is Mo-Mo ?r*, yet virtually 
n~nbonding.~, Assuming electrochemical potentials can 
be correlated with HOMO and LUMO energies, a view 
advanced by Bursten4, and supported by Bard,% the cyclic 
voltammetry of [ (dmCh)Mo(CO),], (5 )  provided some im- 
portant information about its Mo-Mo bond. The CV of 
5 displayed a reversible reduction a t  Eoll2 = -1.10 V (vs 
Ag/AgCl in THF, AE, = 240 mV a t  v = 200 mV s-l; cf. 
AE,(Cp,Fe/Cp,Fe+) = 220 mV) yet no oxidation peak 
appeared when electrolysis was carried to the anodic 
solvent breakdown (>+1.50 V). Since [ (dmCh)Mo(CO),],* 
(57  is stable on the CV time scale, the reversible reduction 
is indicative of weakly antibonding or nonbonding M e  
Mo n*-orbitals in 5,  assuming these constitute the LUMO. 
If this orbital possesses substantial dmCh character, as 
expected, delocalization of the added electron will limit 
the effect reduction has on the metal-metal bond order. 
The ability of dmCh to accept electron density also adds 
stability to  the Mo-Mo bonding framework, and hence 
the absence of an observable oxidation for 5 may be at- 
tributed to  the more covalent nature of dmCh. Oddly, a 
recent, brief report44 of the rcdox behavior attributed to 
[ CpMo(CO),], asserted that its cyclic voltammogram is 
virtually identical with its singly bonded kin ([CpMo- 
(CO)3]2),41 with minor variations of peak potentials. 
Analogous cathodic and anodic ECE processes occur, 
complete with scission of anion [ CpMo(CO),],, oxidative 
cleavage, etc. 

Molecular Structure of [ (dmCh)Mo(CO),], (5). 
Examination of the IR and electrochemical data pertaining 
to [ (dmCh)Mo(CO),], (5 )  suggested that its structure was 
significantly different than the Cp24 and related deriva- 
t i v e ~ . ’ ~ , ~ ~  Slow evaporation (25 “C, 4 days) of a hexane 
solution of 5 provided red needles suitable for X-ray 
analysis. The structure was solved routinely via the 
heavy-atom method, and standard refinement in space 
group PI resulted in an R of 0.049 (R, = 0.036, GOF = 
1.163). Figure 2 illustrates the molecular geometry of 5,  

(41) Leoni, P.; Marchetti, F.; Pasquali, M.; Zanello, P. J. Chem. SOC., 

(42) Hoffmann, R.; Jemmis, E.; Pinhas, A. R. J.  Am. Chem. SOC. 1980, 

(43) Bursten, B. E.; Green, M. R. B o g .  Znorg. Chem. 19!38,36,393-485. 
(44) Jaitner, P.; Winder, W. Znorg. Chim. Acta 1987,128, L17-L18. 
(45) Huang, J.-S.; Dahl, L. F. J.  Organomet. Chem. 1983,243,57-68. 

Dalton Trans. 1988, 635-639. 

102, 2576-2585. 
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C4’ positions of the dmCh rings are thus anti to the ter- 
minal carbonyls, whereas C6 and C6’ are essentially anti 
to the semibridging CO ligands (C9-01, CS’-Ol’). As 
previously observed in (dmCh)2TiC0,g the C3, C4, and C5 
(C3’, C4’, C5’) positions of the dmCh ring are approxi- 
mately equidistant from the molybdenums (2.313 (16) A 
(av)) yet are about 0.1 A closer than the remaining bound 
carbons, C2 and C6 (C2’, C6’; 2.416 (16) A (av)).4’ Despite 
this slight cant, the bound carbons of each dmCh ligand 
(C2-C6, C2’-C6’) are basically planar (Ea2 = 0.001 A). In 
viewing the bonding of the dmCh unit, the resemblance 
to the indenyl ligands in [ ( i n d e n y l ) M ~ ( C O ) ~ ] ~  became 
apparent.15 In the latter the Mo-“allyl” distances (2.339 
(8) A (av)) are 0.06 A shorter than those attributed to the 
carbons shared by both the Cp and benzene rings (2.399 
(4) A ( a d ) .  

The asymmetry of the carbonyls in 5 can be rationalized 
by using arguments based on the trans influence of seg- 
ments of the dmCh ligand. The C4 and C4’ positions are 
more strongly bound to Mo and Mol, and thus the car- 
bonyls opposite these sites (C10-02, C10’-02’) are ter- 
minal. In contrast, C9-01 and C9l-01’ are effectively trans 
to the more weakly bound C6 and C6’ carbons of dmCh 
and experience greater a-bonding and 7r-backbonding, 
leading to the linear semibridging modeG of ligation. In 
addition, the steric influence of the dimethyl group on each 
dmCh may play a role. Note that the more sterically 
demanding terminal CO ligands are situated beneath the 
“open” C 2 4 6  and C2’46’ ends (2.372 (2) A (av)) of the 
dmCh groups while the semibridging CO’s are naturally 
displaced away from the dienyl. 

The best planes of each dmCh ring are not parallel with 
respect to each other but deviate inward a t  C4 and C4’, 
forming a dihedral angle of 25.3’. In contrast, [CpMo- 
(C0),l2 contains rigorously parallel Cp ligands, and the 
vector between the centroids of both Cp ligands is collinear 
with the intermetallic axis (Le., Cp-Mo-Mo angle = 
180°).24 Defining the centroids R and R’ as the geometric 
means of C2-C4-C6 and C2’-C4’-C6’, the analogous R- 
Mo-Mo’ and R’-Mo’-Mo angles are 160.1 (2)O and 162.1 
(2)’, respectively. Interestingly, the rings in 5 are not 
syn-eclipsed (x = 0’) but closer to the gauche-eclipsed (x 
= 60’) ideal, with the actual x = 68.9 (5)’. 

The relatively long 2.508 (1) 8, Mo=Mo bond distance 
is a feature that depends critically on bridging character 
of the carbonyls. Bond distances of comparable (die- 
nyl)(CO),M~Mo(CO)~(dienyI) complexes span a some- 
what abbreviated range, but the Mo=Mo unit of 5 is 
clearly the longest: 2.448 (1) A,24 dienyl = Cp (v(C0) = 
1889, 1859 ~m-l) ; ’* ,~~ 2.488 (1) A,45 Cp* (1874, 1846 cm-‘);14 
2.500 (1) A,15 indenyl (1893, 1858 cm-l).15 Note that in each 
case, the CO stretching frequencies are appreciably lower 
than those of 5 (v(C0) = 1945, 1886 cm-’, Table I). The 
structural details parallel the IR results. With use of 
Curtis’ criteria (cy = (d2 - dl)/dl; d2, dl are M-C and M-C 
distances where a > 0; an cy of 0 indicates a symmetrical 
bridge)24 for judging the semibridging nature of the car- 
bonyl ligands, the following order exists, based on average 
01 values of all carbonyls present: Cp (a  - 0.20)24 < Cp* 
( a  - 0.07,0.35)& < indenyl (a  - 0.28, 0.41)15 < dmCh (a - 0.35,0.54). In [(dmCh)M0(C0),]~ (5 ) ,  both C10-02 and 
C10’-02’ are clearly terminal (L(Mo-C10-02) = 178.9 (7)’, 
cy = 0.56; (~(Mo’-C10’-02’) = 178.2 (9)’, a = 0.521, while 
C9-01 and C9’-01’ are slightly semibridging (L(Mo-C9- 

a = 0.35), with d2(Mo’-C9) = 2.572 (5) A and d2(Mo-C9’) 
01) = 170.4 (6)’, a = 0.35; L(Mo’-CS’-Ol’) = 169.3 (6)’, 

Table 111. Selected Interatomic Distances (A) and Angles 
(de& for [(dmCh)Mo(CO),], ( 5 ) O  

Distances 
Mo-Mo’ 2.508 (1) Cl-C8 1.540 (11) 
MO-C4 2.316 (7) c4-c5 1.432 (8) 
Mo’-C2’ 2.419 (8) CI’-C6’ 1.493 (9) 
MO’-C5’ 2.320 (7) C2‘-C3’ 1.374 (9) 
Mo-C10 1.997 (7) C5’-C6’ 1.406 (IO) 
01-c9 1.143 (7) Mo*-*C9’ 2.573 (9) 
02”ClO’ 1.105 (9) Mo’-*C10 3.112 (10) 
Cl-C7 1.533 (11) MO-C3 2.325 (7) 
c3-c4 1.421 (9) Mo-C6 2.414 (7) 
CI’-C2’ 1.520 (10) MO’-C4’ 2.281 (7) 
Cl’-C8’ 1.530 (8) Mo-C9 1.962 (6) 
C4’-C5’ 1.420 (12) Mo’-C10’ 2.008 (7) 
R‘-Mo‘ 1.935 (1) 01’-C9’ 1.156 (9) 
Mo-CIO’ 3.056 (10) C1-C6 1.517 (9) 
M o - C ~  2.396 (7) C2-C3 1.371 (9) 
Mo-C5 2.313 (7) C5-C6 1.379 (10) 
Mo’-C3’ 2.321 (8) Cl’-C7’ 1.539 (13) 
M0’-C6’ 2.434 (8) C3’-C4’ 1.380 (11) 

02-c10 1.122 (10) Mo’**C9 2.640 (9) 
Mo’-CS’ 1.950 (7) R-MO 1.927 (1) 

C1-C2 1.543 (8) 

Angles 
Mo’-Mo-R 160.1 (2) Mo-Mo’-ClO 39.8 (3) 
C9-Mo-C10 87.4 (3) C2-Cl-C7 111.1 (5) 
Mo-Mo’-R 162.1 (2) C6-CI-C8 112.4 (5) 
CS’-Mo’-ClO’ 87.7 (3) c2-c3-c4 119.8 (5) 
Mo-C9-01 170.4 (6) Cl-C6-C5 119.2 (5) 
Mo’-C10’-02’ 178.2 (9) C2’-Cl’-C8’ 111.5 (6) 
Mo’-CS’-Mo 65.7 (3) C7’-Cl’-C8’ 108.1 (7) 
Mo’-Mo-C9’ 45.1 (3) C3’-C4’-C5’ 119.0 (6) 
C2-Cl-C6 101.7 (5) C10-Mo-R 109.3 (3) 
C6-Cl-C7 111.4 (6) C10-Mo-Mo’ 86.6 (3) 
Cl-C2-C3 118.5 (5) CIO’-Mo’-R’ 110.3 (3) 
C4-C5-C6 119.7 (5) ClO‘-MO’-Mo 84.4 (3) 
C2’-Cl’-C7’ 110.9 (6) Mo’-C9’-01’ 169.3 (6) 
C6’-Cl’-C8’ 111.8 (6) Mo-C10-Mo’ 53.6 (3) 
C2’-C3’-C4’ 120.2 (7) Mo-Mo’-C9 44.7 (3) 
Cl’-C6’-C5’ 117.8 (6) Mo’-Mo-C10’ 40.8 (3) 
C9-Mo-R 120.3 (3) C2-Cl-C8 111.4 (6) 
C9-Mo-Mo’ 71.2 (2) C7-Cl-C8 108.7 (6) 
CS’-MO’-R’ 119.9 (3) c3-c4-c5 117.5 (6) 
C9’-Mo’-Mo 69.2 (2) C2’-Cl’-C6’ 103.7 (6) 
Mo-C10-02 178.9 (7) C6”Cl’-C7’ 110.8 (6) 
Mo-C9-Mo’ 64.1 (3) Cl‘-C2’-C3‘ 118.3 (6) 
MO’-ClO’-Mo 54.8 (3) C4’-C5’-C6‘ 119.0 (6) 

(I An estimated standard deviation of the least significant figure 
for each distance (in A) is given in parentheses. R and R are 
centroids of the dmCh rings, defined as the centers of triangles 
C2-C4-C6 and C2’-C4’-C6’, respectively. 

and Table I11 lists pertinent interatomic distances and 
angles. Although both halves of the triply bonded complex 
are crystallographically distinct, the molecule possesses 
virtual C2 symmetry, containing a pseudo-2-fold axis that 
bisects the ClO-Mo-Mo’-ClO’ dihedral angle and passes 
through the center of the 2.508 (1) A M s M o  bond. Each 
metal center assumes a distorted three-legged piano-stool 
geometry comprised of the triple bond and a linear semi- 
bridging COG (C9-01, C9’-01’) that is 87.6 (2)’ (av) from 
a terminal CO (C10-02, C10’-02’). The C9-Mo-Mo’ angle 
of 71.2 (2)’ (L(CS’-Mo’-Mo) = 69.2 (2)’) is clearly different 
from the corresponding angle of the terminal CO (L(C10- 
Mo-Mo’) = 86.6 (3)’, L(ClO’-Mo’-Mo) = 84.4 (3)’), re- 
vealing the semibridging nature of C9-01 (C9‘-01’). 

Planes consisting of the methyls and adjoining carbons 
of each dmCh “envelop flap” (C7-Cl-C8, C7’-Cl’-CS’) are 
aligned with the terminal carbonyls ((210-02, C10’-02’) 
of the respective molybdenums (Mo, Mo’). The C4 and 

(46) Shriver, D. F.; Horwitz, C. P. Adu. Organomet. Chem. 1984,23, 
219-305. 

(47) Ittel, S. D.; Whitney, J. F.; Chung, Y. K.; Willard, P. G.; Sweigart, 
D. A. Organometallics 1988, 7, 1323-1328. 
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= 2.640 (6) b, compared to d,(Mo-C9) = 1.962 (6) b, and 
d,(Mo-C9') = 1.950 (7) A. The close resembance of [(in- 
deny l )M~(CO)~]~  and 5 may be partly a consequence of the 
similar bonding geometries of the ligands, as previously 
addressed. 

The data persuasively show that the greater the semi- 
bridging character of the carbonyl ligands, the shorter the 
M o r M o  bond, although the magnitude of the change is 
relatively minor. Presumably, this correlation is due to 
the geometric constraints imposed by the linear semi- 
bridging mode of CO binding. Note that Mo-C9 and 
Mo'-C9' distances (1.956 (9) b, (av)) are slightly shorter 
than their terminal counterparts, Mo-C10 and Mot-C10' 
(2.003 (8) b, (av)). The ability of bridging groups to con- 
strain or dictate the degree and distance of metal-metal 
interactions has been the subject of numerous discussions" 
Surprisingly, the tris(pyrazoly1)borate complex [TpMo- 

1842 cm-1)49 most closely resembles 5 ,  including an anal- 
ogous pseudo C2 axis that bisects the M-Mo bond. The 
M e M o  bond length is 2.507 (1) A, and each Mo contains 
one semibridging ( a  = 0.27, L(MoCO) = 171') and one 
terminal ( a  = 0.41, 175') CO. 

Curtis observed that the MEMO bond lengths correlate 
inversely with the cone angle of the dienyl or T p  ligand; 
extrapolating to this case, dmCh should approach 180', 
a value that is not borne out by models or structural 
studies. Nonetheless, dmCh is a large ligand that can exert 
a great deal of steric influence, although perhaps not quite 
as encumbering as Cp*. Interestingly, the Mo-C(carbony1) 
bond lengths in [ C ~ M O ( C O ) ~ ] ~  are 2.13 (4) and 2.56 (5) A, 
while [ (dmCh)Mo(CO),l2 ( 5 )  contains significantly shorter 
Mo-CO distances (2.003 (8), 1.956 (9) A) but a slightly 
longer semibridging distance, 2.61 (5) A. It would seem 
that steric influences on the Mo-carbonyl distances are 
a t  best minimal. 

The question remains as to why the ligation by dmCh 
renders the CO ligands less able to bridge, leading to a 
longer Mo=Mo bond. The dimethylcyclohexadienyl lig- 
and is considered to be stronger field than Cp9 and can act 
as a significant 7-acceptor, akin to pentadienyl units. 
Recall that Hoffmann showed that the linear semibridging 
CO ligands result from acceptance of electron density from 
the dimolybdenum fragment.50 When dmCh is present, 
it is not necessary to delocalize excess electron density into 
just the carbonyls, as is the case in [ C ~ M O ( C O ) ~ ] ~ .  The 
dmCh competes effectively with the CO ligands for elec- 
tron density, thereby lessening the back-donation into the 
carbonyls. Since electron density is being disseminated 
into the peripheral 7-hydrocarbons, the MEMO bond is 
weaker and longer than in the Cp case. 
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(CO)2]2 (Tp = HB(C,N,HJs, u(C0) = 1970,1905,1856, 

Conclusions 
A n  investigation i n t o  the ancillary character of the 

6,6-dimethylcyclohexadienyl ligand (dmCh) has been un- 
dertaken via the preparation of (dmCh)MoL, species. 
Given the ability of dmCh to stabilize Ti(I1) and V(II),g 
it is somewhat surprising to note that the chemistry de- 
lineated closely parallels that of cyclopentadienyl in this 
system. However, subtle variations in spectral, structural, 
and electrochemical behavior support the contention that 
dmCh can accept and donate electron density to a sub- 

DiMauro et  al .  

(48) Ferguson, G. S.; Wolczanski, P. T.; Pirkinyi, L.; Zonnevylle, M. 

(49) Curtis, M. D.; Shiu, K.-B.; Butler, W. M.; Huffman, J. C. J .  Am. 

(50) Hoffmann, R.; Jemmis, E.; Pinhas, A. R. J .  Am. Chem. SOC. 1980, 

C. Organometallics 1988, 7, 1967-1979, and references therein. 

Chem. SOC. 1986, 108, 3335-3343. 

102. 2576-2585. 

stantially greater extent than Cp. Arguments assessing 
the electrochemical and structural evidence have been 
previously addressed, while the data in Table I provide an 
opportunity to scrutinize the effect of dmCh (vs Cp) on 
CO stretching frequencies. For species possessing several 
electron-withdrawing carbonyls, such as [Mp'l-, Mp'I, 
[Mp'],Hg, and Mp', (Mp' = (dienyl)Mo(CO)J, dmCh 
donates more electron density to each metal center than 
Cp, and hence the u(C0) bands of 1-4 are slightly lower 
in energy than their counterparts. In contrast, when fewer 
carbonyls are present, as in (dienyl)Mo(CO)(NO)PR,, or 
when the metal center is more electron rich due to multiple 
metal-metal bonding, as in [ (d ienyl )M~(CO)~]~ ,  the dmCh 
ligand can accept a greater amount of electron density than 
Cp, and hence the carbonyl stretches for these complexes 
( 5 ,  7, and 9) are higher in energy. The contention that 
dmCh is a "softer" ligand40 is borne out by these obser- 
vations, which show how the ligand can compensate for 
variations in electron density at the Mo center by behaving 
in an electronically amphoteric fashion. Although the 
properties of the dmCh ligand are not as dramatically 
manifested by this molybdenum system relative to pre- 
viously prepared (dmCh),M complexes, the data consist- 
ently portray the dienyl as a strong-field, yet ancillary 
ligand. 

Experimental  Section 
General Considerations. All manipulations were performed 

using either glovebox or high-vacuum line techniques. Ethereal 
and hydrocarbon solvents were distilled from purple benzo- 
phenone ketyl and vacuum transferred from same prior to use. 
CHPClz was similarly dried over Pzo5. BenZene-d,, toluene-d8, 
CD2C12, and THF-d8 were dried over activated 4-A molecular 
sieves, vacuum transferred, and stored over N,. Mo(CO), was 
purchased from Climax, Diazald (N-nitrosc-p-toluenesulfonamide) 
from Aldrich, and HgI, from Mallinckrodt; each was used without 
further purification. [Cp2Fe]PF6:1 (diglyme)Mo(C0)3,11 and 
(dmCh)Ks were prepared by using published procedures. 

NMR spectra were recorded on Varian XL-200 and XL-400 
instruments and referenced to TMS (lH, 13C('H), 6 0.0) or external 
P(OMe)3 (31P(1H1, 6 140.4). Monitoring of reactions by NMR was 
carried out using sealed tubes as in procedures 8 and 9. Infrared 
spectra were obtained on a Mattson FT-IR spectrometer inter- 
faced to a AT&T PC7300 computer. Elemental analyses were 
conducted by Analytische Laboratorien, Elbach, West Germany. 

Procedures .  1. [(dmCh)Mo(CO),]K(diglyme), (1). To a 
mixture of (diglyme)Mo(CO), (1.030 g, 3.44 mmol) and K(dmCh) 
(0.503 g, 3.44 mmol) a t  -78 "C was added 40 mL of THF. The 
resulting slurry was stirred 4 h, allowed to warm to 25 "C, and 
stirred an additional 2 h. The resulting brown solution was filtered 
and reduced to 5 mL, and 15 mL of hexane added. Rapid stirring 
of the resulting two phases effected the dispersal of a tan solid. 
Filtration and washing with EtzO provided 1.247 g (85%) of 1 
(n = 0.74 by 'H NMR). Anal. Calcd for C15.44H21.3605.nKM~: C, 
43.58; H, 5.06. Found: C, 43.27; H ,  4.90. 

2. (dmCh)Mo(CO)J (2). Method a. To a slurry of 1 (536 
mg, 1.26 mmol) in 10 mL of T H F  a t  -78 "C was added a solution 
of I, (0.0504 M; 1.26 mmol, 25 mL THF). The reaction mixture 
was stirred 2 h, warmed to 25 "C, and stirred an additional hour. 
The T H F  was removed, 35 mL of hexane was added, and the 
solution filtered to give a dark red-brown filtrate. Crystallization 
from hexane gave 52 mg (10%) of red-orange 2. Method b. T o  
a solution of [(dmCh)Mo(CO),IzHg (3, 876 mg, 1.13 mmol) in 
CH2C1, a t  0 "C was added a solution of 1, (0.12 M, CH,Cl,; 2.4 
mmol, 20 mL) over 1 min. The mixture was stirred 1 h, warmed 
to 25 "C, and stirred an additional 12 h. The CHZCl2 was removed, 
20 mL of hexane added, and the solution filtered. Crystallization 
from hexane provided 152 mg (65%) of 2: l3Cl1H) NMR (CDzCIJ 
d 29.19, 39.05 (Me), 36.43 (CMe,) 83.96 (Cc,cT), 90.73 (C&, 100.48 

(51) Gagne, R. R.; Koval, C. H.; Lisensky, G. C. Inorg. Chem., 1980, 
19, 2854. 
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( C ~ , W ) ,  215.83 (CO). Anal. Calcd for Cl1HlIO3MoI: C, 31.91; H, 
2.68. Found: C, 31.82; H, 2.79. 

3. [ (dmCh)M~(CO)~l~i-Ig (3). To a mixture of 1 (1.19 g, 2.79 
mmol) and Hg12 (634 mg, 1.39 mmol) a t  -78 "C was added 35 mL 
of THF. After 5 min, the solution was warmed to 0 "C and stirred 
an additional 3 h. Removal of THF,  addition of 10 mL of benzene, 
filtration, and addition of 20 mL of hexane provided yellow 3 (832 
mg, 77%) as a light- and temperature-sensitive powder. 

4. [(dmCh)Mo(CO),], (4). To a solution of 1 (974 mg, 2.29 
mmol) in 25 mL of T H F  a t  -78 "C was added [Cp2Fe]PF6 (741 
mg, 2.24 mmol) from a solid addition funnel. The resulting deep 
green slurry was rapidly stirred, warmed to 0 "C over 30 min, and 
allowed to warm to 25 "C. After T H F  was removed and 30 mL 
of benzene added, the solution was filtered, and the volatiles were 
pumped off to yield orange-brown and purple crystals. Ferrocene 
(363 mg, 87%) was removed via sublimation, and the residue 
crystallized from toluene/pentane to yield 375 mg (57%) of purple 
4. When dissolved or pulverized, 4 appears dark green. Similar 
results may be obtained by using [Cp,Fe]BPh, as the oxidant; 

98.88 (Ca), 223.65 (CO), CMe2 unobserved. Anal. Calcd for 
C22H2206M02: C, 46.01; H, 3.86. Found: C, 46.10; H, 3.97. 

5. [(dmCh)Mo(CO)J2 (5). A sample of 4 (365 mg, 0.64 mmol) 
was transferred to a 200-mL glass bomb reactor fitted with a 
needle valve adapter, and 25 mL of hexane was added. The 
solution was degassed and immersed in a 90 "C bath for 4 days. 
The solution was then periodically degassed while hot (-6 times) 
and further degassed upon cooling, resulting in a red solution. 
Filtration and crystallization a t  -78 "C afforded 265 mg (80%) 
of brick-red 5: 13C(1HJ NMR (C6D6) 6 29.76, 34.91 (Me), 67.82 
(Cc,c,), 93.28 (CJ, 104.12 (Cb,W), 235.0 (CO), CMe2 unobserved. 
Anal. Calcd for CmHZ2O4Mo2: C, 46.35; H, 4.28. Found: C, 46.23; 
H ,  4.42. 

6. ( d m C h ) M 0 ( C 0 ) ~ N 0  (6). To a slurry of 1 (296 mg, 0.695 
mmol) in EhO at -78 "C was added an ethereal solution of Diazald 
(0.035 M; 20 mL, 0.70 mmol). The reaction mixture was warmed 
and allowed to stir a t  25 "C for 20 h. Removal of E t 2 0  followed 
by hexane extraction and evaporation of solvent left a volatile 
yellow solid. Sublimation (25 "C, lo-' Torr) yielded 98 mg (49%) 
of crystalline 6. Anal. Calcd. for C1&Il1NO3Mo: C, 41.54; H, 3.83. 
Found: C, 41.57; H, 3.83. 

7. (dmCh)Mo(CO)(NO)PPh, (7). Triphenylphosphine (46 
mg, 0.18 mmol) and 6 (51 mg, 0.18 mmol) were dissolved in 10 
mL of toluene and heated to reflux for 16 h. Cooling of the 
solution to 0 "C provided 28 mg (30%) of red, crystalline 7 31P(1H) 
NMR (CJ18) 6 49.4 (s). Anal. Calcd for CnHBN02PMo: C, 61.96; 
H, 5.01. Found: C, 61.89; H, 5.15. 

8. (T$~~C~)MO(CO)~(NO)(PM~~)~ (8). T o a n  N M R t u b e  
fitted with a ground-glass joint attached to a needle valve adapter 
was added 17 mg (0.058 mmol) of 6 and 0.4 mL of CD2C12. The 
tube was evacuated and cooled to 77 K, and PMe, (0.12 mmol) 
was admitted via a gas bulb. Upon slowly warming to -20 "C over 
30 min, resonances attributable to 8 were noted by 'H NMR 
(CD2C12, -20 "C): 6 0.985 (s, Me, 3 H),  0.990 (5, Me, 3 H),  1.51 

(m, H,(tentative)); 31P{1H1 NMR (CD2C12, -20 "C) 6 -24.4. 
9. (dmCh)Mo(CO)(NO)(PMe,) (9). To an NMR tube fitted 

with a ground-glass joint attached to a needle valve adapter was 
added 17 mg (0.058 mmol) of 6 and 0.4 mL of C6De The  tube 
was evacuated and cooled to 77 K, and PMe3 (0.058 mmol) was 
admitted via a gas bulb. After the tube was sealed with a torch 
and allowed to stand for 1 h a t  25 "C, quantitative conversion 
to orange (dmCh)Mo(CO)(NO)PMe, (9) was noted. 31P(1HJ NMR 

Electrochemical Studies of 1 and 4. Electrochemical 
measurements were recorded using a BAC-CV-27 instrument and 
Soltec 6423s X-Y recorder. Reference electrodes consisted of 
a cracked-bead outer shell containing a silver wire immersed in 
a saturated solution of AgC1/Me4NCI in THF.  Cyclic voltam- 
mograms were recorded in a single-compartment cell, using either 
a 0.02- or 0.03-in. Pt disk working electrode and a 0.03-in. Pt wire 
auxiliary electrode. 

Starting with either 1 or 4, the [Mol was -1 mM in T H F  with 
-0.1 M ["Bu4N]BF4 as a supporting electrolyte. The working 
electrode was a 0.3-in. Pt wire, and the reference electrode was 

l3CI1H) NMR (C&) 6 29.26, 34.36 (Me), 73.19 (cc,d), 99.17 (Cb,b,), 

(AXgA'X'g, PMe,, 18 H, l J p H  + JpH'I = 6.9 Hz),  4.63 (dd, H , , ,  
2 H, J = 9.7, 0.7 Hz),  5.68 (dd, Hb,b, 2 H ,  J = 9.7, 4.5 Hz), 5.68 

(CDZC12): 6 -0.48 (s). 
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Table IV. Fractional Coordinates and Thermal 
Parameters" for [(dmCh)Mo(CO)J2 (5)  

atom X Y z B(iso), AZ 
Mo 0.71722 (4) 0.18269 (5) 0.79841 (2) 2.37 (1) 

01 1.0428 (5) 0.3473 (6) 0.8978 (4) 4.9 (1) 
0 2  0.7492 (9) 0.3043 (8) 0.5762 (5) 7.1 (2) 
01' 0.6383 (6) -0.1778 (6) 0.8823 (5) 5.2 (2) 

C1 0.4978 (7) 0.3919 (8) 0.7742 (5) 3.7 (2) 
C2 0.6554 (6) 0.4262 (7) 0.8507 (5) 3.3 (2) 
C3 0.6846 (7) 0.3437 (8) 0.9405 (5) 3.6 (2) 
C4 0.6005 (7) 0.1893 (8) 0.9374 (5) 3.6 (2) 
C5 0.4924 (7) 0.1227 (7) 0.8365 (6) 3.7 (2) 
C6 0.4660 (6) 0.2131 (8) 0.7500 (5) 3.6 (2) 
C7 0.3918 (8) 0.4456 (9) 0.8335 (7) 4.6 (2) 
C8 0.4898 (9) 0.4754 (9) 0.6690 (6) 5.1 (2) 
C9 0.9268 (7) 0.2742 (7) 0.8604 (5) 3.5 (2) 
C10 0.7373 (9) 0.2590 (9) 0.6556 (6) 4.5 (2) 
C1' 1.0186 (7) -0.2222 (8) 0.6567 (5) 3.7 (2) 
C2' 0.9331 (7) -0.2688 (8) 0.7398 (5) 3.9 (2) 
C3' 0.9901 (9) -0.1997 (9) 0.8471 (5) 4.7 (2) 
C4' 1.0805 (8) -0.0512 (11) 0.8701 (6) 5.2 (2) 
C5' 1.1109 (7) 0.0297 (8) 0.7813 (7) 4.4 (2) 
C6' 1.0513 (8) -0.0455 (8) 0.6728 ( 6 )  4.2 (2) 
C7' 1.1611 (10) -0.2852 (11) 0.6811 (7) 5.7 (3) 
C8' 0.9290 (10) -0.2874 (10) 0.5386 (6) 5.1 (2) 
C9' 0.7159 (7) -0.1052 (7) 0.8387 (5) 3.4 (2) 
C10' 0.7021 (9) -0.0804 (9) 0.6205 (6) 5.0 (2) 

Mo' 0.86085 (3) -0.01873 (5) 0.76300 (3) 2.48 (1) 

02'  0.6163 (8) -0.1175 (9) 0.5416 (5) 7.8 (2) 

aFrom the anisotropic thermal parameters in the form exp- 
[-(h2Pll + k2P22 + 12P33 + 2hk& + 2hlDl3 + 2klp,,)]; the B (iso- 
tropic equivalent) values are derived by &so) = 4.0[p  det 
(B,,) I ' I3.  

either Ag/AgCl or a Ag wire pseudoreference. Calibration: 
Cp2Fe+/0 is +0.82 V vs Ag/AgCI/THF/25 "C; Cp2Fe+/0 is +0.84 
V vs Ag wire/THF/25 "C. The Cp2Fe+/0 couple is defined as 0.31 
V vs saturated calomel electrode in nonaqueous solvents a t  25 
"C.51 

Single-Crystal X-ray Diffraction Analysis of [ (dmCh)- 
M o ( C O ) ~ ] ~  (5). A truncated cylinder (0.12 X 0.15 X 0.35 mm) 
of [(dmCh)Mo(C0),l2 (51, obtained via hexane evaporation, was 
sealed in a Lindemann capillary. Preliminary X-ray diffraction 
photographs displayed triclinic symmetry. Precise lattice con- 
stants, determined from a least-squares fit of 15 diffractome- 
ter-measured 20 values a t  25 "C, were a = 9.654 (1) A, b = 8.658 
(1) A, c = 12.608 (2) A, cy = 93.44 (l)", = 104.80 (l)", y = 100.79 
(1)". The cell volume was 994.88 (22) A3, with a calculated density 
of 1.730 g/cm3, where 2 = 2. The  space group was determined 
to be PI, and the asymmetric unit consisted of C20H2204M02. All 
unique diffraction maxima (h,k,l) with 20 I 114" were measured 
on a four-circle automated diffractometer, with a variable-speed, 
1" w scan (0.1-30°/min) using graphite-monochromated Cu Ka 
radiation (A = 1.541 78 A) a t  25 "C. After correction for Lorentz 
polarization and background effects, 2518 (93.7%) of the unique 
data (2997) were judged observed (IFoI 2 ~ u I F , ~ ) . ~ ~  The structural 
solution using the heavy-atom method positioned the Mo atoms 
(two cycles, R = 0.25), and non-hydrogen light atoms were revealed 
by successive Fourier syntheses. Standard block-diagonal 
least-squares refinements converged to a residual (R)  of 0.106. 
Included in this refinement were all non-hydrogen atoms; the H 
atomic positions were generated from assumed geometries and 
were not refined. At the end of this isotropic refinement, an 
empirical absorption correction (after Walker and Stuart)53 was 
applied, dropping R to 0.069. The  minimum, maximum, and 
average absorption corrections were 0.816, 1.874, and 1.025. A 
final difference Fourier map revealed no peaks greater than 0.31 
e-/A3. For 2518 observed reflections, the final residuals were R 
= 0.049 and (R,) = 0.036, with GOF = 1.163.54 Fractional 
coordinates and thermal parameters for 5 are given in Table IV. 

(52) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect. A 1968, A24, 

(53) Walker, N.; Stuart, D. Acta  Crystallogr., Sect .  A 1983, A39, 

(54) R = ZllF,l - lFcll/~ZIFol~; R, = 1Z41FoI - I~,l)*/C~(l~,1)21"2. 

321-324. 

158-166. 
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Reaction of acetylene with Cp*Ru(PiPr3)C1 or [Cp*Ru(p -Cl)], (Cp* = q5-C5Me5) gives good yields of 
the dinuclear ruthenacyclopentadiene complex Cp*C12Ru(q2:$p2-C4H4)RuCp* (1). Compound 1 crystallizes 
in space group P i ,  with a = 8.673 (6) A, b = 9.632 (7) A, c = 16.17 (1) A, a = 96.72 ( 4 ) O ,  p = 92.39 ( 4 ) O ,  

y = 95.95 (4)O, V = 1332 (2) A3, Z = 2, R F  = 4.42%, and RwF = 6.53%. Alkylation of 1 with MeMgBr affords 
the dimethyl complex Cp*Me2Ru(q2:q4-p2-C4H4)RuCp* (2). Reaction of [ C ~ * R U ( ~ ~ - C ~ ) ] ~  with 8 equiv of 
Me,SiCrCH produces the cyclobutadiene complex Cp*Ru[ q4-C4H2(SiMe3)2]C1 (3) as the major product 
(67% yield). A minor product in this reaction, formed in 5% yield, is a ruthenacyclopentadiene complex 
analogous to 1, Cp*ClzRu[q2:q4-p2-C4Hz(SiMe3)2]RuCp* (4).  This species was characterized in solution 
by NMR spectroscopy. If [Cp*Ru(p3-C1)I4 is allowed to react with a limited amount of Me3SiC=CH (ca. 
1 equiv), a triruthenium cluster containing one alkyne ligand may be isolated in high yield. This compound, 
Cp*3Ru3(p2-Cl)z(p3-C1)(q2-p2-HC~CSiMe3) ( 5 ) ,  is unstable in solution but was characterized in the solid 
state by X-ra crystallography. Compound 5 crystallizes in space group P2,/n, with a = 12.568 (6) A, b 
= 17.195 (9) 1, c = 18.307 (9) A, /3 = 96.46 (3)O, V = 3931 (3) A3, Z = 4, RF = 4.2170, and RwF = 6.74%. 
Finally, [Cp*Ru(p,-Cl)], and dimethyl acetylenedicarboxylate (DMAD) react to give a diruthenium complex 
containing DMAD and C6(C02Me)6 ligands, Cp*zRuzC12(Me02CC~CCo2Me) [C6(COzMe)6] (6). Possible 
structures for this species are discussed. 

Introduction 
I t  is well established that coordinatively unsaturated 

transition-metal species have a rich reaction chemistry with 
alkynes.' We have been investigating coordinatively un- 
saturated Cp*Ru (Cp* = q5-C5Me5) species, particulary 
with respect to (1) eliminations in organosilicon ligands2 
and (2) the chemistry of alkoxide derivatives., Convenient 
starting points for these studies are the 16-electron com- 
plexes Cp*Ru(PR3)C1 (R = Cy, iPr)4 and the labile cluster 
[ C p * R ~ ( p ~ - C 1 ) 1 ~ , ~  which serve as synthetic equivalents for 
the 14-electron fragment Cp*RuCl. As part of a survey 

(1) (a) Bowden, F. L.; Lever, A. P. Organomet. Chem. Reu. 1968, 3, 
227. (b) Dickson, R. S.; Fraser, P. J. Adu. Organomet. Chem. 1974, 12, 
323. (c) Otsuka, S.; Nakamura, A. Adu. Organomet. Chem. 1976,14,245. 
(d) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles 
and Applications of  Organotransition Metal Chemistry; University 
Science Books: Mill Valley, CA, 1987. 

(2) Campion, B. K.; Heyn, R. H.; Tilley, T. D. J .  Am. Chem. SOC. 1988, 
110, 7558. 

(3) Loren, S. D.; Campion, B. K.; Heyn, R. H.; Tilley, T. D.; Bursten, 
B. E.; Luth, K. W. J .  Am. Chem. SOC. 1989, 111, 4712. 

(4' Campion, B. K.; Heyn, R. H.; Tilley, T. D. J .  Chem. SOC., Chem. 
Commun. 1988, 278. 

(5) Fagan, P. J.; Ward, M. D.; Calabrese, J. C. J .  Am. Chem. SOC. 1989, 
11 1 .  1698. 

of the reaction chemistry of these starting materials, we 
have investigated their reactions with alkynes. As ex- 
pected, Cp*Ru(PiPr3)C1 and [Cp*Ru(p3-C1)I4 are quite 
reactive toward alkynes, and a number of different reaction 
products can be observed. In this paper we report the 
synthesis and characterization of dinuclear ruthenacyclo- 
pentadiene complexes Cp*X2Ru(q2:q4-p2-CRCHCRCH)- 
RuCp* (X = C1, R = H (I);  X = Me, R = H (2); X = C1, 
R = SiMe, (411, a cyclobutadiene complex, Cp*Ru[q4- 
C4H2(SiMe3)2]C1 (3), a triruthenium cluster with a bridging 
alkyne, C~*~Ru~(p~-Cl)~(p~-Cl)(q~-p~-HC*SiMe~) (51, and 
a dinuclear arene complex, Cp*,Ru2C12(Me02CC= 
C C ~ ~ M ~ ) [ C G ( C O ~ M ~ ) G ~  (6). 

Results 
Blue toluene solutions of the coordinatively unsaturated 

complex Cp*Ru(PiPr3)C14 rapidly turn red when pres- 
surized with acetylene (15 psi) at room temperature. 
Workup of the reaction mixture results in isolation of the 
metallacyclopentadiene complex Cp*C12Ru(q2:q4-p2- 
C,H4)RuCp* (11, which crystallizes from toluene as red 
prisms. Compound 1 was characterized spectroscopically 
and by X-ray crystallography (vide infra). The lability of 
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