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The products of the reactions investigated are methane 
and ethanol in proportions that are relatively sensitive to 
solvent and metal center but relatively insensitive to H2 
and CO pressure. 
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I 

The reaction of [Cp(CO),Mo], (Cp = v5-C5H5) with the bicyclic aminophosphorane PhPP(H)- 
(OCH2CH2),N reaulta, at room temperature, in the formation of Cp,M~,(CO)~(phoran) (111) (major product), 
Cp,M~,(CO)~(phoran) (IV), and CpzMoz(CO)4(phoran)z (V) (in which “phoran” represents the open tau- 
tomeric form, Le., PhP(OCH2CH2),NH, of the phosphorane). The unexpected and direct formation of 
the dissymmetrically CO substituted complex 111, in which the M w M o  triple bond is retained, appears 
to be restricted to phoran and was not observed for PhP(OMe),, which may indicate that the nitrogen 
atom transannular to phosphorus in phoran plays a role in the reaction. Complex I11 undergoes addition 
reactions with CO and isocyanides to form IV and CpzMo2(CO)3(p,v2-CNR)(phoran) (R = CMe,, CH,Ph), 
respectively. Its reaction with P(OMe)3 results in the formation of CpzMoz(CO)3P(OMe)3 (VI). X-ray 
diffraction studies have been carried out on I11 and VI. Characteristic of both structures are relatively 
short Mo-Mo bonds (2.504 A, average), semibridging CO ligands, and nonlinear Cp-Mo-Mo-Cp ar- 
rangementa. The dissymmetric substitution of the M-Mo bond allowed the investigation of the dynamic 
behavior of the CO ligands by means of variable-temperature I3C NMR studies of the 13CO-enriched complex 
111. Evidence was obtained for a one-for-one switch process of two carbonyls, during which the third one 
remains unexchanged. 

1 

Introduction 
The chemistry of the metal-metal triple bond in [Cp- 

(CO),Mo], (I), (Cp = v5-C5H5) has been the subject of 
numerous investigations. Its reactions with nucleophiles 
or small unsaturated organic molecules3 usually lead to the 
symmetrical addition products, CpzMoz(C0)4Lz, in which 
the metal-metal bond order is 1. By contrast, CO sub- 
stitution reactions in which the M m M o  bond is retained 
remain practically unknown. The first direct substitution 

(1) “Reactivity of the Metal-Metal Multiple Bond in Metal-Carbonyl 
Derivatives. 8”. For part 7 see: Brunner, H.; Hoffman,  B.; Wachter, 
J. J. Organomet. Chem. 1983,252, C35. For a preliminary note see ref 
2. 

(2) Wachter, J.; Mitschler, A.; Riess, J. G. J. Am. Chem. SOC. 1981,103, 
2121. 

(3) (a) For reviews see, e.g.: Curtis, M. D.; Messerle, L.; Fotinas, N. 
A.; Gerlach, R. F. ACS Symp. Ser. 1981, No. 155,221. (b) Cotton, F. A.; 
Walton, R. A. “Multiple Bonds between Metal Atoms”; Wdey: New York, 
1982; pp 245-264. 

0276-7333/84/2303-0714$01.50/0 

of one CO ligand on the MFMO bond was relized by 
using the bicyclic aminophosphorane IIA, which coordi- 
nates to the metal through the phosphorus site of its open 
tautomeric form IIB (eq 1).2 The resulting complex, 

-- /O- 
R-P 

\O-NH 

IIB 

Cp,M~~(CO)~(phoran) (111), represents a rare example of 
an easily and directly accessible dissymmetric derivative. 
More recently, direct substitution of all CO groups of I was 
achieved by using elemental sulfur4 or s e l e n i ~ m . ~  Other 

(4) Brunner, H.; Meier, W.; Wachter, 3.; Guggolz, E.; Zahn, T.; Ziegler, 

(5 )  Brunner, H.; Wachter, J.; Wintergerst, H. J. Organomet. Chem. 
M. L. Organometallics 1982, 1 ,  1107. 

1982, 235, 77. 
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known derivatives of the type CP~MO~(CO)~L containing 
this triple bond were obtained indirectly from single- 
bonded Mo-Mo derivatives of type Cp2(C0),Mo2L2 (L = 
'/,RC=CR or PPhJa6 The chemistry of the MmMo 
bond in such dissymmetrically substituted compounds has 
not yet been studied, with the exception of Cp2M02- 
(CO)(C&,).6b 

In this paper we wish to describe the detailed structure 
of 111, the fluxional behavior of its CO groups, and some 
selected reactions. These demonstrate both the unique 
ability of ligand 11, whose coordination chemistry already 
exhibited many original facets,' to provoke CO substitution 
reactions on I and the unique reactivity of the resulting 
dissymmetrically substituted metal-metal triple bond. We 
also report the molecular structure of one of the reaction 
products, C~,MO~(CO)~P(OM~),(VI). 

Experimental Section 
General Data. All procedures were carried out under nitrogen 

with solvents freshlv distilled from amromiate drvine agents 
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.- * W Y l  , . 
under nitrogen. The phosphorane PhHP(OCH2CH2)2N (II),s as 
well as [Cp(CO)zMo]z (Cp = was prepared according 
to published procedures. PhCH2NC and Me3CNC were obtained 
from Fluka and Aldrich. resDectivelv. Elemental analvses were 
performed by the Mikroanaiytisches Laboratorium, Uhersit i i t  
Regensburg, and by the Analytische Laboratorien Malissa & 
Reuter, D-5250 Engelskirchen, Germany (P, Mo). They are shown 
together with selected properties in Table I. 

Infrared spectra were obtained with a Beckman 4240 spec- 
trophotometer. Field desorption mass spectra were run on a 
Varian 311A instrument from toluene and acetone solutions, 
respectively. NMR spectra were recorded with the instruments 
indicated in Table IV. Carbon-13-enriched [Cp(CO)2Mo]2 was 
prepared according to a published procedure? 13C0 (97.1%) was 
employed for all I3C-enrichment experiments. 

Preparations. Reaction of [Cp(CO)2Mo]2 (I) with Phoran 
(11). A solution of 0.63 g (3.0 mmol) of I1 in 20 mL of ether was 
added dropwise to a solution of 1.30 g (3.0 mmol) of I in a mixture 
of 20 mL of toluene and 50 mL of ether. Evolution of CO was 
immediate. After stirring for 15 h at  room temperature a red 
precipitate was collected by filtration, washed twice with 20 mL 
of toluene, and dried in vacuo to give 0.44 g (17%) of CpzMo2- 
(CO)4(phoran)2 (V). The combined filtrates were concentrated 
to 10 mL. Chromatography on Si02 (column 30 X 3 cm) gave 
successively [Cp(CO)3Mo]z, as a red band eluted with toluene; 
0.41 g (20%) of Cp2M02(CO),(phoran) (IV), as a dark red product 
eluted with toluene/acetone 101; and Cp2M0&0)~(phoran) (III), 
contaminated by IV, as a red-orange band eluted with tolu- 
ene/acetone 1:l. Repeated chromatography of 111 resulted in 0.40 
g of a pure product (21 % yield). Complex V is only slightly soluble 
in common solvents unlike IV which in turn is less soluble than 
111. Analytically pure samples of I11 and IV were obtained by 
recrystallization from CH2C12/ether or toluene/pentane mixtures 
a t  -35 "C. 

Attempted Reaction of I with PhP(OMe)z. When equimolar 
amounts of I and PhP(OMe)z were treated as above in toluene 
for 17 h at  room temperature, only small amounts of [CpMo- 
(CO)3]2 were eluted from the SiOz column with toluene; the bulk 
of the reaction product remained adsorbed at  the top of the 

(6) (a) Knox, S. A. R.; Stansfield, R. F. D.; Stone, F. G. A.; Winter, M. 
J.; Woodward, P. J. J. Chem. SOC., Dalton Trans. 1982, 167. Knox, S. 
A. R.; Stansfield, R. F. D.; Stone, F. G. A,; Winter, M. J.; Woodward, P. 
Ibid. 1982, 173. (b) Slater, S.; Muettarties, E. L.; Znorg. Chem. 1981,20, 
946. (c )  Curtis, M. D.; Klingler, R. J. J. Organomet. Chem. 1978,161, 23. 

(7) Wachter, J.; Jeanneaux, F.; Riess, J. G. Irwrg. Chem. 1980,19,2169. 
Pradat, C.; Riess, J. G.; Bondoux, D.; Mentzen, B. F.; Tkatchenko, I.; 
Houalla, D. Ibid. 1979,101,2234. Vierling, P.; Riess, J. G. Ibid. 1981,103, 
2466. Jeanneaux, F.; Grand, A.; Riess, J. G. Ibid. 1981, 103, 4272. 
Wachter, J.; Mentzen, B. F.; Riess, J. G .  Angew. Chem., Zntl. Ed. Engl. 
1981, 20, 284. 
(8) Houalla, D.; Mouheich, T.; Sanchez, M.; Wolf, R. Phosphorus 

Relat. Group V Elem. 1976, 5,  229. 
(9) Bailey, W. I., Jr.; Chisholm, M. H.; Cotton, F. A.; Rankel, L. A. J. 

Am. Chem. SOC. 1978, 100, 5764. 
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compd 
color 
cryst symmetry 
space group 
a,  '4 
b,  '4 
c, A 
a ,  deg 
P ,  deg 
7, deg v, A3 z 
cryst size, mm 
radiation, wavelength, A 
temp 
diffractometer 
monochromator 
scanning mode 
limits in w 
no. of reflcns 
abs 
linear abs coeff, cm-' 
obsd reflcns ( I  > 3 u ( I ) )  

dca l~d? .g 'cm-~ 

Table 11. Crystallographic Data 

Cp,Mo,(CO), {PhP(OCH,CH,),NH) 
red brown 
monoclinic 

14.902 (3) 
16.681 (3)  
9.631 ( 2 )  
90 
104.84 (2)  
90 
2314 
4 
1.77 
0.06 x 0.08 x 0.09 (+0.01) 
Cu, h(Ka , )  = 1.54056 
room 
Enraf-Nonius CAD-4F 
Ni 
scan w/28 
2 < w < 6 0  
2665 
none 
102.738 
1625 

p2,  I C  

no. of refined parameters by least-squares 289 
0.067 
0.087 

R(F 1 
R d F )  

column and could not be eluted, even with 1:l toluene/acetone. 
Reaction of I11 with CO. A solution of 390 mg (0.63 mmol) 

of I11 in 50 mL of toluene was stirred for 2.5 h while CO was 
bubbled through the solution. The solution was then concentrated 
and chromatographed on SiOz (7 X 2 cm). Traces of [CpMo- 
(CO)3]2 were removed by elution with toluene; a dark red band 
eluted with 2:l toluene/acetone yielded 400 mg (94%) of IV. 

Thermal Conversion of IV into 111. A solution of 650 mg 
(0.97 mmol) of IV in 100 mL of toluene was refluxed for 12 h. 
The concentrated solution was chromatographed on SiOz (7 X 
2 cm). Impurities were removed with 20:l toluene/acetone, 
whereas I11 (260 mg, 43%) was eluted with 2:l toluene/acetone 
as a red-orange band. 

[Cp- 
(*C0),Mo12 (1.13 g, 2.60 mmol) was reacted with an equimolar 
amount of phoran as described above. After complex V was 
separated, the resulting mixture of I11 and IV in toluene was 
stirred under 0.5 atm of 13C0 at room temperature for 2.5 h. 
Purification on SiO, (see above) resulted in 650 mg (37%) of 
Cp,Mo,(*CO),(phoran), which was converted thermally into 
Cp2Moz(*C0)3(phoran) as described above. The degree of 13C 
enrichment was estimated to be about 40% on the basis of the 
relative intensities of the CO absorptions at 1784 (l2C0) and 1740 
(13CO) cm-l in the infrared spectrum (see Figure 1). 

Reaction of I11 with P(OMe)3. A mixture of 410 mg (0.66 
mmol) of I11 with 82 mg (0.66 mmol) of P(OMe)3 was refluxed 
in 100 mL of toluene for 15 h. The solution was cooled to room 
temperature and concentrated to 10 mL. Chromatography on 
SiOz (column 18 X 3 cm) gave 40 mg (11%) of C~,MO,(CO)~P- 
(OMe)3 (VI) as an orange product eluted with 501 toluene/ether 
and was recrystallized from 2:l ether/pentane a t  -35 "C. 

When the same reaction was carried out with a 10-fold excess 
of P(OMe)3 at room temperature, 50 mg (9%) of Cp,- 
( C O ) , M O ~ [ P ( O M ~ ) ~ ] ~ ~  (X) could be isolated by chromatography 
on SiOz (18 X 3 cm, toluene/acetone 41): IR (cm-', KBr) YCO 1880, 

(d, JP-H = 11.5 Hz); mol w t  calcd for C~mM~Ol,J'2 682.2, found 
674 (with respect to 92Mo, FD mass spectrum). 

Reaction of I11 with RN=C (R = CMe3, CH,Ph). To a 
solution of 0.43 g (0.70 mmol) of I11 in 100 mL of toluene was 
added an equimolar amount of the corresponding isonitrile. After 
stirring for 30 min a t  room temperature, the concentrated solution 
was chromatographed on SiOz (column 30 X 3 cm). Three weak 
bands were eluted with 4:l toluene/acetone followed by an orange 
band with 2:l toluene/acetone; this band contained the red-brown 
products VI1 (or VIII) in 40% (196 mg) (or 34% (110 mg)) yield, 
respectively. Complex VI1 was recrystallized from toluene and 
VI11 from 3:l toluene/pentane. 

13C Enrichment of Cp,Mo3(CO)(phoran) (111). 

1858,1844; 'H NMR (CDC13) 6ca6 5.04 (d, Jp-H 1.5 Hz) ~ C H ~  3.72 

CP2MO 2(CO ) 3  {P( OMe 1 3  1 

p42 In  

dark red 
tetragonal 

21.392 (5)  
21.392 ( 5 )  
8.357 (3 )  
90 
90 
90 
3824 
8 
1.84 
0.14 x 0.16 x 0.18 ( k O . 0 1 )  
Cu, h(Ka , )  = 1.54056 
room 
Philips PW 1100/16 
graphite 
flying step scan, ~ 1 2 8  
5 < w < 5 7  
5784 
Yes 
120.308 
2187 
2 26 
0.034 
0.065 

2000 1900 1800 1900 1800 1900 1800 cm-' 

Figure 1. IR spectra of the CO region (in KBr) of (a) 
Cp,ModCO),(phoran), (b) Cp~MoACO)~(phoran), and (c) 
Cp2M02(C0)3(g,~2-CNCMe3)(phoran) (-) and of their 13CO-en- 
riched analogues (- - ). 

13C enrichment of VI1 was achieved through the same procedure 
as given above from Cp,M~,(*CO)~(phoran) as starting material. 

Solution of the Structures. Accurate unit-cell parameters 
were determined a t  room temperature by a least-squares re- 
finement of the diffractometer setting angles of 25 carefully se- 
lected reflections (Cu Ka radiation, 20° < 0 < 30'). Intensity 
data were collected with standard diffractometer software. For 
both compounds, all data processing was performed on a Digital 
PDP 11/60 computer using the Enraf-Nonius SDP program li- 
brary (version 16).'O Absorption corrections of a numerical 
integration type" were done only for compound VI. For com- 
pound I11 the small crystal sizes led to a nearly constant trans- 
mission factor (see Table 11). Both structures were solved by 

(10) Frenz, B. A. In "Computing in Crystallography"; Schenk, H., 
Olthof-Hazekamp, R., Van Koenigsveld, H., Bassi, G. C., Eds; Delft 
University Press: Delft, Holland, 1978; p 64. 

(11) Coppens, P. "Crystallographic Computing"; Ahmed, F. R., Ed.; 
Munksgaard: Copenhagen, Denmark, 1970; p 319. 
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Table 111. Infrared Spectral Data of Complexes 111-VI11 (cm-I, KBr Disks) 
compd VNH 'c 0 'CN 0 

I11 3373 w 1875,1806,1784 vs, 1879,a 1794a 1087 m, 1053,1028 w, 1007 m 
IV 3400 w 1967 s, 1928 m, 1909,1889,1872 vs, 1840 m 1087 m, 1052,1024,1007 w 
V 3380 w 1865 s ,  1842 vs 1087 m, 1049,1025 w, 998 m 
VI 1874,1813,1789 vs 1052 m, 1017 s 
VI1 3395 m 1898,1866,1800 vs 1650,1625 m 1087 m, 1055 w, 1030 w, 1006 m 
VI11 3402 m 1910,1860,1813 vs 1677 s 1087 m, 1057 w, 1026,1006 m 

a In CH,Cl, solution. 

Table IV. 'H NMR Spectral Data for Complexes III-VIIIa~b 

6CH,0 &CH, 6C5H5 
compd 6CH, (JP-H, Hz) ~ H , N  ~ C H , O  (JcH-H, Hz) (JP-H Hz)  6 C,H instrument 
I11 m 2.96 m 4.03 s 4.73, d 5.06 (1.7) m 7.40 Varian T-60 
IV m 3.20 m 4.20 d 4.92 (1.2), s 5.14 m 7.43 Varian T-60 
VI d 3.71 (11.6) d 4.93 (1.5), s 5.10 Varian T-60 
VI1 s 1.33 m 2.81, m 3.13 m 4.01 s 4.80, d 5.27 (1.1) m 7.33 Bruker WH 250 
VI11 m 2.87, m 3.15 m 4.05 d 4.66 (14), s 4.83, d 5.16 (1.2) m 7.31 Bruker WH 250 

d 4.95 (14) 

CDCl, solution, internal Me,Si; s = singlet, d = doublet, m = multiplet; coupling constants in Hz. The NH proton 
could not be observed. 

combined Patterson and Fourier methods. Hydrogen atoms were 
introduced in structure factor calculations, but not refined, by 
their computed coordinates (C-H = 0.95 A) and for the CH:, 
hydrogen, by the calculated coordinates closest to the positions 
picked out from a Fourier difference map. An isotropic fixed 
temperature factor (B = 6 Az) was introduced for all hydrogen 
atoms. The non-hydrogen atoms were refined by full-matrix 
least-squares. The crystal data of I11 and VI are listed in Table 
11. 

Rssults 

CP(CO)~MO~MO(CO)[P~P(OCH~CH~)~NH] (111). 
Synthesis and Spectroscopic Characterization of 

Three products could be isolated from the reaction of 
equimolar amounts of [Cp(CO),Mo], (I) and phoran (11) 
in a toluene/ether mixture a t  room temperature. A red 
crystalline precipitate, which is sparingly soluble in most 
common solvents, was identified as [CpM~(CO)~(phoran)l~ 
(V) on the basis of analytical, infrared, and 'H NMR data 
(Tables I, 111, IV). A trans configuration has been pro- 
posedhJ2 for complexes of this type. The two main 
products of the reaction were separated by column chro- 
matography and identified as being the dissymmetrically 
substituted Cp2M02(CO)&phoran) (111) and its carbonyl 
adduct Cp,Mo,(CO),(phoran) (IV), the former predomi- 

nating slightly as indicated by the IR spectrum of the crude 
reaction mixture. 

Whereas the IR absorption frequencies of the CO groups 
of IV are in the range typical of terminal ligands, those of 
I11 indicate semibridging ligand character (Table III).13 
The different chemical environment of the Mo atoms in 

(12) Haines, R. J.; Nolte, C. R. J. Organomet. Chem. 1970, 24, 725. 
Goh, L. Y.; D'Aniello, M. J., Jr.; Slater, S.; Muetterties, E. L.; Tava- 
naiepour, I.; Chang, M. I.; Fredrich, M. F.; Day, V. W. Znorg. Chem. 1979, 
18. 192. 

I ._ 

(13) Klingler, R. J.; Butler, W. M.; Curtis, M. D. J. Am. Chem. SOC. 
1978,100, 5034. 

Scheme I. Reactions of Cp,Mo,(CO),(phoran) (111) 
1 bor of CO, RT 

C@M02(CG13(phoran1 ~ , o l u e n e  retlul ' Cp2Mo2(C015(phoranI 

IV 
I 

PlOMels 
toluene 
retlux 1 

VI VII, R = CMe, 
VIII, R = CH,Ph 

I11 and IV is reflected by their 'H NMR spectra (Table 
IV). The chemical shifts of the Cp protons in 111, which 
can be assigned on the basis of the presence or absence of 
3JH-p coupling, are inverted with respect to those of IV. 

By contrast, the reaction of I with PhP(OMe)2 under 
comparable experimental conditions failed to give any 
isolable product. 

The Reversible Carbonylation Reaction of 111. 
Compound I11 incorporates CO very easily at room tem- 
perature under 1 atm of CO, to give almost quantitatively 
Cp2M02(CO)5(phoran) (IV). This behavior, which is com- 
parable to that of the parent compound [CP(CO)~MO],,~~ 
provides a convenient method for the synthesis of 13C- 
enriched Cp,M~~(*CO)~(phoran), starting from 13C-en- 
riched I, via a mixture of I11 and IV, which is then treated 
with 13C0. When IV is refluxed in toluene, its decarbo- 
nylation occurs, leading either to I11 (Scheme I) or to 
13C-enriched 111. This result is comparable to the thermal 
elimination of two CO groups from [CpMo(CO),I2 or of 
PPh, and CO from [ C ~ M O ( C O ) ~ P P ~ , ] , . ~  The IR spectra 
of the 13CO-labeled and unlabeled compounds are clearly 
distinguishable, as shown in Figure 1. 

13C NMR Studies, The Fluxional Behavior of the 
CO Groups on the MoeMo Bond. The distinct sub- 
stitution pattern of the two metal atoms in I11 provides 
an opportunity to study the scrambling of the CO groups 
on a Mo=Mo triple bond by variable-temperature 13C 
NMR. Therefore, 13C-enriched compounds were prepared 
by taking advantage of the equilibrium shown in Scheme 

~ ~ ~ _ _  

(14) Ginley, D. S.; Bock, C. R.; Wrighton, M. S. Inorg. Chim. Acta 
1977,23, 85. Ginley, D. S.; Wrighton, M. S. J .  Am. Chem. SOC. 1975,97, 
3533. 
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Table V. I3C NMR Spectral Data for Complexes 111, IV, and VII', 
solvent 

compd ~ C H ,  ~ C H , N  6CH,O 6C,H< &C,H, sco (JP-C, Hz) (temp, "C) 
I11 s 49.0 s 67.3,  s 67.1 s 92 .0 , s  91.8 m 127.7-130.3 d 244.9 10 , d 240.5 (6)'  CD,Cl, (0 )  
IV s 48.7 s 67.7, s 67.2 s 91.3,  s 92.1 m 128.2-130.3 s 228.1,' d i 3 3 . 9  (31) ,  CDCl, (37)  

VIIf s 31.3 s 49.9 s 66.9 s 91 .7 , s  93.6 m 127.5-129.1 d 238.3 (26) ,  s 246.4,e CDC1, (32)  
s 234.6d 

s 249.5e 

JC-C = 10 Hz. e JC-C = 13 Hz. The 
a The broad-band decoupled spectra were recorded at 26.63 MHz on a Bruker WH 90 spectrometer. Internal Me,Si 

coupling constants in Hz. 
resonances of other tertiary carbon atoms than ' T O  could not be detected. 

s = singlet, d = doublet, m = multiplet. ' See text. 

Scheme 11. Synchronous One-to-one Switch Mechanism for the Exchange of Carbonyl Groups in Cp ,Mo,(CO),(phoran) 

I. The 13C signals due to the CO groups of I11 and IV are 
well resolved (Table V), reflecting their different structural 
environments. Thus for IV, a pattern of three signals with 
relative intensities of 2:2:1 at  228.1, 233.9 (d), and 234.6 
ppm is found. The signals a t  228.1 and 234.6 ppm are 
assigned to carbonyls belonging to the CpMo(CO), moiety, 
by analogy with those found in the spectrum of [CpMo- 
(CO)3]2;1s they result from the almost square-pyramidal 
configuration at the metal center, which yields nonequiv- 
dent  cis and trans carbonyls. The intermediate signal at 
6 233.9 is assigned to the carbonyl groups on the Mo atom 
bearing the phoran ligand, which gives rise to a P-C cou- 
pling of 31 Hz. A similar pattern, but without P-C cou- 
pling, was observed for the related Cp(C0)3Mo-Mo- 
(C0),(s2-CS2)Cp complex.16 Due to the considerable 13C 
enrichment, C-C coupling constants of 10 Hz can be ob- 
served for the nonequivalent carbonyls. 

For Cp2M02(CO),(phoran), three distinct types of car- 
bonyls can be observed at  -95 "C (Figure 2), which is 
consistent with the solid-state structure (vide infra). 
Resonance A, which shows the largest P-C coupling of 18 
Hz, should therefore correspond to the CO group directly 
attached to the phoran-bearing Mo atom. This CO group 
lies in nearly the same plane as CO group B, and together 
they form a conjugate pair of approximately C2 symmetry. 
Therefore one might expect the activation energy for an 
exchange process between A and B to be rather low." 
Indeed, as the temperature is increased to about -60 "C 
the coalescence of the two peaks of resonance A can be 
observed. Concomitantly, resonance B broadens slightly: 
vlI2 increases from 5 to 8 Hz; it decreases again to 4 Hz 
above this temperature, indicating that weak, unresolved 
P-C coupling must exist for carbonyl B. From 0 OC up- 
ward, a single doublet with an averaged P-C coupling of 
10 Hz is found at 244.9 ppm. It  is important to note that 
the C-P splitting (6 Hz) of resonance C, belonging to the 
carbonyl trans to the phoran ligand, is not affected by the 
coalescence process. Only a small coupling with phos- 
phorus through the metal is expected when the CO is 
.rr-bonded, as has been found for pure four-electron 
bridging carbonyls.18 

Our variable-temperature NMR study thus provides 
evidence for a two-center exchange of two of the carbonyls, 

(15) Todd, L. J.; Wilkinson, J. R. J. Organomet. Chem. 1974, 77, 1. 
(16) Brunner, H.; Meier, W.; Wachter, J. J .  Organomet. Chem. 1981, 

(17) Cotton, F. A.; Troup, J. M. J. Am. Chem. SOC. 1974, 96, 5070. 
(18) Marsella, J.  A.; Caulton, K.  G. Organometallics 1982, I ,  274. 

210, C23. 

0- c 
0 

241 ppm 245 

Figure 2. Variable-temperature '% NMR spectra of the carbonyl 
groups of Cp2M02(CO)3(phoran) (111) (see text for assignments). 

in which the third one remains unaffected. It is generally 
accepted that two-center CO scrambling phenomena in 
polynuclear carbonyl complexes imply the presence of 
terminal and bridging,Ig or terminal and semibridging 
carbonyls. 

Molecules containing only semibridging carbonyls, e.g., 
the parent compound [CP(CO)~MO]~, were also supposed 
to be fluxional,13 but evidence for this could be obtained 
only very recently in the heteronuclear dimer Cp2- 
(C0)4MoW.21 The participation of all the CO groups in 
the scrambling has been found in the complex Cp2Fe2(p- 
CO)2(CO)P(OPh)3,22 which is isoelectronic with 111. MO 
calculations on [ C P F ~ ( C O ) ~ ] ~ ~ ~  as well as experimental 
findings22 give evidence for the opening of both bridges and 
for the rotation around the metal-metal bond in this 

(19) Band, E.; Muetterties, E. L. Chem. Rev. 1978, 78, 639. 
(20) Bailey, W. I., Jr.; Chisholm, M. H.; Cotton, F. A.; Rankel, L. A. 

(21) Curtis, M. D.; Fotinos, N. A.; Messerle, L.; Sattelberger, A. P. 

(22) Cotton, F. A.; Kruczinsky, L.; White, A. J. Inog .  Chem. 1974,13, 

J .  Am. Chem. SOC. 1978,100, 5764. 

Znorg. Chem. 1983,22, 1559. 

141-12. - 
(23) Jemmis, E. D.; Punhas, A. R.; Hoffmann, R. J .  Am. Chem. SOC. 

1980, 102, 2576. 
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Figure 3. Perspective ORTEP diagram of CpzM~z(CO)~(phoran) (left) and C~,MO~(CO)~P(OCH~)~ (right), with thermal ellipsoids 
at the 50% probability level. 

compound. By contrast, molecule I11 has three semi- 
bridging carbonyls, plus a phosphorus ligand which does 
not participate in the exchange. Our observations are 
consistent with a one-for-one exchange between carbonyls 
A and B which could result from a synchronous switch 
mechanism, as depicted in Scheme 11, which goes through 
a symmetric dibridged intermediate requiring only a low 
activation This process may be facilitated by 
the nearly coplanar arrangement and approximate C2 
symmetry of these two ligands, which render them 
“c~mpensatory”,~~ and does not require the assistance of 
terminal CO groups. The nonparticipation of carbonyl 
group C in the observed exchange process may be ex- 
plained by the absence of the conjugated CO group needed 
for a pairwise exchange mechanism. Because I11 begins 
to decompose slowly above room temperature, it could not 
be decided whether another, less favorable process might 
become effective at  higher temperatures, which would in- 
volve the exchange of carbonyl C. 

The Reaction of I11 with P(OMe),. From the reac- 
tion, in boiling toluene, of 111 with an equimolar amount 
of P(OMe)3, the orange-red complex Cp2M02(C0)3P(OMe)3 
(VI) has been isolated. Its composition is confirmed by 
elemental analysis and mass spectroscopy. The IR spec- 
troscopic data (Table 111) are comparable to those of the 
parent compound 111. The ‘H NMR spectrum (Table IV) 
shows two signals for the Cp protons, whose chemical shifts 
are inverted with respect to those of 111. In order to ra- 
tionalize this observation it was important to decide 
whether or not the phenyl groups present in I11 could give 
rise to an anisotropic shielding effect on one of the Cp 
ligands. As seen from the X-ray stucture of I11 (Figure 3) 
such an effect is indeed possible for the uncoupled Cp 
protons, i.e., those lodated on the non-P-bound Mo. A 
similar @-phenyl effect has already been described for a 
series of mononuclear cyclopentadienyl complexes having 
a phenyl group in a @-position with respect to the metal.24 
Although complex IV contains the same phosphorus ligand 
as 111, the chemical shift of the Cp protons in the former 
is very similar to that of complex VI, which has no phenyl 
groups. This is certainly a consequence of a different 
structural arrangement in IV (when compared to III), 
where the expansion of the Mo-Mo bond to bond order 
1 causes the conversion of the semibridging CO’s into 
terminal CO’s and the increased bending of the Cp-Mo- 
Mo-Cp axis,12 which is less favorable to the development 
of the shielding effect discussed above. 

If the reaction of 111 with P(OMe), is carried out at room 
temperature with a 10-fold excess of the ligand, the for- 

(24) Brunner, H.; Agrifoglio, G.; Bernal, I.; Creswick, M. W. Angew. 
Chem., Int .  Ed. Engl. 1980, 19, 641. 

mation of the bis(phosphite) adduct, Cp2(C0)4M02[P- 
(OMe),I2 (X), instead of complex VI is observed, but the 
yield is very poor. The spectroscopic data measured for 
X (IR, NMR, mass) are identical with those of the product 
obtained from the direct reaction of [Cp(CO),Mo], with 
P(OMe)3.6C 

The Reaction of I11 with Isocyanides RN=C (R = 
CMe3, CH,Ph). I11 reacts easily, a t  room temperature, 
with equimolar amounts of tert-butyl or benzyl isocyanide, 
leading to complexes VI1 and VIII, respectively. From 

R 

: R = C M e s  

: R =CHZC& 

analytical data as well as mass and ‘H NMR spectra there 
is evidence for the addition of only one ligand. The IR 
spectrum (Table III) is characteristic of bridging isocyanide 
ligands, whereas the CO region shows three absorptions 
in both compounds. The IR spectrum of the WO-enriched 
complex VI1 which is shown in Figure 1 is much more 
complicated. 

The spectroscopic data are consistent with the formu- 
lation of a bridged isocyanide complex, such as in 
C~,MO,(CO)~(~ ,$-CNP~) ,  which was directly obtained 
from [Cp(CO),Mo], and PhNC.2s In the latter compound 
the u and K coordination of the isocyanide causes a distinct 
chemical environment a t  each of the metal atoms, which 
is reflected by two Cp resonances in the ‘H NMR spec- 
trum. It is noteworthy that the semibridging character of 
the ligand remains preserved even at  elevated tempera- 
tures.26 One can therefore deduce the existence of only 
one isomer from the ‘H NMR spectra of VI1 and VIII, 
which show only one uncoupled and one phosphorus- 
coupled Cp resonance. This stereospecificity in the ad- 
dition of RNC may be explained by a preferential attack 
of the incoming nucleophile on the unsubstituted CpMo- 
(CO), moiety of I11 rather than on the phosphorus sub- 
stituted Mo atom. Molecular models suggest indeed that 
the attack of I11 should occur between the planes Mo- 

(25) Adams, R. D.; Katahira, D. A.; Y&g, L.-W. Organometallics 1982, 

(26) Brunner, H.; Buchner, H.; Wachter, J.; Bernal, I.; Ries, W. H. J. 
I ,  231. 

Orgonomet. Chem. 1983,244, 247. 
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Table VIII. Selected Bond Lengths (A) for I11 and VI 

CP,Mo,(CO),- CPZMO,(CO),- 

(111) (VI) 
{PhP(OCH,CH,),NH) {P(OMe), 1 

2.506 (1) 2.502 (1) 
2.371 ( 2 )  Mol-P 2.383 (4)  
2.70 (1) Mol 4 1 5  2.74 (2) 

Mol-Cl6 2.65 (2) 2.59 (1) 
Mol-Cl7 1.93 (2)  1.93 (1) 
Mol-C5 2.32 (1) 
Mol-C6 2.31 (1) 
Mol-C7 2.31 (2)  2.34 (1) 
Mol-C8 2.36 (1) 
Mol-C9 2.35 (1) 

M02-Cl5 1.87 (2)  1.93 (1) 
MO 2-Cl6 1.94 ( 2 )  1.94 (1) 
MO 2-c 17 2.50 (2)  2.57 (1) 
M02-Cl0 2.31 (1) 

2.31 (1) 
M02-Cl2 2.33 ( 2 )  2.34 (1) 
M02-Cl3 2.35 (1) 
M02-Cl4 2.34 (1) 

Mol -Mo 2 

Mol-Cp(cent) 2.00 2.02 

M02-Cl1 

Mo2-Cp(cent) 2.01 2.02 

Table IX. Selected Angles and 
Torsional Angles (deg) for 111 and VI 

Table VI. Positional Parameters of Complex I11 and 
Their Estimated Standard Deviationsa 

atom X Y .  2 B ,  AZ 

Mo 1 0.19106 ( 9 )  0.39559 ( 9 )  0.4851 (1) 3.30 ( 3 )  
Mo 2 0.34032 ( 9 )  0.39263 ( 9 )  0.6779 (1) 3.40 ( 3 )  
P 0.2148 (3)  0.5310 (3)  0.4243 (4)  3.4 (1) 
01 0.1162 (7)  0.5736 ( 7 )  0.356 (1) 4.0 (3)  
0 2  0.2778 (7)  0.5536 (7)  0.317 (1) 3.8 (3)  
C1 0.114 (1) 0.643 (1) 0.267 (2)  5.4 (5)  
C2 0.069 (1) 0.625 (1) 0.110 ( 2 )  6.7 (6)  
C3 0.270 (1) 0.516 (1) 0.182 (2)  5.2 (5)  
C4 0.207 (2)  0.564 (1) 0.058 ( 2 )  6.4 (6)  
N 0.109 (1) 0.556 (1) 0.061 ( 2 )  5.9 ( 4 )  
C5 0.054 (1) 0.328 (1) 0.450 ( 2 )  6.4 ( 6 )  
C6 0.110 ( 2 )  0.283 (1) 0.386 ( 2 )  8.0 ( 6 )  
C7 0.124 (1) 0 .330(2)  0.274 (2)  8.2 (7)  
C8 0.075 (1) 0.396 (1) 0.271 ( 2 )  6.4 (6)  
C9 0.031 (1) 0.397 (1) 0.377 ( 2 )  6.5 (6)  
C10 0.474 (1) 0.462 (1) 0.791 ( 2 )  4.7 (5)  
C11 0.408 (1) 0.479 (1) 0.866 ( 2 )  4.1 (4)  
C12 0.388 (1) 0.404 (1) 0.926 ( 2 )  4.4 (5)  
C13 0.444 (1) 0.346 (1) 0.892 ( 2 )  4.8 (5)  
C14 0.496 (1) 0.381 (1) 0.805 ( 2 )  4.8 (5)  
C15 0.313 (1) 0.284 (1) 0.636 (2)  6.0 ( 5 )  
C16 0.370 (1) 0.400 (1) 0.493 ( 2 )  6.0 (6)  
C17 0.178 (1) 0.433 (1) 0.668 (2)  4.1 (4)  
C18 0.275 (1) 0.601 (1) 0.567 ( 2 )  3.6 ( 4 )  
C19 0.365 (1) 0.626 (1) 0.587 ( 2 )  4.1 (4)  
C20 0.405 (1) 0.672 (1) 0.698 ( 2 )  4.6 (5)  
C21 0.357 (1) 0.702 (1) 0.787 (2)  5.0 (5)  
C22 0.263 (1) 0.683 (1) 0.766 ( 2 )  5.3 ( 5 )  
C23 0.223 (1) 0.632 (1) 0.660 ( 2 )  4.0 (4)  
0 3  0.300 (1) 0.2120 (8) 0.616 (1) 7.3 ( 4 )  
0 4  0.4043 (7)  0.4012 (9)  0.400 (1) 6.2 (4)  
0 5  0.1502 (8) 0.4529 (8) 0.766 (1) 5.5 ( 3 )  

a Anisotropically refined atoms are given in the form of 
the isotropic equivalent thermal parameter defined as 
4 / 3 [ a Z B , , ,  + bZB,?, t c2B,,, + ab(cos Y)B,,, + 
ac(cos p)B,,, + bc(cos o ) B 2 , ? ] .  

Table VII. Positional Parameters of Complex VI and 
Their Estimated Standard Deviationsa 

atom X Y z B ,  A' 

MO 1 0.24976 (2)  0.04572 (3)  -0.01193 (6)  2.75 (1) 
MO 2 0.26684 (3)  -0.05836 (2)  -0.14122 ( 7 )  2.91 (1) 

0 3  0.4007 ( 3 )  -0.0129 (3)  -0.0629 ( 9 )  6.6 (2)  
0 4  0.2576 (3)  -0.0824 (3)  0.2221 (6)  5.7 (1) 
0 5  0.2203 ( 3 )  0.0605 (3)  -0.3712 (6)  5.4 (1) 
0 6  0.1185 ( 2 )  -0.0246 (3)  -0 .1328(6)  5.1 (1) 
0 7  0.1181 (2)  -0.0230 ( 2 )  0.1604 (6)  4.4 (1) 

P 0.14313 (8) 0.01710 (8) 0.0129 (2)  3.16 ( 4 )  

0 8  0.0918 ( 2 )  0.0725 (2)  0.0256 ( 6 )  4.0 (1) 
C5 0.3242 (4)  0.1230 (4)  0.026 (1) 5.4 (2)  
C6 0.3197 (4) 0.0888 (4)  0.167 (1) 5.1 (2)  
C7 0.2617 ( 5 )  0 .0990(4)  0.231 (1) 6.5 (2)  
C8 0.2306 (4)  0.1379 ( 4 )  0.136 (1) 7.4 (2)  
C9 0.2683 ( 6 )  0.1536 ( 4 )  0.006 (1) 7.4 (3)  
C10 0.2225 ( 5 )  -0.1537 (4)  -0.205 (1) 7.4 (2)  
C11 0.2156 (5)  -0.1165 (4)  -0.333 (1) 6.6 ( 2 )  
C12 0.2709 (6)  -0.1054 ( 5 )  -0.394 (1) 7.4 (3)  
C13 0.3152 ( 5 )  -0.1333 ( 5 )  -0.305 (1) 7.0 ( 2 )  
C14 0.2883 (5)  -0.1641 (4)  -0.185 (1) 7.9 ( 2 )  
C15 0.3487 ( 4 )  -0.0259 ( 4 )  -0.091 (1) 4.4 (2)  
C16 0.2589 ( 4 )  -0.0684 (3)  0.088 (1) 3.7 (2)  
C17 0.2301 ( 3 )  0.0497 ( 3 )  -0.2371 ( 9 )  3.6 (2)  
C26 0.0549 (4)  -0.0463 (5) -0.144 (1) 6.5 (2)  
C27 0.1267 (4)  -0.0021 ( 4 )  0.319 (1) 5.0 (2)  
C28 0.0877 ( 5 )  0.1180 (5) -0.098 (1) 6.2 (2)  

a See footnote a, Table VI. 

(l)-C(lS)-Mo 2 and Mo(l)-C(17)-Mo(2) (Figure 3) which 
would require only small changes in the initial structural 
arrangement during the reaction. The room-temperature 
13C NMR spectrum taken on a 13CO-enriched sample of 
VI1 (Table V) displays the expected pattern of two singlets 

Mol-Mo2-Cl5 75.9 ( 2 )  73.7 (2)  
Mol-Mo2-Cl6 71.8 (2)  70.0 (2)  

69.5 (2)  M02-Mol-Cl7 67.1 (2)  
MoZ-MO 1 -P 92.4 ( 3 )  87.0 ( 4 )  
MoB-Mol-Cp( cent) 154.6 151.5 
Mol-MoZ-Cp( cent) 163.9 164.9 
MO 2-C 15-0 3 175.8 (1.5)  172.6 (6)  
Mo2-C16-04 167.0 (1.5)  170.7 ( 6 )  
Mol-C17-05 165.9 (1.4) 170.9 ( 6 )  

C15-Mo2-Cl6 87.1 ( 4 )  84.6 ( 3 )  
P-Mol-Cl7 88.4 (4)  83.5 (3)  

Mo 1 -P-0 1 109.9 ( 4 )  Mol-P-06 113.2 ( 2 )  
Mol-P-0 2 121.9 ( 4 )  Mol-P-07 122.0 ( 2 )  
MO 1 -P-C 18 119.3 (4)  Mol-P-08 118.0 ( 2 )  

C17 -hlol -Mo 2-C 1 5 1 1 2.9 109.1 
C17-Mol-Mo2-Cl6 -155.5 -160.8 
P-MO 1 -Mo2-C 1 5 - 1 5 9.9 -166.7 
P-Mo l -Mo 2-C 16  - 6 8.3 -76.6 

Torsional Angles 

and one doublet for the carbonyl groups, in good agree- 
ment with their terminal and consequently nonfluxional 
character, but tertiary isocyanide carbon atom could not 
be detected. 

X-ray Diffraction Studies. In view of the novel 
character of complexes I11 an VI, X-ray diffraction studies 
were carried out. Some preliminary data for I11 have al- 
ready been published.2 The atomic parameters, bond 
distances, and bond angles of I11 and VI are given in Tables 
VI-IX. ORTEP drawings of I11 and VI are shown in Figure 
3 using an identical numbering scheme for isostructural 
fragments. The packing diagrams of both molecules are 
displayed in Figures 4 and 5 (supplementary material), 
showing that the composition of the unit cell is dependent 
on the ligand.27 

The molecular structures of I11 and VI are very similar; 
both display short Mo-Mo distances typical of a carbonyl 

(27) In this regard it is of interest that (C5Me5)2M02(C0)3(phoran) 
crystallizes as I11 in the monoclinic system with 2 = 4 (unpublished 
results). 
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bridged triple bond,% a nonlinear C p M o - M d p  axis, and 
Mo-C-O units which are slightly bent back over the Mo- 
Mo bond (Figure 3). A comparison with the parent com- 
pound CpzMo2(CO)4 (I) reveals striking similarities but also 
some obvious differences. The Mo-Mo distance (2.506 (1) 
A in I11 and 2.502 (1) A in VI) is only slightly affected by 
the substitution (2.448 (1) A in I).13 According to the 
proposal of Curtis, the carbonyl groups all belong to the 
"donor semibridging" type,& But a closer examination of 
the carbonyl groups reveals that each "short" Mo-C(C0) 
distance is shorter, by an average of 0.2 A, than in I. On 
the other hand, the indirect "long" Mo-C(C0) bond 
lengths are not strictly equivalent and are slightly longer 
than in 1,13 ranging from 2.50 (2) to 2.74 (2) A. Related 
to the latter observation is an increase in the acute Mo- 
Mo-C(C0) angles from 67.1 (2) to 75.9 (2)". The smallest 
angle which can be directly compared to the corresponding 
one in I (67.4 (1.1)") is found at the Mo atom which bears 
the phosphorus ligand. A cautious interpretation (because 
of the relatively high esd's) may take into account a slight 
increase of the Mo-C=O u bonding, whereas the a 
bonding to the second Mo atom seems to be less affected. 

Another difference between I and complexes I11 and VI 
is the bent Cp-Mo-Mo-Cp axis which renders their 
structure more similar to that of Cp2Cr2(C0)4;28 the degree 
of bending in I11 and VI is comparable. I t  is more pro- 
nounced at  Mo(l), probably as a consequence of increased 
steric crowding. The relevant angles of 154.6' in I11 and 
151.5" in VI, respectively, are even smaller than those in 
CpzCr2(C0)4 (159°),28 whereas they are 180" in CpzMo2- 

In summary the replacement of one good a-acceptor 
ligand (carbonyl) by a ligand whose character is predom- 
inantly u-donor (phoran or P(OMe)3) does not have drastic 
effects on the structure of the remaining carbonyl ligands. 
This may be a consequence of the carbonyl ?r-system being 
involved in the metal-metal a-sy~tem,1~ so that an initially 
unequal charge distribution is delocalized over all the 
non-hydrogen atoms in the molecule. In contrast, two 
different types of carbonyl bridges are observed in Fez- 
(C0),(2,2'-bpy), which has only a metal-metal "single" 
bond.29 

Complex I11 is the first compound in which the phoran 
molecule behaves as a monodentate ligand for which a 
crystal structure has been determined. The conformation 
of the eight-membered cycle in the solid state approxi- 
mates the chair-boat conformation found in P- and N- 
coordinated Rh phoran chelatesm with the P and N atoms 
lying on the same side of the mean plane of the cycle, but 
further apart from each other than in the chelate (ca. 3.5 
A instead of 2.8 A). It  is also of interest to note that the 
phenyl group points to the Cp ring attached to Mo(2) as 
in mononuclear cyclopentadienyl complexes of molybde- 
num having a phenyl group in a 

Discussion 
The formation of a dissymmetrically substituted M e  

Mo derivative of composition CpzMo2(CO)3PPh3 has been 
reported previously, but it could only be obtained indi- 
rectly by the thermal elimination (110 "C) of one PPh, and 
one CO from [ C ~ M O ( C O ) ~ ( P P ~ , ) ] ~ ~ ~  So far the direct 
subst i tut ion of one carbonyl group of I seems to be re- 
stricted to the phoran ligand 11, where it occurs under 
much milder conditions, e.g., room temperature. In view 

(c0)&13 

Organometallics, Vol. 3, No. 5, 1984 721 

of the general tendency of I to undergo symmetrical ad-  
di t ion reactions? one might have expected either the 
formation of the dinuclear tetracarbonyl complex V, having 
two phoran ligands, or of the speculative phoran-bridged 
adduct IX. Instead, the major product was 111, and no 
evidence was found for adduct IX. In order to explain 

(28) Curtis, M. D.; Butler, W. M. J. Organomet. Chem. 1978,155,131. 
(29) Cotton, F. A.; Troup, J. M. J. Am. Chem. SOC. 1974, 96, 1233. 
(30) Bondoux, D.; Mentzen, B. F.; Tkatchenko, I. Znorg. Chem. 1981, 

20, 839. 

the predominant formation of the former (a part of which 
is transferred into IV by immediate CO scavenging during 
the reaction) the substitution of one CO group in I by 
PhP(OMe)z has been attempted under comparable ex- 
perimental conditions. The failure to isolate the corre- 
sponding dimolybdenum tricarbonyl substitution complex 
underlines the unique chemical behavior of ligand I1 and 
points again to some assistance by the transannular ni- 
trogen atom in the activation of two coordination sites. 

Like its precursor I, complex I11 readily adds 2 mol of 
carbon monoxide or 1 mol of isocyanide, thus demon- 
strating thdt the high reactivity of the metal-metal triple 
bond is preserved. On the other hand, the addit ion of a 
second ligand, e.g., phoran or PhP(OMe),, to I11 could not 
be effected. With P(OMe)3, instead of the expected ad- 
duct, the reaction of I11 gives complex VI, in which the 
phoran ligand is substituted by P(OMe)3 and the M e M o  
triple bond is retained. With a large excess of P(OMe)3 
a bisadduct of composition CpzMoz(CO)4[P(OMe)3]z (X) 
could be isolated, which no longer bears the original phoran 
ligand. The formation of VI could proceed through the 
intermediate addition compound X, since the reaction is 
carried out in boiling toluene, and the formation of met- 
al-metal triple bonds under thermal conditions is well 
documented.& Unfortunately all these reactions proceed 
only in low yields, thus preventing any safe discussion of 
the reaction mechanism. Complexes I11 and VI represent 
the only two stable complexes of type Cp2M02(CO),PR3 
isolated so far. 

Among the factors which may explain the differences 
in the behavior of I11 with respect to I are the slight in- 
crease in electron density expected at  Mo(1) which bears 
the phoran ligand and a possible transannular assistance 
from the nitrogen atom. In this respect, its behavior differs 
from that of Cp2M02(CO) (CI2H2J, which also displays a 
dissymmetrically substituted Mo=Mo triple bond; al- 
though the latter easily adds CO, no reaction with P(OMe)3 
could be observed, which was attributed to steric factors. 
In conrast, two tert-butyl isocyanide ligands were added 
to this complex and were proposed to be coordinated in 
a terminal fashion; however, the exact structure of the 
product is not yet completely known. 

In conclusion, the phoran ligand in its reaction with 
CpzMo2(CO)4 permitted the development of a new facet 
of the already numerous reaction patterns known for the 
MozMo bond. The high reactivity of the metal-metal 
triple bond is preserved in the resulting dissymmetrically 
CO-substituted complex Cp2M02(CO)3(phoran) (111) and, 
among other things, opens the way to other dissymme- 
trically substituted Mo=Mo derivatives, e.g., CpzMoz- 
(CO),P(OMe)3. 
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Oxidative addition of SC(C1)NMe2 to [Rh2C12(r-CO)(DPM),] (1) (DPM = PhzPCH2PPhz) yields 
[Rh2C13(CO)(SCNMe2)(DPM)2] (2). In the presence of BF4- the product of oxidative addition is 
[Rh2C12(CO)(SCNMe2)(DPM) ] [BF,] (3). An X-ray structure determination of 3 (space group ml/n, a 
= 12.340 (1) A, b = 32.888 (5) x, c = 15.374 (2) A, p = 105.935 (8)O, Z = 4) shows that the SCNMe, moiety 
is bound in an q2 fashion to one metal center. This structure has refined to R = 0.070 and R, = 0.081 
for 4122 observations and 345 parameters varied. The reaction of 3 with Me3N0 results in CO loss, yielding 
[Rh2C12(r-SCNMe2)(DPM)z] [BF,] (4) in which the SCNMe2 group bridges the two metals. Compound 
4 reacts with CO to regenerate 3 and reacts with methyl isocyanide to give the analogous isocyanide 
compound, [Rh2C12(CNMe)(SCNMe2)(DPM)2] [BF,] (5). The reduction of compound 3 employing BH4- 
was carried out to give the very &-sensitive species [Rh,(C0)(p-SCNMq)(sol~ent)(DPM)~] [BF,] (solvent 
= THF (6a), acetonitrile (6b)). Compounds 6a and 6b react with CO to give [Rh2(CO)2(p-SCNMe2)- 
(DPMh1 [BF,I (7). 

Introduction 

We have recently been investigating the chemistry of 
sulfur-containing heteroallenes1i2 and related molecules 
with binuclear systems in order to obtain a better un- 
derstanding of how these molecules interact with more 
than one metal center. One such group, which has the 
ability to coordinate to metals in several ways, is the di- 
methylthimboxamido ligand (SCNMe,). In the presence 
of a single metal center it can coordinate in either the 9’ 
mode,= in which it is bound solely through carbon, or the 

q 17’ P 

q2 mode,&22 in which it is side-on bound through the C-S 

~ 

(1) (a) Cowie, M.; Dwight, S. K. J. Organomet. Chem. 1980,198, C20. 

(2) Gibson, J. A. E.; Cowie, M. Organometallics, in press. 
( 3 )  Green, C. R.; Angelici, R. J. Inorg. Chem. 1972, 11, 2095. 
(4) Angelici, R. J. Acc. Chem. Res. 1972, 5,  335. 
(5) Gal, A. W.; Ambrosius, H. P. M. M.; Van der Ploeg, A. F. J. M.; 

(6) Dean, W. K.; Treichel, P. M. J. Organomet. Chem. 1974, 66, 87. 

(b) Cowie, M.; Dwight, S. K. Ibid. 1981, 214, 233. 

Bosman, W. P. J. Organomet. Chem. 1978, 149, 81. 

moiety, and in the presence of two metals the third 
bonding mode (p) ,  in which this group bridges the metals, 
bonding to one metal through carbon and to the other 
through sulfur, is also p ~ s s i b l e . ~ - ~ * ~ ~ - ~ ~  Although the sec- 
ond5~79s11J4-20 and third23-26 modes have been confirmed 

(7) Dean, W. K.; Wetherington, J. B.; Moncrieff, J. W. Znorg. Chem. 

(8) Dean, W. K. J. Organomet. Chem. 1977,135, 195. 
(9) Dean, W. K.; Charles, R. S.; Vanderveer, D. G. Znorg. Chem. 1977, 

(10) Dean, W. K.; Vanderveer, D. G. J. Organomet. Chem. 1978,144, 

(11) Dean, W. K. Cryst. Struct. Commun. 1975,8, 335. 
(12) Dean, W. K. J. Organomet. Chem. 1980,190,353. 
(13) Gal, A. W.; Van der Ploeg, A. F. J. M.; Vollenbroek, F. A.; Bos- 

(14) Bosman, W. P.; Gal, A. W. Cryst. Struct. Commun. 1975,4,465. 
(15) Bosman, W. P.; Gal, A. W. Cryst. Struct. Commun. 1976,6,703. 
(16) (a) Ricard, L.; Estienne, J.; Weiss, R. J. Chem. SOC., Chem. Com- 

mun. 1972,906. (b) Ricard, L.; Estienne, J.; Weiss, R. Inorg. Chem. 1973, 
12, 2182. 

(17) Corain, B.; Martelli, M. Inorg. Nucl. Chem. Lett .  1972, 8, 39. 
(18) Steele, D. F.; Stephenson, T. A. Inorg. Nucl. Chem. Lett. 1973, 

9, 777. 
(19) Grundy, K. R.; Roper, W. R. J. Organomet. Chem. 1976,113, C45. 
(20) Miessler, G. L.; Pignolet, L. H. Znorg. Chem. 1979, 18, 210. 
(21) (a) Busetto, L.; Graziano, M.; Belluco, U. Znorg. Chem. 1971,10, 

(22) Clarke, T.  J.; Collins, R. T.; Hall, D.; James, S. M.; Roper W. R. 

1976,15, 1566. 

16, 3328. 

65. 

man, W. P. J. Organomet. Chem. 1975,96, 123. 

78. (b) Petz, W. J. Organomet. Chem. 1981, 205, 203. 

J. Organomet. Chem. 1977,141, 65. 

J .  Chem. Soc., Chem. Commun. 1973, 493. 
(23) Porter, S. K.; White, H.; Green, C. R.; Angelici, R. J.; Clardy, J. 

0276-7333/84/2303-0722$01.50/0 0 1984 American Chemical Society 


