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Reaction of [(q5-C,H,)(CO),(NO)Mo] (1) with alkynyllithium 
and [(CH&0]BF4 affords the vinylidene-molybdenum com- 
plex 2 along with the methoxy(a1kynyl)carbene molybdenum 
complex 3. Both compounds are  characterized by an X-ray 
crystal structure analysis. Due to axial and central chirality 

in  the  L,M=C=CR2 moiety complex 2 is formed as a 2 : 1 
mixture of two diastereomers. The formation of 2 and 3 can 
b e  understood in terms of a competitive attack of alkynyl- 
lithium a t  the carbonyl ligand and the molybdenum center. 

The manifold applications of Fischer-type carbene complexes in or- 
ganic synthed2I have been extended to stereoselective synthesis by 
the use of compounds bearing chiral side chains at the carbene carbon 
centerF3]. On the other hand carbene complexes with an a-alkynyl 
functionality have become valuable reagents for Michael-type ad- 
dition and cycloaddition reactions[4]. We aimed at a combination of 
chirality and a-C=C triple bond elements[5] and focussed our atten- 
tion on half-sandwich molydenum complexes CpMoL'L2L3 bearing 
a chiral metal centerL6]. In a recent independent study, Ipaktschi et 
al.[7] have reported that the addition of arylalkynyllithium reagents to 
dicarbonyl(cyclopentadienyl)(nitrosyl)molybdenum 1 according to 
the customary Fischer does not generate the alkynyl- 
carbene complex expected from nucleophilic addition to a carbonyl 
ligand but, surprisingly, instead affords vinylidene complexes with 
concomitant decarbonylation. 

Preparative Results 
In our hands, the addition of (p-toly1)ethynyllithium to the dicar- 

bonyl(nitrosy1) molybdenum complex 1 followed by alkylation with 
[(CH3)30]BF4 exhibits a competitive formation of both the vinyl- 
idene complex 2 [ ' z 9 ]  and the Fischer carbene complex 3 which were 
isolated in 64% and 12% yields after chromatographic workup. 
Both complexes were characterized by IR and NMR spectra. In 
comparison with 2, the strong IR absorptions for 3 due to the CO 
and NO stretching vibrations are shifted to distinctly higher fre- 
quencies (A = 35 cm-I) indicating that the alkynylcarbene ligand is 
a more potent donor than the vinylidene congener. The vinylidene 
complex 2 exhibits at room temperature a double set of signals in 
the 'H- and I3C-NMR spectra which demonstrates the existence of 
two diastereomers in a 2 : 1 ratio. This is due to the combination of 
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two stereogenic elements along the L1L2L3Mo=C=CR'R2 moiety 
of the molecule: the axial chirality of the metalla-allene unit and 
the central chirality at the metal. On the basis of dynamic NMR 
studies carried out on the phenyl homolog of 2 established a ro- 
tational barrier for the interconversion of both diastereomers in- 
volving a rotation around either the formal M=C or the C=C 
bond of AG* = 20.5 (k0.3) kcal/m~l[~I. 
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Crystal Structure Determination 
The molecular structures of 2 (Figure 1) and 3 (Figure 2) were 

confirmed by X-ray single-crystal structure analysis. The structure 
determination and refinement of 2 result in two independent mol- 
ecules (Figure l, annotations a and b, only one of two independent 
molecules is presented) per asymmetric unit which slightly differ in 
the trigonal-planar coordination of C(2). For both compounds a 
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disorder of the cyclopentadienyl rings is observed (2: Figure 1, an- 
notations c and d, a/c = 58 : 42, bld = 65 : 35; 3: Figure 2, anno- 
tations a and b, a/b = 52 : 48). A discrimination between the CO 
and NO ligands is based on their different bond lengths to molyb- 
denum. 

The bond lengths and bond angles in the vinylidene complex 
2 are comparable to those reported for the corresponding phenyl 
derivative[']. Both the Mo-C(I)-C(2) moiety in 2 and the alkyne 
fragment C(I)-C(2)-C(3)-C(4) in 3 are close to linear as pre- 
viously observed for two other alkynylcarbene complexes[10] which 
have been structurally characterized. The carbene carbon atom is 
coordinated by Mo(l), C(2), and O(11) in a trigonal-planar fashion 
accompanied by a 2 configuration across the carbene-oxygen 
bond. 

The superior donor ability of the alkynylcarbene ligand to the 
vinylidene ligand is also evident from the structural data obtained 
for the solid state: In compariso; with 2, the molybdenum-carbene 
bond in 3 is lenghtened by 0.1 1 A while the molybdenum-carbonyl 
distance is slightly shortened. 

Figure 1. Molecular structure of 2. Cyclopentadienyl rings are 
disordered having two orientations [alc = 58(1) : 42(1) and bld = 

65(1): 35(1)]. 

ClGc C'6a 

Thermal elhsoids are drawn at the 50% Drobabilitv level. Selected 
bond length [A] and angles ["I in a -and [b]: 'Mo(1a)-C(1a) 
1.928(6) [ 1.929(6)], C(la)-C(2a) 1.323(8) [ 1.324(7)], Mo(la)- 
C(l la) 2.013(7) [2.035(7)], Mo(la)-N(12a) 1.793(5) [1.804(5)], 
C( 1 1a)-O( 1 la) 1 . I  38(7) [ 1.1 15(7)], O( 12a)-N( 12a) 1.190(6) 
[1.192(6)], Mo(la)-C(la)-C(2a) 177.2(4) [175.2(5)], Mo(la)- 
C( 1 la)- O( 1 1 a) 179.7(7) [ 178.7(6)], MO( la) -N( 12a)-0( 12a) 

1 75.4( 5 )  [ 1 74.3(4)]. 

Discussion of the Reaction Mechanism 

One mechanistic rationale for the formation of the alkynylcar- 
bene complex 3 according to the customary Fischer synthesis along 
with the vinylidene complex 2 can be based on a competitive ad- 
dition of the organolithium nucleophile to the molybdenumcar- 
bonyl complex 1 (Scheme 2): Nucleophilic alkynylation of the car- 
bonyl ligand affords the acyl molybdate B which is subsequently 
alkylated at the oxygen terminus to give the Fischer type carbene 
complex 3. Alternatively, an attack of the alkynyllithium reagent at 
the metal center is expected to generate a labile 20-electron inter- 
mediate A which either may undergo decarbonylation to give the 
o-alkynyl species C or again may lead to the acyl intermediate B 
either via CO insertion into the molybdenum-alkynyl bond or via 

Figure 2. Molecular structure of 3. Cyclopentadienyl ring is dis- 
ordered having two orientations [a/b = 52(2) : 48(2)]. 
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Thermal ellipspids are drawn at the 50% probabilitv level. Selected 
bondlengths[A] and angles ["I: Mo(l)-CO) 2.043(3j, MO( 1)-C(12) 
1.997(4), Mo(l)-N(13) 1.790(3), C(I)-C(2) 1.425(5), C(2)-C(3) 
1.199(5), C(3)-C(4) 1.437(5), C(1)-0(1 I )  1.344(4), C(12)-O(12) 
1.149(4), N(13)-0( 13) I .  193(3), MO( I)-C( 1)-C(2) 1 l7.2(2), 
M~(l)-C(l)-O(l l )  134.9(2), Mo(l)-C(12)-0(12) 177.5(3), 
Mo(l)-N(I3)-0(13) 172.3(2), C(2)-C(l)-O(ll) 107.8(3), 

C(l)-C(2)-C(3) 176.5(4), C(2)-C(3)-C(4) 177.6(4). 

alkynyl migration to the carbonyl ligand["]. The 0-alkynyl inter- 
mediate C which also may be generated from the acyl molybdate 
B by decarbonylation['2] is known to undergo alkylation at the J3- 
carbon atom[I3] giving rise to the formation of the vinylidene com- 
plex 3. 

Scheme 2 
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Experimental 
All operations were carried out in flame-dried glassware under 

argon. Tetrahydrofuran (THF) was freshly distilled from potassium 
sodium alloy before use. - Column chromatography was ac- 
complished with Merck silica gel (Type 60, 0.063-0.200 mm) and 
petroleum ether (PE) fraction 40-60°C. - 'H and I3C NMR: 
Bruker AM 400. - IR: Nicolet Magna 550. - MS: Varian MAT 
CH7A. - Elemental analysis: Heraeus CHN-Rapid. 

4-Methylphenylethyne[I4I and dicarbonylcyclopentadienylnitro- 
sylmolybdenum(0) ( l ) [ I 5 I  were synthesized according to literature 
procedures. 

Procedure; 0.64 ml (0.58 g, 5.00 mmol) of 4-methylphenylethyne 
was lithiated with 5.00 mmol(3.13 ml of a 1.6 M solution in hexane) 
of n-butyllithium in 20 ml of THF at -50°C. This mixture was 
added to a solution of 1.23 g (5.00 mmol) of molybdenum complex 
I in 10 ml of THF at -78°C. The colour of the mixture changed 
immediately from orange to dark brown. After stirring for 1 h at 
-78°C the reaction mixture was warmed up to -10°C and then 
stirred for further 30 min. After removal of the solvent at 0°C the 
residue was dissolved in 20 ml of CH2CI2, and 1.47 g (10.0 mmol) 
of trimethyloxonium tetrafluoroborate was added at -50°C to the 
solution. The mixture was stirred for 20 h while allowed to warm 
to room temp. After filtration (silica gel) 5 g of silica gel was added 
and the solvent was removed in vacuo. The residue was put on top 
of a column filled with silica gel, and 60 mg (0.24 mmol, 5%) of 
the starting material 1 (orange crystals) was eluted as the first 
orange band with PEICH2C12 (3 : 1) at 0°C. Further elution and 
stepwise change of the solvent to PE/CH2CI2 (1 : 1) yielded 1.1 1 g 
(3.18 nimol, 64Y0) of vinylidene complex 2 (orange crystals) as the 
second band. Finally, 230 mg (0.61 mmol, 12%) of the carbene 
complex 3 (orange crystals) was eluted. 

Single crystals of 2 and 3 were obtained by slow diffusion of PE 
into ethereal solutions at -20°C via the gas phase. 

Carbonylcyclopentadienyl(2- (4-methylphenyl) -1-propene-1 - 
ylidene]nitrosylmolybdenum(O) (2): IR (PE): P = 2017 s (CO), 1670 
s (NO) cm-'. - MS (70 eV, reg. 98Mo), mlz ("XI): 351 (9) [M+], 323 

C,H5], 258 (3) [M+ - C5H5 - CO]. - IH NMR (CDC13), isomer 
(47) [M+ - CO], 293 (100) [Mt - CO - NO], 286 (20) [M+ - 

A: 6 2.01 (s ,  3H, 3-CH3), 2.36 (s, 3H, C&,CH,), 5.83 (s, 5H, 
C,H,), 7.12-7.15 (m, 2H, C6H4), 7.29-7.33 (m, 2H, C6H4). - 
Isomer B: 6 = 2.09 (s, 3H, 3-CH3), 2.33 (s, 3H, C6H4CH3), 5.83 
(s, 5H, C5H5), 7.12-7.15 (m, 2H, C6H4), 7.29-7.33 (m, 2H, 
C6H4). - Isomer A/isomer B = 65 : 35 (by integration of the 3- 
CH3 signals). - I3C{'H} NMR, (CDCI3), isomer A: 6 = 366.83 
(C-1), 217.30 (CO), 136.30 (para-C), 134.15 (C-2) 132.17 (ipso-C), 
129.10 (meta-CH), 124.72 (ortho-CH), 97.31 (C,H,), 21.00 
(C&m3), 14.75 (3-CH3). - Isomer B: 6 = 366.49 (C-l), 217.94 
(CO), 136.27 (para-C), 134,55 (C-2) 132.17 (ipso-C), 129.10 (meta- 

CH3). - CI6Hl5MoNO2 (349.24): Mol. mass 351 (MS, reg. 98Mo). 

Carbonylcyclopentudienyl(methoxy (4-methylphenyl) ethynyl- 
carbene]nitrosylmolybdenum(O) (3): IR (PE): P = 1982 s (CO), 
1645 s (NO) cm-I. - MS (70 eV, reg. 98Mo), mlz eh): 379 (31) 

CH), 125.08 (ortho-CH), 96.98 (C5H5), 21.06 (C6H4CH3), 12.94 (3- 

[M+], 351 (55) [Mt - CO], 336 (29) [M+ - CO - CH?], 321 (26) 
[M+ - CO - NO], 308 (98) [M' - CO - COCH31, 293 (31) [M+ 
- CO - COCH3 - CH3], 278 (100) [M+ - CO - NO - COCH31. 
- 'H NMR (CDC13): 6 = 2.36 (s, 3H, C6H4CH3), 4.37 (s, 3H, 
OCH3), 5.78 (s, 5H, C5H5), 7.14-7.17 (m, 2H, C6H4), 7.31-7.35 
(m, 2H, C6H4). - 13C{'H} NMR (CDC13): 6 = 292.01 (Mo=C), 
223.29 (CO), 140.20 (para-C), 131.39 (meta-CH), 130.58 (C-C- 
C6H4), 129.44 (ortho-CH), 118.98 (~so-C),  99.02 (C,H5), 97.54 

(C=c-C&), 65.47 (OCH3), 21.64 (C6H4m3). - C I ~ H I ~ M O N O ~  
(377.25): Calcd. C 54.13, H 4.01, N 3.71; found C 54.02, H 4.29, 
N 3.64. - Mol. mass calcd. 379.0106, found 379.0118 (HRMS, 
reg. 9 8 ~ ~ ) .  

Crystal Data and Structure Refinement for 2[161: Cl6HI5MoNO2, 
M =  349.2, orange plates, crystal size 0.55 X 0.50 X 0.10 mm, 
monoclinic, space group P2Jc (No. L4), a = 18.964(4), b = 
11.109(2), c = 14.354(3) A, p = 92.89(2)", V = 3020(1) A3, Z = 8, 
dcalcd. = 1.54 g cmP3, p(Mo-K,) = 0.87 mm-', F(000) = 1408. The 
data set was collected on a Nicolet R3m diffractometer at T =  
293(2) K6Jy using graphite-monochromated MO-K, radiation (h  = 

17, w scans, 3 standard reflections measured after every 147 reflec- 
tions as an intensity check, variation of standards + I  Yo). A total of 
5519 reflections were collected, 5347 out of them were symmetry- 
independent reflections (R,,, = 0.045). The structure was solved by 
direct methods (SHELXTL-PLUS)[l'] and the refinement was done 
by the SHELXL-93 program[18] using full-matrix least-squares re- 
finement on F2. Anisotropic thermal parameters were used for the 
non-hydrogen atoms and hydrogens were refined by using a riding 
model. Disordered cyclopentadienyl groups were-refined by use of 
ideal geometry contraints (C-C distances 1.42 A, angles l08.O0). 
Absorption correction was performed semiempirically from 
y~ scans (max. and min. transmissions: 0.989 and 0.818). Data I 
restraints I parameters: 5347 I 336 I 421; goodness-of-fit on F2: 
0.89; final R indices wR2 = 0.114 [RI  = 0.046 for I > 2(3(1)]; larg- 
est difference peak and hole: 0.69 and -0.65 e k 3 .  

0.71073 A, 2 ernax, = 50°, 0 5 h 5 22, -13 5 k 5 0, -17 5 I 5  

Crystal Data and Structure Refinement for 3[161: CI7H1 5 M ~ N 0 3 ,  
M =  377.2, orange plates, crystal size 0.80 X 0.45 X 0.08 mm, 
monoclinic, space group P21/c (No. 14), a = 11.814(4), h = 

6.128(2), c = 22.906(8) A, p = 104.22(3)", V = 1607.6(9) A3, Z = 
4, dcalcd. = 1.56 g ~ m - ~ ,  p(Mo-K,) = 0.83 mm-', F(000) = 760. 
Data collection on a Nicolet R3m diffractorneter at T = 293(2) K 
using graphite monochromated MO-K, radiation (h = 0.71073 A, 
2 0,,,, = 50°, 0 5 h 5 14, 0 5 k 5 7, -27 5 1 5  26, w scans, 3 
standard reflections measured after every 147 reflections, variation 
of standards +1%). 2977 reflections were collected, 2830 out of 
them were symmetry-independent reflections (Rint = 0.026). Struc- 
ture solution and refinement identical with compound 2. Semiem- 
pirical absorption correction from yi scans (max. and min. trans- 
missions: 0.849 and 0.756). Data I restraints I parameters: 2830 I 
180 I 228; goodness-of-fit on F2: 1.00; final R indices wR2 = 0.081 
[RI = 0.030 for I > 2 o(l)]; largest difference peak and hole: 0.51 
and -0.73 e k 3 .  

J. Christoffers, K. H. Dotz, Chem. Ber., 1995, 128, 641-643, 
preceding paper. 
Reviews: [ a] K. H. Dotz, H. Fischer, P. Hofmann, E R. Kreissl, 
U. Schubert, K. Weiss, Transition Metal Carbene Complexes, 
Verlag Chemie, Weinheim 1983. - Pb] U. Schubert (Ed.), Ad- 
vances in Metal Carbene Chemistry, Kluwer Academic Pub- 
lishers, Dordrecht, 1989. - [*cl L. S. Hegedus, Pure Appl. Chem. 
1990,62, 691-698. - fZd] K. H. Dotz, Angew. Chem. 1984, 96, 
573-594; Angew. Chem. Znt. Ed Engl. 1984, 23, 587-608. - 
LZe] W. D. Wulff in Comprehensive Organic Synthesis (Eds.: B. 
M. Trost, I. Fleming), Pergamon Press, New York, 1991, vol. 

[3d] J. Barluenaa. 3. M. Montserrat. J. Florez. S. Garcia-Granda. 
5 ,  1065-1113. 

E. Martin, Angew. Chem. 1994,106, 1451-1454; Angew. Chem: 
Znt. Ed. End. 1994. 33, 1392-1394. - [3b1 R. P. Hsuna. W. D. 
Wulff, A. -L. Rheingold, J Am. Chem. Soc. 1994, 116, 
6449-6450. - K3'1 T. S. Powers, Y Shi, K. J. Wilson, W. D. 
Wulff, A. L. Rheingold, J Org. Chem. 1994,59, 6882-6884. - 
[3dl K. H. Dotz, R. Weber, Chem. Ber. 1991, 124, 1635-1638. 
- 13'1 R. Aumann, Chem. Ber. 1994, 127, 725-729. 

Chem. Ber. 1995, 128, 645-648 



648 K. H. Dotz, C. Christoffers, J. Christoffers, D. Bottcher, M. Nieger, S. Kotila 

14] [4a] C. A. Merlic, D. Xu, J Am. Chem. Soc. 1991, 113, 
7418-7420. - [4b1 M. Duetsch, R. Lackmann, E Stein, A. de 
Meijere, Synlett 1992, 324-326. - K4'] K. H. Dotz, J. Christof- 
fers, J Orgunornet. Chern. 1992, 426, C58-C61. - [4d1 R. Au- 
mann, Chem. Ber. 1992,125,2773. - [4e1 L. Jordi, A. Segundo, 
E Camps, S. Ricart, J. M. Moreto, Orgunornetullics 1993, 12, 
3795-3797. - L4fl E Stein, M. Duetsch, E. Pohl, R. Herbst- 
Irmer, A. de Meijere, Orgunometullics 1993, 12, 2556-2564. - 
[4gl L. Jordi, J. M. Moreto, S. Ricart, J. M. Vinas, E. Molins, C. 
Miravitlles, J Orgunornet. Chem. 1993, 444, C28-C30. - [4h1 A. 
Segundo, J. M. Moreto, J. M. Vinas, S. Ricart, Orgunometullics 
1994, 13, 2467-2471. - [4i1 J. Christoffers, K. H. Dotz, Or- 
gunornetullics 1994, 13, 4189-4193. - c4jl M. Duetsch, S. Vi- 
doni, F. Stein, E Funke, M. Noltemeyer, A. de Meijere, J 
Chem. Soc. I Chem. Comrnurz. 1994, 1679- 1680. 

E. 0. Fischer, F. R. KreiBI, J Orgunornet. Chem. 1972, 35, 
C47-C51. - [5h1 E. 0. Fischer, H. J. Kalder, J Orgunornet. 
Chem. 1977, 131, 57-64. 

r6] [6a] M. Brookhart, R. C. Buck, J Am. Chem. Soc. 1989, 111, 
559-567. - [6b] N. Lugan, C. Kelly, M. R. Ferry, G. L. Geof- 
froy, A. L. Rheingold, J Am. Chem. Soc. 1990, 112, 
3220- 3221. 

L71 J. Ipaktschi, B. G. Miiller, R. Glaum, Orgunometullics 1994, 
13, 1044-1046. 

[8] E. 0. Fischer, A. Maasbol, Chem. Ber. 1967, 100, 
2445-2456. - [8h] E. 0. Fischer, H. J. Beck, Chern. Ber. 1971, 

L91 [9a] H. Werner, A. Stark, P. Steinert, C. Grunwald, J, Wolf, 
Chem. Ber. 1995, 128, 49-62. - [9b1 H. Werner, Nuchr. Chem. 

104, 3101-3107. 

Tech. Lab. 1992, 40, 435-444. - M. J. Bruce, Chem. Rev. 
1991, 91, 191-257. 

[ I0]  [lodl A. Rahm, W. D. Wulff, A. L. Rheingold, Orgunotnetuflics 
1993,12, 597-599. - [lob] W. Weng, J. A. Ramsden, A. M. Arif, 
J. A. Gladysz, J Am. Chem. Soc. 1993, 115, 3824-3825. 

[''I A. Wojcicki, Adv. Orgunornet. Chem. 1973, 11, 87-145. - 
[Iib] E Calderazzo, Angew. Chem. 1977, 89, 305-318; Angew. 
Chem. Int. Ed. Engl. 1977, 16, 299-311. - E. J. Kuhlmann 
J. J. Alexander, Coord Chem. Rev. 1980,33, 195-225. - [ * I d ]  ? 
C. Flood in Topics in Stereochemistry (Ed.: G. L. Geoffroy), 
vol. 12, Wiley, New York, 1981, pp. 37-117. 

['*I [Iza] A. Davidson, N. Martinez, J Orgunornet. Chem. 1974, 74, 
C17-C20. - [Izb] T. G. Attig, R. G. Teller, S.-M. Wu, R. Bau, 
A. Wojcicki, J Am. Chem. Soc. 1979, 101, 619-628. 

[131 M. I. Bruce, Adv. Orgunornet. Chem. 1983, 22, 59-128. - 
K. R. Birdwhistell, T. L. Tonker, J. L. Templeton, J Am. 

Chem. Soc. 1985, 107, 4474-4483. 
[I4] L. I. Smith, H. H. Hoehn, J Am. Chem. Soc. 1941, 63, 

1175-1 176. 
["I T.T. Chin, J. K. Hoyano, P. Legzdins, J. T. Malito, Znorg. Synth. 

1990.28. 196-198. 
[I6] Further details of the crystal structure investigations are avail- 

able from the Fachinformationszentrum Karlsruhe, D-76344 
Eggenstein-Leopoldshafen (Germany), on quoting the deposi- 
tory number CSD-58837. 

[I7]  G. M. Sheldrick, SHELXTL-PLUS, Siemens Analytical X-Ray 
Instruments Inc., Madison, USA, 1989. 

[I8] G. M. Sheldrick, SHELXL-93, Program for  the Refinement o j  
Structures, University of Gottingen, Germany, 1993. 

[95010] 

Chem. Ber. 1995, 128, 645-648 


