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20 min) gave a single hydroxy ester 14, mp 78-79 0C (65% from 
12). Conversion of 14 to the tetracyclic dilactone 15 was ac
complished by the sequence (1) mesylation (1.5 equiv of tri-
ethylamine, 3 equiv of mesyl chloride at -20 0C in CH2Cl2 for 
30 min, yield 94%) and (2) methyl ester hydrolysis (0.1 N lithium 
hydroxide in THF-water at 23 0C for 2 h) and acidification (84% 
yield). The short and simple synthesis of 15 illustrates the synthetic 
potential of the methodology described herein. 

The widely different rates of the carbolactonization reaction 
with keto acids 2, 7, 9, and 11 would seem to indicate that cy-
clization rather than a-deprotonation may be rate limiting in these 
cases. If this is indeed so, it must also be true that the reactive 
intermediate in the C-C bond-forming step of the carbo
lactonization is not a conventional free radical but a Mn-stabilized 
"radicaloid" species, perhaps that derived by deprotonation of a 
bridged acetate in Mn3O(OCOCH3)-,. 

The extension of this methodology and its application to the 
synthesis of gingkolides will be described in subsequent papers.13 

Registry No. 2, 91492-04-5; 2 methyl ester, 91492-15-8; 3, 91492-05-6; 
4, 91492-06-7; 5, 2138-99-0; 6, 91492-07-8; 7, 91492-08-9; 8, 91492-09-0; 
9, 65180-53-2; 10, 91492-10-3; 11, 5650-68-0; 12, 91492-11-4; 13, 
91492-12-5; 14, 91492-13-6; 14 mesylate, 91492-16-9; 15, 91492-14-7; 
Mn3O(OAc)7, 63338-46-5; CH3C(O)CH2C(O)OMe, 105-45-3; 
BrCH2C(O)OMe, 96-32-2; 3-bromocyclohexene, 1521-51-3. 
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Of all the compounds containing multiple bonds between metal 
atoms,1 the d3~d3 dimers of molybdenum and tungsten show the 
most varied and fascinating coordination chemistry. There are 
compounds with M-M triple bonds of configuration trV4 in which 
the metal atoms are each coordinated to three, four, five, and even 
six ligand atoms.2,3 Though ligand atoms may span the two metal 
atoms, there are no bridging atoms in this group of d3-d3 dimers. 
However, compounds with bridging atoms are known as in 
W2Cl6(Py)4

4 and the salts containing M2X9
3" ions (X = CI, Br)5 

which adopt structures based on edge- and face-shared octahedra, 
respectively. Within the former group of compounds of formula 
X n M=MX n or X„YmM=MX„Ym, where X and Y = a ligand 
atom and n or (« + m) = 3 —• 6, there has been no example of 
a compound where the coordination number at each metal atom 
has been different, e.g., in Mo2(NMe2)6, Mo2(0-/-Pr)6(py)2, 
W2Me2(02CNEt2)4, and W2(02CNMe2)6 n or (n + m) = 3, 4, 
5, and 6, respectively. The apparent desire of the metal atoms 
to maintain this equality in coordination number is exemplified 

(1) Cotton, F. A.; Walton, R. A. In "Multiple Bonds Between Metal 
Atoms"; Wiley: New York, 1982. 

(2) Chisholm, M. H.; Cotton, F. A. Ace. Chem. Res. 1978, 11, 356. 
(3) Chisholm M. H. Symp. Farad. Soc. 1980, No. 14, 194. 
(4) Jackson, R. B.; Streib, W. E. Inorg. Chem. 1971, 10, 1760. 
(5) See: Cotton, F. A.; Wilkinson, G. "Advanced Inorganic Chemistry", 

4th ed.; Wiley: New York, 1980; pp 864-866 and references cited therein. 

Figure 1. ORTEP view of the (Z-PrO)3Mo^Mo(CH2Ph)2(O-Z-Pr)(PMe3) 
molecule. Some pertinent bond distances (A) and angles (°) (averaged 
where appropriate): Mo-Mo = 2.235 (1) Mo-C = 2.22 (1), Mo(I)-O-
(7) = 1.920 (4), Mo(2)-0 = 1.89 (2), Mo-P = 2.581 (2); Mo-Mo-C 
= 101.3 (6), Mo(2)-Mo(l)-0(7) = 106.5 (1), Mo-Mo-P = 94.65 (4), 
Mo(l)-Mo(2)-0 = 107.2 (20), Mo-C-C = 114.4 (11). 

by the pair-wise insertion of CO2 into OR6 and NMe2
7 ligands 

and the cooperative binding of Lewis bases to M2(OR)6 com
pounds:8 M2(OR)6 + 2 L - * M2(OR)6L2. We report here the 
first example of a compound having a central (M=M) 6 + unit in 
which the metal atoms have different coordination numbers, 
namely, 3 and 4. 

Hexane solutions of l,2-Mo2(CH2Ph)2(NMe2)4
9 react with 

/-PrOH (4 equiv) to yield 1,2-Mo2(CH2Ph)2(O-Z-Pr)4.
10 The 1H 

NMR spectra11 confirm the 1,2-dibenzyl substitution pattern and 
are consistent with a rapidly interconverting (NMR time scale) 
mixture of anti and gauche rotamers, through the presence of only 
the anti rotamer cannot be excluded: the benzyl methylene protons 
appear as a singlet, and there is only one type of 0-/-Pr ligand 
which contains diastereotopic methyl groups. 

Addition of PMe3 (2 equiv) to a hexane solution of 1,2-Mo2-
(CH2Ph)2(O-Z-Pr)4 yields (Z-PrO)3Mo=Mo(CH2Ph)2(O-Z-Pr)-
(PMe3) as red crystals upon cooling. The molecular structure, 
deduced from an X-ray study,12 is shown in Figure 1. The 
Mo-Mo distance, 2.235 (1) A, is comparable to those in Mo2-
(OCH2-Z-Bu)6

13 2.222 (2) A, and Mo2Me2(O-Z-Bu)4(Py)2
14 2.256 

(6) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Kelly, R. L. J. Am. 
Chem. Soc. 1978, 100, 1727. 

(7) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Stults, B. R. Inorg. 
Chem. 1977, 16, 603. 

(8) Chisholm, M. H. Polyhedron 1983, 2, 681. 
(9) Chetcuti, M. J.; Chisholm, M. H.; Folting, K.; Haitko, D. A.; Huffman, 

J. C; Janos, J. J. Am. Chem. Soc. 1983, 105, 1163. 
(10) Dry and oxygen free solvents and atmospheres (N2) were used 

throughout. 
(11) 1H NMR data obtained from toluene-rfg at 360 MHz for 1,2-Mo2-

(CH2Ph)2(O-I-Pr)4 (+20 °C): S [CH2Ph) 4.13 (s); (CH2W) o 7.05 (d, J = 
7.6 Hz), m 6.99 (dd, / = 7.6 Hz), p 6.79 (t, J = 7.6 Hz); (CWMe2) 5.39 (sept, 
J = 5.8 Hz); (CHAZe2) 1.32 (d, J = 5.8 Hz), 1.26 (d, J = 5.8 Hz). (Z-
PrO)3Mo^Mo (CH2Ph)2(O-Z-Pr)(PMe3) (-20 0C): 5 (CZZ2Ph) 4.63 (2 H, 
dd, VH-H- = 11.8 Hz; VH-P = 15.5 Hz), 4.46 (2 H, dd, VH-H = 11 -8 Hz, VH-P 
= 11.8 Hz); (CH2M) o 7.07 (4 H, d, J = 7.6 Hz), m 6.96 (4 H, d, J = 7.6 
Hz), p 6.71 (2 H, d, J = 7.6 Hz); (OCZfMe2) 6.08 (1 H, sept, J = 5.8 Hz); 
(OCHMe2) 1.83 (6 H, d, J = 5.8 Hz); (OCHMe2)' 4.68 (3 H, sept, J = 5.8 
Hz); (OCHAZe2)' 1.30 (18 H, d, J = 5.8 Hz). 

(12) Crystal data at -159 0C: a = 16.779 (3) A, b = 10.104 (1) A, c = 
19.555 (4) A, /3 = 90.59 (I)0 , Z = 4 and space group P2Jc. Of the 4823 
reflections collected using Mo Ka, 6° < 20 < 45°, the 3665 having F > Ia(F) 
were used in the full-matrix least-squares refinement. All the H atoms were 
located and refined. Final residuals are R(F) = 0.037 and R„(F) = 0.041. 
For general operating procedures and listings of programs employed at the 
IUMSC, see: Chisholm, M. H.; Folting, K.; Huffman, J. C; Kirkpatrick, C. 
C, Inorg. Chem. 1984, 23, 1021. 

(13) Chisholm, M. H.; Cotton, F. A.; Murillo, C. A.; Reichert, W. W. 
Inorg. Chem. 1977, 16, 1801. 

(14) Chisholm, M. H.; Huffman, J. C; Tatz, R. J. / . Am. Chem. Soc. 
1983, 105, 2075. 
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observed molecular structure allowing for rapid rotation about 
the Mo-Mo bond. Ther are two types of O-i'-Pr ligands in the 
ratio 1:3, and the methylene protons of the benzyl ligand are 
diastereotopic and appear as part of an ABX spin system (X = 
31P). When the temperature is raised, the spectrum changes and 
is interpretable in terms of PMe3 dissociation and the equilibrium 
shown in eq 1. 

(1-PrO)3Mo=Mo(CH2Ph)2(O-I-Pr)(PMe3) ^ 
(/-PrO)2(PhCH2)Mo=Mo(CH2Ph)(O-Z-Pr)2 + PMe3 (1) 

The temperature dependence of the equilibrium is easily fol
lowed in the PhCH2 region of the NMR spectrum as shown in 
Figure 2. It is tempting to attribute the stability of the PMe3 

adduct to the favorable binding of the soft P donor ligand to the 
soft (i.e., bis-alkylated) molybdenum center. 

The present findings provide the first observation of facile, 
reversible alkyl/alkoxy exchange at a (Mo=Mo)6+ center. These 
are of obvious relevance to previous findings of Rothwell and 
co-workers17,18 and are of potential importance when one considers 
viable mechanisms for dinuclear reductive eliminations19 which 
convert M-M triple to M-M quadruple bonds.2C'21 

Further studies are in progress.22 

Registry No. 1,2-Mo2(CH2Ph)2(NMe2),,, 82555-51-9; 1,2-Mo2-
(CH2Ph)2(O-I-Pr)4, 91443-57-1; (1-PrO)3Mo=Mo(CH2Ph)2(O-I-Pr)-
(PMe3), 91466-42-1. 

Supplementary Material Available: Listing of atomic coordinates 
and isotropic thermal parameters (1 page). Ordering information 
is given on any current masthead page. 
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Figure 2. 1H NMR spectra of the PhCH2 protons as a function of 
temperature of a crystalline sample of (1'-PrO)3Mo=Mo(CH2Ph)2(O-I-
Pr)(PMe3) dissolved in toluene-rf8. At -20 0C the PhCH2 protons appear 
as an ABX spectrum (X = 31P) with the downfield portion of the spec
trum partially obscured by the septet of the (Z-PrO)3Mo= methyne 
protons (*). Upon raising the temperature the growth of the singlet (C) 
at ca. 4.1 ppm corresponds to the increase in concentration of (i-
PrO)2(PhCH2)Mo=Mo(CH2Ph)(O-I-Pr)2. The signals arising from the 
PhCH2 protons of the (1'-PrO)3Mo=Mo(CH2Ph)2(O-I-Pr)(PMe3) mol
ecule decrease in intensity as the former grows (C) and coupling of A/B 
to 31P is lost indicating rapid reversible loss of PMe3 at +60 0C. Spectra 
were recorded at 360 MHz. 

( I )A. Also the Mo-O distances at the 3- and 4-coordinate ends 
of the molecule are comparable to those seen in Mo2(OCH2-J-Bu)6 

and Mo2(0-i'-Pr)6(py)2, respectively. The long Mo-P distance 
is consistent with its lability toward PMe3 dissociation (vide infra). 
The Mo-C distances are longer than those in 1,2-Mo2-
(CH2Ph)2(NMe2)4,9 but the increase in Mo-C distance is com
parable to that seen previously in going from 3- to 4-coordinate 
molybdenum, c.f.,, Mo-C = 2.16 (1) A in 1,2-Mo2Et2(NMe2V

5 

and Mo-C = 2.21 (1) A in Mo2Et2(NMe2)2(PhN3Ph)2.16 

The 1H NMR spectrum" of a crystalline sample of (i-
PrO)3Mo=Mo(CH2Ph)2(O-I-Pr)(PMe3) dissolved in toluene-rf8 

at -20 0C is entirely consistent with expectations based on the 

(17) Compounds of the X2RMoSMoR3 and XR2Mo=MoR2X where X 
= O-I-Bu or NMe2 do not isomerize in toluent-d8 solution-. Chisholm, M. H.; 
Folting, K.; Huffman, J. C; Rothwell, I. P. Organometallics 1982, 1, 251. 

(18) The conversion of L3MoSsMoL3 compounds to L3Mo(^-L)3MoL3 
compounds has been noted: Coffindaffer, T. W.; Rothwell, I. P.; Huffman, 
J. C. Inorg. Chem. 1983, 22, 3178. 

(19) Trinquier, G.; Huffman, R. Organometallics 1984, 3, 370. 
(20) Chisholm, M. H.; Folting, K.; Huffman, J. C; Tatz, R. J. J. Am. 

Chem. Soc. 1984, 106, 1153. 
(21) Chisholm, M. H.; Chiu, H. T.; Huffman, J. C. Polyhedron 1984, 3, 

759. 
(22) We thank the Department of Energy, Office of Basic Research, 

Chemical Sciences Division and the Wrubel Computing Center for financial 
support. 
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Of all the compounds containing multiple bonds between metal 
atoms,1 the d3-d3 dimers of molybdenum and tungsten show the 
most varied and fascinating coordination chemistry. There are 
compounds with M-M triple bonds of configuration <r27r4 in which 
the metal atoms are each coordinated to three, four, five, and even 
six ligand atoms.2,3 Though ligands may span the two metal 
atoms, there are no bridging atoms in this group of d3-d3 dimers. 
However, compounds with bridging atoms are known as in 
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