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Abstract: Reduction of M2(CO)8(M-PPh2^ (M = Mo (1-Mo) or W (1-W)) and reactions of various binuclear molybdenum 
and tungsten anionic products were found generally to proceed with a remarkably facile scission or formation of M - M and 
M-(M-PPh2) bonds. Thus, complexes 1 are converted by M'BR3H (M' = Li, R = Et; M' = K, R = sec-Bu) or LiAlH4 in 

THF to the M - M bond cleaved [M2(CO)8(M-PPh2)2]2" (2) or to [(CO)4M(M-PPh2)M(CO)4(PPh2H)]- (3) depending on the 
nature and, usually, the amount of the reductant. Reactions of 1 with LiR (R = Me (a), «-Bu (b), Ph (c)) afford the acyl 

anions [(CO)4M(M-PPh2)2M(CO)3(C(0)R)]- (4a-c), which yield the carbene complexes (CO)4M(M-PPh2J2M(CO)3(C(OMe)R) 
(5a,c) when treated with Me3OBF4. The M - M bond of 3 is readily broken by CO and A-BuLi to give [(CO)5M(M-PPh2)-
M(CO) 4(PPh 2H)] - (6) and 2, respectively. Treatment of 3 with CF3COOH leads to a fragmentation of the binuclear unit 
with the formation of C^-M(CO)4(PPh2H)2 and M(CO)5(PPh2H). The dianions 2 are converted to the M-M-bonded 3 and 
4a when reacted with 1 equiv of CF3COOH and MeI (in THF or DMF), respectively. Possible mechanisms of these reactions 
are discussed. The structures of 1-W and its 2-electron reduction product, [Li(THF)3

+]22-W, were determined by single-crystal 
X-ray diffraction analyses. Both crystals are monoclinic of space group Pl1Zc, with a = 9.830 (2) A, b = 19.802 (4) A, c 
= 16.889 (5) A, /3 = 103.72°, and Z = 4 for 1-W and a = 11.265 (5) A, b = 19.546 (3) A, c = 16.446 (5) A, 0 = 122.07 
(3)°, and Z = 2 for [Li(THF)3

+]22-W. The structure of 1-W was solved and refined to R = 0.030 and Rv = 0.033 by using 
5206 independent reflections, whereas the structure of [Li(THF)3

+]22-W was solved and refined to R = 0.051 and R„ = 0.062 
by using 3987 independent reflections. Both structures possess a planar W2P2 core. The W - W distance of 3.0256 (4) A in 
1-W increases to a nonbonding value of 4.1018 (4) A in 2-W, and the W - P - W bond angles of 75.14° (mean) in 1-W widen 
to 104.20° in 2-W. The Li+ ion in [Li(THF)3

+]22-W possesses an almost regular tetrahedral oxygen environment, being attached 
to three THF molecules and an equatorial CO of 2-W. 

Binuclear transition-metal complexes represent an important 
group of compounds,1 which may be regarded as the simplest 
chemical models for metal clusters. In this general context, 
phosphido-bridged complexes have received a good deal of at­
tention,2 especially with respect to synthesis, structure, and 
bonding. However, on the whole, their chemistry has not been 
systematically explored. 

In order to fill some of this void, we have been examining, over 
the past few years, the chemistry of binuclear phosphido-bridged 
complexes, particularly those of iron, Fe2Lx(M-PR2^ (L = CO, 
x = 6; L = N O , x = 4).3~8 These studies have led to the ob­
servation of cleavage and formation reactions of each of Fe-Fe 
and Fe-(M-PR2) bonds, sometimes under surprisingly mild con­
ditions. A facile scission of M-(M-PR2) bonds, which were at one 
time regarded as chemically inert,9 occurs by the coupling of the 
phosphide with such ligands as hydride and alkyl.3-5'6'8,10-12 All 
of the foregoing cleavage reactions may either generate a vacant 
site at the metal or lead to fragmentation of a binuclear species. 
Thus, they are of considerable relevance to the chemistry of metal 
clusters, and especially to their catalytic activity. 

This paper is concerned with reduction chemistry of M2-
(C0)8(M-PPh2)2 (M = Mo (1-Mo) or W (1-W)) and with the 
behavior of resultant binuclear anions. The two neutral complexes 
were first prepared by Chatt and Thornton1 3 by reaction of 
M(CO) 6 with Ph2PPPh2. Although improved syntheses were later 
developed by Treichel14 and Keiter,15 little chemistry of 1-Mo and 
1-W has been reported. Dessy and co-workers16,17 studied the 
electrochemistry of the related methyl derivatives M2(CO)8(M-
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PMe 2 ) 2 and some spectroscopic properties of reduced [M2-
(CO)8(M-PMe2J2]2-. More recently, Keiter15 reported several 

(1) Recent reviews: (a) Carty, A. J. Pure Appl. Chem. 1982, 54, 113. (b) 
Chisholm, M. H.; Rothwell, I. P. Prog. Inorg. Chem. 1982, 29, 1. (c) Roberts, 
D. A.; Geoffroy, G. L. In Comprehensive Organometallic Chemistry; Wil­
kinson, G., Stone, F. G. A., Abels, E. W., Eds.; Pergamon Press: Oxford, 
U.K., 1982; Chapter 40. (d) Bergman, R. G. Ace. Chem. Res. 1980, 13, 113. 
(e) Vahrenkamp, H. Angew. Chem., Int. Ed. Engl. 1978, 17, 379. 

(2) Representative recent publications: (a) Rosenberg, S.; Mahoney, W. 
S.; Hayes, J. M.; Geoffroy, G. L.; Rheingold, A. L. Organometallics 1986, 
5, 1065. (b) Nucciarone, D.; Taylor, N. J.; Carty, A. J. Ibid. 1986, 5, 1179. 
(c) Baker, R. T.; Tulip, T. H. Ibid. 1986, 5, 839. (d) Kyba, E. P.; Davis, R. 
E.; Clubb, C. N.; Liu, S.-T.; Aldaz Palacios, H. 0.; McKennis, J. S. Ibid. 
1986, 5, 869. (e) Chen, L.; Kountz, D. J.; Meek, D. W. Ibid. 1985, 4, 598. 
(f) Iggo, J. A.; Mays, M. J.; Raithby, P. R.; Henrick, K. J. Chem. Soc., Dalton 
Trans. 1984, 633. (g) Powell, J.; Sawyer, J. F.; Smith, S. J. J. Chem. Soc, 
Chem. Commun. 1985, 1312. (h) Werner, H.; ZoIk, R. Organometallics 
1985, 4, 601. (i) Vahrenkamp, H.; Wucherer, E. J.; Wolters, D.; Chem. Ber. 
1983, 116, 1219. G) Schneider, J.; Huttner, G. Ibid. 1983, 116, 917. (k) 
Casey, C. P.; Bullock, R. M. Organometallics 1984, 3, 1100. (1) Bender, R.; 
Braunstein, P.; Metz, B.; Lemoine, P. Ibid. 1984, 3, 381. (m) Jones, R. A.; 
Lash, J. G.; Norman, N. C; Stuart, A. R.; Wright, T. C; Whittlesey, B. R. 
Ibid. 1984, 3, 114. (n) Wojcicki, A. Inorg. Chim. Acta 1985, 100, 125. 
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binuclear anions derived from 1-W. 
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We now describe various aspects of chemical reduction of 1-Mo 

and 1-W as well as some chemistry of new binuclear molybdenum 

and tungsten anions. Much of this chemistry concerns reactions 

at M - M and M-(M-PPh2) bonds. Also reported herein is a 

complete characterization by X-ray diffraction of 1-W and its 

2-electron reduction product, [Li(THF)3]2[W2(CO)8(M-PPh2)2] 

( [Li(THF) 3
+] 22-W). This crystallographic study is of particular 

importance, as it represents, to the best of our knowledge, the first 

example of structure determination of geometrically similar bi­

nuclear doubly bridged species differing in charge by the presence 

or absence of two valence electrons. Dahl and co-workers18,19 have 

determined the structures of Fe2(CO)6(^-PPh2)2 and [Na(2,2,2-

crypt)]2[Fe2(CO)6(M-PPh2)2]; however, in these two complexes, 

the geometry of the Fe2P2 core is considerably different, being 

folded in the Fe-Fe-bonded former species and planar in the 

Fe-Fe-nonbonded latter species. In the present case, the essentially 

cis-octahedral geometry of four carbonyl groups and two PPh2 

bridges around each tungsten center is maintained in both binu­

clear complexes, albeit with some important changes in bond 

distances and angles. 

Some of the reaction chemistry (but not the crystallography) 

reported herein was communicated in a preliminary form.20 

Experimental Section 

General Procedures and Measurements. Unless otherwise stated, all 
reactions and manipulations of air-sensitive compounds were carried out 
at ambient temperatures under an atmosphere of purified N2 with 
standard procedures.21 Melting points were measured in vacuo on a 
Thomas-Hoover melting point apparatus and are uncorrected. Infrared 
(IR) spectra were recorded on a Perkin-Elmer Model 337 or 283B 
spectrophotometer and were calibrated with polystyrene. 1H NMR 
spectra were obtained on a Varian Associates EM 360L or Bruker AM-
500 spectrometer. 13C NMR spectra were recorded on a Bruker HX-90 
spectrometer at 22.62 MHz. Both 1H and 13C chemical shifts are given 
in ppm downfield from the internal standard Me4Si. 31P NMR spectra 
were obtained on the Bruker HX-90 at 36.43 MHz; chemical shifts are 
reported with reference to 85% H3PO4 and are reproducible to ±0.1 ppm. 
Except as noted, these NMR spectra were collected at room temperature. 
Ultraviolet (UV)-visible spectra were recorded on a Beckman DU-7 
spectrophotometer. Elemental analyses were determined by Galbraith 
Laboratories, Inc., Knoxville, TN. 

Materials. THF was distilled from Na and benzophenone under an 
atmosphere of N2 immediately before use. Other solvents were purified 
according to procedures described by Perrin, Armarego, and Perrin22 and 
were deaerated by freeze-thaw cycles or purging with N2. 

Trialkylborohydride (and -deuteride) reagents were obtained as 1.0 
M solutions in THF from Aldrich. Methyllithium (1.6 M solution in 
diethyl ether), phenyllithium (1.8 M solution in 70:30 cyclohexane-di-

(12) Breen, M. J.; Shulman, P.M.; Geoffroy, G. L.; Rheingold, A. L.; 
Fultz, W. C. Organometallics 1984, 3, 782. 

(13) Chatt, J.; Thornton, D. A. J. Chem. Soc. 1964, 1005. 
(14) Treichel, P. M.; Dean, W. K.; Douglas, W. M. J. Organomet. Chem. 

1972, 42, 145. 
(15) Keiter, R. L.; Madigan, M. J. Organometallics 1982, / , 409. 
(16) Dessy, R. E.; Wieczorek, L. J. Am. Chem. Soc. 1969, 91, 4963. 
(17) Dessy, R. E.; Rheingold, A. L.; Howard, G. D. J. Am. Chem. Soc. 

1972, 94, 746. 
(18) Huntsman, J. R.; Dahl, L. F., unpublished results cited in: Clegg, 

W. Inorg.Chem. 1976, 15, 1609. 
(19) Ginsburg, R. E.; Rothrock, R. K.;Finke, R. G.; Collman, J. P.; Dahl, 

L. F. J. Am. Chem. Soc. 1979, 101, 6550. 
(20) Shyu, S.-G.; Wojcicki, A. Organometallics 1984, 3, 809. 
(21) Shriver, D. F. The Manipulation of Air-Sensitive Compounds; 

McGraw-Hill: New York, 1969. 
(22) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of 

Laboratory Chemicals; Pergamon Press: Oxford, U.K., 1966. 

ethyl ether), and n-butyllithium (1.6 M solution in hexanes) were also 
purchased from Aldrich. PPh 2H, Mo(CO) 6 , and W(CO) 6 were procured 
from Strem; the hexacarbonyls were purified by sublimation. Other 
reagents were obtained from various commercial sources and used as 
received. The complexes Mo(CO) 5 (PPh 2 H) and W(CO) 5 (PPh 2 H) were 
prepared by the general methods of Grim2 3 and Strohmeier,24 respec­
tively, and characterized by comparison of their K C O ) IR and 1H and 
31P N M R spectra with those reported in the literature.25"27 

Preparation of M 2 ( C O ) 8 ( M - P P 1 I 2 ) 2 (1-Mo, 1-W). These two com­
plexes were prepared by a modified procedure of Treichel et al.14 A 
solution of Mo(CO) 5 (PPh 2 H) (47.0 g, 111 mol) in 150 mL of T H F was 
slowly treated with ca. 1 equiv of n-BuLi (72.0 mL of 1.6 M solution, 
120 mmol), and after the addition was complete the reaction mixture was 
maintained at reflux for 8 h. The solution was cooled to room temper­
ature, resulting in the formation of a yellow precipitate. The mixture was 
then stirred in air for ca. 10 h, as the suspended solid changed color to 
orange-red. The solid was collected by filtration, and the filtrate was 
evaporated to dryness. The residue was washed first with 50 mL of H 2 O 
and then with 20 mL of acetone, and the second wash was filtered to 
collect an orange-red powder. The solids collected in the two filtrations 
were combined and washed consecutively with 20 mL of acetone and 50 
mL of pentane. After pumping to dryness, 24.5 g (56% yield) of 1-Mo 
was obtained: mp 295 0 C (lit.13 mp 290-305 0 C ) ; IR (CHCl 3 ) K C O ) 
2035 (m), 1965 (s, br) cm"1; 31Pj1Hj N M R (THF) 5 232.6; UV-vis 
(acetone) \ m a x (e) 355 (18000) , 535 (140) nm. 

1-W was synthesized by a similar procedure starting with 30.0 g (58.8 
mmol) of W(CO) 5 (PPh 2 H) and 1 equiv of n-BuLi in 150 mL of T H F : 
yield 14.2 g (50%); IR (THF) KCO) 2038 (m), 1960 (s, br) cm"1; 31Pj1H) 
N M R (THF) b 180.9 (7 P W = 164.7 Hz); UV-vis (acetone) Xmax (e) 340 
(9200), 542 (160) nm. 

Reactions of M2(CO)8(M-PPh2)2 ( I M o , 1-W) with Complex Hydrides, 
(i) General Spectroscopic Studies. A red suspension of 1-Mo or 1-W 
(generally ca. 0.1 g) in T H F (generally 2-5 mL) was treated with 1 or 
2 equiv of the desired complex hydride (or deuteride) (LiBEt 3 H, 
LiBEt3D, KB(sec-Bu)3H, LiAlH 4 ) , usually at room temperature. (The 
reaction of 1-W with 1 equiv of LiBEt3 was conducted at ca. - 3 0 0 C for 
20 min followed by slow warming to 25 0C.) The resulting mixture was 
usually stirred until no further change was apparent in its 31Pj1Hj N M R 
spectrum (generally up to 2 h) . 

(ii) Preparation of [ (Ph 3P) 2NX(CO) 4Mo(M-PPh 2 )Mo(CO) 4 (PPh 2H)] 
( (Ph 3 P) 2 N + 3-Mo) . 1-Mo (0.30 g, 0.38 mmol) in 6 mL of T H F was 
treated with ca. 1 equiv of LiBEt 3 H (0.4 mL of 1.0 M solution, 0.4 
mmol) , and the resulting mixture was stirred for about 5 min. The 
solvent was removed, and the residue was treated with 1 equiv (0.22 g, 
0.38 mmol) of (Ph3P)2NCl in ca. 7 mL of CH2Cl2 . The resulting solution 
was concentrated to an oil. Ethanol was added to induce precipitation 
of an orange solid, which was collected by filtration and dried, yield 0.20 
g(40%) . Anal. Calcd for C6 8H5 1Mo2NO8P4 : C, 61.60; H, 3.88. Found: 
C, 61.00; H, 3.64. Spectroscopic data for this and other new complexes 
prepared herein are provided in Table I. 

(iii) Preparation of Kj[M2(CO)g(M-PPh2)2]-2THF ((K+)22-Mo-2THF, 
(K + ) 2 2-W-2THF) . To a suspension of 1-Mo (2.00 g, 2.54 mmol) in 15 
mL of T H F was added 2 equiv of KB(sec-Bu)3H (2.60 mL of 1.0 M 
solution, 2.60 mmol). The mixture was stirred for ca. 2 h, and a yellow 
solid was filtered off and dried, yield 2.10 g (82%). Anal. Calcd for 
C 3 6 H 2 8 K 2 Mo 2 O 9 P 2 (including I T H F ) : C, 46.14; H, 3.01. Calcd for 
C 4 0 H 3 6 K 2 Mo 2 O 1 0 P 2 (including 2 T H F ) : C, 47.63; H, 3.60. Found: C, 
46.05; H, 3.20. 1 H N M R supports the presence of 2 molecules of T H F . 

The corresponding tungsten complex15 was prepared similarly by 
treatment of 0.50 g (0.52 mmol) of 1-W in 6 mL of T H F with 2 equiv 
of KB(^eC-Bu)3H. The yield of a yellow solid was 0.52 g (85%). 

Reactions of M2(CO)8(M-PPh2);, ( I M o , 1-W) with RLi (R = Me, Ph, 
n-Bu) . A suspension of 0.30 g (0.38 mmol) of 1-Mo in 10 mL of T H F 
was treated with 1 equiv of MeLi (0.24 mL of 1.6 M solution, 0.39 
mmol). The mixture was stirred for 5 min and then filtered. Solvent was 

removed from the filtrate to yield 0.36 g (92%) of LiJ(CO)4Mo(M-

P P h 2 ) 2 M o ( C O ) 3 ( C ( 0 ) M e ) ] - 3 T H F (Li + 4a-Mo-3THF) as a red solid. 
Anal. Calcd for C 4 5H 4 7LiMo 2O 1 1P 2 : C, 52.75; H, 4.62. Found: C, 
52.39; H, 4.92. 

A similar reaction between 1-W and MeLi afforded LiJ(CO)4W(M-

(23) Grim, S. O.; Wheatland, D. A.; McFarlane, W. / . Am. Chem. Soc. 
1967, 89, 5573. 

(24) Strohmeier, W.; Muller, F. Chem. Ber. 1969, 102, 3608. 
(25) Smith, J. G.; Thompson, T. D. J. Chem. Soc. A 1967, 1694. 
(26) Keiter, R. L.; Kaiser, S. L.; Hansen, N. P.; Brodack, J. W.; Cary, L. 

W. Inorg. Chem. 1981, 20, 283. 
(27) Keiter, R. L.; Sun, Y. Y.; Broadack, J. W.; Cary, L. W. J. Am. Chem. 

Soc. 1979, 101, 2638. 



Formation and Cleavage of M-M and M-\i-Phosphido Bonds J. Am. Chem. Soc, Vol. 109, No. 12, 1987 3619 

Table I. Spectroscopic Data for 2-6" 

complex4 31P(1H)'' 

NMR/ d 
1H' IR, KCO)/cm"1 

(Li+)22-Mo 
(K+)22-Mo* 
(Li+)22-W 
(K+)22-W* 
Li+3-Mo 
K+3-Mo 
(Ph3P)2N+3-Mo 
Li+3-W 

K+3-W 
Li+4a-Mo 
Li+4b-Mo 
Li+4c-Mo 
Li+4a-W 

Li+4b-W 

Li+4c-W 

5a-Mo 

5c-Mo 
5a-W 

5c-W 
Li+6-Mo 
(Ph3P)2N+6-Mo 
Li+6-W 

-48.1 
-47.9 
-98.0 (7PW = 154.7) 
-97.6' 
106.9, 21.2 ('JpH = 327.2 / / P P = 19.5) 
105.5, 20.9 (7PP = 19.5) 
108.4, 23.2 (yPP = 17.2), 20.8 
87.1 G/pW = 137.6, 244.1),-4.3 

(7PW = 228.7, '7pH = 357.6/ / P P = 
17.2) 

84.1,' -7.4 (7PW = 228.7, JPP = 18.9) 
219.9, 174.5 (7PP = 10.3) 
219.0, 173.7 (7PP = 10.3) 
220.5, 177.0 (7PP = 10.3) 
167.4 (7PW = 161.8, 175.2), 136.8 

(7PW = 123.9, 242.3, 7pP = 17.2) 
166.7 (7PW = 161.6, 177.1), 137.1 

(yPW = 123.8, 244.1, /P P = 17.2) 
167.2 (7PW = 170.2, 163.3), 138.4 

(JPW = 122.1, 242.4, 7Pp = 17.2) 
227.2, 187.1 (7PP = 9.5) 

223.8, 192.2 {JPP = 8.6) 
173.5 (/pW = 128.9, 173.6), 140.8 

(yPW = 230.4, 123.8, /pP = 13.8) 
172.5/ 147.2' (7Pp = 12.0) 
24.7 ('/pH = 322.3>), -22.1 (7PP = 20.6) 
25.3,-21.3 (7PP = 20.6), 20.1 
8.2 (./pW = 226.9), -61.1 (JPW = 164.8, 

159.3, yPP = 19.5)* 

1951 (s), 1875 (s), 1825 (s), 1775 (s)m 

1965 (w), 1875 (m), 1825 (s), 1765 (m)m 

2015 (w), 1980 (w), 1920 (s), 1900 (sh), 1880 (m), 1835 (w) 

2007 (w), 1975 (m), 1915 (s), 1900 (sh), 1880 (m), 1843 (sh) 

2.69 (d, VpH = 1.2)' 2030 (m), 1985 (m), 1920 (vs), 1875 (m), 1530 (w) 

2035 (m), 1995 (m), 1930 (vs), 1880 (m), 1505 (w) 
2.73 (d, VPH = 1.2)' 2025 (m), 1985 (m), 1920 (vs), 1860 (m), 1525 (w) 

4.40 (s), 3.14 
(d.VpH= 1.3) 

3.88 (s) 
4.22 (s), 3.13 

(d, VPH = 1.1) 
3.76 (s) 

2020 (m), 1980 (m), 1910 (vs), 1860 (m) 

2040 (w), 2005 (m), 1955 (s, br) 

2030 (w), 2000 (m), 1930 (vs) 
2045 (w), 2005 (m), 1945 (s) 

2035 (m), 2003 (m), 1945 (vs) 
2048 (m), 2005 (m), 1950 (sh), 1930 (vs), 1880 (vs), 1845 (s) 

2025 (w), 2000 (m), 1920 (vs), 1870 (s), 1830 (m)* 

"At room temperature. 'Solvent molecules not included in the formula. CJ values in Hz. dIn THF solution unless otherwise indicated. 8InCDCl3 

solution unless otherwise indicated. Me group signals only. Abbreviations: s, singlet; d, doublet. ^In THF solution unless otherwise indicated. 
Abbreviations: vs, very strong; s, strong; m, medium; w, weak; br, broad; sh, shoulder. 213CI1Hj NMR (MeCN-(Z3) 6 226.5 (JPC = 4.6 Hz), 220.4 
(7PC = 6.5 Hz). UV-vis (acetone) \max (e) 320 (14000), ~400 (sh) nm. 'Reported in ref 15. UV-vis (acetone) Xmax (e) 322 (12000), ~400 (sh) 
nm. '7 P W not observed because of low solubility. '3 1P NMR. * In MeCN solution. 'In acetone-</6 solution. "1In Nujol mull. 

PPh2J2W(CO)3(C(O)Me)]OTHF (Li+4a-W-3THF), also as a red solid, 
in 95% yield. Anal. Calcd for C45H47LiOnP2W2 (including 3THF): C, 
45.02; H, 3.95. Calcd for C41H39LiOi0P2W2 (including 2THF): C, 
43.64; H, 3.48. Found: C, 43.36; H, 3.33. 1H NMR agrees better with 
the presence of 3 molecules of THF. 

Reactions of 1-Mo and 1-W with PhLi were conducted similarly, 
except that the crude solid products were extracted with ca. 5 mL of 
MeCN and the extracts were evaporated to yield (>90%) red Li-

[(CO)4M(M-PPh2)2M(CO)3(C(0)Ph)] (Li+4c-Mo, Li+4c-W). The 
products were characterized spectroscopically (Table I). 

The corresponding alkylation reactions with A-BuLi were studied 
spectroscopically (31Pj1H! NMR). The products were not isolated. 

Reactions of [(CO)4M(M-PPh2)2M(CO)3(C(0)R)]- (4-Mo, 4-W) with 
Me3OBF4. In a typical preparation, 0.050 g (0.34 mmol) of Me3OBF4 

was added to Li+4a-W-3THF, prepared from 0.30 g (0.31 mmol) of 1-W 
and 1 equiv of MeLi (0.19 mL of 1.6 M solution, 0.31 mmol) in THF 
and freed of the solvent. Nitromethane (5 mL) was then introduced into 
this mixture, resulting in the formation of a red solution. The solution 
was stirred for a few minutes, and the solvent was removed. The solid 
residue was extracted with 30 mL of THF, and the extract was filtered 
through activated alumina. Evaporation of the solvent afforded 0.28 g 

(90% yield based on 1-W) of red (CO)4W(^-PPh2)2W(CO)3(C(OMe)-
Me)-0.5THF (5a-W-0.5THF). Anal. Calcd for C36H30O8 5P2W2: C, 
42.05; H, 2.94. Found: C, 42.21; H, 2.94. The presence of 0.5 molecule 
of THF is supported by the 1H NMR spectrum. 

The carbene complexes (CO)4Mo(M-PPh2)2Mo(CO)3(C(OMe)Me) 

(Sa-Mo), (CO)4Mo(M-PPh2)2Mo(CO)3(C(OMe)Ph) (5c-Mo), and 

(CO)4W(M-PPh2)2W(CO)3(C(OMe)Ph) (5c-W) were prepared as red 
or red-brown solids in 70, 65, and 30% yields (based on 1-Mo or 1-W), 
respectively, by analogous procedures. However, there was no observed 
(31P(1H) NMR) reaction when Li+4a-Mo-3THF and 1.5 equiv of MeI 
were stirred in THF for 1 week. 

Reactions of [(CO)4M(M-PPh2)M(CO)4(PPh2H)]- (3-Mo, 3-W). (i) 
With CO. Carbon monoxide was slowly passed into a solution of 3-Mo, 
prepared by reaction of 1-Mo (0.30 g, 0.38 mmol) with LiBEt3H (0.46 
mL of 1.0 M solution, 0.46 mmol) in 5 mL of THF. After 30 min solvent 

was removed, and the residue was extracted with 5 mL of MeCN. The 
extract was filtered, evaporated to dryness, and treated with 0.22 g (0.38 
mmol) of (Ph3P)2NCl in 5 mL of CH2Cl2. The resulting solution was 
stirred for 15 min and concentrated to ca. 1 mL. Addition of 10 mL of 
ethanol afforded a pale yellow precipitate that was collected by filtration. 
The yield of [(Ph3P)2N]I(CO)5Mo(M-PPh2)Mo(CO)4(PPh2H)] 
((Ph3P)2N+6-Mo) was 0.29 g (56% based on 1-Mo). Anal. Calcd for 
C69H5IMo2NO9P4: C, 61.21; H, 3.80. Found: C, 60.64; H, 3.88. 

The previously reported15 [(CO)5W(M-PPh2)W(CO)4(PPh2H)]- (6-
W) was prepared by a strictly parallel procedure, except that the passage 
of CO continued for 4 h. The anion was isolated as Li+6-W and char­
acterized spectroscopically. 

(ii) With O2. Dry oxygen was passed into a solution of 3-Mo or 3-W, 
prepared from ca. 0.1 g of 1-Mo or 1-W and 1 equiv of LiBEt3H in THF, 
for 10-15 min. The resulting solution was examined by 31P NMR 
spectroscopy. 

(iii) With n-BuLi. A solution of 3-W, prepared from 0.1 g (0.1 mmol) 
of 1-W and 1 equiv of LiBEt3H (0.1 mL of 1.0 M solution, 0.1 mmol) 
in 2 mL of THF, was cooled to -78 0C. Addition of K-BuLi (0.07 mL 
of 1.6 M solution, 0.1 mmol) immediately afforded a yellow precipitate 
of [Li(THF)3

+]22-W essentially quantitatively. 
The corresponding reaction of 3-Mo produced similar results. 
(iv) With CF3COOH. A solution of 3-Mo, prepared from 0.10 g (0.13 

mmol) of 1-Mo and 1 equiv of LiBEt3H (0.13 mL of 1.0 M solution, 0.13 
mmol) in 2 mL of THF, was treated with 10 ML (0.13 mmol) of CF3C-
OOH. During the addition, the solution changed color from red to 
yellow-brown. A 31P NMR spectrum showed the presence of m-Mo-
(CO)4(PPh2H)2 (5 15.1, lJPH = 332 Hz) and Mo(CO)5(PPh2H) (6 4.0, 
VpH = 335 Hz), characterized by a comparison of their spectroscopic 
data with those reported in the literature.25,26 

A similar reaction between 3-W and 1 equiv of CF3COOH was shown 
by 31P NMR to yield OT-W(CO)4(PPh2H)2 (<5 -3.8, ' /pH = 351 Hz) and 
W(CO)5(PPh2H) (<5 -16.2, ]JPH = 366 Hz), identified on the basis of 31P 
NMR data from the literature.27 

The reactions of 3-Mo and 3-W with 1 equiv of CF3COOH were also 
examined by variable-temperature 31Pj1H) NMR spectroscopy. Solutions 
of the binuclear anions were cooled to -78 °C and treated with CF3CO-
OH. 31Pj1H) NMR spectra of the reaction mixtures were periodically 
recorded as the temperature gradually increased to ca. 25 °C. 
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Reactions of [M2(CO)8(M-PPh2)2]
2" (2-Mo, 2-W). (i) With O2. A 

suspension of [Li(THF)3
+]22-W, prepared by reaction between 0.1 g (0.1 

mmol) of 1-W and 2 equiv of LiBEt3H (0.2 mL of 1.0 M solution, 0.2 
mmol) in 2 mL of THF, was stirred in air for 2 days. The mixture was 
filtered to collect red crystals and a white powder. Washing with water 
(1 mL) and then with acetone (1 mL) left the red crystals of 1-W, yield 
0.08 g. 

Similar results were obtained when (K+)22-Mo-2THF in THF was 
stirred in air for 3 days. 

(ii) With CF3COOH. A yellow suspension of (K+)22-Mo-2THF (0.1 
g, 0.1 mmol) in THF (2 mL) was treated with 1 equiv of CF3COOH (8 
fiL, 0.1 mmol), immediately resulting in the formation of a red solution. 
Examination of this solution revealed the presence of 3-Mo: 5 105.5 (d), 
20.9 (d, yPP = 19.5 Hz). 

The foregoing reaction was also conducted by using (K+)22-Mo-2THF 
(0.5 g, 0.5 mmol) and 2 equiv of CF3COOH (80 jzL, 1.0 mmol) in THF 
(6 mL). The yellow-brown solution was stirred for a few minutes, the 
solvent was removed, and the residue was extracted with pentane (50 
mL). The extract was filtered, and the pentane was removed to afford 
approximately 0.2 g of a ca. 3:2 (based on observed intensities of the PH 
signals in the 1H NMR spectrum) mixture OfCIi-Mo(CO)4(PPh2H)2 and 
Mo(CO)5(PPh2H).25 1H NMR (acetone-rf6) <5 6.68 (d, lJm = 343 Hz, 
rel int 1), 6.23 (d, lJPH = 336 Hz, rel int ~ 3 ) . The 31Pj1H) NMR 
spectrum was the same as that for the products of reaction of 3-Mo with 
CF3COOH (vide supra). 

Similar results were obtained when [Li(THF)3
+]22-W reacted with 

1 and 2 equiv of CF3COOH in THF. The products Cw-W(CO)4-
(PPh2H)2 and W(CO)5(PPh2H) were characterized by 31P NMR spec­
troscopy (vide supra). 

(iii) With MeI and EtI. A suspension of [Li(THF)3
+]22-W, prepared 

by reaction of 0.50 g (0.52 mmol) of 1-W and 2 equiv OfLiBEt3H (1.1 
mL of 1.0 M solution, 1.1 mmol) in 10 mL of THF, was treated with 
MeI (0.32 mL, 5.2 mmol), and the resulting mixture was stirred for 48 
h. Solvent was then removed, and the residue was extracted with 10 mL 
of MeCN. Filtration afforded 0.18 g of red 1-W. The filtrate was 
evaporated to dryness, and the remaining red solid was washed with 4 
mL of hexane and dried. The yield of Li+4a-W, identified by 31P)1H) 
NMR spectroscopy, was 0.33 g (64%). 

A solution of 0.20 g (0.20 mmol) of (K+)22-Mo-2THF in 2 mL of 
DMF was treated with 13 ML (0.21 mmol) of MeI and the reaction 
contents were stirred for 5 h. A 31P[1H) NMR spectrum of the solution 
showed the presence of unreacted 2-Mo (S -46.1 (s)) and 4a-Mo (S 217.4 
(d), 172.7 (d, 7PP = 12.0 Hz)), in addition to uncharacterized species (S 
207.7 (s), 171.9 (s); 200.7 (d), 164.1 (d, JP? = 5.1 Hz)). 

When a suspension of 0.1 g of (K+)22-Mo-2THF in 2 mL of MeI (or 
EtI) was stirred for 3 (or 12) days, the reaction mixture changed color 
from yellow to orange. Solvent was removed to afford 1-Mo, charac­
terized by 31P(1H) NMR spectroscopy. 

(iv) With Me3OBF4. To a mixture of (K+)22-Mo-2THF (0.2 g, 0.2 
mmol) and Me3OBF4 (0.06 g, 0.4 mmol) was added with stirring 6 mL 
of MeNO2 to produce a red solution within 1 min. Solvent was then 
removed, and the solid residue was extracted with 40 mL of THF. The 
extract was filtered and concentrated, and a 31Pj1H) NMR spectrum was 
recorded (S 232.6 (s); 227.1 (d), 187.1 (d, JPP = 9.5 Hz) which indicated 
the presence of 1-Mo and 5a-Mo. 

The corresponding reaction of (K+)22-W-2THF proceeded similarly. 
Crystallographic Analyses of W2(CO)8(/i-PPh2)2 (1-W) and [Li-

(THF)3]2[W2(CO)8(M-PPh2)2] ([Li(THF)3
+]22-W). Suitable crystals of 

1-W were obtained from a THF solution by slow evaporation at room 
temperature. Crystals of [Li(THF)3

+]22-W formed upon storage of a 
THF solution for 24 h, also at ca. 25 0C. The crystal used for X-ray 
diffraction was sealed in a 0.3 mm Lindemann glass capillary filled with 
N2. 

Diffraction measurements were carried out on an Enraf-Nonius 
CAD-4 fully automated diffractometer. Cell parameters were refined 
from 25 randomly selected reflections obtained by using the CAD-4 
automatic routines. Crystal data and data collection parameters are 
listed in Table II. All data processing was performed on a PDP 11/44 
computer with use of the Enraf-Nonius SDP program library. Intensity 
data of [Li(THF)3

+]22-W were corrected for decay, shown by the loss 
of intensity of the standard reflections (total loss in intensity during the 
total exposure time, 25.3%). An empirical absorption correction was 
applied to the data by using the ^-scan data from close to axial (i.e., x 
> 80°) reflections. Neutral atom scattering factors were taken from the 
literature.28a Anomalous dispersion corrections were applied to all 
non-hydrogen atoms.28b 

Table II. Summary of Crystal Data, Data Collection Parameters, 
and Structure Refinement for 1-W and [Li(THF)3

+]22-W 

mol formula 
fw 
cryst system 
space group 
.a, A 
b, A 
c, A 
/3, deg 
K, A3 

Z 
£>(calcd), g cm"3 

Ii(Mo Ka), cm"1 

cryst size, mm 
transmission factors 
radiation 

scan type 
d range, deg 
scan speed, deg min"1 

scan range, deg in wb 

aperture width, mm 
aperture height, mm 
intensity monitors' 
orientation monitors'* 
no. of collected data 

(±h,k,l) 
unique data with / > 3u(/) 
final no. of variables 
Re 

Rj 

W 
error in observn of unit 

weight 
largest parameter shift 

C32H20 
962.1 
monocl 
FlJc 

1-W 

O8P2W2 

inic 

9.830 (2) 
19.802 (4) 
16.889 
103.72 
3193.7 
4 
2.00 
75.0 

(3) 
(2) 

0.30 X 0.35 X 0.42 
0.735-1 

£ 

o>/ie 
2.5-28 
0.6-6.7 

3.999 

[Li(THF)3
+]22-W 

C56H68Li2O14P2W2 

1408.7 
monoclinic 
FlJc 
11.265 (5) 
19.546 (3) 
16.446 (5) 
122.07 (3)° 
3068.6 
2 
1.52 
80 
0.20 X 0.25 X 0.30 
0.654-0.999 

;raphite-monochromated 
Mo Ka (X = 

1.2 + 0.35 tan B 
1.3 + tan 6 
4 
3 
4 
8134 

5206 
397 
0.030 
0.033 
1 
1 
3.42 

0.28 

= 0.7107 A) 
w/29 
3-27 
0.6-6.7 
1.4 + 0.35 tan 6 
1.3 + tan B 
4 
4 
3 
7099 

3987 
215 
0.051 
0.062 
1 
1 
3.96 

0.31 

"This value may be reduced to 100.07 (3)° by using space group 
P2Jn, for which a = 11.265 (5) A, b = 19.546 (3) A, and c = 14.165 
(5) A. The transformation matrix is / 1 , 0 , 0 / 0 , - 1 , 0 / - 1 , 0 , - 1 / . 
b Extended by 25% on both sides for background measurements. 
'Measured after each hour. dNew orientation matrix, if angular 
change >0.1, measured after each 800 reflections. 'R = E(II^oI -

\fc\\)/UFol fK = [Ew(IF0I - IFJ)VEH^I2]l/2-

Both structures were solved by the heavy-atom method. The electron 
density maps of [Li(THF)3

+]22-W revealed that the THF molecules were 
poorly defined. After some unsuccessful attempts at refinement by 
placing the THF molecules in different close positions, they were placed 
in an average orientation with a high B factor (15 A2) and held fixed 
during final refinement. It is important to note that the positional pa­
rameters of all the other atoms were not modified by the different models 
used for the THF molecules. Owing to this disordered structure, hy­
drogen atoms were not included in the structure factor calculations. 

Hydrogen atoms of 1-W were located at calculated positions and held 
fixed (B = 5 A2) during refinement. Full-matrix least-squares refinement 
with anisotropic thermal parameters for all the refined atoms converged 
to the final R factors shown in Table II. Atomic parameters of 1-W are 
listed in Table III, whereas atomic parameters of [Li(THF)3

+]22-W are 
given in Table IV. Listings of anisotropic temperature factors for both 
compounds, fractional coordinates of hydrogen atoms for 1-W, and 
structure factor amplitudes for both compounds are available as sup­
plementary material.29 

Results and Discussion 

Preparation of M2(CO)8(ju-PPh2)2 (1-Mo, 1-W). The title 
complexes were prepared by a modified literature procedure14 in 
which the appropriate M(CO)5(PPh2H) in T H F was deprotonated 
with «-BuLi, and the resulting mixture was first refluxed (rather 
than photolyzed) and then treated with O2 . This modification 
can be conveniently applied to large scale (tens of grams) syntheses 
with yields essentially comparable to those reported by Treichel.14 

The reactions were shown by 31P N M R spectroscopy to proceed 

(28) (a) International Tables for X-Ray Crystallography; Kynoch Press: 
Birmingham, U.K., 1974, Vol. IV, Table 2.2.B. (b) Reference 28a, Table 
2.I.B. (29) See paragraph at end of paper regarding supplementary material. 
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Table III. Positional Parameters of Non-Hydrogen Atoms of 1-W Table IV. Positional Parameters of Non-Hydrogen Atoms of 
atom 

W(I) 
W(2) 
P(D 
P(2) 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(8) 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 
C(H) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
C(20) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
C(28) 
C(29) 
C(30) 
C(31) 
C(32) 

X 

0.35224 (3) 
0.20904 (3) 
0.1823 (2) 
0.3744 (2) 
0.3953 (8) 
0.6340 (6) 
0.0833 (7) 
0.5370 (7) 

-0.0206 (7) 
-0.0298 (7) 

0.2454 (9) 
0.4374 (7) 
0.3764 (9) 
0.5306 (8) 
0.1795 (8) 
0.4698 (9) 
0.0601 (8) 
0.0556 (8) 
0.2288 (9) 
0.3576 (8) 
0.2271 (7) 
0.1195 (8) 
0.1492 (9) 
0.2868 (9) 
0.3918 (9) 
0.3624 (8) 
0.0174 (8) 
0.0203 (9) 

-0.103 (1) 
-0.227 (1) 
-0.2307 (9) 
-0.1088 (8) 

0.5479 (8) 
0.6355 (9) 
0.7706 (9) 
0.822 (1) 
0.738 (1) 
0.6011 (9) 
0.3115 (7) 
0.2631 (9) 
0.2203 (9) 
0.2245 (9) 
0.2709 (9) 
0.3174 (9) 

y 

0.32810 (1) 
0.27530 (1) 
0.38855 (9) 
0.21426 (9) 
0.4677 (4) 
0.3583 (3) 
0.2963 (4) 
0.2633 (4) 
0.3266 (4) 
0.2068 (4) 
0.1442 (4) 
0.3475 (3) 
0.4182 (4) 
0.3481 (4) 
0.3072 (4) 
0.2867 (4) 
0.3077 (4) 
0.2316 (4) 
0.1915 (4) 
0.3208 (4) 
0.4627 (3) 
0.4980 (4) 
0.5523 (4) 
0.5735 (4) 
0.5389 (4) 
0.4847 (4) 
0.4141 (4) 
0.4684 (5) 
0.4905 (5) 
0.4587 (6) 
0.4052 (5) 
0.3825 (5) 
0.1883 (4) 
0.1562 (5) 
0.1388 (5) 
0.1513 (5) 
0.1831 (6) 
0.2007 (5) 
0.1384 (4) 
0.1376 (4) 
0.0779 (4) 
0.0184 (4) 
0.0179 (4) 
0.0774 (4) 

Z 

0.19319 (2) 
0.32075 (2) 
0.2557 (1) 
0.2563 (1) 
0.1126 (5) 
0.3256 (4) 
0.0515 (4) 
0.0845 (4) 
0.4085 (4) 
0.1844 (4) 
0.4301 (4) 
0.4597 (3) 
0.1415 (5) 
0.2803 (4) 
0.1039 (4) 
0.1236 (5) 
0.3765 (5) 
0.2321 (5) 
0.3896 (5) 
0.4089 (4) 
0.3209 (4) 
0.3443 (5) 
0.3964 (5) 
0.4258 (5) 
0.4022 (5) 
0.3503 (5) 
0.1871 (4) 
0.1341 (5) 
0.0816 (6) 
0.0803 (6) 
0.1314 (6) 
0.1849 (5) 
0.3114 (4) 
0.2699 (5) 
0.3081 (6) 
0.3901 (6) 
0.4236 (5) 
0.3949 (5) 
0.1980 (4) 
0.1128 (5) 
0.0724 (5) 
0.1142 (5) 
0.1973 (5) 
0.2391 (5) 

B (A2y 

2.323 (5) 
2.406.(5) 
2.50 (3) 
2.51 (3) 
6.9 (2) 
4.6(1) 
5.4 (2) 
6.3 (2) 
6.2 (2) 
5.8 (2) 
6.8 (2) 
4.5(1) 
4.0 (2) 
3.0(1) 
3.5 (2) 
3.9 (2) 
3.7 (2) 
3.8 (2) 
3.9 (2) 
2.9(1) 
2.5(1) 
3.2 (2) 
4.0 (2) 
3.8 (2) 
3.9 (2) 
3.3 (2) 
2.8(1) 
4.1 (2) 
5.1 (2) 
5.2 (2) 
4.7 (2) 
3.8 (2) 
2.9(1) 
3.9 (2) 
4.7 (2) 
4.9 (2) 
5.1 (2) 
3.9 (2) 
2.8(1) 
3.5 (2) 
4.0 (2) 
4.1 (2) 
4.3 (2) 
3.7 (2) 

[Li(THF) 

atom 

W 
P 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 
C(I l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
C(20) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
C(28) 
Li 

3*] 22" W 

X 

0.19074 (4) 
-0.0665 (3) 

0.306 (1) 
0.4726 (8) 
0.323 (1) 
0.097 (1) 
0.520 (1) 
0.733 (1) 
0.704 (1) 
0.262 (1) 
0.367 (1) 
0.270 (1) 
0.133 (1) 

-0.148 (1) 
-0.070 (1) 
-0.137 (1) 
-0.276 (1) 
-0.351 (1) 
-0.286 (1) 
-0.092 (1) 
-0.019 (1) 
-0.041 (2) 
-0.139 (2) 
-0.218 (2) 
-0.198 (1) 

0.3824 
0.3353 
0.4643 
0.5829 
0.7500 
0.8200 
0.9150 
0.8740 
0.8450 
0.8350 
0.7150 
0.6200 
0.613 (2) 

"Atoms with asterisks 

y 

0.01679 (3) 
0.0619 (2) 
0.1154 (7) 

-0.0631 (5) 
0.1126 (7) 

-0.0781 (6) 
-0.1809 (7) 
-0.1577 (6) 
-0.0533 (7) 

0.0790 (8) 
-0.0331 (7) 

0.0783 (8) 
-0.0454 (7) 

0.0618 (6) 
0.0817 (8) 
0.0827 (9) 
0.0650 (9) 
0.046 (1) 
0.0454 (9) 
0.1519 (6) 
0.1811 (7) 
0.2495 (8) 
0.2877 (8) 
0.2604 (9) 
0.1915 (8) 

-0.2010 
-0.2309 
-0.2464 
-0.2120 
-0.1340 
-0.1920 
-0.2150 
-0.1840 
-0.0390 

0.0150 
0.0570 
0.0100 

-0.116 (1) 

were refined 

2 

0.12318 (3) 
0.0260 (2) 
0.0306 (9) 
0.2147 (6) 
0.3018 (9) 
0.2343 (6) 
0.3520 (8) 
0.2863 (7) 
0.4244 (8) 
0.062 (1) 
0.1799 (8) 
0.234 (1) 
0.1930 (7) 
0.0978 (7) 
0.1937 (8) 
0.2481 (9) 
0.2066 (9) 
0.114 (1) 
0.0577 (9) 

-0.0105 (7) 
-0.0477 (8) 
-0.081 (1) 
-0.079 (1) 
-0.047 (1) 
-0.014 (1) 

0.2976 
0.3564 
0.4467 
0.4477 
0.2070 
0.1950 
0.2900 
0.3500 
0.4950 
0.5500 
0.4930 
0.4200 
0.319 (2) 

isotroDicallv. 

B (A2)0 

4.172 (9) 
3.90 (6) 

12.8 (4) 
7.0 (3) 

12.3(5) 
8.7 (3) 
9.7 (3)* 
8.3 (3)* 

10.1 (3)* 
7.1 (4) 
5.2 (3) 
7.1 (4) 
5.5 (3) 
4.5 (3) 
6.6 (4) 
8.1 (4) 
8.1 (4) 
9.0 (5) 
7.7 (4) 
4.5 (3) 
5.8 (4) 
7.5 (5) 
9.7 (5) 

11.5(5) 
9.0 (4) 

15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
6.6 (5)* 

AnisotroDicallv 
refined atoms are given in the form of the isotropic equivalent thermal 
parameter defined as "/Ja2B(1.1) + b2B(2.2) + c2B(3,3) + aMcos 
7)5(1,2) + acfcos /3)5(1,3) + bcfcos i)B(2,3)l. Atoms without esd 
were included in structure factor calculations but not efined. 

" Anisotropically refined atoms are given in the form of the isotropic 
equivalent thermal parameter defined as 4/3[a2B(l,l) + b2B(2,2) + 
c2B(3,3) + ab(cos T)B(1,2) + ac{cos /3)B(1,3) + Mcos a)B(2,3)]. 

by the intermediacy of M(CO)5(PPh2Li) (8 -49.0, 7PW = 91 Hz 
for M = W; 8 -33.2 for M = Mo), which then converted thermally 
to [(CO)5M(^-PPh2)M(CO)4(PPh2H)]- (6) and [M2(CO)8(M-
pPh2)2]2" (2). before oxidation to 1. 

Reduction of M2(CO)8(M-PPh2)2 (1-Mo, 1-W). Reduction 
chemistry of 1 and reactions of different binuclear complexes of 
molybdenum and tungsten are summarized in Scheme I. 
Spectroscopic data for new complexes are listed in Table I. 

Treatment of 1-Mo with 2 equiv of KB(^c-Bu)3H in THF 
affords (K+)22-Mo-2THF, which was isolated and characterized 
by spectroscopy and elemental analysis. The corresponding re­
action of 1-W furnishes the analogous dianionic tungsten com­
plex.15 These binuclear anions 2 are also readily accessible by 
reduction of 1 with LiAlH4, deprotonation of 3 with n-BuLi (vide 
infra), or, for tungsten, reaction of 1-W with 2 equiv OfLiBEt3H. 

In the UV-visible spectra, the absorption bands with Xmax 535 
(1-Mo) and 542 nm (1-W), which account for the red color of 
1, disappear upon reduction of these complexes to 2. The yellow 
reduced species (K+)22-2THF exhibit only high energy, more 
intense, bands with Xmax 320 (2-Mo) and 322 nm (2-W) each with 
a shoulder at ca. 400 nm. The 31Pj1H) NMR spectra of 2-Mo 
and 2-W show a signal at 8 ca. -48 and ca. -98, respectively, the 
position of which varies slightly with the counterion (Table I). 
These high-field chemical shifts point to the absence of M-M 
bonding in 2.30 The X-ray diffraction analysis (vide infra) of 
[Li(THF)3

+]22-W confirms this inference. 

When 1 equiv of LiBEt3H reacted with 1-Mo at room tem­
perature, and with 1-W at -30 0C followed by warming to 25 0C, 
red monoanions 3 were generated in THF solution. The anion 
3-Mo was isolated as (Ph3P)2N+3-Mo and characterized by el­
emental analysis. Use of 2 equiv of LiBEt3H in conjunction with 
1-Mo at room temperature afforded a mixture of 2-Mo and 3-Mo. 

The proposed structures of 3-Mo and 3-W have been deduced 
from spectroscopic data. Unlike the corresponding reduction 

products of Fe2(CO)6(M-PR2)2 (R = Me, Ph), [(CO)3FeO^ 

PR2)Gu-CO)Fe(CO)2(PR2H)]-,3 these complexes contain only 
terminal CO groups, as revealed by their IR spectra. The 31PI1H) 
NMR spectra show two doublets in the range 8 109-105 (3-Mo) 
and 88-84 (3-W) and 8 24-20 (3-Mo) and -4 to -8 (3-W), with 
yPP = 17-21 Hz, which are assigned to a bridging PPh2 ligand 
supported by an M-M bond30 and to a terminal PPh2H ligand, 
respectively. The spectra are essentially invariant with temperature 
in the range -70 to 25.0C. The appearance of 183W satellites31 

i 1 

in the spectrum of Li+3-W further supports the M(^-PPh2)M-
(PPh2H) structural feature of 3. These satellites are observed 
as a doublet on each side of the resonance of PPh2H at 8 -4.3 
(approximate relative intensities 1:11:1) and as two doublets on 
each side of the resonance of M-PPh2 at 8 87.1 (approximate 
relative intensities 1:1:11:1:1). Consistent with the presence of 

(30) (a) Garrou, P. E. Chem. Rev. 1981, 81, 229. 
Chem.Ser. 1982, 196, 163. 

(31) Natural abundance of 183W is 14.28%. 

(b) Carty, A. J. Adv. 
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a P-H bond, the signal at 8 -4.3 is further split into a doublet 
(1JpU = 357.6 Hz) when the proton decoupling is not applied. 
Furthermore, the reaction of 1-Mo with LiBEt3D affords a solution 
which shows the S 21.2 31Pi1HI NMR signal as a 1:1:1 triplet of 
doublets (VPD = 51.3 Hz) to reveal the presence of PPh2D and 
demonstrate that the PH hydrogen comes from the reducing agent. 

Progress of the reduction of 1 by 1 equiv of LiBEt3H was 
monitored by 31Pj1Hj NMR spectroscopy with increasing tem­
perature in an attempt to observe reaction intermediates. However, 
low solubility of 1 in THF precluded the detection of any species 
other than 1 and 3. For 1-Mo, product 3-Mo was first observed 
at ca. -53 °C, as the reaction mixture was gradually warmed from 
-78 0C to room temperature. Comparative data could not be 
obtained for 1-W. 

Although it was not possible to detect any intermediates in the 
conversion of 1 to 3, intermediates in the reduction of Fe2-

( C O ) 6 ( M - P R 2 ) 2 (R = Me, Ph) by LiBEt3H to [(CO)3Fe(At-

PR2)(Hi-CO)Fe(CO)2(PR2H)]- have been recently observed.6 It 
may well be that the formation of 3 proceeds by a similar pathway, 
i.e., (i) addition of H" to ligated CO of 1 to yield a formyl complex, 
(ii) migration of H from the formyl to M with cleavage of the 
M-M bond, and (iii) reductive coupling of MOu-PPh2) and H to 
give M(PPh2H). This pathway is supported by the observation 
that the nucleophiles RLi add to ligated CO in 1 (vide infra). The 
formation of 2 arises by deprotonation of 3 with additional BR3H-, 
as was experimentally demonstrated by treating Li+3-W with 
LiBEt3H. 

Reactions of M2(CO)8(^-PPh2)2 (1-Mo, 1-W) with RLi and 

Preparation of (CO)4M(M-PPh2)2M(CO)3(C(OMe)R) (5-Mo, 
5-W). Reactions of 1 with 1 equiv of RLi in THF afford the 
binuclear acyl anions 4a (R = Me) and 4c (R = Ph) (cf. Scheme 
I), which were isolated as red, somewhat air-sensitive solvated 
Li+ salts and characterized by chemical analysis and/or IR and 
NMR spectroscopy. The corresponding reactions of 1 with n-BuLi 
yield 4b and 2, identified by 31P NMR spectroscopy. The pathway 
leading to the formation of 2 is probably an electron transfer 
reduction. 

Nucleophilic addition of RLi to 1 occurs regiospecifically, and 
only the equatorial isomer of 4 is observed. This stereochemistry 
was elucidated from the 31Pj1Hj NMR spectra which show two 
doublets in the region characteristic of a PR2 group bridging across 
an M-M bond.30 For 4-W, these doublets are surrounded on each 

side by two 183W satellite doublets, thus indicating that the two 
P atoms as well as the two W atoms are inequivalent. The ob­
served stereospecificity is best ascribed to steric factors associated 
with the presence of bulky ^-PPh2 ligands. From electronic 
considerations, the less strongly M = C O Tr-bonded and therefore 
the more positive carbon atom of an axial CO would be expected 
to interact with RLi. 

Methylation of 4a and 4c with Me3OBF4 in MeNO2 affords 
the binuclear carbene complexes 5a and 5c, respectively. However, 
there is no reaction between 4a-Mo and MeI in THF. In these 
sparingly soluble and stable (W) or moderately stable (Mo) to 
air compounds, the carbene ligand is also present in an equatorial 
position as evidenced by the 31Pj1H) NMR spectra. 

Reactions of [(CO)4M(M-PPh2)M(CO)4(PPh2H)]- (3-Mo, 
3-W). The chemistry of the anions 3 reflects an unusual lability 
of the M-M bond and the M-P(Ph)2-M bridge system. Ac­
cordingly, passage of CO through a solution of Li+3 in THF results 
in the formation of the anions 6, which were isolated as the yellow 
(Ph3P)2N+ or Li+ salts and characterized by a combination of 
IR and 31P NMR spectroscopy and elemental analysis. The 
31Pj1H) NMR spectrum of Li+6-W (Table I) is particularly re­
vealing. It exhibits two doublet (/PP = 19.5 Hz) resonances at 
5 8.2 (PPh2H) and -61.1 (M-PPh2), with the 183W satellites showing 
that the former phosphorus atom is bonded to one tungsten center 
and the latter one to two.32 The position of the 5 -61.1 signal 
points to the absence of a W-W bond.30 

Surprisingly, reactions of Li+3 with O2 in THF also afford 6, 
together with intractable decomposition materials. It is probable 
that these reactions proceed by the initial oxidation of 3 with 
release of CO, which then adds to unreacted 3 as in the preceding 
conversions. 

Deprotonation of Li+3 with n-BuLi in THF solution at -78 0C 
immediately affords the complexes [Li(THF)3

+]22 as yellow 
precipitates. No spectroscopic (31Pj1H) NMR) evidence for the 

presence of [(CO)4M(M-PPh2)M(CO)4(PPh2)]2- could be ob­

tained in these reactions. By contrast, [(CO)3Fe(M-PPh2)(M-

CO)Fe(CO)2(PPh2H)]- has been deprotonated to [(CO)3Fe(M^ 

PPh2)(M-CO)Fe(CO)2(PPh2)]
2-, which is stable at low tempera-

(32) In the reported15 31PI1H) NMR spectrum of 6-W in MeCN-^3 the two 
coupling constants / P w for ^t-PPh2 could not be resolved. 
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ture in solution.4 

The addition of CO to, and a PPh2 bridge closure following 
the abstraction of H+ from, 3 illustrate that the M-M bond in 
these anions is exceptionally labile. We believe that the lability 
of this bond arises from its donor-acceptor nature as shown in 
eq 1. This donor-acceptor bond appears to be a logical conse-

Ph 2 

(CO)4M(I) 

Ph2 

05
 3 ( S L C , C-

C 5 ^ 

0 7 . 

Ph, 

M121(CO)4 (CO)4M(D* "M(Z)(CO)4 

PPh2H 

(I) 

quence of the proposed mechanism of the formation of 3 from 
1 and LiBEt3H based on the observed pathway for the analogous 
reactions of Fe2(CO)6(M-PRj)2 (R = Me, Ph) with LiBEt3H

6 (vide 
supra). The precursor of 3 is thought to be the binuclear hydride 
species (cf. eq 1) which reacts by reductive coupling of M(M-PPh2) 
and H. This would generate coordinative unsaturation (16-
electron) at M(1), before donation of 2 electrons from M(2) restores 
its 18-electron configuration in 3. Donor-acceptor M-M bonding 
has been invoked to explain structure and reactivity of some 
heterobinuclear complexes.33 

The M-P(Ph)2-M bridge system of 3 undergoes a remarkably 
facile collapse leading to the fragmentation of the binuclear unit 
upon protonation with CF3COOH. These reactions were mon­
itored by 31P NMR spectroscopy as the temperature gradually 
increased from -78 to 25 0C. The mononuclear complexes cis-
M(CO)4(PPh2H)2 and M(CO)5(PPh2H) were first detected at 
-8 (M = Mo) and 17 0C (M = W). There was also some 
decomposition to an insoluble material which was not charac­
terized. No intermediates were observed. 

Protonation reactions of some anionic phosphido-bridged bi­
nuclear complexes of iron have been shown to proceed by addition 
of H+ to one metal center.6 This may also occur in the present 
system. Attack of H+ at the M(CO)4 metal would then be fol­
lowed by reductive elimination of M(M-PPh2) and H as M-
(PPh2H), to give W-M(CO)4(PPh2H)2 and M(CO)4, from which 
M(CO)5(PPh2H) may arise upon ligand scrambling. Although 
this proposal is attractive, direct protonation at phosphorus fol­
lowing M-(M-PPh2) bond dissociation cannot be ruled out. 

Reactions of [M2(CO)8(M-PPh2);,]
2- (2-Mo, 2-W). Both 2-Mo 

and 2-W undergo oxidation to the corresponding 1 upon contact 
with air. Oxidation to 1-Mo has been also observed when 
(K+)22-Mo-2THF is stirred in neat MeI or EtI. By contrast, use 
of the polar solvents in reactions of 2 with MeI leads to the 
formation of the anionic acetyl complexes 4a. Accordingly, stirring 
a mixture of [Li(THF)3

+]22-W and MeI in THF or of (K+)22-
Mo-2THF and MeI in DMF affords the corresponding 4a. For 
2-Mo, the conversion is not clean, and other, uncharacterized 
species have been observed by 31P NMR spectroscopy in the 
reaction mixture. 

When 2-Mo and 2-W are alkylated with 2 equiv of Me3OBF4 

in MeNO2, the appropriate carbene complexes 5a are obtained 
in addition to 1. In these reactions, Me3O+ alkylates the initially 
formed acetyl anions 4a. The formation of 1 probably occurs by 
solvent oxidation of 2. 

Protonation of 2 by 1 equiv of CF3COOH cleanly affords the 
anions 3. Use of 2 equiv of CF3COOH leads to the fragmentation 
of the binuclear structure of 2 with the formation of cis-M-
(CO)4(PPh2H)2 and M(CO)5(PPh2H), the reaction products being 
identical with those of the protonation of 3 by 1 equiv of this acid. 

Although the foregoing alkylation and protonation reactions 
of 2 could not be followed spectroscopically owing to low solu­
bilities of various salts of these anions, we consider it likely that 
they proceed by pathways analogous to those for the corresponding 
reactions of [FC 2 (CO) 6 (M-PR 2 ) 2 ] 2 " (R = Me, Ph). Protonation 

(33) See, for example: (a) Jackson, R. A.; Kanlucn, R.; Poe, A. Inorg. 
Chem. 1981, 20, 1130. (b) Breen, M. J.; Duttcra, M. R.; Geoffroy, G. L.; 
Novotnak, G. C.; Roberts, D. A.; Shulman, P. M.; Steinmetz, G. R. Or-
ganometallics 1982, /, 1008. (c) Jackson, R. A.; Kanluen, R.; Poe, A. Inorg. 
Chem. 1984. 23, 523. 
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Figure 1. ORTEP plot of 1-W showing atom numbering scheme. Atoms 
are drawn at the 50% probability level. Hydrogen atoms arc omitted. 

Table V. Selected Bond Distances (A) and Angles (dcg) for 1-W 

W(l ) -W(2) 
W( I ) -P ( I ) 
W(l ) -P(2) 
W(2)-P( l ) 
W(2)-P(2) 
W(I ) -C( I ) 
W(l ) -C(2) 
W ( I ) - C O ) 
W(l ) -C(4) 
W(2)-C(5) 
W(2)-C(6) 

W(2)-W( l ) - P ( l ) 
W(2) -W(l ) -P(2) 
P ( I ) - W ( I ) - C ( I ) 
P(2) -W(l ) -C(4) 
C ( l ) - W ( l ) - C ( 4 ) 
C(2) -W(l ) -C(3) 
C(2) -W(l ) -W(2) 
C(2)-W( l ) - P ( l ) 
C(2) -W(l ) -P(2) 
C(2)-W( l ) - C ( l ) 
C(2) -W(l ) -C(4) 
C(3) -W(l ) -W(2) 
C ( 3 ) - W ( l ) - P ( l ) 
C(3)~W() )-P(2) 
C O ) - W ( I ) - C ( I ) 
C O ) - W ( I )-C(4) 
W ( l ) - P ( l ) - W ( 2 ) 
W( l ) -P ( l ) -C(9 ) 
W( I ) -P ( I ) -C( IS ) 
W(2)-P(l )-C(9) 
W(2)-P( I)-C(15) 
C(9)-P( I)-C(15) 
W ( I ) - C ( I ) - O ( I ) 
W ( I ) - C O ) - O O ) 
W ( I ) - C O ) - O O ) 
W( l ) -C(4 ) -0 (4 ) 

3.0256 (4) 
2.485 (1) 
2.481 (1) 
2.484 (1) 
2.475 (1) 
2.024 (5) 
2.042 (4) 
2.028 (5) 
2.009 (5) 
2.024 (5) 
2.048 (5) 

52.47 (2) 
52.29 (2) 
85.3(1) 
82.9 (1) 
88.0 (2) 

177.9 (2) 
91.1 (1) 
98.6 (1) 
83.9 (1) 
88.4 (2) 
89.2 (2) 
90.6(1) 
83.4 (1) 
96.1 (1) 
91.3 (2) 
88.7 (2) 
75.03 (3) 

123.6 (1) 
116.7 (1) 
118.3 (1) 
121.1 (1) 
102.2 (2) 
177.2(5) 
176.1 (4) 
177.8 (4) 
179.6 (4) 

W(2)-C(7) 
W(2)-C(8) 
C ( I ) -O( I ) 
C O ) - O O ) 

CO)-OO) 
C(4)-0(4) 
C(5) -0(5) 
C(6) -0(6) 
C(7) -0(7) 
C(8) -0(8) 

W ( l ) - W ( 2 ) - P ( l ) 
W( l ) -W(2) -P(2) 
P( l ) -W(2)-C(5) 
P(2)-W(2)-C(7) 
C(5)-W(2)-C(7) 
C(6)-W(2)-C(8) 
C(6) -W(2) -W(l ) 
C(6) -W(2)-P( l ) 
C(6)-W(2)-P(2) 
C(6)-W(2)-C(5) 
C(6)-W(2)-C(7) 
C(8) -W(2) -W( l ) 
C(8)-W(2)-P(1) 
C(8)-W(2)-P(2) 
C(8)-W(2)-C(5) 
C(8)-W(2)-C(7) 
W(l ) -P(2) -W(2) 
W(l ) -P(2) -C(21) 
W(l ) -P(2) -C(27) 
W(2)-P(2)-C(2I) 
W(2)-P(2)-C(27) 
C(21)-P(2)-C(27) 
W(2)-C(5) -0(5) 
W(2)-C(6) -0(6) 
W(2)-C(7) -0(7) 
W(2)-C(8) -0(8) 

2.009 (4) 
2.032 (4) 
1.132 (5) 
1.137(5) 
1.152(5) 
1.138 (5) 
1.125(5) 
1.129 (5) 
1.149 (5) 
1.146 (5) 

52.50 (2) 
52.46 (2) 
84.7(1) 
82.4 (1) 
88.5 (2) 

178.4 (2) 
90.7 (1) 
94.4 (!) 
85.3(1) 
89.2 (2) 
91.6 (2) 
89.6 (1) 
84.6 (1) 
96.1 (2) 
89.6 (2) 
89.3 (2) 
75.25 (3) 

117.0 (1) 
122.3 (1) 
123.2(1) 
117.8 (1) 
101.6 (2) 
178.5 (4) 
178.7 (4) 
177.4 (5) 
177.4 (4) 

and alkylation of these iron anions have been shown6 to be initiated 
by the addition of H+ or R+, respectively, to one metal center. 
This is then followed by reductive coupling of H and Fe(M-PR2) 
or by migration of R onto a ligated CO. 

Molecular Structures of W2(CO)8(M-PPh^ (1-W) and [Li-
(THF)3]2[W2(CO)8(M-PPh2)2] ([Li(THF)3

+]22-W). Although the 
structure of the M-PEt2 analogue of 1-W has been determined,34,35 

we undertook a diffraction study of 1-W to provide the basis for 
an unambiguous comparison of various structural parameters of 
[ W 2 ( C O ) 8 ( M - P R 2 ) 2 ] ' ' where n = O and 2-. 

An ORTEP drawing of the molecular structure of 1-W is pres­
ented in Figure 1. Selected bond lengths and angles arc listed 
in Table V. The structure is characterized by a planar geometry 
(within ±0.013 A) of the W2P2 core, similar to that found in 
M2(C0)8(M-PEt2)2 (M = Mo, W).34-35 The coordination poly-

(34) Linck, M. H. Cryst. Struct. Commun. 1973. 3, 379. 
(35) Linck, M. H.; Nassimbeni, L. R. Inorg. Nucl. Chem. Lett. 1973, 9, 

1105. 



3624 J. Am. Chem. Soc, Vol. 109, No. 12, 1987 

Figure 2. ORTEP plot of [Li(THF)3
+]22-W showing atom numbering 

scheme. Atoms are drawn at the 50% probability level. Only the oxygen 
atoms of the THF molecules and the ipso-carbon atoms of the phenyl 
rings are given. Hydrogen atoms are omitted. Primed atoms refer to 
their crystallographically equivalent unprimcd counterparts. 

hedron around each W atom can be described as a distorted 
pentagonal bipyramid, with C(2), C(3) and C(6), C(8) occupying 
the axial positions (C(2)-W(l)-C(3) 177.9 (2)°, C(6)-W(2)-
C(8) 178.4 (2)°). The equatorial planes, defined by W(2), P(I), 
P(2), C(I), C(4) (coplanar within ±0.16 A) and W(I), P(I), P(2), 
C(5), C(7) (coplanar within ±0.12 A) are nearly parallel, forming 
a dihedral angle of 5.9°. The sum of the equatorial bond angles 
around W(I) and W(2) is 361.0 and 360.6°, respectively. The 
C(2)—C(3) and C(6)—C(8) interatomic vectors are essentially 
perpendicular to their equatorial planes, as shown by the C(ax-
ial)-W-X(equatorial ligand donor) angles which range from 83.4 
(1) to 98.6 (1)°. The atoms C(2), C(8) and C(3), C(6) are slightly 
staggered as reflected by the torsion angles C(2)-W(l)-W(2)-
C(8) and C(3)-W(l)-W(2)-C(6) of 16.5 and 13.7°, respectively. 

The W-W bond distance of 3.0256 (4) A as well as the mean 
W-P bond length of 2.481 (5) A are close to the corresponding 
values of 3.05 (1) and 2.465 (2I)A found in W2(CO)8(M-PEt2)2.

34 

The metal-metal bond distance of 1-W falls in the range reported 
for some related complexes containing 3-electron bridging thiolato 

ligands, viz., 3.017 (2) and 3.025 (2) A in (CO)4W(^ 

SPh)2W(CO)2(M-SPh)2W(CO)4,36 2.970 (2) A in W2(CO)8(M-

SMe)2,36 and 2.988 (1) A in W2(CO)8(M-S-J-Bu)2.
37 However, 

it is significantly shorter than the W-W distance in a structurally 
similar binuclear complex containing large bridging iodide, 
W2(CO)8(M-I)2 (3.155 A).38 Furthermore, the unsupported W-W 
single bond in the formally tungstcn(I) complex ( J? 5 -C 5 H 5 ) 2 W 2 -
(CO)6 is also substantially longer, 3.222 (1) A.39 

The average values of the W-CO (2.027 (14) A) and C-O 
(1.139 (10) A) bond lengths and W-C-O (178 (1)°) bond angles 
are in the normal ranges.40 

In the crystal structure of [Li(THF)3
+]22-W, there are strong 

interactions between the dianion 2-W and two Li(THF)3
+ cations. 

The lithium ions are coordinated to one equatorial CO oxygen 
of each W atom, as shown in Figure 2. The "molecules" are then 
held together by normal van der Waals forces. 

"Molecule" [Li(THF)3
+]22-W lies at a crystallographic center 

of inversion, so that the W2P2 core is strictly planar. The 2-electron 
reduction of 1-W resulted in an increase in the W - W distance 
to a nonbonding value of 4.1018 (4) A, with the W atoms being 
in distorted octahedral environments (cf. Table VI). The dramatic 
increase of more than 1 A in the W - W distance upon passing 
from the neutral parent to its dianion provides experimental ev-

(36) Winter, A.; Scheidsteger, 0.; Huttner, G. Z. Naturforsch. B 1983, 
38B, 1525. 

(37) Hohmann, M.; Krauth-Siegel, L.; Weidenhammer, K.; Schulze, W.; 
Ziegler, M. L. Z. Anorg. AlIg. Chem. 1981, 481, 95. 

(38) Berke. H.; Harter. P.; Huttner, G.; Zsolnai, L. Chem. Ber. 1982, 115, 
695. 

(39) Adams, R. D.; Collins, D. M.; Cotton, F. A. Inorg. Chem. 1974, 13, 
1086. 

(40) Levisalles, J.; Rudler, H.; Dahan, F.; Jeannin, Y. J. Organomet. 
Chem. 1980, 187, 233. 
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Table VI. Selected Bond Distances (A) and Angles (dcg) for 
[Li(THF)3

+]22-W 

idence of the antibonding dimetal character of the LUMO in 
neutral M 2 ( C O ) 8 ( M - P R 2 ) 2 (M = Cr, Mo, W) complexes, as 
predicted by nonparametrized MO calculations.41 A similar trend 
has been observed for the Fe-Fe distances in [Fe2(CO)6(M-
PPh2)2]n as n goes from O (Fe-Fe = 2.623 (2) A) to 2- (Fe-Fe 
= 3.630 (3) A).18-19 However, that increase is accompanied by 
a change in geometry of the Fe2P2 core from folded to planar. 

On passing from 1-W to 2-W, the W-CO(equatorial) distances 
decrease by ca. 0.066 A, while the W-CO(axial) distances de­
crease by ca. 0.038 A. Concomitantly, the equatorial C-O dis­
tances increase by ca. 0.030 A and the axial ones by 0.004 A. 
These changes are consistent with the prediction of Teo et al.41 

that the increased electron density in the anions [M2(CO)8(M-
PR2)2]2" is mainly dissipated over the equatorial CO groups, 
through enhanced M = C O T back-donation. The observed 
changes also accord with the IR /'(CO) data on [W2(CO)8(M-
PMe2)2]" (n = 0, 2-) of Dessy and Wieczorek.16 From all of these 
considerations, it is not surprising that the Li(THF)3

+ ions interact 
with an equatorial rather than an axial CO of 2-W. Interestingly, 
however, no real difference in bond length exists between W-C(I) 
and W-C(4) and between C(I)-O(I) and C(4)-0(4)Li. 

As a consequence of the increase in the W-W distance, there 
is a widening of the W-P-W bond angles from 75.14° (mean) 
in 1-W to 104.20° in 2-W and an increase in the W-P bond 
lengths from 2.481 (5) A (av) in 1-W to 2.599 (16) A (av) in 2-W. 
As in the iron complexes [Fe2(CO)6(M-PPh2J2]".18''9 there is a 
marked contraction of the P-P distance, which changes from 3.933 
(2) A in 1-W to 3.193 (3) A in 2-W. However, at variance with 
the proposal for the iron complexes,41 the P -P distances in 1-W 
and 2-W are too long for net attractive bonding interactions to 
exist. 

The lithium ion possesses an almost regular tetrahedral oxygen 
environment (av Li-O 1.90(1) A), similar to that found in [Li-

(THF)3][(CO)3Fe(M-PPh2)2Fe(CO)2(C(0)Ph)],42 where a tight 
Li-O(acyl) interaction is present (Li-O 1.902 (25) A). The 
Li-0(4)-C(4) bond angle of 148.9 (7)° in [Li(THF)3

+]22-W is 
essentially identical with the Li-O-C angle of 149° in the iron 
benzoyl complex. These similarities suggest that, as proposed for 
the latter complex,42 a strong electrostatic interaction exists be­
tween the lithium ion and the polarized carbonyl oxygen atom. 

(41) (a) Teo, B. K.; Hall, M. B.; Fcnske, R. F.; Dahl, L. F. J. Organomet. 
Chem. 1974, 70, 413. (b) Teo, B. K.; Hall, M. B.; Fcnske, R. F.; Dahl, L. 
F. Inorg. Chem. 1975, 14, 3103. 

(42) Ginsburg, R. E.; Berg, J. M.; Rothrock, R. K.; Collman. J. P.; 
Hodgson, K. 0.; Dahl, L. F. J. Am. Chem. Soc. 1979, 101, 7218. 

w... w 
W-P 
W-P' 
W-C(I) 
W-C(2) 
W-C(3) 
W-C(4) 
C(I)-O(I) 

P-W-P' 
P-W-C(I) 
P-W-Q2) 
P-W-Q3) 
P-W-C(4) 
P'-W-C(l) 
P'-W-C(2) 
P'-W-C(3) 
P'-W-C(4) 
C(l)-W-C(2) 
C(l)-W-C(3) 
C(l)-W-C(4) 
C(2)-W-C(3) 
C(2)-W-C(4) 
C(3)-W-C(4) 

4.1018 (4) 
2.610 (1) 
2.588 (2) 
1.953 (8) 
2.001 (7) 
1.999 (8) 
1.949 (7) 
1.164 (8) 

75.80 (5) 
100.0 (2) 
87.9 (2) 
95.6 (2) 

168.6 (2) 
175.6 (2) 
90.4 (2) 
92.4 (2) 
93.3 (2) 
88.3 (3) 
89.2 (4) 
90.9 (3) 

176.0 (3) 
88.8 (3) 
88.1 (3) 

C(2)-0(2) 
C(3)-0(3) 
C(4)-0(4) 
L i -0(4) 
L i -0(5) 
L i -0(6) 
L i -0(7) 

W-P-W' 
W-P-C(5) 
W-P-C( I I ) 
W-P-C(S) 
W-P-C(11) 
C(5) -P-C( l l ) 
W-C( I ) -O( I ) 
W-C(2)-0(2) 
W-C(3)-0(3) 
W-C(4)-0(4) 
0(4) Li 0(5) 
0 (4 ) -L i -0 (6 ) 
0 (4 ) -L i -0 (7 ) 
0 (5) -L i -0 (6) 
0 (5) -L i -0 (7) 
0(6)- I . i -0(7) 

1.153 (8) 
1.136 (8) 
1.167 (7) 
1.90 (1) 
1.91 (1) 
1.89 (1) 
1.91 (2) 

104.20 (5) 
112.1 (2) 
117.0 (2) 
113.9 (2) 
110.4 (2) 
99.7 (3) 

176.4 (2) 
176.2 (2) 
177.1 (2) 
179.3 (2) 
107.3 (7) 
110.9 (7) 
105.3 (7) 
112.1 (7) 
106.2 (7) 
114.7 (7) 
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Conclusions 
Chemical reduction of the molybdenum and tungsten complexes 

M2(CO)8(/u-PPh2)2 (1) and reactions of various new binuclear 
anions generated therefrom are summarized in Scheme I. Par­
ticularly noteworthy features of these reactions are the remarkably 
facile scission and formation of the M-M and M-(^-PPh2) bonds. 
Cleavage of the M-M bond occurs especially readily in 

[(CO)4M(M-PPh2)M(CO)4(PPh2H)]- (3) and is attributed to the 
donor-acceptor nature of this linkage. Rupture of M-(^-PPh2) 
bonds takes place easily by the combination of a bridging phos-
phido with hydrogen to afford terminal PPh2H. This latter process 
can result in a fragmentation of the binuclear unit to mononuclear 
species. The foregoing reactions may serve as models for analogous 
processes in phosphido-bridged polynuclear complexes, including 
those that occur under catalytic conditions. 

The structures of W2(CO)8(At-PPh2)2 (1-W) and [Li-
(THF)3]2[W2(CO)g(M-PPh2)2] ([Li(THF)3

+]22-W) reveal the 
effect of the addition of 2 valence electrons on various molecular 
parameters. Both molecules possess a planar W2P2 core which 
is stretched along the W - W axis on going from 1-W to 2-W. 
Thus, the W-W bonding distance of 3.0256 (4) A in 1-W dra­
matically increases to a nonbonding value of 4.1018 (4) A in 2-W, 
and the W-P-W bond angles of 75.14° (mean) in 1-W markedly 
widen to 104.20° in 2-W. The W-P bond lengths increase by 
0.118 A whereas the W-CO bond lengths decrease, W-CO-
(equatorial) by ca. 0.066 A and W-CO(axial) by ca. 0.038 A, 
on passing from 1-W to 2-W. This crystallographic study provides 
the first example of structure determinations of geometrically 
similar binuclear complexes of the type [M2L;t(^-PR2)2]" where 
n = 0 and 2-. It may be compared with a related study of Dahl 

Cytochromes P-450 have been under intense investigation for 
many years.'"3 These enzymes carry out hydroxylations, ep-
oxidations, and other oxidation reactions by using dioxygen and 
electrons from electron-transfer proteins to produce a high-valent 
intermediate which is now considered to be similar to horseradish 
peroxidase compound I, i.e., an oxo iron(IV) porphyrin cation 
radical.4'5 We symbolized this species as Hm + =O derived from 

(1) Sato, R.; Omura, T. Cytochrome P-450; Kodansha, Ltd.: Tokyo, 1978. 
(2) White, R. E.; Coon, M. J. Annu. Rev. Biochem. 1980, 49, 315. 
(3) Ortiz de Montellano, P. Cytochrome P-450: Structure, Mechanism, 

and Biochemistry; Plenum: New York, 1986. 
(4) Groves, J. T.; Haushalter, R. C; Nakamura, M.; Nemo, T. E.; Evans, 

B. J. J. Am. Chem. Soc. 1981, 103, 2884. 
(5) Dolphin, D.; Forman, A.; Borg, D. C; Fajer, J.; Felton, R. H. Proc. 

Natl. Acad. Sci. U.S.A. 1971, 68, 614. 

and co-workers18'19 on [Fe2(CO)6(M-PPh2)2]" (n = 0, 2-) where 
the geometry of the Fe2P2 core changes from folded {n = 0) to 
planar (n = 2-). 
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Hm+ which represents the Fe(III) porphyrin, or resting state (eq 
1). Direct formation of Hm + =O in the enzyme and with model 

Hm+ - ^ H m ^ * Hm-O2 -1^ H m + = O -^- SO (1) 

systems has been accomplished with several other oxidizing agents 
including hypochlorite,6 peracids,4-7'8 hydroperoxides,910 and io-
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Transient Formation of 7V-Alkylhemins during 
Hemin-Catalyzed Epoxidation of Norbornene. Evidence 
Concerning the Mechanism of Epoxidation 
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Abstract: During the course of hemin-catalyzed epoxidation of norbornene and other alkenes, the hemin catalyst is converted 
to A'-alkylhemin by addition to the alkene. This transient species is a catalyst for epoxidation but is not an intermediate. As 
the oxidant disappears, the A'-alkylhemin reverts to the original hemin. Proposed mechanisms that require the accumulation 
of other transients can be excluded because the A'-alkylhemin is the only species that accumulates. 

0002-7863/87/1509-3625501.50/0 © 1987 American Chemical Society 


