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Bimetallic Activation of Coordinated Ligands. Attempts at
Generating u,-Formyl Complexes from u,-Hydrides
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The Mo hydride complexes Cp(CO);MoH and Cp(CO),PPh;MoH react with their respective organo-
metallic Lewis acids Cp(CO)3Mo*PF;~ and Cp(CO),PPh;Mo*PF,™ to give exclusively the u-hydride salts
Cp(CO);Mo-H-Mo(CO)4Cp* and trans,trans-Cp(C0O);PPhsMo-H-Mo(CO),PPhyCp*. No evidence for
forming u-formyl complexes, e.g., [Cp(CO);Mo],(u-COH)*, was indicated. This contrasts with the results
of previous studies in which Cp(C0);Mo~CH, and Cp(CO);Mo* readily gave the bimetallic u-(*-C,0) acetyl
[Cp(CO);Mo]2(COCHy)* compound. The above u-hydride salts furthermore do not undergo hydride-CO
insertion, which would have afforded bimetallic u-formyl complexes, by treatment with CO under pressure,

with trimethyl phosphite, or with iodide.

Introduction

Alkyl ligand migration to coordinated carbon monoxide
on a neutral transition-metal complex is facilitated by
main-group Lewis acids (e.g., A1X;) that can produce ad-
ducts with the carbonyl oxygen on the starting L,M(R)-
(CO) and/or on the acyl product L,M(RCO).! Attempts
at inducing analogous hydride migration, however, have
been thwarted by deleterious side reactions arising from
the basicity of the metal hydride in the presence of nec-
essarily strong Lewis acids.? Continued interest in pro-
moting formation of formyl compounds L,M(HCO) from
neutral metal carbonyl hydrides® derives from the pur-
ported role of this reaction as an important step in ho-
mogeneous CO reduction.*® Accordingly, reports on using
a second transition-metal center as a Lewis acid first to
activate a CO ligand toward hydride transfer (i.e., one
version of bifunctional CO activation)® and then to stabilize
the formyl product as a bimetallic u-formyl complex have
elicited interest.”

We recently reported that CoMo(CO);*PFg (1), an ex-
tremely reactive organometallic Lewis acid possessing an
accessible coordination site,® promotes methyl-CO mi-
gratory insertion.? Thus MpCH,' and Mp*PFg~ (1) when
mixed at -20 °C afford mixtures of bimetallic u-(n%-C,0)
(2) and u-(31-C,0) (8) acetyl complexes. Beck et al.l!
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independently have prepared 2 and have determined its
structure by X-ray crystallography. Analogous bimetallic
u-formyl compounds accordingly might result from the
reaction of 1 and its requisite hydride complex, since the
Mp* Lewis acid could serve the dual function of both
promoting hydride CO migration on either MpH or
MpHMp* (5) and then stabilizing the formyl ligand gen-
erated as its bimetallic u-formyl 6 and/or 7.12

Our endeavors toward preparing u-formyl complexes 6,/7
were further prompted by a report by Beck and Schloter
on the conversion of 1 and 4 to the u-hydride salt 5.2 They
isolated a maroon solid whose C, H microanalysis, IR
spectrum, and 'H NMR spectral data (acetone-dg, —80 °C:
Cp singlet & 6.38) are consistent with 5; its apparent
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heterolytic cleavage with PPhy gave MpPPhs* and MpH.
These data, however, can be accounted for by u-formyl

(1) Butts, S. B.; Strauss, S. H.; Holt, E. M,; Stimson, R. E.; Alcock, N.
W.; Shriver, D. F. J. Am. Chem. Soc. 1980, 102, 5093. Richmond, T. G.;
Basolo, F.; Shriver, D. F. Inorg. Chem. 1982, 21, 1272. Stimson, R. E,;
Shriver, D. F. Organometallics 1982, 1, 787. Labinger, J. A.; Bonfiglio,
J. N.; Grimmett, D. L.; Masuo, S. T.; Shearin, E.; Miller, J. S. Ibid. 1983,
2, 733.

(2) Richmond, T. G.; Basolo, F.; Shriver, D. F. Organometallics 1982,
1, 1624. Grimmett, D. L.; Labinger, J. A.; Bonfiglio, J. N.; Masuo, S. T;
Shearin, E.; Miller, J. S. J. Am. Chem. Soc. 1982, 104, 6858 and references
cited therein.

(3) Examples of mononuclear formyl complexes derived by carbony-
lation of a metal hydride: (a) Wayland, B. B.; Woods, B. A. J. Chem. Soc.,
Chem. Commun. 1981, 700. Wayland, B. B.; Woods, B. A.; Pierce, R. J.
Am. Chem. Soc. 1982, 104, 302. (b) Fagan, P. J.; Moloy, K. G.; Marks,
T. J. Ibid. 1981, 103, 6959, (c) Cameron, A.; Smith, V. H.; Baird, M. C.
Organometlics 1983, 2, 465. Only in the last two examples have intra-
molecular hydride migration reactions been demonstrated.

(4) (a) Masters, C. Adv. Organomet. Chem. 1979, 17, 61. (b) Muet-
terties, E. L.; Stein, J. Chem. Rev. 1979, 79, 479. (c) Herrmann, W. A,
Angew. Chem., Int. Ed. Engl. 1982, 21, 117. (d) Gladysz, J. A. Adv.
Organomet. Chem. 1982, 20, 1.

(5) Note that catalytic homogeneous hydrogenation of carbon mon-
oxide takes place under relatively mild conditions in systems of high
Lewis acidicity (e.g., NaC-AICl; eutectic mixtures). (a) Collman, J. P.;
Brauman, J. I.; Tustin, G.; Wann, G. S. J. Am. Chem. Soc. 1983, 105,
3913. (b) Wang, H.; Choi, H. W.; Mutterties, E. L. Inorg. Chem. 1981,
20, 2661. Choi, H. W.; Mutterties, W. L. Ibid. 1981, 20, 2664.

(6) Shriver, D. F. ACS Symp. Ser. 1981, No. 152, 1.

(7) (a) Threlkel, R. S.; Bercaw, J. E. J. Am. Chem. Soc. 1981, 103, 2650.
(b) Belmonte, P. A.; Cloke, F. G. N,; Schrock, R. R. Ibid. 1983, 105, 2643.

(8) Beck, W.; Schloter, K. Z. Naturforsch, B 1978, 33B, 1214.

(9) LaCroce, S.'J.; Cutler, A. R. J. Am. Chem. Soc. 1982, 104, 2312.

(10) Abbreviations: Cp, n-CsHs; Mp, (3-CsHs)Mo(CO)3.

(11) Siinkel, K.; Schlotter, K.; Beck, W. J. Organomet. Chem. 1983,
241, 333.

(12) It is anticipated that 6 and 7 would result from independent
reaction pathways, and that these u-formyl products could interconvert
under the appropriate reaction conditions. Similar conclusions have been
arrived at for the u-acetyl analogues 2 and 3: LaCroce, S. J.; Markham,
J. H.; Tolman, W.; Cutler, A. R., manuscript in preparation.
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structures 6 and/or 7. Beck and Schloter’s microanalytical
results, for example, fit either 6 or 7,'2 and their IR spectral
data closely resemble that of the crude mixture of u-acetyl
congeners 2 plus 3 (vide infra). NMR spectral data for the
maroon solid unfortunately is incomplete, since a resonance
for the single hydrogen that would discern between the u-H
or u-formyl ligand positions evidently was not detected.
We do note, however, that the NMR spectrum of the u-
acetyl analogue 2 in acetone-dg (which decomposes 3)
contains an absorption for the Cp ligand at § 6.19. This
study addresses two questions: (1) Does this maroon solid
correspond to u-formyl complexation, and (2) if not, then
can treatment of the u-hydride 5 with CO, phosphite, or
iodide induce u-formyl complexation?

Experimental Section

All synthetic manipulations were performed under a nitrogen
atmosphere by using standard Schlenk techniques and glassware
suitably modified for inert-atmosphere work.1* A nitrogen at-
mosphere was routinely provided for the following four operations:
(a) carrying out reactions, (b) handling all solutions of metal
complexes, (c) column chromatography, and (d) breaking the
vacuum to evacuated vessels, including the Biichi rotovaporator.
Solvents for synthetic work and recording of spectral data were
deoxygenated by bubbling dinitrogen through the solvents for
20 min. Camag alumina (neutral, activity 3) was used in column
chromatography. Carbonylation studies were carried out under
conditions of vigorous stirring either in Fischer & Porter bottles
(85 psig) or in a Parr Mini-Reactor (800 psig) fitted with an
overhead stirrer.

Infrared spectra were taken of CH,Cl, solutions in NaCl
amalgam-spaced (0.10-mm) solution cells and were recorded on
a Perkin-Elmep Model 297 spectrophotometer. The #(CO) fre-
quencies (2200-1500 cm™) were calibrated against the polystyrene
1601-cm™ absorption. 'H NMR spectra were taken of concen-
trated CDC]; por CD;NO, solutions, after centrifugation off of
insoluble residues. Varian Models EM-360 and XL-200 NMR
spectrometers supplied the NMR spectra, which are reported as
4 values in ppm downfield from internal Me,Si.

Reagent grade solvents and reagents were obtained commer-
cially and used as received. Tetrahydrofuran was additionally
distilled under nitrogen from sodium benzophenone ketyl;
methylene chloride and nitromethane were likewise procured as
needed from P,0;. Deuterionitromethane was dried by passage
through activated alumina. A modification of Dauben’s proce-
dure!® was used to prepare PhyC*PFy~. Although stored under
nitrogen at +5 °C, trityl salts slowly decompose!® (as evidenced
by appearance of acid fumes), which necessitates periodic re-
precipitation from CH,Cly-ethyl acetate and vacuum drying.
Metal carbonyl complexes (CsH;)(CO);MoH, (CsHg);Mog(CO)g,'®
(CsH5)(CO)sMol,*® (CsH;)(CO),PPh;MoH, and (C3H;)(CO),P-
(OMe);MoH? were prepared by literature methods and judged

(13) Angl. Caled for (5) CgH;;Mo;0¢PFg: C, 30.21; H, 1.74; (6)
015H11M0205PF5: C, 29.63; H, 1.82; (7) CI7H11M0207PF6: C, 30.74; H,
1.67. Found:® C, 30.14; H, 2.03.

(14) (a) Eisch, J. J. “Organometallic Syntheses”; Academic Press: New
York, 1981; Vol. 2. (b) Brown, H. C. “Organic Syntheses via Boranes”;
Wiley: New York, 1975. (c) Shriver, D. F. “The Manipulation of Air-
Sensitive Compounds”; McGraw-Hill: New York, 1969. (d) King, R. B.
“Organometallic Syntheses”; Academic Press: New York, 1965; Vol. 10.

(15) Dauben, H. J., Jr.; Honnen, L. R.; Harmon, K. M. J. Org. Chem.
1960, 25, 1442. Olah, G. A,; Svoboda, J. J.; Olah, J. A. Synthesis 1972,
544, °

{16) Lloyd, D.; Walton, D. J.; Declercq, J. P.; Germain, G.; Van
Meerssche, M. J. Chem. Res., Synop. 1979, 7, 249.

(17 (a) King, R. B.; Stone, F. G. A. Inorg. Synth. 1963, 7, 99. Fischer,
E. O. Ibid. 1963, 7, 136. (c) Reference 14d, pp 156-158.

(18) Birdwhistell, R.; Hackett, P.; Manning, A. R. J. Organomet.
Chem. 1978, 157, 239.

(19) Abel, E. W.; Singh, A.; Wilkinson, G. J. Chem. Soc. 1960, 1321.
Burckett-St. Laurent, J. C.; Field, J. S.; Haines, R. J.; McMahon, M. J.
Organomet. Chem. 1979, 181, 117.

(20) (a) Manning, A. R. J. Chem. Soc. A 1968, 104, 651. Bainbridge,
A.; Craig, P. J.; Green, M. Ibid. 1968, 2715. (b) Mays, M. J.; Pearson, S.
M. Ibid. 1968, 2291, (c) Faller, J. W.; Anderson, A. S. J. Am. Chem. Soc.
1970, 92, 5852.
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pure by IR and NMR spectroscopy.

[(CsH;)(CO)sMo],H*PF; (5). MpH (0.984 g, 4.00 mmol) was
added to a solution of PhyC*PFy (0.776 g, 2.00 mmol} in 30 mL
of CH,Cl, at 78 °C. The resulting brownish-yellow mixture
turned purple and deposited a precipitate as it warmed to room
temperature (1 h). A dark red microcrystalline solid was filtered,
washed with CH,Cl; (4 X 10 mL), and dried in vacuo (<0.05 mm)
to obtain spectroscopically pure Mp,H*PFy (5) (1.139 g, 89.5%
yield): IR (CH;NO,) 2071 (m), 2055 (m), 1990 (s, br) em™; 'H
NMR (CD;NO,, 200 MHz) 4 5.93 (s, 10 H, Cp), -20.80 (s, 1 H,
Mo,H). Solutions of 5 in CH;NO, remain stable for several hours
at room temperature; crystallization of the above product from
CH;3;NOy-ether (60-350 mL) affords unchanged 5 (0.857 g, 67%
yield).

Treatment of [(CsH;)(CO);Mo]; (0.490 g, 1.00 mmol) in cold
(-78 °C) CH,Cl, (50 mL) with HPFOEt,, 1.0 mmol or an excess,
affords 5 (maximum of 17% yield) and unreacted dimer as as-
certained by IR spectroscopy.

Reaction of [(C;H;)(CO);:Mo],H*PF; (5) and (n-Bu)N*I".
A stirred suspension of 5 (0.064 g, 0.10 mmol) in CH,Cl, (5.0 mL)
was treated with (n-Bu),N*I~ (0.038 g, 0.10 mmol). This imme-
diately produced a pink solution with an IR spectrum consistent
with quantitative conversion of 5 to Mp,. The solution subse-
quently darkened over a 5-h period, and monitoring of IR spectra
of aliquots of the solution indicated the conversion of one-half
of the Mp, to Mpl (45% conversion, 5 h).

Results of the following control experiments (using 0.10 mmol
of each of (n-Bu) N*I" and CpMo complexes in 2.5 mL of CH,Cl,)
were ascertained via monitoring of the IR spectra. (a) Neither
MpI nor MpH react with I" (2 h); (b) Mp, and (n-Bu)} N*T react
to give Mpl and (C;H;)(CO)sMo™ (n-Bu),N*:# IR (CH,Cl,) 1898
(s), 1773 (s, br) em™ (22% conversion, 20 h); and (c) MpH plus
Mpl do not react (2 h): IR 2023 (s), 1931 (s, br) and 2043 (s),
1968 (s, br) cm™ respectively.

Reaction of [(C;H;)(CO);Mo],H*PF, (5) and (C,H;);N. To
a stirred suspension of 5 (0.064 g, 0.10 mmol) in CH,Cl, (5.0 mL)
was added (CoH;)sN (0.014 mL, 0.10 mmol) via a 100-xL syringe.
The suspension immediately dissolved to produce a pink solution;
its IR spectrum corresponds to quantitative conversion of 5 to
Mp,: IR (CH,Cl,) 2018 (w), 1958 (s), 1913 (s) cm™. Similar results
were obtained in CH3NO,.

Reaction of [(C;H;)(CO);Mo],H*PF, (5) and P(OCH,)s.
Addition of P(OCHjg); (0.35 mL, 3.0 mmol) to a dark red CH;NO,
solution (30 mL) of 5 (0.636 g, 1.0 mmol) effected immediate gas
evolution but no other physical changes. Monitoring of IR spectra
established that the reactions were complete after 20 min, with
formation of (CsH;)Mo(CO),P(OMe),*PF, [IR 2073 (s), 2000 (m,
sh), 1982 (s, br) cm™],22 (C;H;)Mo(CO),[P(OMe)s], PFg [IR 1997
(m), 1920 (s) em™],2* and (C;H;)(CO),[P(OMe);] MoH [IR 1951
(s), 1872 (s) cm™].% Solvent was then removed in vacuo and a
total of 40 ml, of CH,Cl, was used to completely extract the crude
product and then to precipitate a tan solid by addition of the
extract to 300 mL of ether. Filtration, washing with ether (4 X
10 mL), and vacuum drying left 0.353 g of tan solid that assayed
(IR and 'H NMR spectroscopy) as a 3:2 mixture of (CsH;)Mo-
(C0)3P(0Me)3+PF6' [NMR (CD3N02) 8591 (S, 5, C5H5), 3.89 (d,
J = 12 Hz, 9, POCH,)] and (CsH;)Mo(CO),[P(OMe);],*PFg
[NMR (CD3NO,) 6 5.60 (t, J = 0.5 Hz, 5, CsH;), 3.71 (d, J = 12
Hz, 18, POCHj,)].

trans trans-[(CsHg)(CO),PPh;Mo]l,H*PF; (10). (C:H;)-
(C0O),PPh;MoH (1.325 g, 2.76 mmol) was added to a solution of
Ph,C*PFy (0.536 g, 1.38 mmol) in 35 mL of CH,Cl,. The resulting
burgundy solution was stirred for 2 h before adding it to petroleum
ether (400 mL), filtering the resulting pink precipitate, and
washing the precipitate with petroleum ether (4 X 10 mL). This
left 1.231 g of pink solid that corresponds to a 1:1 mixture of
(C5H;)(CO),PPh;Mo*PF,~ [IR (CH,Cl,) 1982 (s), 1894 (s) cm;

(21) (a) Darensbourg, M. Y.; Jimenez, P.; Sackett, J. R.; Hanckel, J.
M.; Kump, R. L. J. Am. Chem. Soc. 1982, 104, 1521. King, R. B,; Bis-
nette, M. B,; Franzaglia, A. J. Organomet. Chem. 1966, 5, 341. (b) King,
R. B.; Pannell, K. H.; Eggers, C. A,; Houk, L W. Inorg. Chem. 1968, 7,
2353. Haines, R. J.; Nyholm, R. S.; Stiddard, M. H. B. J. Chem. Soc. A
1968, 43. (c) Haines, R.; Nolte, C. J. Organomet. Chem. 1970, 24, 725.
Haines, R. J.; DuPrez, A.; Marais, L. Ibid. 1971, 28, 97.

(22) Nolte, M. J.; Reimann, R. H. J. Chem. Soc., Dalton Trans. 1978,
932.
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'H NMR (CD;NO,) 6 5.77 (CsH;, s, CD3NO, adduct)]}?® and
trans,trans-[(CsH;)(CO),PPh;Mo),H*PF, (10) [IR (CH,Cly) 1972
(s), 1908 (s) cm™; 'H NMR (CD;NO,) § 7.49 (m, 30, PPhy), 5.26
(d, J = 2 Hz), 10 (CsH;), —-22.42 (t, J = 9.6 Hz, 1, u-H)]. Treatment
of this mixture with (n-Bu),N*T" effected partial purification in
that only (CsH;)(CO);PPh;Mo*PFy was eliminated as (C;H;)-
(C0),PPh;Mol,®* but we were unsuccessful in obtaining samples
of this u-hydride salt that did not contain substantial amounts
(Ca. 20%) of (C5H5)MO(CO)2PPh3+PFe' and/or (C5H5)M0-
(CO);PPh,*PFg 824 (IR (CH,Cl,) 2063 (s), 2000 (s), 1977 (s) cm™;
'H NMR (CD3NO,) § 7.55 (m, 30, PPhy), 5.81 (s, 5, C;Hj)].
Monitoring these purification attempts by IR spectroscopy sufficed
to show that 10 did not dissociate/decompose but rather that the
(CsH;)Mo(CO)3PPh,t derived from disproportionation of un-
reacted Lewis acid (C;H;)Mo(CO),PPhy*. %

Attempted Carbonylation of [ (C;H;)(CO);Mo],H*PFg (5).
Nitromethane solutions (10 mL) of § (0.128 g, 0.20 mmol) when
pressurized with CO at either 85 or 800 psig for 8-12 h (25 °C)
effected complete conversion of all starting material to mixtures
of (CsHs)Mo(CO);*PFg«CH;3NO, solvate (IR 2076 (g), 1992 (s, br)
cm™) and Mp,, with varying amounts of insolule blue decom-
position materials. No MpCO™*® was detected: IR (CHzNO,) 2122
(8), 2041 (s, br) cm™. Substitution of nitrogen (1 atm) for CO
effects the same decomposition of 5 in nitromethane. With
trifluoroethanol, 5 quantitatively converted (after 9 h) to Mp;
under CO pressure (800 psig), although use of less pressure (85
psig) realized extensive decomposition to insoluble black material.
Attempted carbonylation of impure 10 in either CH,Cl, or
CH,NO, (800 psig, 12 h at 25 °C) left unreacted starting material.

Results and Discussion

We find, in agreement with Beck and Schloter,? that in
CH,Cl, with a 2:1 stoichiometry of MpH and Ph;CPFg,
hydride abstraction affords an air-stable maroon solid.

2Mp-H + Ph,C*PFy” —— MpHMp*PF,
212 5

This salt is either insoluble in (e.g., CH,Cl,) or decomposed
by (e.g., acetone, CH;CN) most solvents useful in dissolving
cationic organometallics; nitromethane however readily
dissolves 5 with only slow (7, ca. 4 h, 0.02 M solutions)
decomposition and deposition of Mp,. Otherwise these
nitromethane solutions readily precipitate 5 intact (as
judged by examining IR and 'H NMR spectra) upon
adding to excess ether. Consideration of NMR spectral
data in CDgNO, permits us to unambiguously assign the
u-hydride structure 5.

The NMR spectrum of 5 exhibits only two sharp singlets
integrating 10:1 at § 5.93 and —20.80, with no absorptions
at the 6 +26-6 region. Certainly the § —20.80 resonance
presages a metal hydride.” We would in contrast have
expected a formyl hydrogen of 6 or 7 to resonate in the 6
+15-+10 region as observed for neutral* and cationic?
formy! complexes and for alkoxymethylidene salts® such
as Cp(CO),Fe=CH(OCH,)*,?® although the one known

(23) Sinkel, K.; Ernst, H.; Beck, W. Z. Naturforsch. B 1981, 36B, 474.

(24) (a) Treichel, P. M.; Barnett, K. W.; Shubkin, R. L. J. Organomet.
Chem. 19687, 7, 449. (b) Manning, A. R. J. Chem. Soc. A 1967, 1984. (c)
Haines, R. J.; Nyholm, R. S.; Stiddard, M. H. B. Ibid. 1967, 94. (d) Beach,
D. L,; Dattilo, M.; Barnett, K. W. J. Organomet. Chem. 1977, 140, 47. (e)
Alway, D. G.; Barnett, K. W. Inorg. Chem. 1980, 19, 1533.

(25) Kaesz, H. D.; Saillant, R. B. Chem. Rev. 1972, 72, 231. Cotton,
F. A.; Wilkinson, G. “Advanced Inorganic Chemistry”, 4th ed.; Wiley:
New York, 1980; Chapter 27. For a recent example, the protonation of
[Cp(CO);Fe),: Legzdins, P.; Martin, D. T.; Nurse, C. R.; Wassink, B.
Organometallics 1983, 2, 1238,

(26) Thorn, D. L. Organometallics 1982, 1, 197. Smith, G.; Cole-
Hamilton, D. J. J. Chem. Soc., Chem. Commun. 1982, 490.

(27) (a) Collins, T. J.; Roper, W. R. J. Organomet. Chem. 1978, 159,
73. Clark, G. R.; Headford, C. E. L.; Marsden, K.; Roper, W. R. Ibid.
1982, 231, 335. (b) Wong, W.-K.; Tam, W.; Gladysz, J. A. J. Am. Chem.
Soc. 1979, 101, 5440. Tam, W.; Lin, G.-Y.; Wong, W.-K.; Kiel, W. A;
Wong, V. K.; Gladysz, J. A. Ibid. 1982, 104, 141.

(28) Cutler, A. R. J. Am. Chem. Soc. 1979, 101, 604.
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u-(n%-C,0) formyl complex (n-C;Me;),Cl Tas(u-H)(u-
CHO)™ has its formyl absorption at & 7.5.
The u-hydride salt 5 also can be prepared by protonating
the Mo-Mo bond in Mp,.?®
HPFOEt,

P ————
Et;N in CH,Cl,

Mp-Mp Mp—H—Mp*SPFG‘

Davison et al.?®® first reported the solution protonation of
Mp, (6 —20.99 in H,SO, for u-H), and we now have isolated
5 in low yield by treating Mp, with HPFg in CH,Cl,. No
attempt was made to optimize the yield of this latter re-
action. It is also worth noting that triethylamine quan-
titatively deprotonates 5 as a CH,Cl, suspension or
CH3NO, solution back to Mp,, since such deprotonation
of cationic u-hydrides, e.g., Cp3;(NO),Mo,H*,%¢ is not al-
ways possible. Converting MpH to MpHMp* (5) and then
deprotonating 5 to Mp, amounts to the net two-electron
oxidative coupling of MpH.%%:3!

Compound 5 represents the first example of a bimetallic
hydride complex prepared both by protonating a metal-
metal bond and by interacting an organometallic Lewis
acid with a metal hydride. Whereas protonation of met-
al-metal bonds is a standard procedure,? rather few ex-
amples exist for the latter procedure. The Lewis acids
Cp(NO);M (M = Mo, W),?®¢ and (CO);M (M = Cr, Mo,
W)3% or Cp(CO);Nb3® thus react with their metal hydride
derivatives to produce cationic and anionic u-hydride
complexes, respectively. Other bridging u-MoHMo in-
teractions apparently provide a pathway for Mo hydride

(29) The three-center, two-electron bridged hydride bonding extant
in 5 and other u,-hydride complexes has been discussed. (a) Davison, A,;
McFarlane, W.; Pratt, L.; Wilkinson, G. J. Chem. Soc. 1962, 3653.
Fischer, R. D.; Noack, K. J. Organomet. Chem. 1969, 16, 125. (b) Harris,
D. C.; Gray, H. B. J. Am. Chem. Soc. 1975, 97, 3073. Darensbourg, D.
J.; Incorvia, M. J. Inorg. Chem. 1979, 18, 18. (c¢) Hames, B. W.; Legzdins,
P. Organometallics 1982, 1, 116. (d) Harris, D. C.; Gray, H. B. Inorg.
Chem. 1975, 14, 1215. Symon, D. A.; Waddington, T. C. J. Chem. Soc.
A 1971, 953. (e) Klingler, R. J.; Huffman, J. C.; Kochi, J. K. J. Am. Chem.
Soc. 1980, 102, 208.

(30) (a) Slater, S. G.; Lusk, R.; Schumann, B. F.; Darensbourg, M.
Organometallics 1982, 1, 1662. Darensbourg, M. Y.; Bau, R.; Marks, M.
W.; Burch, R. R., Jr.; Deaton, J. C.; Slater, S. J. Am. Chem. Soc. 1982,
104, 6961 and references cited therein. (b) Kinney, R. J.; Jones, W. D.;
Bergman, R. G. Ibid. 1978, 100, 7902.

(31) LaCroce, S. J.; Menard, K. P.; Cutler, A. R. J. Organomet. Chem.
1980, 190, C79.
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complexes to interact with coordinatively unsaturated
organo—~Mo species. Thus the transitory intermediate
Cp(C0O);Mo-H-Mo(C0),(COR)Cp, resulting from inter-
action of MpH and n!-alkyl MpR complexes, mediates a
binuclear reductive-elimination process that produces
aldehyde RCOH.32

Given the u-hydride structure of 5, we than reacted
Lewis bases including CO with it in order to try forcing
the hydride CO migration. Four approaches were followed
in attempting to promote hydride CO migration on 5 and
to form u-formyl complexes; see Scheme I. The I reaction
was patterned after the established reaction of CN~ or I
with n'-alkyl Mp complexes:®® MpCH,; and CN- give Cp-
(CO):(CN)MoCOCH;~. We also saw potential in phosphite
inducing CO insertion on 5 (perhaps facilitated by the
associated Mp* Lewis acid) and giving the indicated
phosphite substituted u-(7*-C,0) formyl compounds 8
and/or 9, especially since we recently reported the anal-
ogous phosphite substituted acetyl compounds.® The re-
maining two approaches entail carbonylating the u-hydride
salts 5 and 10. None of these procedures when carried out,
however, realized the desired hydride CO migration.

One equivalent of iodide instantaneously and cleanly
converts 5 to Mp,; then one-half of the Mp, slowly (5 h)
forms Mpl.

MpHMp+ + I_ e Mp_Mp+ 1/212 -
5 -1/:H,

!/;Mp-Mp + Mpl

This stoichiometry is consistent with reductive fragmen-
tation of 5 with I" as the electron donor and subsequent
iodination!® of Mp,. A previous example of reductive
fragmentation of a u-hydride compound (Cp,WH),(u-H)*
has been observed by Kochi using electrochemical proce-
dures.?

Other mechanisms that were considered for the reaction
of iodide and 5 include its direct deprotonation and its
unsymmetrical cleavage to MpH plus Mpl. Proton
transfer would have given Mp, and H*I™ as the final
products (5 h), since we have found that I" and Mp, react
only very slowly to give MpI and Mp~. Any Mp~ formed,
of course, would then have given MpH?34 under the con-
ditions (i.e., H*I present) of the deprotonation sequence.
If MpH had additionally developed from unsymmetrical
cleavage of 5, then it should have been detected in place
of Mp,. In support of this analytical argument are results
of several control experiments: I~ does not react with
MpH, and neither I- nor MpH alter Mpl in CH,Cl, (25 °C,
5 h). These alternative mechanisms clearly do not account
for the observed stoichiometry in transforming 5 plus
iodide first to Mp, and then to Mpl. Although further
mechanistic study on the reaction of iodide with 5 is clearly
warranted, two conclusions emerge from this study. First,
iodide does not induce hydride CO insertion on 5: the
clean conversion of 5 to Mp, and Mpl precludes this
pathway. Second, results of this study are consistent with,
but not definitive for, the reductive fragmentation pathway
offered.

Three equivalents of P(OMe); are required for complete
consumption of 5 concomitant with generating the phos-
phite-substituted hydride 11 and carbonyl salts 12 and 13.
Only these three products and 5 were detected by IR when
1 or 2 equiv of P(OMe); were used. Had the bimetallic

(32) Kinney, R. J.; Jones, W. D.; Bergman, R. G. J. Am. Chem. Soc.
1981, 103, 4415,

(33) Bailey, N. A.; Chell, P. L.; Mukhopadhyay, A.; Tabbron, H. E.;
Winter, M. J. J. Chem. Soc., Chem. Commun. 1982, 215. Kruck, T,;
Hofler, M.; Liebig, L. Chem. Ber. 1972, 105, 1174.

(34) Jordan, R. F.; Norton, J. R. J. Am. Chem. Soc. 1982, 104, 1255.
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MpHMp* + 3P(OMe); — Cp((MeO)sfl)(CO)aMoH +
5
CpMo(CO),P(OMe);* + CpMo(CO)123P(OMe3]2+
12

u-formyl 9 formed then it should have been detected (even
in the presence of excess phosphite) on the basis of our
experience with the stable u-acetyl analogue.” The bis-
(phosphite) salt 13 observed must result from the inter-
action of P(OMe); with 5 and not from a subsequent CO
replacement on 12, since in agreement with others,?? we
found that excess phosphite does not transform (25 °C)
12 into 13.

These phosphite products 11-13 can be arrived at by a
mechanism analogous to one established for dimer dis-
ruption of [(CO)sMo],(u-H)™ with phosphines to give
neutral disubstituted Mo(CO),P,.% This requires at least
one substitution of CO by P on the intact dimer prior to
unsymmetric cleavage. A similar CO substitution by P-
(OMe); on 5, which is probably facilitated by cis labiliza-
tion adjacent to the u-hydride ligand,*® would generate
Mp-H-Mo(CO),P(OMe);Cp*. Unsymmetric cleavage of
5 (to MpH and 12) and Mp-H-Mo(CO),P(OMe);Cp* (to
MpH and 13) in the presence of phosphite then accounts
for the observed products.

At first glance our carbonylation approaches seem un-
founded in view of the great difficulty reported in carbo-
nylating n*-alkyl Mp complexes.®” In unrelated studies,
however, we have demonstrated that a variety of alkyl
complexes Cp(CO),LM-R (M = Fe (x = 1) or Mo (x = 2);
L = CO, PPh;) do carbonylate under extremely mild
conditions (<85 psig CO at 20-50 °C) when the appro-
priate solvent (CH;NO,, CF;CH,0H, or (CF;),CHOH) is
used.’® Moreover, for the Fe methyl complexes we also
found that the presence of ancillary phosphine ligand en-
hances the methyl CO migration in CH3NO, (85 psig of
CO): Cp(CO),FeCHj; requires 24 h at 60 °C, whereas
Cp(CO)PPhFeCH; needs only 1 h at 25 °C for 95%
conversion to their respective acetyl complexes.

Our preparation of 10 thus was part of an attempt at
using PPh; ligands on the u-hydride structure to promote
H-CO migration.  Reaction of the Lewis acid Cp-

Cp Mo—H-——Mon+

/N /\N\

Ph3POC [of¢] co co

2Cp{COLPPhaMoH + Ph3C'PRe” —
PPhz
10

(C0O);PPh;Mo*PF, % and its hydride Cp(CO),PPh;MoH
does provide 10, albeit impure. Structural assignment of
this u-hydride (defined according to the PhzsP-Mo-H
stereochemical array on the square base of the square-
pyramidal Mo centers)?%3 rests on interpretation of the
H NMR spectrum.

The 'H NMR spectrum of 10, comprising a doublet
(Jp_ = 2 Hz) for the Cp ligands and a triplet (Jp.yz = 9.6
Hz) upfield of Me,Si for the bridging hydride, clearly
supports a symmetrical u-hydride complex with coupling
to both ligating phosphorus centers.®® Moreover, the

(85) Darensbourg, M. W.; Atwood, J. L.; Hunter, W. E.; Burch, R. R.,
Jr. J. Am. Chem. Soc. 1980, 102, 3290. Darensbourg, M. W., Walker, N.;
Burch, R. R., Jr. Inorg. Chem. 1978, 17, 52.

(36) Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3160.

(37) McCleverty, J. A.; Wilkinson, G. W. J. Chem. Soc. 1963, 4096.
King, R. B,; King, A. D,, Jr.; Igbal, M. Z,; Frazier, C. C. J. Am. Chem.
Soc. 1978, 100, 1687. Eilbracht, P.; Dahler, P.; Mayser, U.; Henkes, E.
Chem. Ber. 1980, 113, 1033.

(38) Forschner, T. C.; Cutler, A. R., manuscript in preparation.

(39) (a) Barnett, K. W.; Slocum, D. W. J. Organomet. Chem. 1972, 44,
1. (b) Kubacek, P.; Hoffmann, R.; Havlas, Z. Organometallics 1982, 2,
180.



740 Organometallics 1984, 3, 740-745

presence of one doublet resonance for both Cp groups
established the trans stereochemistry at both Mo sites.
According to the same well-established NMR criterion, ¢
the cis,cis stereoisomer of 10 would exhibit a singlet, and
the cis,trans isomer would provide separate NMR ab-
sorptions (singlet downfield of doublet by ca. 0.2 ppm) for
the Cp ligands. A similar argument has been used to assign
the stereochemistry on trans,trans-[Cp(CO),L.Mo],Hg, L
= P(OMe);, PPh,.®* Supporting evidence for the
trans,trans-stereochemical assignment for 10 results from
comparing the magnitude of the u-H to ligating phos-
phorus spin—spin coupling interaction with related Jpy
values involving the terminal hydride ligand on cis- and
trans-Cp(CO),PPh;MoH (65 and 21 Hz, respectively).?®
As expected,® Jpy for 10 is slightly less than one-half the
value for the trans-Cp(CO),PPh;MoH. The magnitude
of this Jpy on 10 also precludes its stereochemical non-
rigidity (fast averaging of the cis- and trans-Mo centers
on the NMR time scale), since the presence of any rea-
sonable concentration of cis-Mo centers on 10 would effect
an averaged Jpy substantially greater than 10 Hz.%* (Also,
a broadened singlet resonance for the Cp ligand would
probably result.) Taken together, these NMR data for 10
are in accord with the presence of only the trans,trans
stereoisomer.

(40) (a) The NMR of cis,cis-[ (Ph,MeP)(CO) Mo].H- exhibits a triplet
(5 -11.75) for its u-hydride with a cis Jpy = 16.6 Hz; an analogous trans
Jpy would be expected to be significantly lower, see ref 35. (b) Compare
analogous Jpy values of 28 and 74 Hz for [Cp(CO),Fe]y(u-H)(u-dppe)*
and [Cp(CO),FeH],(u-dppe), respectively, where dppe =
Ph,PCH,CH,PPhy: LaCroce, S. J.; Menard, K. P.; Cutler, A. R. J. Or-
ganomet. Chem. 1980, 190, C79.

Attempts at carbonylating 5 and 10 at 85 and 800 psig
of CO did not lead to CO addition and generation of u-
formyl complexes. Rather, the u-hydride salt 5 decom-
posed under CO pressure to mainly Mp, plus small
amounts of the nitromethane adduct of Mp* but not
MpCO*. This decomposition in nitromethane or tri-
fluoroethanol effectively was independent of CO, as similar
solutions under 1 atm of nitrogen gave identical results.
The phosphine-substituted u-hydride 10 was recovered
unchanged after similar carbonylation attempts, although
any residual (C;H;)(CO),PPh;Mo™ converted to its satu-
rated carbonyl salt (CsH;)(CO);PPh;Mo™.

Conclusions

MpH interacts with the organometallic Lewis acid
Mp*PFy and generates a stable u-hydride complex Mp-
H-Mp*PF; (5). Attempts at converting this u-hydride
salt to bimetallic u-formyl compiexes by using CO, P-
(OMe);, or I were unsuccessful as other reaction pathways
were instead followed. That 5 does not provide a kinetic
pathway for hydride-CO insertion contrasts with the
pronounced ease for generating analogous p-acetyl com-
plexes from the interaction of MpCH; and Mp*.
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The reactions of Mn(»n®-CoH,)(CO); and Mn(5°-C,3H,){CO); with phosphines and phosphites proceed
readily in decalin at elevated temperatures to form monosubstituted products. For Mn(»3-C 3Hg)(CO),
a second substitution takes place with P-n-Bu, and P-c-Hx;! which proceeds via an n!-fluorenyl species,
Mn(n'-C;3Hg)(CO)3(P-n-Bug),. All these reactions take place by a second-order process, first order in metal
complex and first order in nucleophile. Reaction rates depend on both size and basicity of the entering
ligand. Substitution reactivity of these compounds contrasts the observed? thermal substitution inertness
of Mn(n®-C5H;)(CO);. This difference in reactivity is discussed in terms of the indenyl ligand effect of
the indenyl and fluorenyl ligands vs. the cyclopentadienyl ligand.

Introduction

Although indeny! analogues of many cyclopentadienyl
transition-metal compounds are known, kinetic studies
comparing substitution at the metal center for cyclo-
pentadienyl vs. indenyl are rare. In 1969 Hart-Davis and
Mawby® found that the methyl migration in Mo(#5-
C,H,)(CO);CH; was ligand assisted. The Sy2 nature of

(1) Abbreviations: P-n-Bug = tri-n-butylphosphine; P-c-Hx; = tri-
cyclohexylphosphine; P(OEt); = triethyl phosphite; PPh; = triphenyl-
phosphine; P(O-i-Pr); = triisopropyl phosphite; P-i-Bug = triisobutyl-
phosphine; PMe,Ph = dimethylhenylphosphine.

(2) Angelici, R. J.; Loewen, W. Inorg. Chem. 1967, 6, 682-686.

(3) Hart-Davis, A. J.; Mawby, R. J. J. Chem. Soc. A 1969, 2403-2407.
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this reaction was attributed to the ability of indenyl ligands
to undergo an %® to #° migration allowing associative attack
on the metal center. They believed that the benzene of
the indenyl ring provided stabilization of the »3-allyl in-
termediate; the cyclopentadienyl analogue reacted 10 times
slower. White, Mawby, and Hart-Davis* also compared
CO substitution by phosphines for the compounds Mo-
{n*-C;H;)(CO)3X and Mo(n*-C;H)(CO)3X (X = Cl, Br, I).
They found that CO substitution for the cyclopentadienyl
compound proceeds by a purely dissociative (Syl) pathway

(4) White, C.; Mawby, R. J. Inorg. Chim. Acta 1970, 4, 261-266.
White, C.; Mawby, R. J.; Hart-Davis, A. J. Ibid. 1970, 4, 441-446.
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