
568 Organometallics 1988, 7, 568-570 

Figure 1. Cation structure and labeling scheme for [CpRh- 
(CO)P(OPh)3]2+. Thermal ellipsoids are shown at the 50% 
probability level. Bond distances (A): Rh(l)-Rh(2), 2.814 (1); 

1.876 (7). Bond angles (deg): P(l)-Rh(l)-C(l), 89.8 (4); P(1)- 

P(l)-Rh(l), 2.258 (4); P(2)-Rh(2), 2.252 (4); Rh(l)C(l) ,  1.88 (1); 
Rh(2)-C(2), 1.86 (1); Rh(l)CENT(l), 1.873 (6); Rh(2)-CENT(2), 

Rh(1)-CENT(l), 128.6 (3); CENT(l)-Rh(l)-C(l), 126.8 (6); P- 
(2)-Rh(2)-C(2), 90.4 (4); P(2)-Rh(2)-CENT(2), 125.5 (4); 
CENT(2)-Rh(2)-C(2), 128.6 (7); CENT(l)-Rh(l)-Rh(2)- 
CENT(2), -62.2 (6). 

(OPh),] cations joined by a Rh-Rh bond (Figure 1). The 
phosphite groups occupy essentially transoid positions, the 
P(l)-Rh(l)-Rh(2)-P(2) dihedral angle being 150.5'. The 
carbonyls are therefore rotated by 29.6' from an eclipsed 
position. The Rh-Rh bond length of 2.814 A is somewhat 
longer than that of Rh metal13 but is still consistent with 
the presence of a single metal-metal bond. There are very 
few compounds known with Rh-Rh bonds unsupported 
by bridging ligands.14 Two binuclear isocyanide structures 
appear to have the greatest relevance to the present 
structure. The Rh(1) complex (CNPh)*Rh;+ has a very 
long Rh-Rh bond (3.193 &,15 but a much shorter distance 
(2.785 A) is found in the formal Rh(1I) analogue 
(CNR)8RhzIz2+.16 

The trimethylphosphine complex CpRh(CO)PMe, (2) 
also forms a metal-metal bonded dication, 2z2+, upon ox- 
idation. The peak potentials for the oxidation of 2 and 
the reduction of 2z2+ are +0.32 and -0.23 V, respectively. 
The dication was poorly soluble, leading to voltammetric 
difficulties (e.g., electrode passivation) but easy isolation 
of 2z2+ from coulometric experiments. When millimolar 
solutions of 2 in CHzClz were electrolyzed, pure red mi- 
crocrystals of [CpRh(CO)PMe3]2[PF,]z were 0btained.l' 

Two aspects of these results deserve some comment a t  
this stage of our investigations. First, it has now been 
demonstrated that cationic 17-electron complexes differing 
only in the coordinated phosphine can undergo metal- 
metal as well as ligand-ligand coupling. On the subject 
of the unsupported M-M bond, two recent reports are 
relevant. The osmocenium dimer [ C P ~ O S ] ~ ~ +  is formed 
when osmocene is treated with the two-electron oxidant 
Ce(IV).ls This reaction most likely involves compropor- 
tionation of CpzOs2+ and CpzOs, with dimer formation 

(13) Donohue, J. T h e  Structures of  the Elements; Wiley: New York, 

(14) Felthouse, T. R. Prog. Inorg. Chem. 1982, 29, 73. 
(15) Mann, K. R.; Lewis, N. S.; Williams, R. M.; Gray, H. B.; Gordon, 

(16) Olmstead, M. M.; Balch, A. L. J .  Organomet. Chem. 1978, 148, 

(17) Confirmed by NMR, IR, FDMS, and elemental analysis. 
(18) Droege, M. W.; Harman, W. D.; Taube, H. Inorg. Chem. 1987,26, 

1974; p 216. 

J. G. I1 Inorg. Chem. 1978, 17, 828. 

C15. 

1309. 

proceeding through the coupling of two Cp20s+ radicals. 
Comproportionation of Ni(CNMe)4n (n  = 0, 2+), leads to 
the Ni-Ni bonded dication [Niz(CNMe)8]z+ also through 
the likely intermediacy of the Ni(1) monocation Ni- 
(CNMe)4+.1g It appears that one-electron oxidation should 
be considered as a general strategy for the synthesis of 
charged complexes with unsupported metal-metal bonds. 
Second, it is not yet clear why the P(OPh), and PMe3 
derivatives 1 and 2 behave differently than the PPh3 de- 
rivative, which forms the fulvalene complex. Molecular 
orbital calculationsz0~21 and photoelectron spectroscopy 
dataz2 have shown that the HOMO in CpRh(C0)L com- 
plexes is lbl, an admixture of the cyclopentadienyl e,+ and 
metal dx2. The latter is oriented in the right direction to 
account for the observed M-M coupling. Experiments on 
the oxidation of other complexes with bulky phosphines 
are proceeding to see if steric effects are the reason for the 
lack of a stable metal-metal bonded dimer arising from 
the oxidation of CpRh(CO)PPh3. 
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Summary: The dynamics of hydrogen migration in (H)- 
Fe,(ethene)+ and (H)Fe,(propene)+ systems are investi- 
gated in the gas phase by using Fourier transform mass 
spectrometry along with specific isotopic labeling. The 
results suggest small barriers for reversible insertion into 
allylic C-H bonds for (H)Fe,(propene)+ with substantially 
larger barriers for either reversible vinylic C-H bond in- 
sertion or reversible olefin insertion/p-elimination pro- 
cesses. 

Studying the dynamics of fundamental hydrogen mi- 
grations of organometallic species is of paramount im- 
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initial protonation (deuteriation) of Fe(CO), by CH5+ 
(CD5+) yielding both HFe(CO),+ (DFe(CO),+) and HFe- 
(CO),+ (DFe(C0)4+). HFe(C0I4+ (DFe(CO),+) undergoes 
a facile reaction with Fe(CO)5 generating HFe2(CO)s+ 
(DFez(CO),') which is unreactive with Fe(CO)$ Collisional 
activation (CA)13J4 of HFe2(CO)8+ (DFe2(CO),+) results in 
facile eliminiation of the carbonyls yielding Fe2H+ (Fe,D+) 
which is subsequently isolated by swept double resonance 
ejection pulses.12 This method undoubtedly results in the 
formation of Fe2H+ (Fe2D+) with a distribution of internal 
energies. The CA target gas (methane) pressure was high 
(- 1 X Torr) relative to the alkene pressure (-3 X I O-s 
Torr),I5 therefore, in order to allow this excess energy to 
be dissipated by thermalizing collisions with methane prior 
to reaction with the alkenes. Observation of linear first- 
order kinetics upon reaction is evidence that these ions are 
indeed thermalized. Finally, Fe(C0)5 was admitted into 
the vacuum chamber via a pulsed solenoid inlet valve16 
allowing it to be pumped from the chamber within 500 ms 
permitting these studies to be performed without com- 
plicating side reactions with Fe(CO)5. 

Ethene reacts with Fe2D+ yielding the symmetric ex- 
change product Fe2H+ exclusively, process 4, with a rate 

(4) 

constant of (8.0 f 1.6) X lo-'' cm3 molecule-'s-l. Com- 
parison with the Langevin collision frequency17 of 1.0 X 
lo4 cm3 molecule-' s-l indicates that -8% of the collisions 
result in exchange. In contrast propene reacts with FezH+ 
exclusively by dehydrogenation, process 5, with a rate 

( 5 )  
constant of (8.7 f 1.7) X cm3 molecule-' s-l (average 
dipole orientation rate = 1.1 x cm3 molecule-' s-l).17 
Substantial scrambling of the label is observed in the 
dehydrogenation of propene by Fe2D+, reactions 6 and 7, 

FezD+ + C2H4 -+ Fe2H+ + C2H3D 

Fe2H+ + propene - Fe2C3H5+ + H2 

Fe2C3HSC + HD (6) 

FezCaHdD' t H 2  (7) 

with essentially none (<1%) of the symmetric exchange 
product, Fe2H+, observed. In addition, FezH+ reacts with 
propene-Zd,, yielding exclusive elimination of H2, reaction 
8. 

Fe2H+ + propene-Pd, - Fe2C3H4D+ + H2 (8) 

Fe2D' t propene 

100 90 

portance in catalysis.' For example, the reversible in- 
sertion of an olefin into a metal-hydrogen bond, process 
1, has been postulated as a key component in many cat- 

(H)M(CH,=CHz) M(-CH2--CHs) (1) 
alytic cycles (e.g., hydroformylation: hydr~genation,~ and 
olefin isomerization4) which kinetic studies have revealed, 
in general, to be facile and re~ersible.~ In addition to the 
above reversible P-hydrogen insertion, the reversible in- 
sertion into vinylic C-H bonds of ethene (process 2)637 as 
well as reversible insertion into allylic C-H bonds of 
propene (process 3)8 are also possible modes for hydrogen 

(H)M(ethene) + (H),M(-CH=CH,) (2) 

(H)M(propene) (H)2M(allyl) (3) 
migrations. The dynamics of these hydrogen migrations 
can be explored by using gas-phase ion techniques along 
with specific isotopic labeling. In this paper we describe 
the reactions of the triatomic species, Fe2H+ (Fe2D+), with 
ethene and propene, focusing on the hydrogen migrations 
involved in these systems. In this case, hydrogen migra- 
tions are driven by the energy derived from coordination 
of the alkene to Fe2H+ (Fe2D+) which we estimate to be 
-40 kcal/moLg The kinetics of these hydrogen migra- 
tions, studied by monitoring isotopic (H/D) scrambling, 
can yield insights into both the mechanism involved in the 
(H/D) scrambling as well as the nature of the potential 
energy surface for the hydrogen migrations, processes 1-3. 
This methodology is analogous to studies involving mul- 
tiple proton transfers within an ion-dipole complex as a 
method for probing potential energy surfaces.l0 

The reactant triatomic species, Fe2H+ (Fe2D+), was 
generated by using a Nicolet FTMS-1000 Fourier trans- 
form mass spectrometer"J2 in a two-step process involving 

(1) (a) Parshall, G. W. Homogeneous Catalysis, Wiley: New York, 
1980. (b) Collman, J. P.; Hegedus, L. S. Principles and Application of 
Organotransition Metal Chemistry; University Science Books; Mill 
Valley, CA, 1980. 

(2) Purett, R. L. Ado. Organomet. Chem. 1979, 17, 1. 
(3) (a) James, B. R. Homogeneous Hydrogenation, Wiley: New York, 

1974. (b) James, B. R. Adu. Organomet. Chem. 1978,17, 319. (c) Hal- 
pern, J.; Okamoto, T.; Zakhariev, A. J .  Mol. Catal. 1977, 2, 65. (d) 
Hartlay, F. R.; Vezey, P. N. Ado. Organomet. Chem. 1977, 15, 189. 

(4) (a) Davidson, J. L. Inorganic Reaction Mechanisms (Specialist 
Periodical Report) the Chemical Society: London 1977, Vol. 5. (b) 
D'Aniello, M. J., Jr.; Barefield, E. K. J. Am. Chem. SOC. 1978,100, 1474. 

(5) (a) Whitesides, G. M.; Gaasch, J. F.; Stredonsky, E. R. J. Am. 
Chem. SOC. 1972, 94, 5258. (b) Doherty, N. M.; Bercaw, J. E. J .  Am. 
Chem. SOC. 1985, 107, 2670. 

(6) (a) Silvestre, J.; Calhorda, M. J.; Hoffmann, R.; Stoutland, P. 0.; 
Bergman, R. G. Organometallics 1986, 5, 1841 and references cited 
therein. (b) Fryzuk, M. D.; Jones, T.; Einstein, F. W. D. Organometallics 
1984, 3, 185. (c) Muetterties, E. L.; Bleeke, J. R. Acc. Chem. Res. 1979, 
12,329. (d) Nubel, P. 0.; Brown, T. L. J.  Am. Chem. SOC. 1984,106,644. 

(7) Cardenas, T. G.; Shevlin, P. B. Organometallics 1986, 5, 784. 
(8) (a) Webb, G. Catalysis (Specialist Periodical Report); Kemball, 

C., Dowden, D. A., Eds.; The Chemical Society: London, 1977; Vol. 2, 
p p  151-163. (b) Tulip, T. H.; Ibers, J. A. J. Am. Chem. SOC. 1979,101, 
4201. (c) Ephritikhine, M.; Green, M. L. H.; Mackenzie, R. E. J .  Chem. 
Soc., Chem. Commun. 1976,619. (d) Byme, J. W.; Blasser, H. U.; Osborn, 
J .  A. J .  Am. Chem. SOC. 1975, 97, 3817. 

(9) Bond dissociation energies for Fe+-alkene species in the gas phase 
exceed 37 kcal/mol. See: Halle, L. F.; Armentrout, P. B.; Beauchamp, 
J. L. Organometallics 1982, 1, 963. 

(10) (a) Grabowski, J. J.; DePuy, C. H.; Van Doren, J. M.; Bierbaum, 
V. M. J. Am. Chem. SOC. 1985,107,7384 and references cited therein. (b) 
Moylan, C. R.; Brauman, J. I. Annu. Reo. Phys. Chem. 1983,34,187. (c) 
Jasinski, J. M.; Brauman, J .  I. J. Am. Chem. SOC. 1980, 102, 2906. (d) 
Ausloos, P.; Lias, S. G. J. Am. Chem. SOC. 1981, 103, 3641. (e) Hunter, 
E. P.; Lias, S. G. J. Phys. Chem. 1982, 86, 2769. (0 Olmstead, W. N.; 
Brauman, J. I. J .  Am. Chem. SOC. 1977, 99, 4219. 

(11) A complete description of the instrument can be found in: Ja- 
cobson, D. B., submitted for publication in Organometallics. 

(12) For reviews on FTMS methodology see: (a) Wanczek, K. P. Int. 
J. Mass Spectrom. Ion Proc. 1984, 60, 11. (b) Comisarow, M. B. Anal. 
Chim. Acta 1985, 178, 1. (c) Gross, M. L.; Rempel, D. L. Science 
(Washington, D.C.) 1984,226, 26. (d) Marshall, A. G. Acc. Chem. Res. 
1985, 18, 316. 

(13) Cooks, R. G. Collision Spectroscopy; Plenum: New York, 1978. 
(14) For discussions of collisional activation involving FTMS see: (a) 

McIver, R. T., Jr.; Bowers, W. D. Tandem Mass Spectrometry; McLaf- 
ferty, F. W., Ed.; Wiley: New York, 1983; p 287. (b) Burnier, R. C.; Cody, 
R. B.; Freiser, B. S. J. Am. Chem. SOC. 1981,104,7436. (c) Jacobson, D. 
B.; Freiser, B. S. Ibid. 1983, 105, 736, 7484. 

(15) The ionization gauge was calibrated for ethene by monitoring the 
following proton abstraction reaction 

ND3' + CZHI - ND3H+ + CzH3 

which has a reported rate constant of 1.3 f 20% X cm3 molecule-' 
s-l. (Smith, D.; Adams, N. G. Chem. Phys. Lett. 1980, 76,418). Propene 
pressure was measured by using the ethene calibration along with the 
ionization cross sections of ethene and propene. 

(16) A detailed description of pulsed valve introduction of reagent 
gases in conjunction with FTMS can be found in: Carlin, T. J.; Freiser, 
B. S. Anal. Chem. 1983,55, 571. 

(17) Su, T.; Bowers, M. T. Gas Phase Ion Chemistry; Bowers, M. T., 
Ed.; Academic: New York, 1979; Chapter 3. 
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The scrambling observed in reaction 4 may proceed by 
either reversible insertion of an olefin into a metal-hy- 
drogen bond, process 1, or by reversible insertion into 
vinylic C-H bonds of ethene, process 2. Labeling studies 
clearly cannot distinguish these two processes in this case. 
A single vinylic insertion/deinsertion (process 2) or ethene 
insertion (process 1) would result in exchange rates of 50% 
of 67%, respectively, of the collision rate with complete 
scrambling by multiple insertions yielding an exchange 
efficiency of 80% (assuming no isotope effects). The ob- 
served exchange efficiency of 8% for process 4 implies that 
a maximum of 16% of the collisions result in reaction. 
This slow rate of exchange is indicative of substantial 
barriers for both processes 1 and 2.1° 

Reaction with propene is quite different with facile 
dehydrogenation, process 5, and substantial scrambling is 
observed with FezD+, processes 6 and 7 .  If facile, reversible 
vinylic insertions were responsible for the scrambling in 
processes 6 and 7 ,  then reaction of FezH+ with propene- 
2 - 4  should yield a 1: l  ratio of H2 vs HD elimination 
whereas facile, reversible alkene insertion, process 1, should 
scramble all hydrogens yielding an Hz:HD elimination ratio 
of 71%:29%. Both processes 1 and 2 would result in 
scrambling of the C2 hydrogen on propene. Absence of 
HD elimination for reaction of FezH+ with propene-2-d, 
reveals that the C2 hydrogen on propene is not scrambled; 
therefore, neither process 1 nor process 2 can account for 
these results. These results, however, can be rationalized 
by invoking rapid interconversion of a hydrido propene 
complex with a dihydrido allyl species by reversible in- 
sertion across allylic C-H bonds, process 3. Such a 
scrambling process would render the C2 hydrogen unex- 
changeable as observed in reaction 8. Complete scrambling 
of the five terminal hydrogens of propene in reactions 6 
and 7 would yield a dehydrogenation distribution con- 
sisting of 33% HD and 67% Hz elimination which is ob- 
served. This suggests that  the barrier for the reversible 
insertion of FezH+ into an allylic C-H bond of propene is 
very small since it must be traversed several times prior 
to dehydrogenation. 

Additional aspects of the dehydrogenation process 5 can 
be investigated by monitoring H/D exchange of Fe2C3H5+ 
with D2 where only four hydrogens are exchangeable, 
process 9. This exchange is slow with a rate constant for 

4D2 
Fe2(CHzCHCH2)+ Fez(CDzCHCD2)+ (9) 

the first exchange roughly 1/10 of the Langevin collision 
rate.18 These exchanges can again be rationalized by 
invoking initial addition of deuterium to the metal centers 
followed by reversible conversion of the dideuterioallyl 
species with a deuteriopropene complex resulting in elim- 
ination of HD. This scrambling accounts for the four 
exchangeable hydrogens in Fe2C3H5+ where the C2 hy- 
drogen remains unexchanged as has previously been ob- 
served for CpRh(allyl)+.lg This was substantiated by 
monitoring H / D  exchange of FezC3H4D+, formed in re- 
action 8, with Dz where all four hydrogens undergo ex- 
change, indicating the C2 hydrogen is clearly the unique, 
unexchangeable hydrogen. 

These results demonstrate that the dynamics of hy- 
drogen migrations on small transition-metal centers can 
be probed by using gas-phase ion techniques. The origin 

(18) It was impossible to accurately measure the H/D exchange rate; 
however, it clearly is quite slow and was estimated to proceed at 1/10 the 
Langevin collision frequency. 

(19) Beauchamp, J. L.; Stevens, A. E., Corderman, R. R. Pure Appl. 
Chem. 1979, 51,  967. 

of the barriers to ethene insertion into an Fe-H bond or 
insertion into a vinylic C-H bond is unclear for these 
systems at  this time, however, they may be simply due to 
spin multiplicity restrictions.20 Such an argument has 
been used to account for the stability of Cp2Mo(H)(CzH4)+ 
which does not undergo unimolecular ethene insertion into 
the M-H bond forming an alkyl species.21 Additional 
work in this area concerning these very fundamental and 
important hydrogen migrations as a function of cluster size 
and ligand environment should yield important insights 
into the the factors affecting these arrangements and is 
currently being pursued in our laboratory. 
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(20) Ferguson, E. E. Interactions Between Ions and Molecules, Aus- 

(21) Benfield, F. W. S.; Green, M. L. H. J. Chem. Soc., Dalton Trans. 
loos, P., Ed.; Plenum: New York, 1975; p 318. 
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Summary: Treatment of benzene solutions of bis(tri- 
methylphosphinepitanocene, Cp,Ti(PMe,), (l), with 1 atm 
of N, results in formation of an equilibrium mixture con- 
taining ca. 30% of (Cp,Ti(PMe3))2(p-N2) (2), a bridging 
dinitrogen complex of titanocene. Compound 2 can be 
isolated in 56% yield by stirring a petroleum ether slurry 
of 1 under N, and filtering. The solid-state structure of 2, 
as determined by single-crystal X-ray diffraction methods, 
exhibits a relatively long N-N bond and short Ti-N bonds, 
consistent with substantial back-bonding from the titanium 
centers to the coordinated dinitrogen. 

The coordination and reduction of molecular nitrogen 
by group 4 metallocenes has been the subject of intense 
study and some controversy.' Much of the ambiguity 
surrounding this chemistry stems from the instability and 
resulting complexity of the parent "titanocene". Three 
research groups have reported the preparation of unstable 
dimeric nitrogen complexes of composition (Cp2Ti)2N2 (Cp 
= a5-C5H,), however, the properties of the compounds vary 
and their relationship is not clear.2 Although the work 

(1) (a) Pez, G. P.; Armor, J. N. Ado. Organomet. Chem. 1981, 19, 1. 
(b) Bercaw, J. E. In Fundamental Research in Homogeneous Catalysis; 
Tsutsui, M., Ugo, R., Eds.; Plenum: New York, 1977; Vol. 1, p 129. 

(2) (a) Van Tamelen, E. E.; Cretney, W.; Klaentschi, N.; Miller, J.  S. 
J .  Chem. Soc., Chem. Commun. 1972,481. (b) Borodko, Yu. G.; Ivleva, 
I. N.; Kachapina, L. M.; Salienko, S. I.; Shilova, A. K.; Shilov, A. E. J .  
Chem. SOC., Chem. Commun. 1972,1178. (c) Bercaw, J. E.; Marvich, R. 
H.; Bell, L. G.; Brintzinger, H. H. J. Am. Chem. SOC. 1972, 94, 1219. 
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