(London), 192, 222 (1961).

(25) E. C. Lingafelter and R. L. Braun, J. Am. Chem. Soc., 88, 2951 (1966).

(26) The division between symmetrically bidentate and unsymmetrically bi-
dentate nitrate groups Is, of course, arbitrary. Addison et al.’® consider
a coordinated nitrate group to be symmetrically bidentate If the two
M-0 bonds differ by less than 0.2 A,_and unsymmetrically bidentate, if
the two M-O bonds differ by 0.2-0.7 A. Thus, the nitrate groups In Zr-
(acac)2{NO3)2 would ordinarily be considered to be symmetrically biden-
tate, desplte the small but real differences in the two Zr-O and N-O
bond lengths.

(27) See, for example, (a) P. M. Cook, L. F. Dahl, D. Hopgood, and R. A.

5143

Jenkins, J. Chem. Soc., Dalton Trans., 297 (1973); (b) M. Calligaris, G.
Manzini, G. Nardin, and R. Randaccio, /bid., 543 (1972); (c) T. J. Ander-
son, M. A. Newman, and G. A. Melson, /norg. Chem., 12, 927 (1873).

(28) L. Pauling, '"The Nature of the Chemical Bond'', 3rd ed., Cornell Univer-
sity Press, lthaca, N.Y., 1960, p 26Q.

(29) It Is well known that C-H distances determined by X-ray techniques are
usually short by ~0.15 A. However, the nearly parallel orientation of the
C-H bonds for the eclipsed acac hydrogen atoms willl tend to minimize
the effect of this systematic error on the "short'’ intramolecular H---H
contacts.

(30) J. K. Howle and R. C. Fay, unpublished results.

Reactivity Patterns of Chromocene, Molybdenocene,
and Tungstenocene Reaction Systems. I. Carbonyl
Complex Formation as a Probe of

Coordinative Unsaturation!2

Kit L. Tang Wong!® and Hans H. Brintzinger*'c

Contribution from the Department of Chemistry, The University of Michigan,
Ann Arbor, Michigan 48104, and Fachbereich Chemie, Universitat Konstanz,

D 7750 Konstanz, West Germany. Received November 5, 1974

Abstract: Carbon monoxide is found to form a monocarbonyl complex with chromocene. Whereas (CsHs)aMo(CO) and
(CsHs)2W(CO) are thermally stable compounds, we find that the formation of (CsHs)>Cr(CO) is reversible; the associated
enthalpy and entropy changes are AH;® = —18.8 + 0.5 kcal/mol and AS® = —60 + 2 eu. The dicarbonyl complexes
(CsHs)(CsH7)M(CO);, are stable for all three group 6 metals, M = Cr, Mo, and W. Tungstenocene, on the other hand, is
unique in forming a stable dicarbonyl complex (CsHs)>W(CO), which exceeds an 18-valence-electron configuration. Fac-
tors contributing to the increasing accessibility of the metal center in the series (CsHs)2Cr, (CsHs):Mo, (CsHs)aW to CO

coordination are discussed and put in parallel to reactions of these species with other types of substrates.

Some time ago, we and others have reported on remark-
able gradations in reactivity among the coordinatively un-
saturated group 6 transition metal metallocenes.2-* Chro-
mocene appears to be a fairly nonreactive particle, whereas
both molybdenocene and tungstenocene, generated as inter-
mediates from a number of reaction systems, will undergo a
variety of basic addition and insertion steps of potential in-
terest for homogeneous catalysis. Of the three metallocenes,
however, only tungstenocene is capable of inserting into the
C-H bond of aromatic hydrocarbons. In order to gain a
more detailed understanding of factors contributing to this
variation in reactivity, we have undertaken a systematic
study of the reactions of carbon monoxide with this series of
coordinatively unsaturated particles, as a particularly sim-
ple and efficient probe for coordinative unsaturation.

To date, monocarbonyl complexes have been described
for molybdenocene and tungstenocene,** but not for chro-
mocene. A stable dicarbonyl complex of composition
(CsHs)(CsH7)Cr(CO),, on the other hand, has long been
known to arise as one of the products when chromocene is
exposed to both CO and H;.5 Preliminary reports on a re-
lated complex derived from molybdenocene have appeared
in the literature recently.® We wish to report here a more
systematic characterization of these known species, as well
as observations on the occurrence of novel carbonyl com-
plexes for both chromocene and tungstenocene.

Results and Discussion

1. Formation and Properties of (CsHs)>Cr(CO). When so-
lutions of chromocene in petroleum ether or toluene are ex-
posed to carbon monoxide, one observes a change in the
visible spectrum. At CO pressures increasing from about

100 Torr to one atmosphere or more, one observes a dimi-
nution and final disappearance of the characteristic chro-
mocene absorption at 454 nm. The reversibility of this reac-
tion is established by the reappearance of this absorption
band upon removal of the CO atmosphere. In a series of
analogous experiments, we were unable to detect any inter-
action of chromocene with hydrogen gas, ethylene, 2-but-
yne, or diphenylacetylene.

Since complex formation is far from stoichiometric at
room temperature, we have further characterized the com-
plex formed from chromocene and carbon monoxide at
lower temperatures, One finds that a petroleum ether solu-
tion of chromocene takes up CO at —78° under formation
of a brownish precipitate which is stable against loss of CO
in vacuo at this temperature. When warmed to room tem-
perature, this complex loses 1 mmol of CO per millimole of
chromocene; this establishes the 1:1 composition of the car-
bonyl complex formed. A determination of the equilibrium
constant for the reaction (CsHs).Cr (sol) + CO (gas) =
(CsHs)2Cr(CO) (sol) (sol = in toluene solution) is most
conveniently performed by measuring the equilibrium pres-
sure of CO (gas) over a partially carbonylated chromocene
solution; measurements at different temperatures then yield
the reaction enthalpy for this complex formation reaction.
From the data presented in Table I we determine a stan-
dard enthalpy of complex formation of —18.8 & 0.5 kcal/
mol and an associated entropy change of —60 £ 2 eu.”

In the '"H NMR spectrum of a toluene-dy solution of the
carbonyl complex one sharp singlet is observed at r 6.06
ppm, consistent with chemical shifts obtained with compa-
rable, diamagnetic CsHs complexes. Above 0° there is an
increasing broadening of the singlet at r 6.06, due to the re-
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Table I. Equilibrium Pressure of CO, P(CO), and Equilibrium
Constant K (in atm ') for the Reaction (n-C H,),Cr (sol) + CO
(gas) = (n-C,H,),Cr(CO) (sol)

T,°K P(CO), Torr K (atm™)
280 9.4 41.7
2935 47.0 6.53
297 53.0 5.81
303 80.0 3.10
308 118.9 1.61

generation of paramagnetic chromocene. The ir spectrum of
the carbonyl complex, taken in toluene solution at 0°, con-
tains a strong, sharp carbonyl absorption at 1900 cm™!, All
these data clearly establish the structural analogy of
(CsHs)>Cr(CO) to its molybdenum and tungsten homologs,

In this respect it is particularly noteworthy that in
(CsHj;),Cr(CO), with »(CO) 1900 cm™!, one observes the
lowest CO stretching frequency in the series, the corre-
sponding values being 1921 cm™! for (CsHs);Mo(CO) and
1922 cm™! for (CsHs),W(CO).4® This would indicate that
electron back-donation from the metal to the CO ligand is
at least as efficient for chromium as it is for its 4d and 5d
homologs; hence the question arises as to why the chromo-
cene carbonyl is so much less stable than its Mo and W ho-
mologs. Standard enthalpies of complex formation are not
known for (CsHs):Mo(CO) and (CsHs):W(CO); these
values might be estimated, However, from the thermal sta-
bility of these complexes at sublimation conditions (temper-
atures above 40° and pressures below 107° Torr) and from
their photodecomposition by visible light, to lie between
boundaries of —25 kcal/mol > H¢® > —75 kcal/mol. The
great reduction in stability of the chromocene adduct is ob-
viously caused by some factors other than the intrinsic
metal-CO bond strengths. Since the formation of the car-
bonyl complex is accompanied in each case by a deforma-
tion of the axially symmetric sandwich structure, and by a
pairing of two previously unpaired electrons, one is led to
the conclusion that a higher spin pairing energy for chromi-
um and/or a higher resistance of the chromium sandwich
against the required structural distortion might contribute
to the decreased stability of the chromocene carbonyl com-
plex. A more quantitative estimate of these contributions
will be attempted in a separate communication.’

2. Formation and Properties of (CsHsXCsH7)Mo(CO),
and (CsHsYCsH7)W(CO),. Formation of (CsHs)(CsH7)Mo-
(CO); has been reported to occur when [(CsHs)2MoHLi]4
is treated with carbon monoxide.® We find that this dicar-
bonyl complex is obtained, more conveniently, by sodium
amalgam reduction of (CsHs)2MoCl, in the presence of
both CO (150 atm) and H; (50 atm) in toluene solution at
65°. Analogously, (CsHs)(CsH7)W(CO), is available,
starting from (CsHs),WCl,.

The properties of these two dicarbonyl complexes are
quite similar to each other and to those reported for
(CsHs)(CsH7)Cr(CO),.° Both (CsHs)(CsH7)Mo(CO),
and (CsHs)(CsH7)W(CO); yield, in their '"H NMR spec-
tra, a sharp singlet at 7 5.35 ppm. Another set of resonances
is observed at + 6.37-6.50 and 8.10 ppm for
(CsHs)(CsH7)Mo(CO); and at 7 6.73 and 8.10 ppm for
(CsHs)(CsH7)W(CO),. Intensity ratios of about 5:3:4 are
in accord with an assignment of the singlet to a symmetric
CsHs-ring and of the other set to allyl and methylene pro-
tons of the hydrogenated CsH5 ring. Similar 'H NMR re-
sults have been reported for (CsHs)(CsH7)Cr(CO);.° Mass
spectra show parent ions for (CsHs)(CsH7)Mo(CO); and
(CsHs)(CsH7)W(CO),, respectively, with correct isotope
distributions. In their ir spectra, two strong and sharp, ter-
minal carbonyl stretching absorptions are observable at

1882 and 1958 cm™! for the molybdenum complex and at
1878 and 1952 cm™! for the tungsten homolog. The corre-
sponding absorptions for (CsHs)(CsH7)Cr(CO); occur at
1835and 1916 cm™!.5

All three compounds (CsHs)(CsH7;)M(CO); (M = Cr,
Mo, W) must contain their CsH7-ring as a n3-allylic ligand,
with two methylene groups out of contact with the metal, a
structure similar to that reported for (CsHs)(CsH7)Ni. 0.t
The rather similar CO stretching frequencies indicate again
that back-donation is about equally effective for all three
metals, chromium causing a somewhat greater shift again
to lower wavelengths. In addition, the grossly observable
stability against CO dissociation does not differ between the
three metals in this case, all three compounds being stable
under sublimation conditions. For a first dissociation of CO
from (CsHs)(CsH7)M(CO),, to form an intermediate
(CsHs)(CsH7)M(CO), one would not expect any signifi-
cant energy contributions from an adjustment of either ge-
ometry or spin multiplicity similar to that involved in disso-
ciation of CO from (CsHs)}>M(CO). The CsH7-ring is no
longer capable of coordination through more than three
carbon atoms, and the primary carbonyl dissociation prod-
uct would presumably still be in a spin-paired configura-
tion. In the absence of these discriminating factors—spin
pairing energies and distortion force constants—an essen-
tially identical coordination behavior is revealed for these
homologous chromium, molybdenum, and tungsten com-
pounds.

3. Formation and Properties of (CsHs);W(CO),. In addi-
tion to the complexes described above, we have observed the
formation of yet another carbonyl complex of tungsteno-
cene, the composition of which is quite unusual, since it ap-
pears to exceed an 18-electron valence shell configuration.

When the reduction of (CsHs);WCl, is carried out under
higher CO pressures in the absence of hydrogen, one ob-
tains, instead of the green monocarbonyl formed at ambient
or lower CO pressures, another complex of dark blue color.
This complex exhibits in its ir spectrum two terminal CO
stretching vibrations at 1872 and 1955 cm™', virtually in-
distinguishable from those of (CsHs)(CsH7)W(CO),. Its
mass spectrum, however, contains a parent ion
[(CsHs),W(CO),]* at m/e 372-366 with the correct iso-
tope distribution, together with fragment ions
[(C5H5)2W(CO)]* and [(CsHs),W]*, which clearly dis-
tinguish this particle from (CsHs)(CsH7)W(CO),. In addi-
tion, the 'H NMR spectrum consists of only one sharp sin-
glet with » 4.50 ppm at temperatures between 20 and
—100°. On the basis of these data, one can tentatively as-
sign to this complex the composition (CsHs)>:W(CO),. The
presence of two CO ligands would imply for this tungsten
sandwich a formal 20-electron valence shell configuration.
It is conceivable, however, that this complex would evade
such an unfavorable situation by some distortion of the
sandwich core structure toward a n3-allylic bonding of one
of the ring ligands. One would expect such a distortion to be
fluxional on too fast a time scale to be detectable by an ob-
servable splitting of ring proton nuclear resonances. It is in-
teresting to note, however, that a significant shift to lower
fields is observed for the ring protons in (CsHs)2W(CO),
compared to (CsHs); W(CO), which might indeed be due to
an unshielding of those two methine groups which are out of
contact with the metal at any given time. The obvious anal-
ogy in the immediate environment of the metal in such a
structure to that in (CsHs)(CsH7)W(CO); would also pro-
vide an explanation for the virtually superimposable CO
frequencies of these two compounds.

While the formation of (CsHs)aW(COQO), requires the
presence of elevated CO pressures, little decomposition of
the complex is observed, even in solution, in the absence of
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CO. Over several months, some monocarbonyl
(CsHs);W(CO) is regenerated in  solutions of
(CsHs),W(CO),, but the stability of the complex under
sublimation conditions indicates that the complex retains its
two CO ligands with fair rigidity; possibly, a higher oxida-
tion state of tungsten is required as an intermediate for gain
or loss of the second carbonyl ligand (cf, ref 7). We have
tried to obtain, under analogous reaction conditions, the
corresponding molybdenocene dicarbonyl complex. Occa-
sionally, NMR or ir data were obtained on freshly prepared
solutions, which would be in accord with the expected pres-
ence of (CsHs)2Mo(CO),; only monocarbonyl (CsHs)>Mo-
(CO) was found to be present, however, after the usual
work-up procedures. If the molybdenocene dicarbonyl com-
plex (CsHs);Mo(CO); is formed at all, it is certainly much
more labile, both thermodynamically and kinetically, than
its tungsten counterpart.

Conclusions

In summary, the data presented above, particularly the
near-identical CO stretching frequencies observed for anal-
ogous carbonyl complexes of chromium, molybdenum, and
tungsten, would indicate that these three metals impart
rather similar electronic properties to their respective sand-
wich derivatives, and that the rather striking reactivity dif-
ferences observed are certainly not exclusively and probably
not even largely due to differences among the three metals
in their capability for back-donation toward unsaturated
ligand moieties, be it in reaction products or in transition
states. On the other hand, we observe a continuous trend
toward increasing accessibility of the metal to entering CO
ligands in the series (CsHs)2Cr, (CsHs)aMo, (CsHs)aW.
Whereas chromocene forms an unstable monocarbonyl
complex only, a stable monocarbonyl complex exists for
both of the heavier homologs; only tungstenocene, finally, is
capable of forming even a stable dicarbonyl complex. This
continuous trend reflects—among other conceivable fac-
tors—most likely a decreasing resistance of the metallocene
sandwich structure against some prerequisite distortions
and against the required change in spin multiplicity. This
decrease in distortion force constants and electron repulsion
energies in the series chromocene, molybdenocene, tung-
stenocene might also enter as a decisive factor into the ob-
served differences in reactivity toward other reaction part-
ners, such as aromatic C-H bonds. This hypothesis is to be
elaborated in a subsequent communication.?

Experimental Section

The materials were handled under an atmosphere of argon. All
solvents were distilled from appropriate drying and deoxygenation
reagents in a vacuum manifold; gases were obtained in prepurified
grade and used without further purification. The preparation of
(n-CsHs),Cr was based on the procedure described in ref 12. (-
CsHs)aMoH,,  (5-CsHs)aMoCly,  (3-CsHs):WH,,  and  (9-
CsHs),WCl, were prepared using methods described by Green et
al.!3 and Cooper and Green.14

1. Formation of (3-CsHs)2Cr(CO) from (5-CsHs),Cr. (n-
CsHs)2Cr (298.1 mg, 1.64 mmol) was dissolved in 50 ml of petro-
leum ether at —78°. A brownish precipitate was observed upon in-
troduction of 1 atm of CO. After removal of excess gas, the mix-
ture was slowly warmed to room temperature; the evolved gases
were collected via a Toepler pump, while the solution returned to
its original orange color. The collected gas was identified as CO by
ir. The total yield of CO corresponds to a ratio of 0.95 CO/(n-
CsHs)oCr, in accord with the formation of a 1:1 complex of (5-
CsHs)>Cr(CO). In the ir spectra of the brownish precipitate taken
in toluene at 0°, a strong and sharp CO absorption is observed at
1900 cm~'. Low temperature 'H NMR spectra of (5-
CsHs)2Cr(CO) in toluene-dg show a singlet at 7 6.06.

2. Equllibrium Measurements for (n-CsHs)Cr + CO = (y-
CsHs)2Cr(CO). Chromocene (470 mg, 2.58 mmol) was dissolved in
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25 ml of toluene in a flask of known volume, ¥V, and cooled to
—78°. CO gas (0.895 mmol) was introduced into this flask and al-
lowed to react with chromocene at —78°. The system was then
equilibrated at various temperatures, T, and the resulting total
pressure was measured. The equilibrium pressure of CO, P(CO),
was obtained by correcting for the vapor pressure of toluene at that
temperature. Results of duplicate experiments are given in Table L.

The equilibrium constant at each temperature was then evalu-
ated, using the following relationship.

_ [(n-CsH5),Cr(CO)] _ (0.895 — N(gas))
[(n-CsHs)2Cr]P(CO)  (2.58 — 0.895 + N(gas))P(CO)
P(CO) = Pigal — Proluene; Proluene =
vapor pressure of toluene at temperature T

The number of millimoles of CO in the gas phase at each tempera-
ture, N(gas), is determined from the equilibrium pressure of CO,
the volume of the reaction flask, and the temperature by the ideal
gas law. Values for the equilibrium constant K(atm) for the reac-
tion (CsHs)>Cr (sol) + CO (gas) = (CsHs)>Cr(CO) (sol) are
given in Table I for various temperatures. From these data, one ob-
tains the standard enthalpy and entropy data given in section 1.

3, Preparation of (n-CsHs)#3-CsH7)Mo(CO),. (1-CsHs)2MoCl,y
(100 mg, 0.33 mmol) and 0.7 ml of Na-Hg alloy (1 mmol of
Na/ml of Hg) were suspended in 25 ml of toluene, in a side-arm
flask. The mixture was stirred in the autoclave under 150 atm of
CO and 50 atm of H; at 65° for 20 hr. The suspension was then
filtered to remove sodium amalgam and NaCl. After removal of
solvent, (n-CsHs)(n?-CsH7)Mo(CO), was obtained as an orange
sublimate under a vacuum of 103 Torr at 40° (yield ca. 20%).
Characterization by mass spectra, ir, and NMR spectra is as given
in text.

4. Preparation of (n-CsHs)n3-CsH/W(CO). (n-CsHs)(n*-
CsH7)W(CO), was prepared in the same manner as described for
(n-CsHs)(n*-CsH7)Mo(CO); from (n-CsHs),WCl, as starting
material (yield ca. 15%).

5. Preparation of (3-CsHs)2W(CO)2, (n-CsHs),WCl, (100 mg,
0.26 mmol) and 0.8 ml of Na-Hg (1 mmol of Na/ml of Hg) were
suspended in 25 ml of toluene. The mixture was then stirred at 25°
under 140 atm of CO in the autoclave for 16 hr. The suspension
was filtered under Ar and the solvent was removed in vacuo. (-
CsH5)aW(CO); was obtained as a dark blue sublimate at 40° and
103 Torr (yield ca. 20%). For a characterization of this com-
pound, elemental composition is practically useless; combustion
analysis for C and H content could not discern this compound with
sufficient  reliability  from  either (CsHs)aW(CO) or
(CsHs)(CsH7)W(CO),. Characterization was therefore based on
mass spectra, NMR, and ir data as discussed in text.
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Abstract: Gradations in reactivity among the group 6 metallocenes have been studied theoretically by an extended Hiickel
molecular orbital analysis of one-electron energy changes associated with the formation of reaction products and intermedi-
ates, and by an evaluation of the associated electron-electron repulsion energies in terms of Racah repulsion parameters. The
effect of ring-metal-ring bending distortions on spin-pairing energies is described, and the results are used to express enthal-
pies of formation of monocarbonyl complexes. A satisfactory accounting is obtained for the different stabilities observed for
(CsHs)>Cr(CO) and (CsHs):Mo(CO). The unique stability of the 20-electron species (CsHs)>, W(CO); is discussed in terms
of changes in ligand repulsions, but not thoroughly understood. The formation of the dihydride (CsHs);MoH; from a
(CsHs):Mo intermediate and an H; molecule is described in detail by a correlation diagram for various electronic states; it is
concluded that the activation energy for this insertion reaction is nearly equal to the spin-pairing energy associated with its
transition state. Finally, the formation of tungstenocene phenyl hydride complexes by insertion into aromatic C-H bonds is
discussed in terms of repulsive ligand interactions and facilitated ring dislocations similar to those held responsible for the

unique stability of the tungstenocene dicarbonyl complex mentioned above.

Interesting reactivity patterns have been established for
group 6 transition metal bis(cyclopentadienyl) species with
a number of substrate molecules (see Table I).

Most prominent among the reactivity differences ob-
served is the lack of reactivity of chromocene vis-a-vis virtu-
ally all substrates except CO? and, on the other hand, the
unique tendency of tungstenocene to form a stable dicar-
bonyl complex (which exceeds an 18-electron configura-
tion)? and to generate phenyl hydride derivatives by inser-
tion into aromatic C-H bonds.>* In order to extract from
these observations some generally useful reactivity parame-
ters for addition or insertion reactions of low-valent metal
species, we have undertaken a theoretical analysis of those
factors which might govern the feasibility of reactions such
as those mentioned in Table I. We wish to present here
computational evidence that the reactivity differences in the
series under consideration are largely due to differences in
interelectronic repulsion energies, namely, one-center repul-
sions between d electrons on the metal atom and two-center
repulsions between different ligands, which are associated
with the formation of products or intermediates in the reac-
tion concerned.

Computational Methods

The computational approach utilized in this study con-
sists of two mutually complementary parts: an analysis of
one-electron orbital energies and eigenfunctions by the ex-
tended Hiickel molecular orbital (EHMO) method, and a
subsequent determination of the total energies for the ensu-
ing possible d-electron configurations and their individual
multielectron states by an expansion in terms of Racah
electron repulsion parameters. The role of the extended

Hiickel calculations is to establish values of orbital splitting
and mixing associated with varying geometries. The subse-
quent ligand field multiplet calculations then give the ener-
gies of possible multiplet states for the various geometries of
the reaction complex considered. In this way, we hope to
obtain an intuitively transparent break-down of the main
origins of differences in reaction enthalpies and activation
barriers in this series of coordinatively unsaturated com-
pounds.

The EHMO method has been used with considerable
success in the treatment of various transition metal com-
plexes®-® as well as transition states and intermediates in a
variety of chemical reactions.®-!! It has been found to yield
reliable estimates of optimal geometries with respect to an-
gular parameters,'? since the dependence of bond angles on
both overlap between bonded atoms and repulsive interac-
tion between nonbonded atoms is appropriately modeled by
this method. The EHMO program used is based on a pro-
gram originally written by Hoffmann'? and modified by
Bartell et al.'* The basis orbitals for the metal atoms are
single-parameter Slater-type atomic orbitals of the np, nd,
(n + 1)s, and (n + 1)p type. The np orbitals of the metal
are included to provide the necessary repulsion at small in-
ternuclear metal-ligand separation. The orbital exponents
and diagonal energy matrix elements adopted for the calcu-
lations are given in Table II. These values, close to those
employed in earlier calculations,®!3-!7 were chosen so as to
yield acceptable results on the following counts: (1) ioniza-
tion potentials for both metal complexes and substrate mol-
ecules close to those experimentally determined; (2) energy
gaps between occupied and empty orbitals compatible with
experimentally established or supported orbital occupation
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