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Conversion of Alkynes into Vinylidene: New Theoretical Insights
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The transformation of acetylene into vinylidene, as promoted acetylide intermediate to vinylidene (20.6 kcal/mol) is easier
to surmount compared to that for reversion to the reactantsby the metal fragment [(pp3)Co]+ [pp3 = P(CH2CH2PPh2)3], is

unimolecular and features the hydride–acetylide species as (28.6 kcal/mol). The situation is reversed for the analogous
RhI system, with the initial π-acetylene adduct being slightlyan intermediate. The paper describes a detailed ab initio

study of the reaction, in particular with regard to the step more stable. Although higher in energy, the hydride–
acetylide species is the experimentally detected product ofinvolving 1,3-H shift. The best computational results are

obtained by mimicking the pp3 ligand with actual ethylenic the reaction of acetylene with the fragment [(pp3)Rh]+. The
salient chemical aspects of the 1,3-H shift are discussed inchains rather than with single PH3 molecules. The keypoints

along the two-step reaction path (π-acetylene, hydride– terms of perturbation theory arguments. Parallel EHMO
calculations, which have provided a relatively goodacetylide, and vinylidene complexes, as well as intermediate

transition states) have been optimized for CoI and RhI consistency with the ab initio results, allow the proposal of
an orbital rationale for the mode of migration of the hydridederivatives at the MP2 level. For the fragment [(pp3)Co]+, the

barrier associated with transformation of the hydride– ligand along the substantially linear Co–Cα–Cβ grouping.

[CpMn(CO)2]. [3] More recent ab initio calculations wereIntroduction
supportive of the same pathway for the fragment

The conversion of unsubstituted or monosubstituted Cl2(PH3)2Ru.[4a] There are cases, however, for which the
acetylene into vinylidene has been widely investigated both formation of a metal hydride2acetylide species has been
experimentally[1] and theoretically. [2] The strongly endo- documented[527] and the question remains open as to
thermic reaction HC;CH R :C5CH2 (ca. 45 kcal/mol) be- whether the latter is the actual intermediate en route to the
comes more feasible in the presence of numerous ancillary vinylidene complex (steps a and b in II, correspond to C2H
metal fragments. Following the first EHMO studies, [3] the oxidative addition followed by 1,3-H shift) or is merely
problem of the metal-promoted interconversion has also formed as a side-product. If the latter were to be the case,
been tackled by several groups using higher-level ab initio the formation of vinylidene would also imply the reverse of
theory. [4] Briefly, we wish to summarize what is known step a (reductive elimination) followed by the 1,2-H shift
about the reaction I, which may follow alternative path- itself (step c).
ways.

I

The least-motion 1,2-shift seems to be best promoted by
d6 metal fragments, which initially form π-adducts with the
alkyne. For example, the early EHMO analysis was consist-
ent with the latter mechanism in the case of

II
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acetylide formation might be involved in acetylene polymer- Computational Details
ization promoted by electron-deficient metal fragments [e.g.

EHMO CalculationsX4W (X 5 F, Cl)] was ruled out. On the other hand, Werner
et al. [5] reported that the hydride2acetylide is formed in the In MO calculations of the extended Hückel type, [10] a
presence of the d8 planar fragment [Cl(PR3)2Rh]1. How- weighted-modified Wolfsberg2Helmholz formula[11] was
ever, an ad hoc theoretical study[4b] showed that the used. Literature STO parameters were used for Co,[12] while
straightforward 1,3-H shift cannot be pursued. More prob- standard values were used for the main group elements. The
ably, the vinylidene species forms through a bimolecular 3D drawings, correlation and interaction diagrams were
mechanism where the hydrogen atom coordinated to one generated using the program CACAO.[9]

metal is transferred to the Cβ acetylide atom of a second,
properly oriented, complex molecule. The coordinated hy- Ab Initio Calculations
drogen atom in the latter follows the parallel path in the The ab initio calculations were performed with the Gaus-
opposite direction. Although novel and interesting, the bi- sian-94[13] program at the MP2 level (electron correlation
molecular mechanism cannot be invoked in all cases involv- by second-order Møller2Plesset perturbation) using the
ing the hydride2acetylide species. We refer in particular to ECP (effective core potential) approximation for some
the chemistry supported by the ancillary d8 metal fragment atoms. Specifically, the 17-electron ECP of Hay and
[(pp3)Co]1 [pp3 5 P(CH2CH2PPh2)3] [6] or by the d6 metal Wadt[14] was adopted by using the [3s3p2d]/(5s5p5d) and
fragment [Cp*(dippe)2Ru]1 dippe 5 iPr2PCH2CH2PiPr2]. [7]

[3s3p2d]/(5s5p4d) basis functions for cobalt and rhodium,
Kinetic and spectroscopic studies of these species provide respectively. Moreover, in order to further reduce the com-
evidence that the reaction leading to vinylidene is first-order putational burden, 10- and 2-electron ECPs were adopted
unimolecular. Most probably, the bulkiness of the phenyl for phosphorus and carbon atoms, respectively, by using the
substituents in pp3 makes docking of two molecules diffi- [2s2p]/(4s4p) basis set. [15] For the H atoms, the D95 set was
cult. Finally, the hydride2acetylide complexes adopted. [16] Single-point energy calculations on the optim-
[(pp3)CoH(C;CR)]1 (the derivative with R 5 SiMe3 could ized structures were carried out using the same effective
be structurally characterized since it is inert to further core potential for the metal and the 6-31G* basis set[17]

transformation[6]) generally undergo transformation into for the other atoms. Unless otherwise specified, we discuss
the most stable vinylidene complex, even in the solid state, energies at these highest basis sets. Finally, to test the re-
i.e. simply upon warming the crystals. Mainly because of liability of the ECP approximation, the computations were
spatial constraints within the lattice, the unimolecular reac- repeated using the ECP only for the transition metal, while
tion implies minimal geometrical rearrangement. Thus, es- a 6231G basis set was used for the remaining atoms. The
pecially in the presence of a bulky acetylene substituent differences are not substantial, as can be seen on inspection
such as phenyl, it is unthinkable that the hydride2acetylide of the data in Table 1.
can undergo reversion to the π-adduct, and hence that the In all cases, the geometries of the stationary points were
reaction proceeds through a 1,2-H shift. In any event, by fully optimized at the MP2 level using the analytical gradi-
disregarding the spatial constraints of the solid state, it is ent under the Cs symmetry constraint. The transition state
interesting to evaluate the barrier for the reverse C2H re- structures were relaxed after introducing small pertur-
ductive elimination of the hydride2acetylide and, where bations to ensure that they were indeed associated with the
possible, that for the conversion of the π-adduct into the corresponding reactants and products. In the complexes
final vinylidene complex. with independent PH3 ligands, the true minima or the tran-

In order to focus more intently on this point, and since sition state points on the potential energy surface were de-
the system reported by Bianchini et al. [6] {that involving the tected by calculating the second energy derivative matrix.
d8 metal fragment [(pp3)Co]1} has never been theoretically Only for one of the optimized structures containing the ac-
investigated in detail, we have performed specific ab initio tual model of the ligand pp3 (refer later to 3a in Figure 1)
calculations (the MP2 level was selected to be consistent were the frequencies calculated. Although one imaginary
with the approach adopted in ref. [4b]). The same set of cal- frequency was found (not unexpectedly in view of the im-
culations has been carried out for the isoelectronic fragment posed Cs symmetry, see the later discussion), the optimized
[(pp3)Rh]1, which is reported to yield only the hydride2 structures were still considered acceptable from a chemical
acetylide species. [8] The sufficiently satisfactory numerical viewpoint.
results are reported herein. We also outline some important
chemical implications using the qualitative language of Per-
turbation Theory. In fact, a pictorial MO analysis (EHMO Results and Discussion
method using the CACAO package[9]) allows the evolution
of the MOs between structural key-points on the reaction Ab Initio Calculations: Modelling Strategies and
coordinate, already indicated by the ab initio results, to be Energetic Trends
monitored. The two approaches are not inconsistent, so
that ultimately the quantitative and qualitative theoretical The tripodal ligand pp3 was first mimicked with four in-

dependent PH3 molecules, as is a common practise in MOinferences allow a good understanding of the system based
on common chemical intuition. calculations. As a result, various isomers of the general for-
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Table 1. Experimental and calculated distances and angles for CoI-vinylidene cationic complexes

Ligand pp3 Four (PH3) ligands
Expt. Struct.[a] ECP-31G[b] ECP-31G[b] 6-31G[b] Expt. Struct.[c] ECP-31G[b] 6-31G[b]

Symmetry C1 Cs C1 Cs C1 C2v C2v
Co2P1 2.185 2.16 2.16 2.14 2.252 2.30 2.33
Co2P2 2.21 2.23 2.24 2.24 2.246 2.30 2.33
Co2P3 2.20 2.11 2.11 2.11 2.214 2.14 2.15
Co2P4 2.205 2.11 2.11 2.11 2.219 2.14 2.15
Co2C1 1.71 1.67 1.67 1.67 1.728 1.68 1.68
C12C2 1.34 1.38 1.38 1.34 1.38 1.34
P12Co2P2 87.0 90.41 90.43 90.06 109.58 99.64 97.78
P12Co2P3 85.0 89.36 89.24 89.44 92.02 95.83 96.43
P12Co2P4 84.3 89.36 89.49 89.44 95.87 95.83 96.43
P22Co2P3 108.8 102.35 103.18 102.44 95.58 95.83 96.42
P22Co2P4 109.1 102.35 101.34 102.44 95.27 95.83 96.42
P32Co2P4 140.0 155.28 155.45 155.10 163.60 161.88 160.40
P12Co2C1 164.5 154.83 154.36 155.56 133.51 130.20 131.09
P22Co2C1 107.5 114.76 115.20 114.38 116.37 130.17 131.13
P32Co2C1 91.5 85.37 85.45 85.46 81.61 80.94 80.19
P42Co2C1 89.0 85.37 85.17 85.46 82.58 80.94 80.19
Co2C12C2 168.5 177.16 177.26 177.20 180.00 180.00

[a] Average values of the two complex cations [(pp3)Co2C5CHPh]1 reported in ref. [6] 2 [b] For metal atoms, the effective core potential
(ECP) of Hay and Wadt was chosen. 2 [c] Values for the complex [(PH3)4Co2CO]1 reported in ref. [18]

mula [(PH3)4Co(C2H2)]1 could be optimized, although the
geometries were not fully consistent with the structural data
available for [(pp3)Co(C2HR)]1. [6] Data are available for the
hydride2acetylide species with R 5 SiMe3 (III), which is
sufficiently stable for X-ray analysis. Conversely, the vinyl-
idene isomer is most easily obtained for R 5 phenyl (IV).
In this case, the transformation starting from the corre-
sponding hydride2acetylide complex proceeds even in the
solid state, simply upon warming the crystals.

IV

opens out towards 180°. The latter angle, α, can be con-
sidered as a governing parameter in this type of reactivity
as promoted by (pp3)M fragments (vide infra).

III

The most obvious difference between III and IV is the
shape of the L4M ancillary fragment. While the skeleton of V
(pp3)Co is approximately trigonal-pyramidal in III, a but-
terfly shape (pseudo-C2v symmetry) is observed in the hy- As mentioned above, the inadequacy of (PH3)4Co as an

ancillary fragment is evident as some parameters divergedride2acetylide complex IV. Because of the constraints due
to the ethylenic chains, the interconversion can only occur significantly from the experimental values. In particular,

one of the angles Pc2Co2Pt, which are all close to 90° inthrough the pathway V. Thus, all of the Pc2M2Pt angles
remain close to 90°, while one of the Pt2M2Pt angles the actual fragment (pp3)Co, is found to be as large as
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145.5° at the transition state along the pathway a (see II).
Another aspect is that the free PH3 ligands are clearly sub-
ject to steric hindrance. Thus, in the optimized pseudo-octa-
hedral hydride2acetylide complex, the two trans-axial
phosphane ligands are not perfectly linear but are bent
away from the equatorial ligands in order to avoid short
contacts (angle of 157.7°). The same feature has been ob-
served in the structure of [(PH3)4CoCO][18] (the structural
parameters of the latter are reported in Table 1), which
would, however, be unattainable with the ligand pp3. In
fact, no vinylidene complex with four independent phos-
phane ligands has ever been reported. Indirectly, this may
suggest that the variations of the stereochemistry about the
metal atom impose a subtle orbital control on the acety-
lene2vinylidene transformation. Thus, we then focused on
the results of MP2 calculations where the ligand pp3 was
mimicked with the model P(CH2CH2PH2)3 (terminal hy-
drogen atoms in place of the phenyl substituents). The need
for the actual tripodal ligands in ab initio calculations has
recently been stressed by other authors. [19]

To reduce the computational burden and to exploit at
least one symmetry element, the skeletal atoms of one
PcCH2CH2Pt arm as well as the cobalt atom were forced to
be planar, thus ignoring the propensity of the aliphatic
chains to be chiral. Indeed, use of this Cs approximation
for the models 1a, 2a, and 3a (see Figure 1) did not dra-
matically affect the results. [20] Moreover, comparison with

Figure 1. Optimized structures and relative energetics (MP2 level)the experimental cobalt structures III and IV was suffi-
along the pathway of interconversion between acetylene and vinyli-ciently satisfactory (see Table 1). dene as promoted by the fragment [P(CH2CH2PH2)3Co]1

In the vinylidene model 3a, the C5CH2 group is not per-
fectly trans to the central P1 atom (the calculated
Cα2Co2P1 angle is 154.8° cf. the value of 164.5° found in hydrogen is strongly linked to the Cα atom (1.13 Å) and is

far removed from Cβ. Conversely, in 5a a quasi-symmetricalthe experimental structure). The P4Co unit in the hydride2
acetylide model 2a even diverges significantly from the bridging mode of hydrogen over the C2C linkage is ob-

served. This is similar to the transition state detected[4b] forpseudo-C2v symmetry found for the (PH3)4Co model. In
particular, the angle α defined in V is rather small (158.8°), the unimolecular conversion of [Cl(PH3)2RhH(C;CH)]

into [Cl(PH3)2Rh(C5CH2)], a process which is, however,in spite of the presence of the H ligand in its bisector. The
corresponding angle in 3a, P32Co2P4, does not vary sig- disfavored with respect to the bimolecular one.

Before commenting on the energetics involved and onnificantly (155.3°), although the experimental value is
smaller (140.0°). their evaluation in relation to the mechanism of the cobalt-

induced reactions, we also present the parallel results (Fig-The transition states 4a and 5a were determined using
the appropriate Gaussian-94 algorithm (STQN[21]), which ure 2) calculated using the fragment [(pp3)Rh]1. The latter

is experimentally known to prevent the ultimate formationexploits structural knowledge of both the reactant and the
product, namely the pairs 1a22a and 2a23a, respectively. of the vinylidene complex[8b] starting from the hydride2

acetylide isomer. Indeed, this species is the only stable prod-Furthermore, since our present computational capabilities
are limited, no attempt was made to confirm that the de- uct of the reaction of acetylene at the metal.

The structural keypoints are essentially similar to thosetected transition states (4a and 5a) were indeed the correct
ones through calculation of the frequencies. Nevertheless, in Figure 1. Perhaps the most obvious difference concerns

the vinylidene structure 3b, where the angle P12Rh2C isthe latter species do not only exhibit a satisfactorily correct
geometry for the P4Co chromophore, but also appear smaller than that in 3a (143.7° vs. 154.8°). This would seem

to reveal a tendency of the C5CH2 group to become betterchemically realistic. In particular, 4a corresponds to the ex-
pected agostic-type adduct, which precedes the oxidative aligned with the bisector of the angle P12M2P2, thus ap-

proaching more closely the behavior of the free phosphaneaddition, while 5a sheds new light on the mechanism lead-
ing to the formation of the vinylidene product. In fact, this model. In the latter C2v structure, the P12Co2C angle is

as small as 130.2°.structure differs somewhat from that calculated by Morok-
uma9s group[4a] for the process supported by the fragment Comparison of the data in Figures 122 and Table 1 re-

veals that the vinylidene species is most stabilized in the[Cl2(PH3)2Ru], for which the formation of a hydride2ace-
tylide species was ruled out. In the latter, the transferring cobalt complex (∆E 5 236.9 kcal/mol for 3a) and that the
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known, i.e. that the transformation 2 R 3 is quite straight-
forward with cobalt (it occurs in the solid state), but is im-
possible with rhodium. Besides having a larger associated
barrier, the rhodium vinylidene complex does not seem to
possess the necessary stability to be a terminal product. An-
other interesting numerical result, which confirms the better
propensity of the cobalt fragment to function as an acti-
vator of acetylene, is contained in Figures 1 and 2. The
energy of the separated fragments is distinctly higher for
cobalt than for rhodium (53.1 vs. 32.9 kcal/mol), thus con-
firming the greater propensity of cobalt to promote this
chemistry.

Considerations from the Viewpoint of Qualitative MO
Theory

In this section, we mainly try to develop interpretational
arguments concerning the second part of the pathway, lead-
ing from hydride2acetylide to vinylidene. The Hoffmann
group, besides addressing the overall process of alkyne acti-
vation, [3] has also dedicated much attention to step of the

Figure 2. Optimized structures and relative energetics (MP2 level) C2H activation relative to the parallel dichotomy between
along the pathway of interconversion between acetylene and vinyli- η2-ethylene and vinyl2hydride complexes. [22]
dene as promoted by the fragment [P(CH2CH2PH2)3Rh]1

An intriguing aspect of the H migration ensuing from
the hydride2acetylene adduct is the nature of the migrating
hydrogen itself, i.e. whether it has proton or hydride charac-
ter. Bianchini et al. [6] have reported that the vinylidene com-barrier associated with its formation is not large (20.6 kcal/

mol for 5a). In comparison, the rhodium vinylidene 3b is plex [(pp3)Co(C5CRH)]1 may be obtained not only
through tautomerization of the alkyne HC;CR by the 16-much less stabilized (only 211.5 kcal/mol) and its associ-

ated barrier is larger (28.6 kcal/mol for 5b). Furthermore, electron fragment [(pp3)Co]1, but also through straightfor-
ward protonation of the 18-electron acetylide complexit is remarkable for rhodium that the barrier to reversion to

the starting π-adduct is only 14.6 kcal/mol, practically half [(pp3)Co(C;CR)]. More recently, de los Rı́os et al. [7] re-
ported that the isomerization of the hydride2acetylidethe magnitude of that calculated for cobalt. Concerning the

transition states 4 in the direction of formation of the hy- species [Cp*RuH(C;CR)(dippe)]1 to vinylidene is in-
hibited by strong acids such as HBF4. While these factsdride2acetylide, the C2H oxidative addition of acetylene

has a critically large value for cobalt (over 40 kcal/mol). are indicative of the strongly nucleophilic character of the
acetylide Cβ atom in the 18-electron complexes, it is difficultNevertheless, this does not seem unreasonable considering

that the experimental reaction requires heating. [6] It must to envisage a proton migrating all the way from the metal
atom.also be mentioned that, while the transition states of type

5, i.e. between hydride2acetylide and vinylidene complexes In pseudo-octahedral CoIII complexes of type III, the or-
bital of the H ligand is energetically well below the σ hybrid(path b in II) have easily been detected, location of the tran-

sition states of type 4, i.e. those involving an agostic interac- of the fragment ML5, VI. The latter, mainly z2 in character,
is destabilized by an antibonding interaction with the trans-tion (path a in II), has proved much more time-consuming.

The latter could only be determined through a trial and axial phosphane, which promotes hybridization with the
higher s and pz orbitals. In agreement with chemical in-error approach based on small geometric modifications of

the π-acetylene complexes 1. Finally, like other authors be- tuition, the hydride is a donor.
In principle, a cooperating base could extract the H li-fore us, [4] we have not been able to detect a transition state

between π-acetylene 1 and vinylidene 3 (path c in II). Only gand as a proton and transfer it elsewhere. This is also the
essence of the bimolecular mechanism proposed by Morok-the most recent calculations[4c] on the system based on the

fragment F4W have led to the location of the corresponding uma et al., [4a] where the metal of the second molecule itself
acts as the extracting base. In the present case, however, thetransition state, following a systematic search after remov-

ing any possible symmetry. process, which also occurs in the solid state, is not assisted
by any external agent, nor is it feasible for two highly hin-In summary, the C2H oxidative addition process yield-

ing complex 2 from 1 has been shown to be much more dered complex molecules to get sufficiently close to one an-
other. In the crystal, it is also hard to imagine a structuralfacilitated by rhodium than by cobalt, as is also the case

for the reverse reductive elimination process. Moreover, the rearrangement that could bring the nucleophilic Cβ atom
sufficiently near the metal to extract the proton. Moreover,calculations have confirmed what was experimentally
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VI

if H1 could separate from M2, there would remain a hole Figure 3. Potential energy surface (PES) calculated (EHMO meth-
od) on the small two-dimensional grid; the origin of the latter cor-in the overall MO picture (i.e. the empty H1s orbital would
responds to the complex [(PH3)4CoH(C;CH)]1, with the y coordi-

lie below the occupied metal d block, including the high- nate corresponding to the progressive separation of the H atom
from the linear grouping Co2Cα2Cβ; the non-orthogonal x axis,lying metal σ lone pair). Thus, at least in the early stages
which accounts for the non-equivalence of the Co2H and Cβ2Hof M2H dissociation, the bonding electron pair is more bond lengths, describes the H shifting along the same grouping;

reasonably assigned to the H atom. In any event, even irrespective of the y value, the Cα2Cβ2H angle begins to bend as
soon as the vectors Co2Cα2Cβ and Cβ2H become orthogonalthough a net separation of charges may not be realistic, the

extreme viewpoints of migration of a proton or a hydride
are helpful in delineating the actual situation.

Although the ab initio calculations indicate that at the α, P32Co2P4 (see V), is fixed at 150°. On approaching the
final vinylidene product, narrowing of the terminaltransition state the migrating H atom is close-bridging be-

tween the Cα and Cβ atoms, a migration out of the domains Cα2Cβ2R angle is allowed. Interestingly, on the side of the
surface facing the observer, there is a barrier which repro-of the latter atoms cannot, in principle, be excluded. How-

ever, since this would correspond to the heterolysis of two duces, at least geometrically, the transition state 5a obtained
by MP2 calculations (at EHMO level the barrier is large,charged species, unassisted by any solvent, no satisfactory

response can be expected based on ab initio theory. Indeed, ca. 50 kcal/mol). On the other hand, on descending the y
axis (on the left side), the energetic cost of the Co2H cleav-as the calculations are based on a gaseous system, the at-

tractive electrostatic interactions would overwhelm any op- age remains comparable so that, in principle, the hydride
could migrate isolated behind the highest peak of the PESposing repulsive effect. An indirect confirmation of the pos-

sible coexistence of hydride and the species until it falls towards the Cβ atom.
Some sound chemical inferences may be gained from the[(pp3)Co(C;CR)]21 might perhaps be provided by a

straightforward optimization of the latter. Experimentally, Walsh diagrams shown in Figure 4, which refer to alterna-
tive pathways indicated by the arrows in the small grid ofthe stability of the 16-electron pentacoordinated complex is

confirmed by several crystal structures involving d6 metals, Figure 3.
In the diagram on the far left, complete M2H heterolysismainly of the second and third transition rows,[23] and

further support is provided by theoretical studies, including is followed by coupling of the hydride with the Cβ atom.
The HOMO2LUMO gap, fairly large and constant overab initio calculations with a proper orbital rationale. [24] In

contrast, we are not aware of any stable CoIII species having the central region, becomes small (ca. 0.5 eV) at some later
point, so that even a change of the ground state can bea 16-electron count. Moreover, all our attempts to reach

convergence for the model [(pp3)Co(C;CR)]21 (at the MP2 hypothesized (singlet R triplet). Conversely, for the close-
contact H migration, the gap is never smaller than 2 eV andlevel) were unsuccessful because of large oscillations about

the energy minimum. Thus, not even an indirect proof of none of the latter complications can be expected.
As the H atom moves parallel to the Co2Cα2Cβ direc-the M12H2 heterolysis could be obtained.

While the existence of the ion pair cannot readily be dem- tion, the effects on some important MOs may be gen-
eralized, even if their extent depends on the initial M2Honstrated at the ab initio level, the extended Hückel method

neglects the electrostatic term. Thus, in order to compare separation. Figure 5 focuses on the behavior of only four
levels. Starting from the left, these are the pair of occupied/the MO behavior at any limiting geometrical situation, Fig-

ure 3 shows the EHMO 3D potential energy surface (PES). empty σ and σ*M2H MOs of the hydride2acetylide species
(see VI), and the pair of occupied/empty MOs correspond-The latter is constructed on the two-dimensional grid ap-

pearing at the lower right-hand side of the figure, where the ing to the in-plane π and π* levels of the acetylide.
As the H1s orbital moves away from the direction of theaxes correspond to the increasing M2H separation (posi-

tive y) and to the shifting of the H atom along the metal σ hybrid, their overlap diminishes so that the σ*M2H

level (LUMO) is stabilized. For an already long M2H dis-M2Cα2Cβ2R direction (positive x). The origin corre-
sponds to the hydride2acetylide CoIII complex itself. tance, this effect cannot be large as the LUMO energy

would quickly reach the constant minimum, essentially theIn the early stages, the [(pp3)Co(C;CR)]21 fragment is
kept in a fixed geometry and, in particular, the critical angle energy of the metal σ hybrid itself. In the left-hand diagram
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Figure 4. Walsh diagrams (EHMO calculations) relating to the two pathways indicated by the curved and straight arrows in the small
grid of Figure 3, respectively; the far left-hand diagram corresponds to a H atom that migrates while physically separated from the rest
of the molecule; the far right-hand diagram goes through the bridging H mode, corresponding to the ab initio transition state 5a as
depicted in Figure 1; the dashed lines refer to the total energy, for which each increment on the y axis corresponds to 0.6 eV

Figure 5. Schematic evolution of selected in-plane frontier MOs upon shifting of the H atom (initially the hydride ligand bound to the
metal) along the linear grouping Co2Cα2Cβ; a four-electron repulsion between the hydride and one π-acetylene electron pair causes the
destabilization of the HOMO, and hence is the origin of the barrier; the effect is subsequently counterbalanced by an interplay of orbital
mixings, which brings metal character to the HOMO x22y2 and involvement in some sort of back-donation

of Figure 4, the LUMO takes on C2H σ* character in the act with the πC2C bonding MO, giving rise to diverging in-
phase and out-of-phase combinations (the latter being thefinal steps and rises again until all of the character is trans-

ferred into high-lying MOs. Conversely, when the hydrogen HOMO, as shown in Figure 5). At least initially, due to the
shortness of the C;C triple bond, π*C2C is too high to mixatom is closer to the C2C linkage (right-hand diagram in

Figure 4), the LUMO destabilizes soon after the initial sta- into the HOMO so as to alter the depicted repulsion be-
tween H1s and πC2C-based orbitals. Subsequently, the inter-bilization. At the same time, a low-lying occupied level in-

creases in energy and becomes the new HOMO. mixing between all of the levels of Figure 5 (isosymmetric)
becomes more significant. Thus, the descending LUMOEssentially, the origin of the avoided HOMO2LUMO

crossing, highlighted in Figure 5, can be described as fol- (σ*M2H) and the rising HOMO evidently undergo an
avoided crossing, which involves π*C2C as well. By virtue oflows. On moving away from the metal, H1s begins to inter-
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the latter, the pπ contribution from Cβ disappears from
both levels, which acquire a sort of π and π* character rela-
tive to M2Cα (see below). As mentioned above, the Cβ2H
σ* character is only temporarily observed in the LUMO
and is quickly transferred to higher levels.

Ultimately, the HOMO is largely centered on the metal
and it can be assumed that its formal reduction has oc-
curred, involving the electrons formerly on the hydride li-
gand. More precisely, the x22y2 component, although not
strictly a dπ orbital, can make some back-donation into the
Cαpπ orbital through its most hybridized lobe, so that the
M5C5C bonding formulation is reasonable. Moreover, it
can be shown that the nature and extent of the back-do-
nation are subtly governed by the geometrical flexibility of
the pp3 ligand (vide infra).

Recall that the vinylidene complex containing four inde-
pendent PH3 ligands was optimized with C2v symmetry, as
was the fragment [(PH3)4Co]1. The latter of the type d8-
L4M and with butterfly shape is characterized by an equa- Figure 6. Evolution of the metal d orbitals during the interconver-

sion of an L4M metal fragment from trigonal-pyramidal to butter-torial, occupied df hybrid, [25] which is most suitable for
fly geometry, the unique governing factor being the opening of oneback-donation. Significantly, in this complex, the grouping equatorial L2M2L angle; avoided crossing between x22y2 and z2

C5CH2 is perfectly aligned with the bisector of the two slowly develops df character at the former orbital, which is occup-
ied in the d8 configurationangles P12Co2P2 and P32Co2P4. The same picture does

not quite apply to the fragment [(pp3)Co]1, which is at most
Cs and is somewhat reminiscent of threefold symmetry (Fig- reduced d orbital contribution. At the same time, the mix-
ure 1). Under these circumstances, the coordinated C5CH2 ing transforms the most extended lobes of the somewhat
grouping remains close to one apical position of the trig- hybridized z2 and x22y2 orbitals into a new orbital with
onal bipyramid (trans to P1), with the angle P12Co2Cα progressively greater dπ character. At α 5 180°, the well
deviating from linearity by only 15° (experiment[6]) or 25.2° known df hybrid typical of the L4M fragments with butter-
(MP2 structure 3a in Figure 1). As already discussed, the fly shape is observed. [25] The ethylenic chains in the frag-
angle P12Co2P2 is almost fixed at 90°, while the angle ment [(pp3)Co]1 are resistant to full P2Co2P opening, so
P32Co2P4 (α in V) is free to open from 120° (up to 140° that an intermediate geometry can be stabilized as soon as
in the experimental structure and even more so in the opti- the df character is sufficient to allow back-donation into
mized structure 3a, i.e. 155.3°). the vinylidene unit. This is most likely the key factor in

The angle P32Co2P4 plays a major role in governing the interpreting the influence of the geometry of the ancillary
dπ back-donation capabilities of d8-L4M fragments. Figure ligand on the stability of the vinylidene complex.
6 shows the evolution of the frontier MOs of the trigonal-
pyramidal fragment [(PH3)4Co]1 (left side) on widening one
equatorial P2Co2P angle over the range 1202180°. At the Concluding Remarks
right-hand side, the fragment has a butterfly shape with the
typical FMOs (t2g 1 df 1 σhybrid). [25] The experimental data and the present ab initio results

indicate that, at least for the system (pp3)CoI, the hydride2At the trigonal-pyramidal stage, the metal orbitals con-
sist of two e sets (xz/yz orbitals, unperturbed, and xy/x22y2 acetylide species is the key basic intermediate en route to

vinylidene. The essential qualitative arguments are shownorbitals partially destabilized by the equatorial ligands) and
of a higher a1 level (σhybrid, largely z2 in character and de- schematically in Figure 7. The acetylene molecule adds to

the d8 metal through donation of its π bonding electronstabilized by the axial ligand). On widening of the angle, 1e
and a1 remain unaffected, but the 2e components diverge. pairs into the acceptor σ hybrid orbital typical of the trig-

onal-pyramidal fragments. The metal bears a lone pairIn fact, the two equatorial ligands slip off two consecutive
lobes of xy and progressively point more towards the nodes based on the occupied x22y2 orbital, which is relatively

high in energy. On opening of one P2M2P angle (α, seeof the orbital, while an opposite trend is seen for x22y2.
Ultimately, xy becomes equivalent to xz and yz (“octa- V), the metal develops the necessary df character to trigger

C2H oxidative addition (see Figure 6) and the pseudo-oc-hedral” t2g set), while x22y2 is so destabilized that its cross-
ing with the higher z2 (a1) is attempted but avoided because tahedral hydride2acetylide complex is formed.

Formally, the hydrogen ligand abstracts the lone pairof the equal symmetry (a9 in Cs). The resultants of a
z2/x22y2 mixing, usually difficult to visualize, are well illus- from the metal so that a total of 12 valence electrons is

consistently assigned to the whole grouping H2 1 CCH2.trated by the CACAO pictures[9] in Figure 6. Thus, the for-
mer a1 level reorientates the main σ lobe up to 45° in the As soon as the hydride falls away from the position of maxi-

mum overlap with the σ metal hybrid, its electrons are re-plane xz and maintains the original σ character, albeit with

Eur. J. Inorg. Chem. 1999, 1315213241322



New Theoretical Insights FULL PAPER

Figure 7. Structural highlights for the 1,3-shifts promoted by d8 metal fragments; along this pathway, oxidative addition and reductive
elimination of the metal involve a suitably modified orbital (originally x22y2)

pelled by the electron cloud of the coplanar C2C π bond, not only performed ab initio calculations on a system which
follows possibly unique pathways, but we have also offeredas indicated in Figure 5. The four-electron repulsion is max-

imized at some point where the hydrogen bonds the two some interpretations by exploiting the concepts of pertur-
bation theory as well as by applying chemical intuition.carbon atoms (transition state). The barrier is directly re-

lated to the destabilization of the HOMO, and the trend is From a quantitative point of view, it has become apparent
that sufficiently good results are only obtainable with theinverted by an avoided crossing mechanism. By virtue of the

latter, the hydride electron pair is returned to a metal or- most realistic model (use of the pp3 ligand). At the same
time, monitoring of the MO behavior along the reactionbital. This is essentially x22y2, which characterizes the de-

scending LUMO and ultimately concentrates into the pathways has helped to resolve some major chemical ambi-
guities.HOMO. The final step on the pathway corresponds to the

simple protonation of the Cβ atom of the 18-electron acetyl-
ide complex, which occurs easily. [6]
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