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Abstract

The fluxional behavior of metal cluster cations of the type [Cp,Mo(CO)(RC=C-CR'R")]* has been widely studied by
variable-temperature NMR techniques, and a mechanism involving migration of the carbocationic center between the organometal-
lic vertices has been proposed. In this report, the suggested mechanism has been investigated by means of extended Hiickel
molecular orbital calculations (EHMO), and allows the evaluation of the lowest energy pathway by which this process may occur.
These computations are supplemented by a Biirgi-Dunitz trajectory analysis of 11 X-ray crystal structures of such cations which
yields a series of “snapshots” of the migration process. Together the EHMO and trajectory approaches give a remarkably complete

picture of the molecular dynamics of such molecules.

Key words: Biirgi-Dunitz trajectory study; Extended Hiickel theory; Molybdenum clusters; Rearrangements

1. Introduction

1.1. Criteria for the characterization of fluxional pro-
cesses

Nowadays, the complete elucidation of a fluxional
process generally requires: (a) an X-ray crystal struc-
ture to establish the ground-state molecular geometry;
(b) the unambiguous attribution of the NMR reso-
nances in the limiting low-temperature spectrum; (c)
the identification of the nuclei which undergo site
exchange—often achieved directly by means of magne-
tization transfer techniques; (d) evaluation of the acti-
vation energy barrier(s) for the exchange process(es)
either by simulating the peak coalescence pattern or by
2D-exchange experiments; and (e) comparison of the
experimental activation energies with calculated values
of the steric and/or electronic contributions to the
barrier obtained by means of molecular modeling and
molecular orbital methods, respectively. Such calcula-
tional approaches towards evaluating the energy re-
quirements of fluxional processes require that one se-
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lect a geometrically viable mechanistic pathway through
which the rearrangement can occur. Clearly, it would
be advantageous if one could experimentally establish
the actual trajectory followed by the migrating group.

1.2. The Biirgi-Dunitz trajectory model

In recent years, the powerful concepts developed by
Biirgi and Dunitz [1] have proven to be valuable addi-
tions to the arsenal of those who wish to gain an
understanding of molecular dynamics. It has been
demonstrated that a succession of static X-ray struc-
tures can give information about the dynamics of a
reaction. In their now classic studies Biirgi and Dunitz
showed, for example, that a series of crystal structures
of systems containing both a nucleophile and an or-
ganic carbonyl group could be used to obtain the
trajectory of approach of the two reagents [2]. It is
clear from these data not only that the nucleophile
attacks along a line making an angle of approximately
105° to the C=0 bond but also that the trigonal planar
sp? carbon atom is gradually transformed into a tetra-
hedral centre. The significance of these observations
for mechanistic organic chemistry is profound, and it
was soon exploited by Baldwin to rationalize the favor-
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able or unfavorable nature of many ring-closure pro-
cesses [3].

Another beautiful result from Dunitz’s laboratory
[4] showed how the distribution of crystal structures of
more than 60 (C;,H,),P-X fragments in many differ-
ent environments can be related to the “two-ring flip”
mechanism by which these chiral propeller-like moi-
eties can undergo racemization. In this process all
three phenyl rings do not rotate at the same rate nor in
the same direction, and this phenomenon should be
reflected in the crystallographic results which capture a
series of snapshots of the Ph,P fragment in different
environments. This crystallographically derived picture
of the stereoisomerization pathway is complemented
by force field calculations and variable-temperature
NMR data on related Ar;CH systems which also favor
the “two-ring flip” mechanism [5-8].

The ideas of Biirgi and Dunitz have been elegantly
extended into the organometallic arena by Crabtree
and Lavin [9]; in their study it was shown that carbonyl
migration between two metal atoms proceeds via a
trajectory in which a linear terminal ligand proceeds
through a series of increasingly more bent semi-bridg-
ing structures to a symmetrically bridging situation.

We now describe how the use of a combination of
NMR, extended Hiickel molecular orbital (EHMO)
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and Biirgi-Dunitz trajectory data allows one to obtain
a relatively complete picture of the mechanism of
migration of a vinylidene moiety over the surface of a
Mo, C triangle.

2. Results and Discussion

2.1. The fluxional behavior of cluster cations, M, L, (H-
C=C-CH,)] *

The original impetus for these studies was Seyferth’s
work on [Co4(CO),C-CR,]* cations for which the
bent structure 1la was proposed rather than the more
symmetrical isomer 1b with its pseudo-threefold axis
[10].
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EHMO calculations by Schilling and Hoffmann [11]
provided a rationale for the favored structure 1a; they
examined the frontier orbital interactions between a
[Co,(CO)oP* triangle and a vinylidene fragment,
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Fig. 1. Antarafacial migration of an a-methylene group between metal centers in a tetrahedral cluster; note how the exo (X) and endo (N}

substituents maintain their relative positions.
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[C=CH,]*", and were able to show that the C; isomer
1a is energetically markedly preferred over the pseudo-
C,, structure 1b. One can readily envisage that, by
allowing the sp2-hybridized a-carbon to lean towards a
cobalt vertex, the vacant p orbital on carbon can accept
electron density from a filled metal d orbital. The net
result is not only enhanced stabilization of the cationic
center, via delocalization of the positive charge onto
the metal vertex, but also a larger HOMO-LUMO gap
[12). Schilling and Hoffmann also suggested that the
favored pathway is the antarafacial migration depicted
in Fig. 1; this route stabilizes the transition state by
interaction of the p orbital on the migrating methylene
with an out-of-phase combination of metal d . orbitals
[11].

These concepts have been extended to the closely
analogous [(RC=C-CR'R”)]* cations, 2, whose syn-
thetic potential has been brilliantly exploited by
Nicholas (13] and by Schreiber et al. [14]. Although no
crystallographic data have been reported on these
cobalt-stabilized cations, Edidin et al. [15] have pro-
vided compelling NMR evidence in favor of the C;
isomer 1a. Moreover, the mixed-metal cluster 3, which
is the isoelectronic analogue of 2, has very recently
been crystallographically characterized [16].

It is noteworthy that the antarafacial migration pro-
cess shown in Fig. 1 maintains the identity of the exo
and endo substituents at C,, but equilibrates the metal
sites. This latter aspect is beautifully illustrated in the
[(CsH ,Me),M0,(CO),—~(HC=C-CH,)]" cation, 4,
whereby the tricarbonylcobalt moieties in 2 have been
replaced by isolobal (cyclopentadienyl)dicarbonylmo-
lybdenum vertices [17]). Curtis demonstrated that the
cyclopentadienyl ligands in 4 are equilibrated via a
process with an activation energy of = 17 kcal mol™!;
in contrast, the barrier for interconversion of the exo
and endo a-CH, protons is considerably higher [17].
These data are entirely in accord with the antarafacial
mechanism depicted in Fig. 1. Subsequent investiga-
tions have revealed that the barrier to these antarafa-

cial migrations of a-CRJ fragments from one metal
vertex to the other is critically dependent on the pri-
mary, secondary or tertiary character of the carboca-
tionic center [18—-22]. The activation energy for such a
process in molybdenum-, tungsten- or cobalt-stabilized
a-CR} moieties falls from =18 kcal mol~' for 1°
cations to = 10 kcal mol~! for 3° cations, indicating
that the more stable tertiary centers have much less
need for anchimeric assistance from the metal than do
primary cations. This apparent weakening of the metal-
to-carbocation interaction is also reflected in the ir},-
creasmg Mo - C* distances which range from 2.44 A
to 2.74 A in the series M—-CH}, M—-CHR*, M-CR}
[23-30). These observations prompted us to assemble
the available X-ray crystallographic data on the molyb-
denum cations not only to carry out a Biirgi-Dunitz
trajectory analysis but also to complement our detailed
EHMO investigation of the reaction pathway.

2.2. Extended Hiickel molecular orbital calculations on
Mo,C, cluster cations

A complicating factor in any calculatory approach to
understanding the mechanism of carbocation rear-
rangement in the [Cp,Mo,(CO),(HC=C-CH,)]* sys-
tem is the conformational variability of the CpMo(CO),
groups as well as the propensity of the carbonyl ligands
to adopt semi-bridging positions [31-33]. (The question
of the favored orientations of (cyclopentadienyl)di-
carbonylmolybdenum vertices has been discussed else-
where [34].) These difficulties are obviated by taking
advantage of Vollhardt’s report of the fulvalene com-
plex [%°: %’-(CsH,-C;H,)-Mo,(CO),(MeC=C-
CH,)I*, 5 [25]. In this relatively rigid bridged bis-
cyclopentadienyl system, the carbonyls are clearly ter-
minal and the structure can justifiably be idealized to
the C, structure. It is this model which we have used
for our calculations.

In order to define the geometry of the cationic
cluster which undergoes rearrangement, we place the
origin, @, of our coordinate system at the centroid of
the Mo(1)-Mo(2)-C(3) basal triangle. The capping
carbynyl atom C(2) is defined by a vector starting at the
origin and which makes an angle of 71° with the line
C(3)-®. The distance C(3)-C(2) was taken as 1.369 A,
as in §. The coordinates of the a-CH, unit are defined
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in terms of the C(2)-C(1) distance (1.475 A) and the
three angles @, ¢ and w. As shown in Fig. 2, 8 is the
angle ©-C(2)-C(1) which decreases from 180° as the
methylene unit is allowed to lean towards the Mo(1)-
Mo(2) bond. As the methylene group swivels away
from the mirror plane which contains C(3) and C(2),
the dihedral angle ¢ opens up from 0° towards 70° at
which point the C(2)-C(1) bond eclipses the C(2)-
Mo(1) vector. The third degree of freedom, the twist
angle o, defines the positions of the hydrogens at-
tached to C(1). When all three components of the CH,
unit lie in the molecular mirror plane (¢ = 0°) the w
values are 0° for H. 4, and 180° for H_, As the
methylene fragment swivels towards Mo(1), one might
anticipate that the values w(H,,4,) and w(H,) would
gradually evolve towards 90° and —90°, respectively.
To generate the hypersurface shown in Fig. 3, the
angles # and ¢ were incremented in units of 5° and 2°,
respectively. At each point the torsion angle w was
varied from 0° to 180° in 15° increments and the
minimum energy o value for each (6,¢) position was
plotted.

We see that at ¢ =0 the molecule maintains C,
symmetry such that the p orbital at C(1) is oriented
parallel to the Mo-Mo axis. This geometry optimizes
the overlap of the vacant orbital of the cationic carbon

Fig. 2. Definition of the angles ¢, ¢ and « which define (1) and
C(2).
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Fig. 3. Energy hypersurface for the migration of the CH, group in
[9%:7°(CsH,~CsH ,)Mo,(CO),(HC=C-CH,)]*.

with the filled d,: orbitals on both metals and so
stabilizes the electron-deficient methylene center dur-
ing its transit from one molybdenum vertex to the
other. The optimal value of the bend angle 6 is 175°,
i.e. the CH, group leans only slightly towards the
Mo-Mo vector. As ¢ increases to 20° the initially
relatively flat region of the hypersurface begins a pre-
cipitous drop into a potential well. This fall is accom-
panied by a sharp decrease in 8, the @-C(2)-C(1)
bend angle, which becomes 140° by the time ¢ reaches
28°. The value of @ remains essentially constant as one
approaches the global minimum, and indeed is main-
tained briefly even after the C(2)-C(1) bond has passed
the ¢ = 70° mark, corresponding to the eclipsing of the
C(@2)-Mo(1) vector.

The global minimum is located in the region ¢ = 50°
to 70°, where the energy is virtually constant. Careful
scrutiny of the potential well, shown in Fig. 3, reveals a
small fluctuation at the bottom of the well; this is
reflected as the calculated global minimum at ¢ = 54°,
with a subtly differentiated local minimum at ¢ = 62°,
Of course, such observations may be attributable to
artifacts of the EHMO calculation and may disappear
at a higher level of approximation but, as we shall see
in the discussion of the X-ray diffraction data, a num-
ber of cations of this type crystallize with two notice-
ably different structures in the same unit cell.

The orientation of the hydrogen atoms of the mi-
grating group, as indicated by the torsional angle w,
was found to evolve with increasing ¢ so as to allow an
optimal interaction of the carbon p orbital with the
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Fig. 4. View of the EHMO-calculated trajectory of C{1) during the
migration process.

filled d orbital on the molybdenum atom towards which
it is moving. In order to compute the lowest-energy
pathway for migration of C(1) from Mo(1) to Mo(2), we
used the data embedded in Fig. 3 to seek out, for each
value of ¢, the optimal value of 6. The (6,4) coordi-
nates thus obtained were then further refined in terms
of w, at a resolution of 2°, to reveal the pathway
depicted in Figs. 4 and 5. The former shows the calcu-
lated trajectory followed by C(1), and the character of
the rather steep descent into the potential well near
each molybdenum is evident. The EHMO-calculated
barrier for a methylene cation migrating from one
molybdenum site to the other is 9 kcal mol ™!, some-
what lower than the experimentally determined activa-
tion energy. However, we note that our chosen model,
with its idealized C, tetrahedral core and bridging
7°:n°-(CsH,~CsH,) fragment, takes no account of

TABLE 1. Crystallographic data for molybdenum cations

Fig. 5. Bird’s eye view of the EHMO-calculated twisting motion of
the CH, fragment during the migration process.

the energy required to deform the relatively rigid fulva-
lene. ligand. Nevertheless, calculations based on the
linked bis-cyclopentadienyl system 5 avoid the compli-
cations of CpMo(CO), vertex rotations and exchange
of terminal and semi-bridging carbonyls.

Fig. 5 illustrates the evolution of the methylene twist
angle o as the migrating fragment seeks to maximize
its orbital overlap with molybdenum as it approaches
the metal center. Thus, the plane containing C(1) and
its attached hydrogens rotates relative to the Mo(1)-
Mo(2)-C(3) basal triangle such that, when ¢ = 0°, these
two planes are orthogonal but, at ¢ = 70° they are
almost parallel.

2.3. Musical interlude
We digress for one moment to draw attention to the
observation that this pathway for methylene migration

Structure rMo(1)- re-x(2) 20(3)- rC(2)- 0 - ¢ C3)-© Ref.

a1 (A) ©) c) o2)- -02)-Q(1)

A) -2 A oy O
[(CsH ,-CsH . )Mo,(CO),(MeC=C-CH,)]* 2442 1.248 713 1.475 123 61 [25]
[(CsH 5);Mo,(CO)(HC=C-CH,))]* 2.444 1315 68.3 1379 122 58 [24]
[(CsH 4Me), Mo,(CO)(HC=C-CH)]* 2.465 1358 67.0 1345 124 53 [17]
[(CsH,Me), Mo,(CO)(HC=C-CH)]* 2.468 1324 69.0 1.437 122 53 17
[(CsH ,4,—C5H )Mo,(CO),(MeC=C-CH ))]* 2.557 1.251 70.9 1.484 128 51 [25]
[(CsH 5);Mo(CO) (HC=C-CHMe)]* 2.613 1354 70.7 1.380 132 72 [26]
[(CsH 5); Mo,(CO),(BuC=C-CH(ferrocenyl))] * 2.630 1.316 68.4 1.424 123 54 128]
[(CsH ), Mo(CO)(MeCaC-bornyD] * 2.737 1.350 65.1 1.397 136 50 (30]
[(C5H 5),M0,(CO) (HC=C-mestranyl)]* 2.738 1.368 66.5 1.364 127 53 129]
{(C5H ,~C5H ) Mo,(CO)(HC=C-CMe,)]* 2.753 1.404 68.7 1.361 126 71 [27]
[(CsH5)Mo(CO),Co(CO),(MeC=C-bornyl)] * 2.915 1.350 65.1 1.397 146 50 (30]
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is remarkably similar to the trajectory followed by a
conductor’s baton during an orchestral performance.
This phenomenon is dramatically and beautifully illus-
trated in Fig. 6.

2.4. X-ray crystallographic data for Mo,C, cluster cations

The establishment of a trajectory for migration of
the CRJ moiety between metal vertices requires the
compilation of a series of X-ray crystal structures of
the [Cp,Mo,(CO),(RC=C-CR'R")]* type. Data are
available for the cations listed in Table 1, and include
such R’, R” substituents as H [17,23-25], methyl [26,27]
and ferrocenyl [28], as well as steroidal [29] and ter-
penoid [30] fragments. We see from Table 1 that, as
noted previously, the Mo - - C* distances lengthen as
the character of C(1) changes from a primary carbon,

to a secondary carbon, and finally to a tertiary cationic
center. However, for the present purpose, we need to
know not only bond distances but also the experimen-
tal values of the bend angle 6, and the torsional
parameters, ¢ and w, for each cationic cluster. Analo-
gously to the method used for the EHMO calculations,
the origin, ©, was defined as the centroid of the
Mo(1)-Mo(2)-C(3) triangle; the distances @-C(2) and
C(2)-0C(1), and the angles C(3)-e-C(2), 8, ¢, and w,
were evaluated from the X-ray crystallographic data.
These measurements vielded cartesian coordinates for
the C(2) and C(1) atoms, as well as for any non-hydro-
gen substituents attached to C(1). In Fig. 7, the C(2)
and C(1) positions for each of the eleven crystallo-
graphically determined structures are superimposed on
the Mo,C triangular base of 5. This allows a direct

Fig. 6. Multiple exposure tlash photographs of Akira Endo conducting the Hamilton Symphony Orchestra in a performance of Tchaikovsky’s 6th

Symphony.
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Fig. 7. Superposition of the C(1) cationic centers in 11 different
X-ray crystal structures, [Cp,Mo(CO),(RC=C-CR'R")]*.

comparison with the atomic positions for the EHMO-
calculated minimum energy pathway shown in Figs. 4
and 5.

It is immediately apparent from a comparison of
Figs. 4 and 5 with Figs. 7 and 8, respectively, that there
is an excellent correlation between the EHMO-calcu-
lated and X-ray determined series of structures. The
crystallographically located positions of the C(2) cap-
ping carbons in the series of clusters, although very
similar, are not identical, showing that one can con-

c(3)

Fig. 8. View of the twisting motion of the CR'R” fragment in a series
of X-ray crystal structures.

sider the whole vinylidene fragmient to be capable of
moving over the triangular base. Nevertheless, it is
evident that the locus of the cationic site is readily
defined in terms of the angles # and ¢.

It is fortunate that the [Cp,Mo,(CO)(RC=C-
CR'R")]" clusters whose structures have been reported
cover a range of substituents with widely differing
electronic and steric requirements, and so yield a data
set with bend angles, 8, varying from 122° to 146° and
with torsional angles, ¢, covering the range 50° to 70°.
These values encompass almost the entire domain of
the deep potential well in the hypersurface depicted in
Fig. 3. Indeed, one can clearly see that the tertiary
cationic centers have not merely lengthened the Mo - -
C* distances relative to those found in CHj systems,
but have also started to climb out of the potential well
by rotating the C(2)-C(1) vector towards the mirror
plane which bisects the two molybdenum vertices.
Moreover, as illustrated in Fig. 8, the twist angles w
gradually evolve such that the exo and endo sub-
stituents move towards their predicted vertical posi-
tions as the migration proceeds. We note also that, in
those crystal structures where the substituents attached
to C(1) are observable, the cationic center is not planar
in an ideal sp? fashion, but rather shows a tendency to
pyramidalize. Of course, in those cases where the
greatest pyramidalization is to be expected, i.e. with
the primary cations most firmly bonded to the metal
center, the a-hydrogens cannot be located unequivo-
cally. Interestingly, the EHMO calculations suggest
that, at the calculated giobal minimum energy for 5
(where 6 =140° and ¢ = 54°), the methylene hydro-
gens can each be bent away from the Mo atom by 8°;
this stabilizes the system to the tune of = 1.2 kcal
mol L.

Finally, we find it noteworthy that in two of the
systems studied, namely [(CsH Me),Mo(CO),(HC=
C-CH,)I*, 4, and [n°:7°-(CsH,~CsH )Mo, (CO),-
(MeC=C-CH,)]*, 5, there are two independent
molecules of the cation in the unit cell. In each case,
this effect manifests itself as a slightly different orien-
tation of the methylene fragment with respect to the
nearby molybdenum vertex. In 5, the Mo- - C* dis-
tances in the two molecules are 2.44 A and 2.56 A and,
while these may possibly be dismissed simply as crystal
packing effects, one might also consider that this phe-
nomenon reflects the observation of two calculated
minima, as shown in Fig. 3. Clearly, we are close to the
limits of reliability of the EHMO approach but, never-
theless, it provides food for thought!

3. Conclusions

In summary, the remarkable similarity of the calcu-
lated lowest-energy pathway for cation migration be-
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tween two metal vertices, and the trajectory indicated
by a series of crystallographic “snapshots” of the pro-
cess is manifest evidence of the power of the Biirgi-
Dunitz approach towards understanding molecular dy-
namics. According to the basic assumptions of the
structure correlation method [1], there should be a
concentration of sample points (i.e. crystal structures)
in the low-energy regions of three-dimensional space.
Moreover, there should be a gradual thinning-out of
sample points along the reaction path as the energy
rises. One may thus identify the transition state as lying
in the least densely populated stretch of the reaction
path. In the present case, this is when the angle ¢
approaches 0° and the plane containing the CH, moi-
ety is orthogonal to the basal plane of the tetrahedral
cluster.

We suggest that the complete characterization of a
fluxional process, observed for a series of related
molecules, requires not only an NMR investigation but
also molecular orbital calculations complemented by a
trajectory analysis of the available X-ray structural
data. The ready accessibility of crystallographic data-
bases, coupled with the ever-increasing power of per-
sonal computers, will soon render such endeavors rou-
tine.

4. Computational methods

Molecular orbital calculations were performed
within the extended Hiickel formalism using weighted
H;; values [35-37). Computations were carried out by
use of the program CACAO [38] on an EVERDATA
486 50 MHz IBM clone which required =84 h to
generate the data from which the surface shown in Fig.
3 was constructed. Microsoft EXCEL 4.0’s “Chart
Wizard” was used to generate the 3D surface as a
mesh plot.
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