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of *Cr(bpy),** by I, a reaction that presumably occurs by electron
transfer, but does not yield the expected products.*® Unlike [,
the Co(tmc)?* cannot effectively ion-pair with the cationic
chromium complex, but the driving force for back-electron-transfer
is quite large, so that it might take place before the initial products
of the quenching reaction diffuse apart.

Quenching experiments were also carried out with several of
the other cobalt(II) macrocycles. The quenching rate constants
for Co([14]aneN,)?*, Co(C-meso-Meg[14]aneN,)?*, meso-Co-
(Meg[14]4,11-dieneN,)?*, and Co([15]aneN,)?* are (1.4 & 0.2)
% 105, (5.1 £ 0.4) X 107, (2.85 £ 0.05) % 107, and (1.55 £ 0.06)
X 108 M1 57!, respectively. Plots of kg versus [Co(Il)] are linear.
In each of these cases, quenching is accompanied by buildup of
Cr(bpy);** as monitored at 560 nm. We conclude, therefore, that
electron-transfer quenching occurs in all of these cases.

Discussion

Application of the Marcus equation for outer-sphere electron
transfer to this series of reactions is useful, since all of the partners
(except Co(tmc)?*) have known electrode potentials and self-
exchange rate constants. The equations used are*!

kCoRu(calc) = (kCoCokRuRuKCoRu/) ok (5)

lng = [IOg (KCoRu)]2/4 log [kCoCUkRuRu/ZZ] (6)

(41) The Marcus equation is used in the simple form given by eqs 5 and 6,
using Z as the gas-phase collision frequency of 101! M~ 57!, without
allowance fer work terms, since each pair of reactants, RuL** and
Co(N,mac)?*, have the same ionic charges.
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The results for the four complexes for which all of the requisite
parameters are known are then as follows:

keoco/ 198 Keoru

complex E°y; Mlst o obs cale
Co([14]aneNg? 042 8X10% 75 84
meso-Co(Meg[14]4,11-dieneN)¥*  0.56 45X 10 62 7.2
Co(tim)?* 056 5x107 73 82
Co([15)aneNy)?* 066 6x107 72 174

The agreement, although not superb, is within about 1 log unit
for each rate constant. The application of the Marcus theory can
be reversed to estimate a value for the self-exchange rate constant
of the pair Co(C-meso-Meg[14]aneN,)**/2*; kcoc, is estimated
tobe 2 X 107 Mt s,

Because the electrode potential and self-exchange rate constant
for Co(tmc)?* are not known, no further analysis is feasible. It
is noted, however, that the two ruthenium(III) complexes with
nearly the same electrode potentials react at nearly the same rate,
whereas the reaction with Ru(4,7-Me,phen),>*, with a driving
force some 0.15 V smaller, occurs about 30 times more slowly,
in qualitative agreement with the Marcus theory.
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The reaction mechanism for intramolecular cis—trans isomerization in Cr(CO)sX (X = CO, PH;, PPh;) was explored. The
approximate molecular orbital method PRDDO (partial retention of diatomic differential overlap) was used to optimize the
geometries of Cr(CO)g, Cr(CO)sPH;, and Cr(CO)sPPh, and to estimate the transition-state structures resulting from nondis-
sociative cis-trans isomerization mechanisms. The Bailar twist, Ray and Dutt, and bicapped tetrahedron nondissociative mech-
anisms were investigated. With monodentate ligands, all three mechanisms lead to identical transition states, clearly identifiable
as trigonal prisms. Ab initio theory including MP2 perturbation theory was used to evaluate the energy barrier for Cr(CO), and
Cr(CO)sPH,. The calculated barrier in both systems is ~40 kcal/mol. PRDDO calculations for the same systems yield a slightly
higher value of ~47 kcal/mol. For Cr(CO)sPPh;, PRDDO predicts a barrier of ~40 kcal/mol. Although the predicted energy
of activation for a nondissociative mechanism occurring via a trigonal-prism transition state in Cr(CO)sPPh, is 7 kcal/mol lower
(at the PRDDO level) than that observed in the two previous systems, the barrier is still slightly higher than the triphenylphosphine

ligand dissociation energy of 32 kcal/mol.

Introduction

Stereomobility of ligands occurring in six-coordinate octahedral
complexes has important implications in synthetic organometallic
chemistry and has been the focus of numerous experimental
studies.!”” The mechanisms by which stereochemical rear-

(1) (a) Rodger, A.; Johnson, B. F. G. Inorg. Chem. 1988, 27, 3061. (b)
Bond, A. M,; Carr, S. W.; Colton, R. Inorg. Chem. 1984, 23, 2343, (c)
Vanquickenborne, L. G.; Pierloot, K. Inorg. Chem. 1981, 20, 3673. (d)
Kepert, D. L.; Prog. Inorg. Chem. 1977, 23, 1. Also see refs 2-7.

(2) Bailar, J. C. J. Inorg. Nucl. Chem. 1958, 8, 165.

(3) Ray, P,; Dutt, N. K. J. Indian Chem. Soc. 1943, 20, 81.

(4) (a) Burdett, J. K. Jnorg. Chem. 1976, 15, 212. (b) Hoffmann, R.;
Howell, J. M.; Rossi, A. R. J. Am. Chem. Soc. 1976, 98, 2484,
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rangements occur provide useful information about the configu-
rational stability of the complex with respect to cis—trans isom-
erization. Cis-trans isomerization can occur in either of two ways.
First, dissociation of a ligand can be followed by rearrangement
of the resultant five-coordinate coordinatively unsaturated in-
termediate. Second, rearrangement may occur via a nondisso-
ciative intramolecular mechanism. At least three possible path-

(5) Darensbourg, D. J,; Graves, A. H. Inorg. Chem. 1979, 18, 1257.

(6) Cotton, F. A.; Darensbourg, D. J; Klein, S.; Kolthammer, B. W. S.
Inorg. Chem. 1982, 21, 2661.

(7) Darensbourg, D. J.; Kudaroski, R.; Schenk, W. Inorg. Chem. 1982, 21,
2488. See also: Darensbourg, D. J.; Gray, R. L. Inorg. Chem. 1984,
23,2933,
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Cis-Trans Isomerization in Cr(CO);X

ways have been suggested for the intramolecular rearrangement:
the Bailar twist mechanism,? the Ray and Dutt mechanism,? and
a mechanism that proceeds through a bicapped tetrahedron
transition state. The Bailar twist mechanism involves a twist of
three metal-ligand bonds about one of the C; axes.

On "Day” Oh

In the Ray and Dutt mechanism, two adjacent carbonyls remain
fixed and the remaining two carbonyl pairs are involved in 90°
rotations in opposing directions. For complexes containing
monodentate ligands only, these two mechanisms actually lead
to identical permutations of the ligands but can be operationally
distinguished by the required symmetry of the transition state:
The Bailer twist requires idealized Ds, symmetry, while the
Ray-Dutt twist requires only C,, symmetry.

Oy, "Dan’ O

The bicapped tetrahedron transition state is produced by a 90°
rotation of two adjacent carbonyls and the angular relaxation of
the remaining carbonyl pairs.

A
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Octahedral group 6B metal carbonyls are known to exhibit
fluxionality via both ligand dissociation and intramolecular
nondissociative mechanisms. For instance, cis—trans isomerization
has been studied in both Mo(CO)4(PPh;), and Mo(CO),(PEt,),.5¢
In the first system, isomerization proceeds via dissociation of PPh,,
while in the second system, a nondissociative rearrangement with
an energy barrier of 24.5 kcal/mol occurs. If a nondissociative
mechanism is to occur as in the latter case, the energy of activation
must be less than the ligand dissociation energy (e.g., <32
kcal/mol for PPh;).” Experimentally, ligand dissociation has been
confirmed by the subsequent incorporation of labeled carbon
monoxide from a saturated '*CO environment. This type of
experimental evidence is consistent with cis~trans isomerization
in Cr(CO)4(PPh;), occurring via a dissociative mechanism;
however, the less sterically crowded Cr(CO)sPPh;, system appears
to exhibit fluxionality via a nondissociative mechanism.” An
experimental value for the activation energy of this process has
not yet been determined but has been estimated to be between
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Table I. Experimental versus Calculated Geometries for
Ground-Sate Structures

geometric Cr(CO)¢ Cr(CO)sPH, Cr(CO)sPPh,
param® exp® calc exp® calc exp’ cale
c-0 1.14 116 1.16 1.16 1.15 1.16
CCr 191 191 188 191 1.847188 1897190
P-Cr 235 230 242 2.39
R-P-Cr 1189 115625 116.5
R-P 1.37  1.83 1.82
R-P-R 98.7 102.6 101.6

2 Whitaker, A.; Jeffery, J. W. Acta. Crystallogr. 1967, 23, 977.
b Hattner, G.; Schelle, S. J. Organomet. Chem. 1973, 7, 383. ¢Plastas,
H. J.; Stewart, J. M.; Grim, S. O. Inorg. Chem. 1973, 12, 265. ¢Trans
carbonyl. ¢Units are in A and deg (bond distances represent the aver-
age with an error of £0.01 A).

32 and 16 kcal/mol. The upper bound is obtained from the ligand
dissociation energy of PPh, and the lower value is consistent with
the absence of line broadening in the *C NMR spectra.” The
purpose of this study is to explore the mechanism of nondissociative
cis-trans isomerization in Cr(CO)sPPh,, Cr(CO)sPH,, and Cr-
(CO); at the highest practical theoretical level. We demonstrate
that the Bailar twist and Ray and Dutt mechanisms result in an
energetically and geometrically identical trigonal-prism transition
state and that the bicapped tetrahedron itself is not a true transition
state but is more likely a point on a surface which must still pass
through the trigonal-prism transition state to complete the isom-
erization. For Cr(CO)s and Cr(CO)sPHj the energy barrier (~40
kcal/mol) for isomerization through a trigonal-prismatic transition
state is significantly higher than the probable energy of activation
for a dissociative process. Although the predicted barrier is
somewhat lower for Cr(CO);sPPh;, the resultant trigonal-prismatic
transition state appears to be energetically competitive with a
dissociative rearrangement mechanism.

Method

The method of partial retention of diatomic differential overlap®® was
used to optimize the ground-state geometries of Cr(CO),, Cr(CO),PH,,
and Cr(CO)sPPh;. Geometry optimizations utilizing PRDDO were
carried out on the Cray X-MP/24 computer made available through the
University of Texas Center for High Performance Computing. The basis
set on the metal for PRDDO caleulations is described elsewhere.!
Optimization of Cr(CO); included ali degrees of freedom while octahe-
dral symmetry was maintained. Optimization of Cr(CO)sPH, and Cr-
(CO);sPPh; included all degrees of freedom except that the internal Ph
ring parameters were held constant (C-H = 1.08 A, C-C = 1.40 &,
C-C-C = 120.0°, C-C-H = 120.0°). Results of PRDDO geometry
optimizations are presented in Table I. The average errors associated
with the C-Cr, P-Cr, and C-O bond distances are £0.03, £0.04, and
+0.01 A, respectively. As in our previous work on similar systems, the
PRDDO optimized geometries are in good agreement with experi-
ment.11-14

Geometries for points along the potential surface for the Bailar twist,
the Ray and Dutt, and the bicapped tetrahedron mechanisms were found
by the linear synchronous transit/orthogonal optimization approach.!s
The application of this approach to organometallic reaction mechanisms
has been previously described in some detail'!? and will only be described
briefly here. First, the reactant and product geometries are placed at
maximum coincidence.'® Intermediate structures with a unique path
coordinate are then found by linear interpolation of the internuclear
distances between identical atoms. Various permutations of the ligands
in the product with respect to those of the reactant define the mechanism
of the reaction pathway. The maximum energy structure along each
pathway is then found by successive path coordinate constrained or-

(8) Halgren, T. A,; Lipscomb, W. N. J. Chem. Phys. 1973, 58, 1569.
(9) Marynick, D. S.; Lipscomb, W. N. Proc. Natl. Acad. Sci. US.A. 1982,
79, 1341.
(10) Marynick, D. S.; Reid, R. D. Chem. Phys. Lett. 1986, 124, 11.
(11) Marynick, D. S.; Axe, F. U.; Kirkpatrick, C. M.; Throckmorton, L.
Chem. Phys. Lett. 1983, 99, 406.
(12) Axe, F. U.; Marynick, D. S. Organometallics 1987, 6, 572.
(13) Hansen, L. M,; Marynick, D. S. J. Am. Chem. Soc. 1988, 110, 2358.
(14) Jolly, C. A.; Marynick, D. S. J. Am. Chem. Soc. 1989, 111, 7968.
(15) Halgren, T. A,; Lipscomb, W. N. Chem. Phys. Lett. 1977, 49, 225.
(16) Marynick, D. S.; Askari, S.; Nickerson, D. F. Inorg. Chem. 1985, 24,
868.
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thogonal optimizations of trial structures. This method has been very
successful in examining reaction surfaces.!?”'4!” It provides estimates
of transition-state structures and energies without the evaluation of force
constants, which would be difficult to calculate in the large systems
studied here.

For Cr(CO)s, all geometric parameters were optimized for several
structures along the reaction paths arising from the three different
mechanisms. The potential energy surface for Cr(CO)sPH, was deter-
mined in the same fashion, Again, all geometric parameters were op-
timized. For the much larger and complex triphenylphosphine system,
the PH; fragment in the Cr(CO)sPH, transition-state structure was
substituted with PPh;. The Cr(CO); fragment was then held fixed, but
the PPh, ligand was optimized including the R—P-R and R-P-Cr angles,
the P-Cr distance, and the P-Cr twist angle. The resulting energy
barrier at the PRDDO levetl was 53 kcal/mol, much higher than pre-
dicted for a nondissociative mechanism. We therefore orthogonally op-
timized this structure including all parameters with the exception of the
internal Ph ring parameters. The barrier was lowered by 13 kcal/mol,
and there was a 0.10 A shortening of the P-Cr bond distance, demon-
strating the importance of a complete geometry optimization in this
system. Because an essentially continuous series of structures connecting
product and reactant are found, the maximum energy structure is nec-
essarily an upper bound to the true transition-state energy at the PRDDO
level. Total energies for both the ground states and transition states were
determined by using ab initio methods including MP2 correlation cor-
rections for both Cr(CO)4 and Cr(CO)sPH;. The complexity of the
Cr(CO)sPPh, structures made ab initio calculations with a reasonable
basis set impossible. Instead, PRDDO values generated for Cr-
(CO)sPPh, were compared to the results of PRDDO and ab initio theory
for Cr(CO)s and Cr(CO)PH, and were used to estimate the approxi-
mate energy of activation. While higher levels of correlation corrections
would of course be desirable, MP2 energetics are likely to produce rea-
sonable estimates of correlation effects in these systems. The ground and
transition states of all of these systems have similar HOMO-LUMO gaps
(within 0.03 au, or 8% in all cases). Additionally, the calculated MP2
corrections are very small (1-3 kcal/mol) relative to the computed
barriers.

The basis set on the metal for ab initio calculations consisted of a
Gaussian expansion of a Slater orbital basis set optimized for the ground
state of the neutral metal. The basis set is triple-{ in the 3d space,
double-{ in the 4s/4p region, and single-{ for the 3p orbitals and the inner
shells. A more detailed description of this basis has appeared elsewhere.!®
The basis set on the ligands consisted of a double-{ 6-31G'® basis with
polarization functions on the phosphorus. Addition of polarization
functions on the carbonyls did not affect the calculated energies of ac-
tivation for Cr(CO),, and they were therefore not included in ab ini-
tio/ MP2 calculations presented here for both Cr(CO), and Cr(CO);PH;.
The total energies for the ground-state structures were calculated with
the ab initio program GAMESs?® and MP2?! contributions were deter-
mined by using GRADSCF.%?

Empirical force field calculations were used to determine the non-
bonded van der Waals interactions with the software package CHEM-x.?

Results and Discussion

To explore the mechanism for nondissociative isomerization
in pentacarbonyl(triphenylphosphine)chromium, it is convenient
to initially study the identical process in much smaller but more
computationally tractable systems such as hexacarbonylchromium
and pentacarbonyl(phosphine)chromium.

Cr(CO), With the linear synchronous transit (LST) approach
within PRDDO, we are able to show that, although the symmetry
of the initial guess for the transition state is different for the Bailar
twist and the Ray and Dutt mechanisms (D;, and C,, for Bailar
twist and Ray-Dutt twist, respectively), the calculated transition
states are geometrically and energetically identical trigonal prisms

(17) Maximum coincidence is defined as the relative orientation of the
reactant and product that maximizes the sum of the distances between
identical atoms in the two species.

(18) Hansen, L. M.; Marynick, D. S. J. Phys. Chem. 1988, 92, 4588.
(19) Francl, M. M_; Pietro, W, J.; Hehre, W, 1.; Binkley, J. S.; Gordon, M.
S.; Defrees, D. J.; Pople, J. A. J. Chem. Phys. 1982, 77, 3654.

(20) Dupuis, M.; Spangler, D.; Wendoloski, J. J. GaMEss. General Atomic
and Molecular Electronic Structure System. National Resources for
gomputations in Chemistry. As modified by Schmidt, M. W_; Elbert,

T

(21) Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618.

(22) Kormornicki, A. GRADSCF. Polyatomic Research Institute, 1985.

(23) cHEM-x. Developed and distributed by Chemical Design, Ltd, Oxford,
England, 1988.
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Table II. Calculated Geometries for Transition-State Structures

geometric param* X = CO X = PH, X = PPh,
Cr-X 1.91 2.32 2.32
Cr-C 1.91 1.90 1.91
Cc-0 1.16 1.16 1.16
C,~Cr-C, 83.1 83.7 82.6
C\-Cr-C, 80.0 79.1 76.7
C,-Cr-C, 83.1 83.2 83.8
C,-Cr-C; 135.0 135.0 132.5
C—-Cr-X 135.0 1347 136.5
C,~Cr-C, 135.0 135.0 129.6
C,~Cr-C, 83.1 83.2 82.2
C,-Cr-C, 80.0 78.6 76.7
C,-Cr-X 135.0 1347 135.8
C,-Cr-C, 135.0 134.2 138.8
C,~Cr-Cs 83.1 85.3 84.7
C;-Cr-X 83.1 83.8 86.6
C4Cr-Cs 135.0 134.2 133.4
C~Cr-X 80.0 79.9 83.0
C—Cr-X 83.1 838 84.3
R-P-R 98.6 104.1
R-P-Cr 118.5 114.8
aUnits are in A and deg. The numbering system is
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Figure 1. Potential energy surface for intramolecular cis—trans isomer-
ization in (a) Cr(CO), and (b) Cr(CO)PPh,. Both surfaces are pres-
ented at the PRDDO level.

with geometrical parameters given in Table II. This should be
true for other systems with monodentate ligands, and indeed
similar trigonal-prism transition states are produced from both
mechanisms in Cr(CO)sPH,, which will be discussed below.
Partial orthogonal optimization of the bicapped tetrahedron
structure results in a distorted octahedron, energetically similar
to the original starting octahedral geometry. If a LST is con-
structed between this distorted octahedron and the product
structure, the resultant mechanism passes through a trigonal-prism
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Table III. Calculated Energy of Activation for Cis-Trans
Isomerization via a Trigonal-Prism Nondissociative Mechanism

energy,
complex basis kcal/mol
Cr(CO) PRDDO 47
6-31G 43
4-31G* 43
6-31G + MP2 40
Cr(CO)sPH, PRDDO 47
6-31G 41
6-31G + MP2 40
Cr(CO)sPPh, PRDDO 40

transition state. Because both the Bailar twist and the Ray and
Dutt mechanisms result in identical transition states for mono-
dentate ligands and the bicapped tetrahedron is not a true tran-
sition state, we will drop the distinction between mechanisms and
limit our discussion to the Bailar twist.

The PRDDO potential energy surface for cis-trans isomeri-
zation via a nondissociative rearrangement is presented in Figure
la, and the structures of the ground state and transition state are
shown as follows:

a b

The PRDDO energy of activation is 47 kcal/mol. At the ab initio
level with a 6-31G basis on the ligands, the corresponding energy
barrier is 43 kcal/mol (Table IIT). Polarization functions were
then added to a similar 4-31G?* basis to enhance the description
of 7 donation to the ligands, and the resulting energy barrier did
not change. The effects of electron correlation were determined
with MP2 perturbation theory on the smaller 6-31G basis (142
basis functions), and the resulting energy barrier was lowered to
40 kcal/mol. In this instance, a fully polarized basis set calcu-
lation, which would consist of 214 basis functions, was not feasible.

In our model system, the energy barrier for cis—trans isomer-
ization through a trigonal-prism transition state is approximately
40 kcal/mol, much higher than the estimated value for the Cr-
(CO)sPPh; but significantly close to the first dissociation energy
of CO at 37 kcal/mol.?* In light of this, we chose to examine
a better model system, Cr(CO)sPH,, and explore the energetics
associated with the Bailar twist (trigonal prism) mechanism.

Cr(CO)PH;. The potential energy surface for cis—trans
isomerization via the Bailar twist mechanism resembles in all
respects the potential energy surface generated for Cr(CO),. The
ground-state and transition-state structures for Cr(CO)sPH, are
shown as follows:

(24) Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971, 54, 724.
(25) Lewis, K. G.; Golden, D. M.; Smith, G. P. J. Am. Chem. Soc. 1984,
106, 3905.
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The PRDDO energy of activation is 47 kcal/mol. At the ab initio
level, with a 6-31G basis on the ligands and polarization functions
on the phosphorus, the corresponding energy barrier is 41
kcal/mol. The addition of correlation effects decreases the barrier
to 40 kcal/mol (Table IIT). On the basis of these results, it would
appear that the surface is remarkably insensitive to ligand sub-
stitution (i.e. substitution of CO with PH;). But because there
are marked differences in the electronic and steric properties of
CO, PH;, and PPh,, it was necessary to include the highly complex
experimental system Cr(CO)sPPh;, in this study.

Cr(CO)sPPh;. Two very obvious differences are encountered
when a CO or PH; ligand is substituted with PPh,. First, the
triphenylphosphine ligand introduces the possibility of additional
steric interactions, and second, the electronic properties are quite
different. For example, the proton affinity, a measure of the
gas-phase basicity, is much smaller for PH, compared to PPh;:
triphenylphosphine has a proton affinity 40 kcal /mol greater than
that for phosphine.? - and 7-bonding character also differ.
These differences may account for a lower energy barrier in the
Cr(CO);sPPh;. Unfortunately, this system is much too large to
study with ab initio methodology (182 orbitals at the minimum
basis set level); therefore, we are limited to calculating the potential
energy surface with PRDDO. However, PRDDO parallels the
results obtained from the ab initio work on the smaller systems,
with only a slightly higher calculated barrier, so it should be very
useful in determining substituent effects. In this work we provide
the first estimates of transition-state structures in systems of this
size and complexity.

For Cr(CO)sPPh;, the PRDDO value for the activation energy
associated with cis—trans isomerization through the trigonal-prism
transition state is 40 kcal/mol. The ground-state and transi-
tion-state structures appear as follows:

The complete potential energy surface appears in Figure 1b. The
calculated barrier is 7 kcal/mol less at the PRDDO level than
that observed in the previous two systems. One would predict a
slightly lower barrier at the ab initio level, since PRDDO slightly
overestimated the calculated energy of activation for the first two
systems. If, as with Cr(CO)4 and Cr(CO)sPH;, the ab initio value
is 7 kcal/mol lower than the PRDDO energy barrier, the ex-
trapolated barrier for Cr(CO)sPPh; would be ~33 kcal/mol.
Because the ligand dissociation energy for PPh; is estimated to
be 32 kcal/mol,” it appears that the nondissociative mechanism
via a trigonal-prismatic transition state is energetically competitive
with ligand dissociation. Further experimental work in this area
would obviously be helpful.

Substituent Effects. As mentioned previously, the obvious
differences in the CO, PH,;, and PPh; substituents are their
electronic and steric characteristics. In Cr(CO)4 and Cr(CO)sPH,,
these differences do not affect the calculated energy barrier for
cis—trans isomerization through a trigonal-prism transition state.

(26) Lias, S. G,; Liebman, J. F.; Levin, R. D. J. Phys. Chem. Ref. Data 1984,
13, 695.

(27) Certain six-coordinate d° complexes are known to exhibit trigonal-prism
geometries: Larsen, E.; La Mar, G. N.; Wagner, B. E.; Parks, J. E,;
Holm, R. H. Inorg. Chem. 1972, 11, 2652.

(28) Kang, S. K.; Albright, T. A.; Eisenstein, O. Inorg. Chem. 1989, 28,
1611.

(29) Fay, R. C.; Piper, T. S. Inorg. Chem. 1964, 3, 348.
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Table IV. Mulliken Charges, d-Orbital Population, Degree of
Bonding, and Overlap Population for Transition-State Structures

Cr d-orbital Cr-X deg overlap

complex Mulliken charge  pop. of bonding  pop.
CT(CO)(,

0, 0.342 499 0.907 0.245

Dy, 0.329 4.89 0.907 0.248
CT(CO)SPHJ

0O, 0.208 5.04 0.669 0.317

D3y 0.204 493 0.652 0.308
Cr(CO)sPPh;

0, 0.252 5.02 0.611 0.318

Dy 0.234 4.93 0.667 0.335

Substitution with PPhy, however, results in a 7 kcal/mol decrease
in the energy barrier determined at the PRDDO level. In Cr-
(CO)sPPh,, electronic and/or steric factors must be contributing
to the stabilization or destabilization of either or both the octa-
hedral and trigonal-prism geometries.

Table I'V summarizes the Mulliken charges, overlap population,
d orbital population, and degree of bonding for the X-Cr bond
in both the octahedral and trigonal-prism geometries as determined
at the PRDDO level. The CO ligand exhibits the strongest degree
of bonding, presumably a reflection of the w-accepting ability of
the CO group relative to the other ligands. Although the relative
w-accepting ability for the substituents would be predicted to be
CO > PH; > PPh,, there are no clear trends evident in the
population analysis. For instance, the total d orbital populations
for the octahedrons of Cr(CO);X for X = CO, PH;, and PPh,
are 4.99, 5.04, and 5.02 ¢", respectively. These differences do not
reflect the relative w-accepting strength of PH, and PPh;. A more
detailed population analysis that differentiates between o and 7
effects also yields no clear trends. Differences in w-accepting
abilities have been used to explain the noticeably shorter Cr-P
bond distance in Cr(CO)4(PH,), compared to Cr(CO)PPh; (2.32
versus 2.42 A).3¢ Indeed, the P-Cr bond distance is calculated
to be 0.09 A shorter in Cr(CO)sPH; than in Cr(CO)PPh,.
However, the 0.09-A difference for P-Cr in Cr(CO)sPH; and
Cr(CO)sPPh; no longer exists in the transition-state structures
(the bond distances are now equivalent).

The d orbital populations for the transition-state structures are
all approximately 0.10 ¢~ less than the octahedrons. The reduced
d orbital populations in all systems would suggest that the trigonal
prism facilitates more efficient = back-donation, but again a
detailed population analysis yields no obvious trends in the -
accepting or os-donating abilities of PH; relative to PPh,.
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Therefore, we attribute the difference in bond lengths for the
ground-state structures to factors other than the o-donating or
w-accepting abilities of PH, relative to PPh,.

As alluded to previously, the octahedral geometry may not
always be optimum for minimizing the ligand-ligand repulsions.’!
In the octahedron, the triphenylphosphine ligand is adjacent to
four carbonyls, while in the trigonal prism, only three carbonyls
are adjacent. The triphenylphosphine ligand has C;-like symmetry,
and consequently, it is easier to fit the three phenyl rings into a
configuration that minimizes the steric interactions with only three
nearest-neighbor carbonyls with P-Cr—CO bond angles of ~84°
rather than four carbonyls with P-Cr~CO angles of ~90°. The
Cr-P bond is longer in the ground state due to the steric inter-
actions between the phenyl groups and the adjacent carbonyls.
These interactions are minimized somewhat in the transition state,
and the shorter bond distance reflects the reduced nonbonded
strain. This is beautifully confirmed by a simple van der Waals
calculation® of the differences in nonbonded energy for the ground
state versus the transition state for the two systems with X = PH,
and PPh;: 19.3 and 12.0 kcal/mol, respectively. The octahedron
can be thought of as being destabilized by 7 kcal/mol when X
= PPh;, as a result of steric nonbonded interactions. Consequently,
the barrier through the trigonal-prism transition state is calculated
to be approximately 7 kcal/mol lower for Cr(CO)sPPh, versus
Cr(CO)¢ and Cr(CO)sPH,.

Conclusion

“The LST approach coupled with PRDDO-optimized geometries
and ab initio energetics suggests that intramolecular cis—trans
isomerization in six-coordinate monodentate species proceeds via
a trigonal-prism transition state. The bicapped tetrahedron is not
a true transition state but, more probably, is a point on the surface
that must still pass through a trigonal-prism transition state.
PRDDO predicts a 40 kcal/mol energy of activation associated
with a nondissociative mechanism for cis—trans isomerization in
Cr(CO)sPPh;. If Cr(CO)sPPh, does undergo isomerization via
a nondissociative trigonal-prismatic mechanism, the process is
probably only slightly favored over rearrangement via ligand
dissociation.
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