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Density functional theory (B3LYP) has been used to investigate the mechanism of the
cis—trans isomerization in Ir(H)(CO)L (L = C¢H3(CH2P(H,)),), a model for Ir(H),(CO)L" (L'
= CgH3(CH2P(i-Pry)).. This complex is initially formed as the cis isomer by bubbling H,
through a benzene solution of Ir(CO)L" at room temperature. Over period of 18 h at 90 °C,
the cis isomer quantitatively converts to the trans isomer (Organometallics 1997, 16, 3786).
Five possible mechanisms are examined in detail: (i) CO dissociation and reassociation; (ii)
CO migratory insertion into the Ir—H bond and subsequent elimination; (iii) Ph—H reductive
elimination to an arene intermediate and subsequent oxidative addition; (iv) phosphine
dissociation, complex rearrangement, and phosphine reassociation; and (v) nondissociative
trigonal twist. The preferred mechanism involves two consecutive trigonal twists in which
the complex passes through a distorted octahedral intermediate.

Introduction

The oxidative addition of H; to transition metal
centers has been intensively studied for decades.1 712 It
has been generally recognized that this process may
produce the dihydride adduct either directly or via a
dihydrogen intermediate depending on the nature of the
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transition metals and the ancillary ligands.! Examples
of the latter include several reports on the Kinetics and
thermodynamics of the dihydrogen/dihydride equilibri-
um in some tungsten and rhenium complexes.13-16
However, if the cis-dihydride product, which is usually
formed first in the H, addition process, is not thermo-
dynamically stable, subsequent rearrangements may
give another cis- or trans-dihydride complex. This
concomitant process has not been thoroughly investi-
gated either experimentally or theoretically.1’=20 To the
best of our knowledge, the rearrangement of a kineti-
cally formed dihydride isomer to the thermodynamically
stable dihydride isomer has been investigated experi-
mentally in only three cases: M(H)2(L)s (M = Fe, Ru;
L = phosphorus donor),’” Ir(H),Br(CO)(dppe),*® and
[CsHsB—Ph][C4H4B—N(i-Pr);] Ta(H)2(PEts).1° In the first
case, an intramolecular nondissociative path, specifi-
cally the “tetrahedral jump”, was established by NMR
line-shape analysis.!” For the second case, two competi-
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proposed.’® From these examples, one can see the
diversity of isomerization mechanisms in dihydride
complexes. In addition to these systems, the cis—trans
isomerization of platinum(ll) dihydrides has also been
observed, but the detailed mechanism is unknown.2°
Recently, the kinetically formed octahedral iridium cis-
dihydride Ir(H)2(CO)L" (L' = CeH3(CH2P(i-Pr2))2) (2) was
found by Rybtchinski, Ben-David, and Milstein?! to
guantitatively convert into the corresponding trans-
dihydride complex 3 after 18 h at 90 °C under the
protection of 35 psi of H, (H, was added to prevent the
formation of 1 from 2) (Scheme 1). A mechanism for the
isomerization reaction was not discussed in this work.
In this paper, we investigate this cis—trans isomer-
ization in the model system Ir(H),(CO)L (L = CgHs-
(CH2P(H)>).) by density functional theory. Five possible
pathways (Scheme 2) are examined in detail: (i) CO
dissociation and reassociation; (ii) CO migratory inser-
tion into the Ir—H bond and subsequent elimination;
(iii) Ph—H reductive elimination to an arene intermedi-
ate and subsequent oxidative addition; (iv) phosphine
dissociation, complex rearrangement, and phosphine
reassociation; and (v) nondissociative trigonal twist.

Computational Details

All the calculations have been performed with the Gaussian
942 package. Density functional theory?* was employed with
the three-parameter hybrid exchange functional of Becke® and
the Lee, Yang, and Parr correlation functional®® (B3LYP).
Relativistic effective core potentials (ECPs)?’ for iridium and
phosphorus were employed in all B3LYP calculations. In the
ECP for Ir, the 5s and 5p orbitals were treated explicitly along
with the 5d, 6s, and 6p valence orbitals. The basis set for Ir
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(v) Non-dissociative trigonal twist

was a double-¢ basis set (341/541/21), where the two outermost
6p functions of the standard LANL2DZ?® have been replaced
by a (41) split of the optimized 6p function from Couty and
Hall.?® For P, the standard LANL2DZ basis set was augmented
by a d-type polarization function.®® For metal-bound carbon
and hydrogen atoms and for the oxygen atom, a 6-31G(d,p)
basis set®* was adopted. The hydrogen and carbon atoms
uncoordinated to the metal have a 3-21G basis set.*?
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All intermediates and transition states (TS) in this work
were obtained by full geometry optimizations at the B3LYP
level. The transition states, checked by separate frequency
calculations, have only one imaginary frequency.

Results and Discussion

In this section, we begin with a description of the
geometrical features of the cis- and trans-dihydride
model complexes. Then each of the five mechanisms will
be discussed at some length in a separate subsection.
To save space, the structures of all optimized intermedi-
ates and transition states obtained along the five
possible pathways are collected in Figure 1, and their
relative electronic energy differences are tabulated in
Table 1. Since the relative zero-point-energy differences
generally have a very small influence on the relative
heights of activation barriers for isomerizations, their
values are not included in Table 1.

By replacing i-Pr substituents with hydrogens in 2
and 3, we obtain the model species 4 and 5, respectively.
The energies in Table 1 show that the trans-dihydride
5 is lower in energy than the cis isomer 4 by 2.0 kcal/
mol, a value that is in agreement with the experimental
estimate for the energy difference between 2 and 3
(AG2-3(363 K) = G3 — G, < —3.3 kcal/mol).?*

This energy difference seems to contradict the well-
known fact that a hydride ligand has a stronger trans-
influence than a phenyl (Ph) ligand. The optimized
structures for 4 and 5, which are given in Figure 1,
provide some clues about the relative stability of the
trans-dihydride 5 over the cis-dihydride 4. By comparing
the Ir—C2 (Ir—CO) bond distances trans to the hydride
in 4 (1.933 A) and the Ph group in 5 (1.914 A), we find
the expected trans-influence trend H > Ph. So what are
the factors that contribute to the stabilization of 5 over
47? Are there some electronic factors that favor the trans
arrangement of two hydrides in 5 even though this
arrangement is usually unfavorable?’" Analyzing the
occupied molecular orbitals of 5, we note a delocalized
interaction between the s orbitals of Ph, the d, of Ir,
and the & orbitals of CO (these orbitals are nearly in
the same plane). Apparently, this electron delocalization
favors Ph trans to CO, the isomer in which both the Ir—
Ph and Ir—CO bonds are shorter. This viewpoint can
be indirectly substantiated by comparing the relative
stability of two model complexes, cis- and trans-1r(H),-
(CO)(CH3)(PH,)2, in which the Ph group in 4 and 5 has
been replaced with the simple methyl group. Full
geometry optimizations at the B3LYP level (not listed
here) show that the trans isomer is slightly higher in
energy than the cis one. Clearly, the reason can be
ascribed to the fact that the stabilizing delocalization
in 5 is partially reduced in trans-1r(H),(CO)(CHz)(PH,).
because the CH3 group lacks the delocalized & system
of Ph. Interestingly, the isomer with the shorter Ir—
CO bond, 5, has the longer C—0 bond, a result that is
in agreement with the C—O stretching frequencies.?! In
addition, examining the geometrical features of 4 and
5, we find that ring strain may destabilize 4 to some
extent. As one can see from Figure 1, both five-
membered rings in 5 are equally twisted (in opposite
directions) to relieve some strain energy. Both dihedral
angles, P1—Ir—C1—C3 and P2—Ir—C1—-C4, are —15.3°
in 5. However, in 4 only the upper five-membered ring

Li and Hall

is twisted to the same extent as that in 5 (the dihedral
angle P1—-Ir—C1-C3 is —15.6°). The lower ring is
puckered to a smaller extent (the dihedral angle P2—
Ir—C1—C4 is —8.2°). These strain effects could be more
important when bulky substituents are attached to P.

CO Dissociation/Reassociation. The reaction co-
ordinate along this pathway is shown schematically in
Figure 2.

After CO dissociation, the most stable five-coordinate
intermediate is 6, a distorted trigonal bipyramid with
a small H—Ir—H angle (see Figure 1). For isomerization,
CO reassociation would occur with the less stable
intermediate 7, a square pyramid with two hydrides
trans to each other. Since the barrier for CO dissociation
is at least 40.5 kcal/mol, this mechanism can be elimi-
nated as having a barrier too large to explain the
experimental results. Although the basis set superposi-
tion error (BSSE) is not included, it will not be large
enough to change this conclusion.

CO Insertion/Elimination. Although CO insertion
into a M—H bond is generally unfavorable thermody-
namically, it does occur in some transition metal
systems.33 So this pathway could be a possibility for the
isomerization. The calculated potential energy profile
is given in Figure 3. From Figures 1 and 3, we can see
that the first step along this mechanism is the migration
of the hydride H1 to the CO, 8(TS), and then the CHO
group moves to form a trigonal bipyramidal acyl inter-
mediate 9. Finally, the CO is eliminated from 9 to
generate the trans-dihydride product 5. Although the
CO elimination from the intermediate 9 to form the
product 5 is facile with a barrier of only 9.2 kcal/mol,
the CO insertion step is endothermic by 25.3 kcal/mol
with a barrier of 39.6 kcal/mol. Therefore, this mecha-
nism is also an unsuitable explanation for the experi-
mental observation.

The instability of 9 relative to the cis-dihydride 4 is
due to a combination of factors. Although a very strong
C2—H1 bond is created in 9, three other factors combine
to destabilize 9 (compared to 4): (i) the strong Ir—H1
bond is completely broken in 9; (ii) the triple bond of
CO in 4 is reduced to a double bond in 9, as evidenced
by the C—0O bond lengthening from 1.156 to 1.212 A;
and (iii) the Ir—C2 bond in 9 is significantly weaker, as
reflected in its elongation by 0.025 A.

Ph—H Reductive-Elimination/Oxidative-Addi-
tion. The potential energy path for this mechanism is
shown in Figure 4. First, the Ir—H2 and Ir—C1 bonds
reductively eliminate to form intermediate 12 (see
Figure 1), then the arene ring twists to produce inter-
mediate 14, and finally the C1—H2 bond oxidatively
adds to generate the trans-dihydride 5. The calculated
barriers for these three consecutive steps are 33.2, 18.6,
and 16.4 kcal/mol, respectively. Clearly, the Ph—H
reductive elimination from 4 to 12 is the rate-determin-
ing step along this pathway, and its barrier of 33.2 kcal/
mol is still too high to interpret the experimental
observation.

The optimized transition states and intermediates
along this path (see Figure 1) deserve some comments.
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16 17

20 21(TS)

22 23(TS)

Figure 1. B3LYP-optimized structures of the reactant 4, the product 5, and all of the intermediates and transition states

along the five possible pathways.

The geometrically similar intermediates, 12 and 14, are
only 12.5 and 11.5 kcal/mol, respectively, above the
reactant 4. Both intermediates are actually four-
coordinate Ir(l) (d®) complexes because of the reductive
elimination of the Ir—H2 and Ir—C1 bonds. Despite the
loss of two bonds and the gain of only one, 12 and 14

are reasonably stable because the newly formed C1—
H2 bond is strong, the Ir—C2 bond is stronger than that
in 4, and part of the ring strain is released. On the other
hand, the barrier for the reductive elimination is
relatively high because in the transition state 11 (also
15) Ir—C1 and Ir—H2 bond breaking costs more energy
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4 (0.0 kcal/mol)

6 (40.5)

Li and Hall

7(48.8)

Figure 2. Potential energy profile along the CO dissociation/reassociation pathway. Only the energies of intermediates
are given because of the high dissociation energy in the first step.

Table 1. Relative Electronic Energies AE (in
kcal/mol) of the Reactant 4, Intermediates,
Transition States, and the Product 5

species? AE species? AE

4 0.0 14 11.52
5 —2.01 15(TS) 27.91
6 + COP 40.51 16 46.64
7+ COb 48.77 17 35.52
8(TS) 39.64 18 25.41
9 25.25 19 42.58
10(TS) 34.48 20 31.01
11(TS) 33.23 21(TS) 24.04
12 12.49 22 7.95
13(TS) 31.06 23(TS) 24.03

a See the numbering of species in Figure 1. The transition states
are explicitly denoted in parentheses. P The basis set superposition
error is not included.

Figure 3. Potential energy profile along the CO insertion/
elimination pathway.

than that returned from C1—H2 bond forming and the
ring strain is still large.

Phosphine Dissociation, Complex Rearrange-
ment, and Phosphine Reassociation. The sequence
of phosphine dissociation, complex rearrangement, and
phosphine reassociation is quite complicated because
there are a number of rearrangement modes for the
resultant five-coordinate complex 16 before the phos-
phine group recoordinates to the metal center to yield
the trans-dihydride product 5. For example, the 4 — 5
cis—trans isomerization could go through the reaction
coordinate shown in Figure 5 (the relative electronic
energies of these intermediates are also listed for com-
parison). Obviously, without simultaneous rearrange-
ments of other ligands the direct Ir—P bond breaking
from 4 to 16 is highly endothermic (46.6 kcal/mol). Thus,
the mechanism displayed in Figure 5 can be definitively
excluded.

® irs)

13(TS
332 (rs)

311

Figure 4. Potential energy profile along the Ph—H reduc-
tive-elimination, oxidative-addition reaction coordinate.

4 (0.0 keal/mol) 5(-2.0)

Figure 5. Potential energy profile along a phosphine
dissociation, complex rearrangement, and phosphine re-
association pathway. Only the energies of intermediates
are given because of the high dissociation energy in the
first step.

However, simultaneous rearrangement of the remain-
ing ligands as the phosphine dissociates is possible.
Apparently, phosphine dissociation from 4 directly to
17 or 20 is also highly unfavorable thermodynamically,
but direct dissociation to 18, in which one hydride ligand
is trans to a vacant site, would produce the most stable
among possible five-coordinate intermediates. In an
attempt to find such a route, we performed several
restricted geometry optimizations by fixing the Ir—P2
to 3.0 A, a value that is halfway between the normally
coordinated and the completely dissociated limits, and
by starting from various initial geometries, which are
constructed by moving one or more of the remaining
ligands (H1, H2, CO) slightly away from their original
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positions. These optimizations all converged to the same
structure, which is 26.5 kcal/mol above the reactant 4
and geometrically very similar to 16 (except of course
in the one Ir—P bond length). Therefore, even if a direct
path from 4 to 18 exists, the activation barrier for the
loss of the phosphine ligand along this path will be
greater than 26.5 kcal/mol. Experiments also suggest
that phosphine loss is not facile: a complex like 5 is
stable under 30 psi of CO at 50 °C,2! and complexes like
6 are stable up to 200 °C.3* As we will see in the
following section, another pathway is lower in energy
than this minimum value for phosphine dissociation,
complex rearrangement, and phosphine reassociation.

Trigonal Twist. Nondissociative mechanisms have
been unequivocally determined to be responsible for the
stereochemical nonrigidity only in a few octahedral or
distorted-octahedral six-coordinate molecules.17:3536
There are three well-known kinds of nondissociative
rearrangement modes in six-coordinate molecules, dis-
tinguished by the geometrical character of the transition
state: (i) the tetrahedral jump mechanism,” (ii) the
bicapped tetrahedral mechanism,®” and (iii) the trigonal
twist mechanism?? (see related references for details).
Let us return to the specific isomerization in our case.
First, the tetrahedral jump mechanism in our case
means that species 4 may isomerize into 5 through a
single H1 jump across the P1—C2 edge with concomitant
movement of CO ligand to the position trans to the
phenyl ligand (see Figure 1). Our search for a transition
state primarily involving the H1 movement did lead to
a transition state, 21 in Figure 1. However, 4 to 21 also
involves large movements of the H2 and P1 ligands and
thus does not appear to be a tetrahedral jump. Fur-
thermore, intrinsic reaction coordinate (IRC)38 calcula-
tions show that this transition state does not directly
connect 4 and 5. In fact, as we will show, species 21 is
a transition state along the trigonal twist pathway.
Therefore, the tetrahedral jump mechanism can be
ruled out as a possibility.

By the bicapped tetrahedral mechanism, the isomer-
ization from 4 to 5 can occur in a single step by rotating
H1 and CO ligands simultaneously in 4. We have made
an extensive search for transition states along this path.
Interestingly, we indeed located another transition
state, 23 in Figure 1. Again, an IRC calculation shows
that this transition state fails to connect the reactant 4
and the product 5. Thus, the bicapped tetrahedral
mechanism is also excluded.

Now, the trigonal twist process is only the nondisso-
ciative pathway left to be explored. Following this path,
we have obtained the intermediate 22 (Figure 1) and
two transition states 21 and 23, both mentioned above.
The potential energy profile associated with this path
is provided in Figure 6. The intermediate 22 is a
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Figure 6. Potential energy profile along the trigonal twist
pathway.

distorted octahedral complex that is generated from 4
by twisting the three ligand atoms: P1, H2, and H1
simultaneously. The trans-dihydride product 5 is then
obtained by rotating the three ligand atoms, C2, H2,
and P2, in the intermediate 22. The trigonal prismatic
transition states 21 and 23 have been verified by
subsequent IRC calculations to truly connect 4 to 22 and
22 to 5, respectively. Since the barriers for these two
consecutive trigonal twist rotations are only 24.0 and
16.0 kcal/mol, respectively, the trigonal twist process
turns out to be the lowest energy pathway among the
five reaction mechanisms under consideration. The
activation parameters we obtained along the trigonal
twist mechanism are in reasonable accord with the
experimental conditions in which the real cis-dihydride
complex 2 isomerizes into the trans-dihydride 3.

Conclusions

Density functional theory provides the mechanism,
structures, and energetics involved in the isomerization
of the cis-dihydride complex Ir(H)2(CO)L (L = CgHs-
(CH3P(H),).) into its trans-dihydride counterpart, which
is thermodynamically more stable. Five possible mech-
anisms have been investigated in detail. The favored
mechanism is two consecutive trigonal twists through
a distorted octahedral intermediate. The low energy of
this path is unexpected because of the backbone rigidity
of the tridentate ligand —CgH3(CH2PRy),. The calculated
activation parameters are in agreement with the reac-
tion conditions in which the cis—trans isomerization in
analogous real dihydride complex Ir(H)(CO)L" (L' =
CeH3(CH2P(i-Pr3)),) occurs. Since all of the other four
mechanisms have higher barriers, our theoretical cal-
culations provide strong evidence that the isomerization
reaction observed above proceeds by the trigonal twist
mechanism.
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