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We present a density functional theory based computational study comparing simplified
models for the ruthenium(l1)- and iridium(l)-catalyzed transfer hydrogenation of ketones.
For the ruthenium compound our results confirm earlier findings that the hydrogenation
involves a ruthenium hydride and occurs via a concerted hydrogen transfer mechanism with
no direct ruthenium—ketone binding along the reaction path. In contrast, for the iridium
compound our calculations suggest that the reaction proceeds via direct hydrogen transfer
between simultaneously coordinated ketone and alcohol. We find that for both metal
complexes the formation of a very stable metal—alkoxide complex plays an important role.
For the ruthenium-catalyzed reaction it constitutes a resting state that does not take an
active part in the transfer hydrogenation, while for the iridium-catalyzed reaction it is an

important intermediate along the reaction path.

Introduction

One of the most fundamental transformations in
synthetic chemistry is the asymmetric reduction of
C=0 and C=N bonds forming stereospecific centers in
molecules.! In this field, Noyori et al. initiated signifi-
cant progress by introducing well-designed chiral ru-
thenium compounds that catalyze transfer hydrogena-
tion from 2-propanol to pro-chiral ketones with a high
enantioselectivity.2 Subsequently, various other chiral
compounds with a ruthenium(11)2=2% (Ru), rhodium(1)26-36
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Scheme 1. Mechanistic Alternatives for Transition Metal Catalyzed Asymmetric Hydrogen Transfer: (I)
Concerted Hydrogen Transfer, (I1) Migratory Insertion, and (I11) Direct Hydrogen Transfer2
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a M = transition metal, L = arene or olefin, and Y = nltrogen, oxygen, or sulfur. (a) denotes the 18-electron metal—hydride
complex and (b) the 16-electron metal-complex, see the section Models.

conditions. For example, in Ru-catalyzed reactions,
which have been studied in most detail, a high enanti-
oselectivity is in particular induced by chiral amino
alcohol and N-tosylated diamine-based ligands, yielding
an enantiomeric excess (ee) of up to 99%.41222 Excel-
lent reviews on this subject can be found in the
literature.4243

To date, it is still a formidable challenge to obtain
experimentally direct and accurate insight in the mech-
anistic pathways of chemical reactions. The most im-
portant limitation is the fact that key intermediates
often have a very short lifetime. Obviously this holds
also for the transition metal catalyzed reactions of the
type addressed in the present paper. Computational
studies do not suffer from these limitations and pro-
vide therefore a valuable complementary approach to
study these reactions. To unravel the underlying mecha-
nistic reaction pathway of the metal-catalyzed trans-
fer hydrogenation reactions, a number of computational
studies of simplified Ru and Rh model complexes have
been performed.?244=47 |n these studies mainly three
types of mechanisms were considered (Scheme 1): (I)
concerted transfer of the proton of the amine ligand
and the metal-coordinated hydride to the pro-chiral
ketone, referred to by Noyori as the metal—ligand
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bifunctional mechanism,*8 (11) migratory insertion of the
pro-chiral ketone into the metal—hydride bond, and
(111) direct transfer of the a-hydrogen of the metal—
alkoxide complex to the pro-chiral ketone, commonly
known as the Meerwein—Ponndorf—Verley reduc-
tion.*?%0 For a Ru complex with an amino alcohol ligand
Noyori and co-workers,*® Alonso et al.,** and Petra et
al.22 have recently found that the transfer hydrogena-
tion via mechanism | is energetically favorable over the
other two mechanisms. For a Rh complex with a
primary diamine ligand, Guiral et al.*’” showed that
hydrogen transfer prefers mechanism | over a mecha-
nism first proposed by Gladiali et al.5! which is very
similar to I1. However, they found that for a Rh complex
bearing a tertiary diamine ligand mechanism Il is also
possible.

To our knowledge computational studies of Ir-cata-
lyzed hydrogen transfer are still absent. However, in
view of the good performance of Ir compounds as
illustrated by the 92% ee in the reduction of acetophe-
none using a N-(p-tolylsulfonyl)-1,2-diphenylethylene-
diamine ligand,3® and the 97% ee obtained with amino
sulfide ligands in the reduction of aryl—alkyl ketones
as reported by Petra et al.,*! there is an obvious need
for further clarification of Ir-catalyzed hydrogen transfer
by computational methods.

Here, we report a density functional theory (DFT)
study of the Ir-catalyzed transfer hydrogenation of
ketones and compare this directly to the well-character-
ized Ru-catalyzed transfer hydrogenation. Reaction
paths for the above-mentioned mechanisms including
all important transition states (TSs) are computed. The
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Figure 1. Schematic structures of the 16- (top) and 18-
electron (bottom) Ru and Ir complexes.

Scheme 2. Transition Metal Catalyzed
Asymmetric Transfer Hydrogenation of Ketones
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results are mutually compared and put in perspec-
tive in a qualitative comparison with experimental
results.

Models

Scheme 2 shows the simplified catalytic cycle of
asymmetric transfer hydrogenation of ketones.*648 A 16-
electron complex is generated from a catalyst precursor,
typically the corresponding metal halide, using an
inorganic base such as KOH, NaOH, or K,COs. In a
common experiment 2-propanol acts as both solvent and
hydrogen donor. It first reacts with the 16-electron
complex to form the 18-electron metal—hydride complex.
This in turn reacts with a pro-chiral ketone to form a
chiral secondary alcohol. In the case of Ru both the 16-
and the 18-electron complex have been isolated and the
crystal structure has been elucidated.® In the present
computational studies we considered a simplified form
of a well-performing Ru arene amino alcohol compound,”
similar to that of Noyori and co-workers,* with a
stabilizing benzene ligand and an amino ethanol ligand
(Figure la,d). For the Ir catalyst we considered two
simplified models: one with an amino ethanol (Figure
1b,e) ligand and a second with a 2-aminoethylmethyl
sulfide ligand (Figure 1c,f), both of them with an
additional stabilizing cycloocta-1,5-dienyl (COD) ligand.
The chiral analogues of the model amino sulfide ligand
yield active catalysts with relatively high ee (80% ee at
82% conversion for the reduction of acetophenone),
whereas the Ir compounds with amino alcohol ligands
show much lower activity.** Experimental work by Petra
et al.*1 suggests that in the active catalyst COD is n*-
coordinated to Ir. Crystal structures®’ of an analogous
Ir catalyst show also coordination of COD in #*-mode.

Handgraaf et al.

Table 1. Optimized Bond Lengths (&) and First
Bond Dissociation Energy (FBDE) (kcal/mol) of
Ruthenium(ll) and Iridium(l) Hexacarbonyl

r(M—C) r(C-0O) FBDE

[Ru(CO)e]>" CPMD-BLYP 2.055 1.132 44.8
ADF-BLYP2 2.054 1.129 45.4

r 6. - . . .
Ir(CO)e]3" CPMD-BLYP 2.069 1.127 68.2
ADF-BLYP?2 2.080 1.122 68.1

a Scalar-relativistic corrections are included by way of the zero-
order regular approximation (ZORA).%3

Calculations of Bernard et al.®® that found COD #*-
coordinated in an isoelectronic Rh complex support the
suggestion by Petra et al. For the transfer hydrogena-
tion we consider a symmetric model reaction with
methanol being the hydrogen donor and formaldehyde
representing the ketone.

Methods and Validation

We performed DFT-based electronic structure calculations
using the BLYP functional, which combines a gradient cor-
rection term for the exchange energy as proposed by Becke®?
with a correction for the correlation energy due to Lee, Yang,
and Parr.53 The pseudopotential method is used to restrict the
number of electronic states to those of the valence electrons.
The interaction with the core electrons is taken into account
using semilocal norm-conserving Martins—Troullier pseudo-
potentials.>* The Ru and Ir pseudopotentials were of the
semicore type including the highest s- and p-shell electrons
as valence electrons. They were generated using ionized
configurations (Ru™ and Ir>") with the electrons treated
relativistic in the scalar approximation. The pseudopotential
cutoff radii for C, N, O, and H were 1.23, 1.12, 1.10, and 0.50
au, respectively. In case of Ru the radii of the s, p, and d
pseudopotentials were 1.10, 1.20, and 1.24 au, respectively.
For Ir these values were 1.13, 1.15, and 1.28 au. The electronic
states are expanded in a plane-wave basis including waves
up to an energy of 70 Ry. Calculations are performed in a cubic
periodic box of edge 13.0 A. Test calculations showed that with
this setup structural properties are converged within 0.01 and
0.02 A for the intra- and intermolecular bonds, respectively.
Energies are converged within 0.25 kcal/mol. All calculations
are performed with the CPMD package.>®

We validated the numerical accuracy of our computational
approach against benchmark calculations performed with the
state-of-the-art atomic orbital based ADF package®5” by
calculating properties of Ru and Ir hexacarbonyls. Table 1 lists
the optimized bond lengths and the first bond dissociation
energy (FBDE). The FBDE corresponds to the energy change
upon removing one of the carbonyl ligands from the metal
hexacarbonyl. To our knowledge no experimental structural
data are available. With respect to the bond lengths the
agreement between the CPMD and ADF results is excellent,
with a maximum deviation of 0.01 A, but most deviations are
within 0.005 A. Also the FBDES are in good agreement. This
indicates state-of-the-art accuracy of the numerical methods
employed in CPMD.
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Figure 2. Catalyst structure. Optimized geometries of the
16- and 18-electron Ru and Ir complexes. Energies are
relative to the metal—methoxide complexes 21 and 22.

Zero-point energy (ZPE) corrections are not incorporated in
our study. Test calculations performed on the Ru-catalyzed
hydrogen transfer via mechanism | showed that the activation
barrier for the alcohol oxidation changed from 12.7 to 10.7 kcal/
mol if ZPE corrections are included, whereas the barrier for
formaldehyde reduction decreased by only 0.3 kcal/mol. Similar
ZPE corrections at the B3LYP/6-31G(d,p) level are reported
by Noyori and co-workers.*¢ While ZPE corrections are clearly
not negligible, we will see that for the reactions studied in the
present paper the ZPEs are small compared to almost all
calculated activation barriers.

Results

Geometrical differences among the Ir complexes with
the amino ethanol and 2-aminoethylmethyl sulfide
ligands are, for almost all distances, less than 0.1 A. In
the following figures we will therefore show only struc-
tures of the complexes with the amino ethanol ligand.
(Structures not shown are available via Supporting
Information or upon request.) Note that all reported
energy values (kcal/mol) are with respect to the energy
of the metal—methoxide complex. In the following we
will first present results for the bare catalysts, followed
by the possible coordinations of the substrates to the
catalyst, and finally present results for the different
reaction mechanisms.

Catalyst Structure and Substrate Coordination.
Figure 2 shows the optimized structures of the 16-
electron and the 18-electron complexes, both important
intermediates in the catalytic cycle. We observe that for
both Ru and Ir the M—N bond is ~0.3 A longer for the
18-electron complex compared to the 16-electron com-
plex. This is to be expected since the character of the
nitrogen changes from an amide to an amine. The Ru—0O
bond is also slightly elongated for the 18-electron
complex, in contrast to the Ir—O bond, which shows a
very small decrease. Overall, it is clear that the ligand
coordination is stronger for the 16-electron complex for
both the Ru and Ir complex. When comparing the Ru
and Ir complexes, the oxygen—metal bond is signifi-
cantly stronger in the Ru complex. This difference

Organometallics, Vol. 22, No. 15, 2003 3153

Ru (8) Ir
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1999

Ru (11) Ir

+11.1 keal/mol +20.1 keal/mol

Ru (14) Ir

+15.7 keal/mol +27.2 keal/mol

Figure 3. Substrate coordination. Optimized geometries
of initial coordination of methanol and formaldehyde to the
16- and 18-electron Ru and Ir complexes. Energies are
relative to the metal—methoxide complexes 21 and 22.

originates from the fact that Ru has a strong, intramo-
lecular-like o-bond with the oxygen, whereas Ir forms
a bond involving one of the oxygen lone pairs that has
a more intermolecular nature. Obviously, this difference
originates from the different valence configurations of
the Ru and Ir atoms, with Ir having one electron more.
The metal—hydride bond is ~1.6 A for all complexes and
similar to that found for the Rh—H bond in the isoelec-
tronic complex [RhH(NH3)2(C2Hy)2].2° Apparently this
bond length is typical for these metal—hydride com-
plexes and indicates a stable metal—hydride coordina-
tion. Note further the reversal of the O—C—C—N torsion
angle of the ligand backbone from +53.7° for 4 to —58.1°
for 5. Hence, the mode of ligand coordination is also
rather different for Ru compared to Ir.

The coordination of methanol and formaldehyde to the
16- and 18-electron Ru and Ir complexes is shown in
Figure 3. For the coordination of methanol to the 16-
electron complexes we have found two types of stable
structures. First, formation of an intermolecular hydro-
gen bond between the amide nitrogen of the 16-electron
complex and the hydroxy group of methanol, 7 and 8,
yields a stabilization of ~2 kcal/mol. Note also the
further elongation of the Ir—0O bond by 0.11 A, while
the Ru—0 bond length remains the same. The second
structure involves a direct coordination to the metal via
a lone pair of the methanol oxygen, 10 and 11. For Ru
the oxygen coordination appears relatively weak, with
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(21) Ru (22) Ir
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Figure 4. Metal methoxides. Structures of formation of
the metal—methoxides. Energies are relative to the metal—
methoxide complexes 21 and 23.

a Ru—0 bond length of 2.42 A, and is accompanied by
a short hydrogen bond of 1.65 A between the hydroxy
hydrogen of methanol and the amide nitrogen. In
contrast, for Ir the coordination of the methanol oxygen
effectively replaces the coordination of the ligand alcohol
oxygen that dissociates without any activation barrier
and no methanol—amide hydrogen bond is formed. This
shows that the ligand in this Ir complex is a clear
example of a hemilabile ligand,®® consistent with the
observation for the bare catalysts (supra vide) that the
Ir—0O bond is weak. Guiral et al.*® reported a similar
decoordination of one of the Rh—N bonds of the diamine
ligand in the electronically equivalent Rh complex.
Comparing the energies relative to methanol dissocia-
tion, we see that the hydrogen-bonded coordination is
stable for both the Ru complex and the Ir complexes.
The oxygen—metal coordination is even more stable for
Ir, but unstable for Ru.

The coordination of formaldehyde to the 18-electron
Ru and Ir complexes is very similar to that of the
hydrogen-bonded methanol, with the oxygen of formal-
dehyde hydrogen-bonded to the amine nitrogen, see 13
and 14. The complexation energy relative to formalde-
hyde dissociation is ~4 kcal/mol.

Mechanism of Transfer Hydrogenation

Figure 4 shows the structures of the formation of the
metal—methoxide complex. In Figures 5, 6, and 7 we
show the optimized structures for the concerted hydro-
gen-bond, migratory insertion and direct transfer mech-
anisms, respectively. The overall energy profiles are
shown in Figure 8. We did not investigate the direct
hydrogen transfer mechanism for the Ru complex.
Alonso et al.** computed at the B3PW91/6-311+G**
level a barrier of 30 kcal/mol and concluded that this
mechanism can be excluded.

Handgraaf et al.

(16)-(1S)  Ru Ir

+32.7 keal/mol

+18.0 keal/mol

Figure 5. Concerted hydrogen transfer. Transition state
structures of the concerted hydrogen transfer (metal—
ligand bifunctional mechanism?8). Energies are relative to
the metal—methoxide complexes 21 and 22.

Ru (26)-(TS) Ir

+25.7 keal/mal

Ir

+24.8 keal/mol

+17.6 keal/mal

Figure 6. Migratory insertion. Optimized structures of the
p-elimination/migratory insertion mechanism. Energies are
relative to the metal—methoxide complexes 21 and 22.

Concerted transfer of hydride and proton to the
coordinating formaldehyde (Figure 5) is accompanied by
a small barrier of 2.3 kcal/mol for the Ru complex: TS
16 is only slightly higher in energy than the formalde-
hyde-associated complex 13. If ZPE corrections are
included, the barrier is 2.0 kcal/mol. Noyori and co-
workers*6 obtained for the same system a barrier of 4.7
kcal/mol (B3LYP/6-311++G(d,p) level including ZPE
corrections). This result can be considered consistent
with our result, as differences of a few kcal/mol among
different density functionals are common. Note that, in
general, barriers computed with BLYP are somewhat
smaller than those obtained with B3LYP.5® For the Ir
complexes the barriers are also moderate, with a value
of 6 kcal/mol for both the amino ethanol (14 — 17) and
amino sulfide (15 — 18) ligands. The reverse reaction,
with methanol transferring its hydrogens to the metal
complex, yields reaction barriers of 13 kcal/mol (7 — 16),
8 kcal/mol (8 — 17), and 13 kcal/mol (9 — 18), for the
Ru complex, Ir amino alcohol, and Ir amino sulfide
complexes, respectively.

(58) Braunstein, P.; Naud, F. Angew. Chem., Int. Ed. 2001, 40, 680—
699.

(59) Hamprecht, F. A.; Cohen, A. J.; Tozer, D. J.; Handy, N. C. J.
Chem. Phys. 1998, 109, 6264—6271.
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Figure 7. Direct hydrogen transfer. Optimized structures
of the Ir-catalyzed direct hydrogen transfer mechanism.
Energies are relative to the metal—methoxide complex 22.

Before describing the migratory insertion and direct
transfer mechanisms we first discuss the formation of
the metal—methoxide complexes (Figure 4). They are
an important intermediate in these mechanisms and
obtained via proton transfer from the coordinated
methanol to the metal complex. The proton transfer
proceeds for the Ru and Ir complexes via negligible
barriers, yielding very stable metal-methoxide com-
plexes 21, 22, and 23. Note that especially for Ir the
formation of the methoxides is highly exothermic, with
energy differences of at least 20 kcal/mol.

For the Ru complex the subsequent S-elimination step
(Figure 6) from the Ru methoxide (21) to the formalde-
hyde-coordinated complex 13, via 24 (configuration 24,
not shown in the figures, constitutes a Ru methoxide
complex with an n?-coordinated benzene), TS 25, and
28 involves a high-energy barrier of 30 kcal/mol. This
is caused by electronic saturation of the metal: in
structures 25 and 28 the substrate CO bond is coordi-
nating to the metal, forcing a #° to 72 decoordination of
the benzene group. This is also found by others.4446 The
reverse pathway, i.e., the hydrogenation of the formal-
dehyde-coordinated Ru complex by migratory insertion,
13 — 21, shows an energy barrier of 15 kcal/mol.

Also for both Ir complexes we see that the S-elimina-
tion step (Figure 6) from the methoxide-coordinated
complexes 22 and 23 to the formaldehyde-coordinated
complexes 14 and 15 proceeds via high energy barriers,
with values of 26 and 30 kcal/mol. Again, for the
transition states the coordination of the substrate CO
bond induces electronic saturation, giving rise to deco-
ordination of the relatively weakly bound alcohol/sulfide
part of the ligand. Also the locally stable complexes 29
and 30, with the formaldehyde CO z-bond coordinating
to the metal, show this decoordination. This explains
why, in contrast to the Ru complex, these s-bond-
coordinated configurations are stable compared to the
formaldehyde hydrogen bonded to the ligand amine
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group, structures 14 and 15. The reverse migratory
insertion pathway hydrogenating the Ir-coordinated
formaldehyde, 29 — 22 and 30 — 23, shows energy
barriers of 8 and 13 kcal/mol for the Ir amino alcohol
and Ir amino sulfide complexes, respectively.

In the direct hydrogen transfer mechanism (Figure
7) a formaldehyde coordinates to the Ir methoxide
complex, 31 and 32, and subsequently a methyl hydride
is exchanged between the facing methoxide and form-
aldehyde carbon groups. For both Ir complexes the
formaldehyde coordination is accompanied by a slight
increase in energy, 1—3 kcal/mol. The subsequent hy-
dride exchange proceeds via an energy barrier of 24 and
19 kcal/mol for the Ir amino alcohol and amino sulfide
complexes, respectively. Note that, as for the S-elimina-
tion/migratory—insertion transition state, the relatively
weakly bound alcohol/sulfide part of the ligand is
decoordinated from the Ir atom in the transition state,
again due to electronic saturation.

Discussion

From the calculated energy profiles (Figure 8) it is
evident that, at least for the gas-phase model systems
considered here, the metal—alkoxide complexes com-
prise an important structure in the catalytic cycle. For
the Ru complex the metal—alkoxide complex is stable
by at least 5 kcal/mol over any of the other intermedi-
ates along the reaction paths. For the Ir complexes this
energy difference is far more pronounced: 17 and 16
kcal/mol for the amino alcohol- and amino sulfide-
coordinated complexes, respectively. Noyori and co-
workers refer to these stable complexes as “reservoirs”
or “sinks”.#¢ Halpern already pointed out in the early
1980s that such reservoir species may play an important
role in stabilizing catalytic systems.®°

The energy profiles of the concerted hydrogen transfer
and migratory insertion/g-elimination mechanism for
the Ru complexes (Figure 8, upper profile) provides a
picture that is fully consistent with the B3LYP and MP4
results of Noyori and co-workers.*® It is also in qualita-
tive agreement with computational studies of very
similar model systems.??44 Comparison of the energy
profiles shows that the concerted hydrogen transfer
pathway has the lowest transition state energy, with a
local barrier of 2 kcal/mol for the hydrogenation of
formaldehyde (13 — 16) and 13 kcal/mol for the dehy-
drogenation of methanol (7 — 16). A direct consequence
is that the stable metal—methoxide complex, intermedi-
ate in the migratory insertion/g-elimination pathway,
is on a nonproductive route and will give rise to a
reservoir of inactive catalysts. Note that the methanol
decoordination of the metal—methoxide intermediate
involves a reaction barrier of 12 kcal/mol (21 — 19),
which is comparable to the dehydrogenation barrier (7
— 16), and therefore of importance for the overall
kinetics of the catalytic cycle. The calculations strongly
suggest that the methanol dehydrogenation is the rate-
limiting step, whereas formaldehyde hydrogenation
proceeds relatively easily. Analysis of an experimental
study of a Ru complex with a proper diamine derivative
ligand arrived at the same conclusion.®

The energy profiles for the Ir complexes (Figure 8,
middle and lower profile) provide a different picture.

(60) Halpern, J. Inorg. Chim. Acta 1981, 50, 11-19.
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Figure 8. Energy profiles for the concerted hydrogen transfer (left), migratory insertion (right, A), and direct hydrogen
transfer (right, B). Ir(O) denotes the Ir catalyst with an amino ethanol ligand and Ir(S) that with 2-aminoethylmethyl
sulfide ligand. The energy profile for Ru-catalyzed direct hydrogen transfer is not calculated, see text. Note that the energy
profiles for the direct hydrogen transfer involve the metal complex, one methanol, and one formaldehyde. Energies in
kcal/mol (without ZPE corrections) are relative to the metal—methoxide complexes 21—23.

Comparison of the energy profiles for the amino alcohol-
coordinated Ir complex shows that the -elimination (22
— 26) and direct hydrogen transfer (22 — 33) are
competing mechanisms, with transition state energies
at least 6 kcal/mol lower than that of the concerted
hydrogen transfer route. However, in the catalytic cycle
of the migratory insertion/s-elimination mechanism the
highest energy intermediate state is the 18-electron Ir
complex 5, whereas in the direct hydrogen transfer
mechanism this intermediate does not appear, and the
highest energy intermediate state, i.e., the 16-electron
Ir complex 2, is 4 kcal/mol lower. Hence, the calculations
suggest that the direct hydrogen transfer mechanism
is preferred. For the amino sulfide-coordinated Ir com-
plex the direct hydrogen transfer mechanism (23 — 34)
has by far the lowest transition state energy, with a
barrier for hydride exchange (23 — 34 — 23) of 19 kcal/
mol. Hence, also for the amino sulfide-coordinated Ir
complex our calculations suggest that the 18-electron
Ir complex does not participate actively in the catalytic
cycle. For both Ir complexes the methanol decoordina-
tion energy of the Ir methoxide complexes 22 and 23,
with values of 27 and 20 kcal/mol, respectively, is
significant and comparable to the energy barrier for the
direct hydrogen transfer. They are therefore, as in the
Ru system, important for the kinetics of the full catalytic
cycle. For the amino alcohol-coordinated complex the
energy difference between lowest and highest energy
intermediate along the reaction path (27 kcal/mol) is
significantly higher than that of the amino sulfide-
coordinated complex (20 kcal/mol). This indicates a
lower activity of the former complex, consistent with
experimental observations.*!

The mechanisms for Ru- and Ir-catalyzed transfer
hydrogenation suggested by our calculations are con-
sistent with the experimental observation that for Ir
complexes the enantioselective distribution is dominated
by the choice of the hydrogen source,*! whereas for Ru
complexes the choice of the hydrogen source does not
effect the stereochemical outcome.?

Comparing the energy profiles of the Ru complex and
Ir complexes may give an indication why the reaction
pathways are different for both complexes. Taking the
isolated methanol and 16-electron metal complexes,
structures 1, 2, and 3, as reference, we see that the
transition state energies for the concerted hydrogen
transfer mechanism show a small spread. In contrast,
for the transition states for the migratory insertion or
direct hydrogen transfer mechanism the energy differ-
ence between the Ru and Ir transition states is signifi-
cant, with the Ir transition state energies more than
20 kcal/mol lower. This relative difference in transition
state energies can be qualitatively understood from the
structure of the transition states 25, 26, 27, 33, and 34.
Both the migratory insertion and direct hydrogen
transfer mechanism require a transition state with a
high coordination of the metal. To prevent electronic
oversaturation, one of the stabilizing ligands has to
change coordination. For the Ru complex this is achieved
by 76 to #?2 partial decoordination of the strongly bound
benzene ligand, whereas for the Ir complexes the
alcohol/sulfide part of the hemilabile amino alcohol/
amino sulfide ligand decoordinates. The latter is not
possible in the Ru complex that has a strongly bound
amino alcohol group. The coordination change of the
strongly bound benzene ring is far more destabilizing
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than the decoordination of the weakly bound alcohol/
sulfide group, giving rise to the observed difference in
the transition state energies of more than 20 kcal/mol.

For the Ir compounds it is not clear how chiral
induction is achieved when the amino alcohol/amino
sulfide ligand is partially de coordinated. However,
Noyori and co-workers®* showed for the ruthenium(ll)-
catalyzed asymmetric hydrogen transfer that a large
part of the chiral induction is electronic and not steric
in nature, caused by the attractive CH/x interaction
between the n8-arene and the aromatic substituent in
carbonyl substrates. A similar effect can also be envis-
aged for the iridium(l)-catalyzed transfer since experi-
ments showed that the catalytic performance is far
superior for aromatic ketones compared to dialkyl
ketones.*81 Further computational studies including
pro-chiral substrates should reveal the origin of enan-
tioselection for the iridium(l)-catalyzed transfer hydro-
genation.

Another important aspect is the role of the solvent,
in particular when they strongly interact with the
catalyst and the substrates as in the present case, where
commonly used solvents are 2-propanol and formic acid.
Alonso et al.** showed that incorporating electrostatic
effects by a simple polarized continuum model (PCM)
already has a substantial effect on barrier heights.
Moreover, these type of solvents may form strong hy-
drogen bonds with both the substrate and catalyst. This
may also have a large impact on the reactivity of the
catalyst. For example, Burk et al.52 showed that the Rh-
catalyzed hydrogenation of enol esters in methanol gave
100% conversion, while benzene as solvent inhibited the
reaction completely. The influence of the solvent can be
particularly important for hemilabile ligands where
there is no rigidly defined catalyst structure, and a
solvent molecule can more easily coordinate to the metal
or ligand.

Summary

We have performed a DFT-BLYP-based computa-
tional study to compare model systems for transfer
hydrogenation reactions among alcohols and ketones
catalyzed by Ru amino alcohol, Ir amino alcohol, and Ir
amino sulfide complexes. In this comparison we consid-
ered three reaction mechanisms: (1) concerted hydrogen
transfer, also known as the metal—ligand bifunctional
mechanism,*® (2) migratory insertion, and (3) direct
hydrogen transfer. Our results for the Ru complex
system are fully consistent with the results of Noyori
and co-workers,*® who studied the same model system
using DFT-B3LYP and MP4 computational methods.
The calculations suggest that the reaction mechanism
for the Ru- and Ir-catalyzed reactions are fundamentally
different. For the Ru complex the reaction proceeds via

(61) Petra, D. G. I. Asymmetric Transfer Hydrogenation of Ketones.
Thesis, University of Amsterdam, Institute of Molecular Chemistry,
1999.

(62) Burk, M. J.; Kalberg, C. S.; Pizzano, A. 3. Am. Chem. Soc. 1998,
120, 4345—4353.

(63) van Lenthe, E.; Ehlers, A.; Baerends, E. J. J. Chem. Phys. 1999,
110, 8943—8953.

(64) Yamakawa, M.; Yamada, 1.; Noyori, R. Angew. Chem., Int. Ed.
2001, 40, 2818—2821.
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concerted hydrogen transfer, whereas for both the Ir
amino alcohol and Ir amino sulfide complexes the
reaction proceeds via direct hydrogen transfer between
simultaneously coordinated ketone and alcohol. This is
consistent with experimental data on the dependence
of the enantioselective distribution on the hydrogen
source. Comparing the results for the Ir amino alcohol
and Ir amino sulfide complexes we found our results to
be consistent with the experimental data, with the Ir
amino alcohol energy profile showing a significantly
higher reaction barrier.

For both the Ru and Ir complexes the metal—alkoxide
complex plays an important role. In all cases they con-
stitute the most stable complex. In the Ru-catalyzed
reaction it is not an intermediate of the reaction mech-
anism and therefore gives rise to a reservoir of inactive
catalysts. In contrast, for the Ir-catalyzed reaction it is
an intermediate along the reaction path.

The calculations suggest that the distinction between
reaction mechanism for Ru and Ir complexes can be
attributed to differences in the nature of the binding of
the ligands. The direct hydrogen transfer mechanism,
as well as the migratory insertion mechanism, requires
partial decoordination of the ligands. For the Ru com-
plex this is achieved by a 5® to %2 partial decoordination
of the strongly bound benzene ligand, whereas for the
Ir complexes the alcohol/sulfide part of the hemilabile
amino alcohol/amino sulfide ligand decoordinates rela-
tively easily. Consequently, the transition state of the
Ru complex is far more destabilized than the Ir transi-
tion state.

Finally we should mention that computational studies
such as presented here, although at the limit of present
day capabilities, are still open for significant improve-
ment. The variation in calculated energy profiles among
different computational methods, e.g., DFT versus
MP4,%6 indicates that the underlying electronic struc-
ture calculation has an inaccuracy that is not negligible.
This should be improved in order to be able to do precise
guantitative predictions. Second, the role of the solvent,
neglected in the present study as well as in most related
studies reported in the literature, is expected to be
significant. This holds in particular for metal-catalyzed
transfer hydrogenation in alcohol solutions, where there
are relatively large changes in solvation energies due
to strong hydrogen bonding among substrate, catalyst,
and solvent. This implies that a truly realistic descrip-
tion requires incorporation of solvent molecules.
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