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ABSTRACT: The Ir-catalyzed asymmetric hydrogenation of olefins is
widely used for production of value-added bulk and fine chemicals.
The iridium catalysts with chiral spiro phosphine-oxazoline ligands
developed in our group show high activity and high enantioselectivity
in the hydrogenation of olefins bearing a coordinative carboxyl group, P
such as a,f-unsaturated carboxylic acids, f,y-unsaturated carboxylic

acids, and y,0-unsaturated carboxylic acids. Here we conducted

detailed mechanistic studies on these Ir-catalyzed asymmetric

hydrogenation reactions by using (E)-2-methyl-3-phenylacrylic acid B T S a
as a model substrate. We isolated and characterized several key
intermediates having Ir—H bonds under the real hydrogenation See. 0
conditions. Particularly, an Ir(III) migratory insertion intermediate was
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first isolated in an asymmetric hydrogenation reaction promoted by

chiral Ir catalysts. That this intermediate cannot undergo reductive elimination in the absence of hydrogen strongly supports the
involvement of an Ir(III)/Ir(V) cycle in the hydrogenation. On the basis of the structure of the Ir(IIl) intermediate, variable-
temperature NMR spectroscopy, and density functional theory calculations, we elucidated the mechanistic details of the Ir-
catalyzed hydrogenation of unsaturated carboxylic acids and explained the enantioselectivity of the reactions. These findings
experimentally and computationally elucidate the mechanism of Ir-catalyzed asymmetric hydrogenation of olefins with a strong
coordinative carboxyl group and will likely inspire further catalyst design.

B INTRODUCTION

Owing to its perfect atom economy, operational simplicity, and
mild reaction conditions, transition-metal-catalyzed asymmetric
hydrogenation of unsaturated compounds is becoming a very
important method for the production of chiral value-added bulk
and fine chemicals. Studies of the mechanism have attracted
considerable interest' because mechanistic information and the
isolation of key active intermediates can guide the rational
design of new chiral catalysts. The Rh complexes of chiral
diphosphine ligands (chiral analogues of Wilkinson catalyst)
and Ir complexes of chiral P,N-ligands (chiral analogues of
Crabtree catalyst) are the most representative chiral catalysts
for the asymmetric hydrogenation of olefins.' Generally
speaking, Rh- or Ir-catalyzed asymmetric hydrogenation of
olefins involves activation of both hydrogen and a substrate,
and the catalytic cycle consists of three basic steps: oxidative
addition of hydrogen to the transition metal atom M (Rh or Ir),
migratory insertion of the unsaturated group of the substrate
into the M—H bond, and reductive elimination of the metal
from the migratory insertion intermediate (Figure 1).
Migratory insertion intermediates I are particularly valuable
for mechanistic studies because they contain both of the
activated reaction components (hydrogen and the olefin
substrate) and can therefore provide the evidence for
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Figure 1. Schematic of the catalytic cycles for transition-metal-
catalyzed asymmetric hydrogenation reactions. M = Rh or Ir; L* =
chiral ligand.

understanding chiral induction by the catalyst. Benefiting
from the characterization of migratory insertion intermediates
of chiral Rh-diphosphine catalysts through NMR at low
temperature, the catalytic cycle of Rh-catalyzed asymmetric
hydrogenation of olefins has been well-established.”
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However, although extensive mechanistic studies of Ir-
catalyzed asymmetric hydrogenation of unfunctionalized olefins
have been conducted through isolation of active intermediates
or calculations,” the migratory insertion intermediates of chiral
Ir catalysts have, to the best of our knowledge, never been
isolated and characterized. As a result, the mechanism of Ir-
catalyzed asymmetric hydrogenation still lacks a critical jigsaw.
Because of containing highly active M—H bond and M—C
bond, the migratory insertion intermediates of the Ir-catalyzed
hydrogenation of olefins are very unstable and difficult to
isolate and characterize.

We recently developed iridium catalysts with chiral spiro
phosphine-oxazoline (SIPHOX) ligands (Figure 2).° Unlike the
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Figure 2. Ir-SIPHOX-catalyzed enantioselective hydrogenation of
olefins containing a coordinative carboxy group.

other chiral iridium catalysts with phosphine-oxazoline ligands,
which exhibit high activity as well as enantioselectivity in the
hydrogenation of unfunctionalized olefins, the Ir-SIPHOX
catalysts showed excellent activity and enantioselectivity in the
hydrogenation of olefins bearing a coordinative carboxyl group,
such as a,f-unsaturated carboxylic acids,® f,y-unsaturated
carboxylic acids,” and y,6-unsaturated carboxylic acids.® The
high stablhty of these catalysts under hydrogenation con-
ditions® allows us to probe the mechanism of the Ir-catalyzed
asymmetric hydrogenation by trapping the active intermediates.
Herein we report our findings in the study of the mechanism of
asymmetric hydrogenations catalyzed by Ir-SIPHOX catalysts:
specifically, we describe the first isolation and identification of
an active Ir(IlI) migratory insertion intermediate. That the
Ir(1I1) migratory insertion intermediate cannot undergo
reductive elimination in the absence of hydrogen gas provides
strong evidence to support the involvement of an Ir(III) /Ir(V)
cycle in these reactions. On the basis of the reactivity of the
Ir(IlI) migratory insertion intermediate, variable-temperature
nuclear magnetic resonance (NMR) spectroscopy experiments,
and density functional theory (DFT) calculations, we explain
the enantioselectivity of these reactions. Our findings elucidate
the mechanism of Ir-catalyzed asymmetric hydrogenation of
olefins with strong coordinative groups.

B RESULTS AND DISCUSSION

Isolation of Iridium Migratory Insertion Intermediate.
Treatment of chiral Ir-SIPHOX catalyst (S,)-1° with hydrogen
gas in methanol solution at 25 °C produced an Ir-dihydride
species in quantitative yield (Figure 3). NMR spectroscopy and
high-resolution mass spectrometry clearly indicated that this
species was either 2a or 2b. This assignment was based on the
observation of the 'H NMR signal for P—Ir—H as a double
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Figure 3. Preparation of an iridium dihydride species.

doublet at —20.23 and —31.01 ppm (ppm) (Jp_y = 20.8 and
24.8 Hz, where ] is the coupling constant between the
phosphorus and the hydride) and the *'P NMR signal as a
singlet at 22.82 ppm (see Supporting Information, SI, Figures
S1 and S5). This result indicated that the oxidative addition of
the H—H bond to the Ir atom generated an iridium dihydride
in which the two hydrides are oriented cis to the phosphorus
atom of the ligand because the strong trans effect of the
phosphorus atom weakened the trans Ir—H bond.' DFT
calculations showed that the distances between the axial
hydride and one of the hydrogen atoms on the phenyl ring
of the ligand differ in the two Ir-dihydride species (2.30 and
2.05 A in 2a and 2b, respectively) and that 2a is more stable
than 2b."" The calculations also suggested that 2a and 2b may
be in kinetic equilibrium during the hydrogenation. However,
because 2a is the more thermodynamically stable product and
because its calculated structure is more consistent with the
NMR results, we suggest that 2a is the most likely product.
Treatment of 2a with 1 equiv of sodium (E)-2-methyl-3-
phenyl acrylate in methanol at 25 °C generated migratory
insertion product 3 in 97% yield within S min (Figure 4, eq a).
All of the organic components of 3, including the SIPHOX
ligand and the partially hydrogenated substrate, were
unambiguously identified by means of NMR spectroscopy.
We assigned the coordination geometry of this chiral octahedral
iridium complex on the basis of ligand field theory. The
observation of a doublet at —31.51 ppm (see SI, Figure S12,
o = 29.2 Hz) in the '"H NMR spectrum indicated that the
hydride was opposite to a vacant orbital or to a coordinated
solvent molecule (MeOH); this determination was made on
the basis of previously reported data for Ir-hydride complex-
es.”™'? The 'H NMR spectrum also showed a doublet (3J;;_y; =
6.8 Hz) for the methyl group of the partially hydrogenated
substrate, confirming that a hydride in 2a had been transferred
to the a-carbon of the carboxyl group in the substrate. In the
BC NMR (see SI, Figures S14 and S15) and two-dimensional
NMR spectra of 3 (see SI, Figures S16—520), the coupling
constants between the phosphorus and the Ir—C (§ = 17.8
ppm, *Jp_c = 76 Hz) and between the phosphorus and the a-
carbon of the carboxyl group (§ = 49.5 ppm, *J,_c = 10 Hz)
implied that the Ir—C was located trans to the phosphorus
atom. Nuclear Overhauser effect spectroscopy clearly showed
interactions between the hydrogen on the benzene ring of the
substrate and the hydrogen on the oxazoline ring of the ligand,
and these results also supported the trans location of the Ir—C
relative to the phosphorus atom. Additionally, the exact formula
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Figure 4. Structural analysis and transformations of migratory insertion intermediate 3.
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Figure S. Variable-temperature "H NMR analysis of the hydrogenation in CD;0OD.

of 3 was confirmed by high-resolution mass spectrometry In contrast, under 1 atm of hydrogen, 3 reacted smoothly at
(caled for CggH,,IrNO,P*, 1054.4874; found, 1054.4860). 25 °C to form complex § within 0.5 h (Figure 4, eq c). X-ray
Hence, the three-dimensional structure of 3 was assigned as diffraction analysis of a crystal of 5 (the ligands in 5 have R
shown in Figure 4. The carboxyl group of 3 played an configurations) indicated that it, like 4, has a binuclear
important role in stabilizing the structure, which enabled us to structure, but with a fully hydrogenated carboxylate as the
isolate this Ir(III) migratory insertion intermediate. bridging ligand. Both 4 and S can be used as catalyst precursor
Intermediate 3 cannot undergo reductive elimination for the hydrogenation of (E)-2-methyl-3-phenylacrylic acid.
spontaneously in the absence of hydrogen gas. However, Under 1 atm of deuterium, intermediate 3 was hydrogenated to
when 3 was heated or kept in solution for 24 h, it underwent - a product containing 50% D at the newly formed C—H(D)
H elimination and subsequent formation of binuclear complex bond at the f-position (see SI, Figures S39—S40), which
4, which has only one unsaturated carboxylate (Figure 4, eq b). implies that the H atoms involved in the reductive elimination
However, our attempts to grow a single crystal of 3 resulted in step came from both the hydride of 3 and the hydrogen
the formation of a single crystal of 4 instead. X-ray diffraction molecule (see the Discussion below). Clearly, the addition of
analysis of 4 showed that the carboxyl group bridges two hydrogen gas was necessary to convert migratory insertion
iridium centers, each of which has an axial terminal hydride intermediate 3 to the corresponding alkane, and an Ir(V)
(H1 and H2, crystal 4, Figure 4)."* Note that a triflate anion species might be involved in this process. This experimental
has been omitted from all the structures for clarity. result rules out the involvement of an Ir(I)/Ir(Ill) cycle and
543 DOI: 10.1021/jacs.6b11655
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Figure 6. Results of DFT calculations for a model reaction. (a) Calculated Gibbs energy profile for the chiral induction step. The migratory insertion
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respectively, leading to different products. (b) Calculated Gibbs energy profile for the Ir(III)/Ir(V) and Ir(I)/Ir(III) pathways. The Ir(III)/Ir(V)
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Figure 7. Catalytic cycle for the hydrogenation reaction.

strongly supports an Ir(III)/Ir(V) cycle for the hydrogenation
of olefins under these conditions.

Variable-Temperature NMR Experiments. With these
key intermediates in hand, we conducted variable-temperature
'H and *'P NMR experiments (see SI, Figure $42) to track the
progress of the hydrogenation reaction (Figure S). When a
solution of 2a in CD;OD under argon in an NMR tube was
treated with sodium (E)-2-methyl-3-phenyl acrylate at 243 K, a
set of new iridium hydride signals appeared (Figure Sb). By
analogy to Pfaltz’s observations,”™ we attributed these new
signals to Ir(III) dihydride olefin complex 6S (see its structure
in Figures 6 and 7), an intermediate that formed prior to
migratory insertion. At 288 K, the signals of 6S disappeared,
and signals of 3 and 4 appeared (Figure Sc). When the
temperature was increased to 298 K and kept there for 10 min,
most of the 4 was transformed to migratory insertion
intermediate 3 (containing about 5% of 4) (Figure Sd). The
solution of 3 was then treated with hydrogen gas as the
temperature was increased from 243 to 298 K (Figure Se—g).
The transformation of 3 to 5 started at 288 K and was complete
by the time the temperature reached 298 K.

Computational Studies. To improve our understanding of
the details of the reaction mechanism, we performed DFT
studies using the reaction of iridium dihydride 2a with (E)-2-
methyl-3-phenylacrylic acid as a model. First, we calculated the
chiral induction step, conversion of 2a to 3 (Figure 6a)."*
There are two possible pathways for the formation of migratory
insertion product 3 from 2a, which are designated the R
pathway and the S pathway (Figure 6a) and which proceed via
different olefin coordination models (6S and 7R, respectively)
with the equilibration between 6 and 7."* The calculated energy

545

of transition state TS-S was 4.3 kcal/mol lower than that of
transition state TS-R, which suggests that the reaction should
proceed with perfect enantioselectivity to afford the S product,
which is consistent with the experimental result (99% ee, with S
configuration).

Numerous attempts to isolate an Ir(V) intermediate were
unsuccessful. We attribute this to the high thermal instability of
such intermediates. Fortunately, DFT studies can provide
insight into the formation and reactions of Ir(V) intermediates
(Figure 6b,c). According to our calculations, coordination of a
hydrogen molecule to Ir(III) complex 3 can give either of the
two isomeric Ir(Ill) dihydrogen complexes, 8a or 8b. Our
calculations suggest that 8b, which is more stable than 8a, has a
lower energy barrier in the subsequent oxidative addition
transition state TS-8b/9. Interestingly, 8b cannot directly form
Ir(V) trihydride intermediate 9c via TS-8b/9; instead, 8b
rearranges to 9a and then 9b, which in turn undergoes oxidative
addition to afford 9c. This high-valent structure readily
undergoes reductive elimination via transition state TS-IIL/V
with an 11.6 kcal/mol energy barrier, which is 5.3 kecal/mol
lower than that for transition state TS-I/IIL. Like the
experimental results, the DFT results suggest that the
hydrogenation reaction preferentially proceeds via an Ir(III)/
Ir(V) pathway. The unexpected hydrogen rearrangement
sequence from 8b to 9c (Figure 6b) explains the deuterium
distribution in the product of the deuteration experiment
(Figure 4, eq d). In the reductive elimination of 9c, only the
hydrogen or the deuterium in the N—O—C-Ir plane can
participate in the reaction. Because the N—O—C—Ir plane in 9¢
contains one hydrogen and one deuterium, the reductive
elimination reaction gives a product containing 50% D at the
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newly formed C—H bond at the f-position. Another two
alternative mechanisms to generate Ir(V) including a concerted
oxidative addition of side-on bound H, with concomitant
reductive elimination mechanism (see SI, Figures S45—S46)
were also calculated, but both exhibit an unfavorable energy
barrier in comparison with the pathway of Figure 6b.

Ir()/Ir(V) Catalytic Cycle. Taken together, our results
suggest that the hydrogenation reaction proceeds via the
catalytic cycle shown in Figure 7. The cycle starts with iridium
dihydride complex 6S, which was formed from a coordination
of unsaturated carboxylate substrate to the iridium dihydride
2a, which in turn undergoes migratory insertion of an Ir—H
bond to give intermediate 3. In addition, bridging of two
molecules of Ir(Ill) species 2a with a single unsaturated
carboxylate molecule can result in the formation of dimer 4.
Intermediate 3 is further oxidized by hydrogen to Ir(V) species
9c, which undergoes a reductive elimination to give an
intermediate 10. The ligand exchange of intermediate 10 with
unsaturated carboxylate substrate releases the hydrogenation
product and regenerates the iridium dihydride complex 6S. The
carboxyl group of the hydrogenation product, saturated
carboxylate, can also serve as a bridging ligand to generate
dimer S, which serves as a resting catalyst for the next cycle.
Intermediates 2a, 3, 4, S, and 6S were unequivocally identified
experimentally. The structures of Ir(V) intermediate 9¢ and
Ir(IlI) intermediate 10, chiral induction transition state TS-S,
and transition state TS-III/V were obtained by means of DFT
calculations.

It is noteworthy that an Ir-dihydride-olefin complex
identified as an intermediate in the hydrogenation of an
unfunctionalized substrate® does not undergo migratory
insertion in the absence of H,, in contrast to the findings in
this study. In another study using a lactone with an exocyclic
C=C bond as substrate,’® evidence for an Ir(I)/(III)
mechanism was found. This mechanistic divergence indicates
that the mechanism of Ir-catalyzed hydrogenation of alkenes
may vary depending on the type of substrate and/or catalyst.

B CONCLUSION

In summary, detailed mechanistic studies on the enantiose-
lective hydrogenation of an unsaturated carboxylic acid
catalyzed by an iridium complex with a chiral SIPHOX ligand
were conducted. The high stability of the Ir-SIPHOX catalyst
enabled us to isolate and fully characterize key intermediates in
the hydrogenation process, including intermediate 3. To our
knowledge, this is the first report of the isolation of a migratory
insertion intermediate in an asymmetric hydrogenation reaction
promoted by chiral Crabtree-type catalysts. That 3 could not
undergo reductive elimination in the absence of hydrogen but
smoothly gave the hydrogenation product in the presence of
hydrogen rules out the Ir(I)/Ir(IIl) cycle and strongly supports
an Ir(II)/Ir(V) cycle. With this information about the
intermediates, we tracked the hydrogenation process by
means of variable-temperature NMR, and we performed DFT
calculations to illustrate the full catalytic cycle and rationalize
the enantioselectivity of the reaction. The migratory insertion
intermediate contains both of the activated components of the
reaction (the hydrogen and the unsaturated substrate) and is
the key for studying the reaction pathway and chiral induction
by the catalyst. The isolation and characterization of 3
elucidated the mechanism of Ir-catalyzed asymmetric hydro-
genation of olefins with a coordinative carboxyl group and will
likely inspire further catalyst design.
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