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ABSTRACT: The reaction mechanism of the asymmetric
hydrogenation of functionalized alkenes catalyzed by a
supramolecular rhodium complex has been investigated. In-
depth NMR analysis combined with X-ray crystal structure
determination show that hydrogen bonds are formed between
the catalyst and the substrate in the early stages of the
mechanism. Detailed kinetic data obtained from UV−vis stopped-flow experiments and gas-uptake experiments confirm that the
hydrogen bonds are playing a crucial role in the mechanism. A complete DFT study of the various competitive paths of the
reaction mechanism allowed us to identify how these hydrogen bonds are involved in the determining steps of the reaction.

KEYWORDS: asymmetric hydrogenation, rhodium, supramolecular interactions, hydrogen bond

■ INTRODUCTION

The asymmetric hydrogenation of olefins is a powerful
synthetic method for the preparation of chemicals, especially
in the fields of agrochemicals, fragrances, and pharmaceut-
icals.1−7 The interest of the industry for this reaction lies in the
high atom economy, high reactivity, and, most importantly, the
excellent enantiopurity of the products that are formed.8 For
this reason, academic and industrial research is strongly
focused on the development of new catalysts that can supply
a high degree of enantiopurity of the product and display high
rates in the hydrogenation reaction. The field of asymmetric
hydrogenation started with the pioneering work of Horner and
Knowles demonstrating that a chiral version of the Wilkinson
catalyst enabled enantioselective hydrogenation reactions,
though with low enantiomeric excess at that time.9,10 A
breakthrough was reported independently by Kagan and
Knowles, in which chiral bidentate phosphine ligands were
used giving significant selectivity (up to 70% ee), opening the
way for the design of new catalysts.11−13 Numerous bidentate
chelating phosphine ligands have been reported ever since and
have been demonstrated to be selective in the hydrogenation
of a variety of substrates. The success of bidentate ligands
implied that such chelation of the ligand is a prerequisite to
induce high enantioselectivity.14−21 The working hypothesis
was that the chelation of the ligand confers a high rigidity to
the chiral environment around the metal center, leading to a
high facial discrimination of the prochiral olefin. Among these
chelating ligands, BINAP (developed by Noyori) stands out,
and it is considered as one of the most important ligands in
transition metal catalysis.22 Interestingly, monodentate
BINOL-based ligands, using the same chiral scaffold, also
result in a rhodium catalyst that displays high enantioselectiv-
ity, revealing that high rigidity and chelation of the ligand is

not essential. It was discovered by independent research
groups that monophosphites,23−25 monophosphonites,26,27

and monophosphoramidites28−30 are excellent ligands for
rhodium-catalyzed asymmetric hydrogenation.31−33 For this
class of ligands, bulky substituents on the phosphorus atom are
important to limit the rotation of the ligands around the axis
phosphorus−metal.34

Next to ligand development, the mechanism of the
asymmetric hydrogenation reaction has been widely studied,
and the most important key steps of the reaction have been
identified. The first important mechanistic findings were
reported by Brown35−39 and Halpern,40−43 who studied
rhodium complexes based on bidentate C2-symmetric
diphosphines. They reported the unsaturated mechanism, in
which the substrate coordinates first to the catalyst, followed
by oxidative addition of hydrogen. Halpern showed in a
detailed investigation that the difference in energy between the
two catalyst−substrate adducts (major/minor concept) is not
responsible for the observed enantioselectivity. Instead, the
minor adduct is the intermediate that reacts fast with molecular
hydrogen to give the major product of the reaction. This
mechanistic concept is known as the “anti-lock-and-key
mechanism” or the Halpern mechanism. These results were
later supported by computational studies reported by Felgus
and Landis.44−46 Although this was a leading concept for years,
it was shown that it does not apply for all catalytic systems.
Twenty years after the Halpern mechanism, a lock-and-key
mechanism was reported for rhodium complexes based on C2-
symmetric bidentate ligands47 and C1-symmetric bidentate
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ligands.48−53 In this mechanism, the major catalyst−substrate
adduct is the one reacting with hydrogen to give the final
product of the reaction. More recently, the in-depth studies of
Gridnev and Imamoto have demonstrated that some catalytic
systems can follow a hydride mechanism in which the catalyst
activates molecular hydrogen prior to substrate coordinatio-
n.54−59Also, they report the reversibility of all the possible
steps prior to the irreversible hydride migration and finally
conclude that the enantioselection is determined at the stage of
recoordination of the prochiral olefin in a nonchelating
octahedral Rh(III) complex prior to the insertion.
The rational design of new and selective catalysts based on

mechanistic consideration is still challenging,60−63 and there-
fore high-throughput screening remains the dominant strategy
to identify new catalysts. In this context, monodentate ligands
have demonstrated their value, as their synthesis is generally
more easy to adapt for combinatorial approaches.24,64−68 The
use of supramolecular bidentate ligands formed by self-
assembly through noncovalent interactions has more recently
been reported and is now a frequently applied strategy leading
to excellent selectivities, regularly achieving higher selectivities
than the classic catalysts.69−80 In some cases,81−84 the success
of such approaches has been ascribed to crucial noncovalent
interactions between the catalyst and the substrate, and to date,
only few reports have been released on such systems for the
catalytic hydrogenation of alkenes.75 Interestingly, the
importance of such supramolecular interactions between the
substrate and the catalyst in the reaction of asymmetric
hydrogenation was already proposed in some of the first
developed bidentate ligands.84−88

Complex [Rh(L1)(L2)(cod)]BF4 (complex 1, Figure 1) has
recently been introduced as a new supramolecular catalyst

bearing a heterobidentate ligand formed by self-assembly
through a single hydrogen bond between the NH group of a
phosphoramidite and the urea carbonyl of a urea-function-
alized phosphine (Figure 1).89 This complex affords the
highest enantioselectivity (>99% ee) reported up to now for
the hydrogenation of methyl 2-hydroxymethacrylate (and
several of its derivatives, Table 1), which is a precursor of
the so-called “Roche ester”, an important intermediate in the
preparation of several biologically active compounds (S1,
Table 1).90

In this paper, we report how supramolecular interactions are
involved in the mechanism of the asymmetric hydrogenation
reaction, leading to very high enantioselectivity. An in-depth
mechanistic investigation demonstrates that the mechanism
operates via a lock-and-key mechanism.91 Secondary inter-
actions between the substrate and the catalyst were identified
during the early stage of the reaction and are involved in the
discrimination of the prochiral faces of the substrate. Finally,
computational studies confirm the crucial role of the secondary
interactions between the substrate and the catalyst throughout
the whole reaction pathway. This insight in the mechanism
provides handles to use supramolecular interactions as a tool in
the design of new catalysts for the asymmetric hydrogenation.

■ RESULTS
This paper consist of three parts: (1) the identification of
intermediates of the catalytic cycle by the use of different
analytical techniques (multinuclear NMR, UV−vis, X-ray
crystal structure determination); (2) discussion of the kinetics
of the reaction, evaluated by means of stopped-flow UV−vis
methods and gas-uptake experiments; and (3) an extensive
DFT study that shows how the hydrogen bonds between the
substrate and the catalyst are involved along the reaction
pathway and are responsible for the high selectivity observed.

Characterization of the Precatalyst and Solvate
Species. Metal complex 1 ([Rh(L1)(L2)(cod)]BF4) as the
precatalyst of the reaction was first characterized. Mixing of the
ligands and the rhodium precursor reveals the quantitative
formation of the complex as indicated by the 31P NMR
spectrum (δ P1 132.05 ppm, 1JP,Rh = 242.3 Hz, 2JP,P′ = 31 Hz; δ
P2 34.03 ppm, 1JP,Rh = 149.5 Hz, 2JP,P′ = 31 Hz).89 The
supramolecular interaction between the ligands was further
studied by 2D 1H−1H COSY NMR showing a strong
downfield shifted NH group (δ = 6.24 ppm).92 This value
was compared to the shift of the NH group in the analogue
complex based on triphenylphosphine, in which this group is
not hydrogen bonded.93 The large difference between the
chemical shift of the NH groups of the two different complexes
(Δδ = 1.95 ppm) indicates the presence of the NH−urea
hydrogen bond.94 Single crystals of complex 1 were obtained
by layering pentane onto a solution of the complex. The solid

Figure 1. Top: monophosphorus ligand building blocks used for the
formation of supramolecular complex 1. Bottom: complex 1
[Rh(L1)(L2)(cod)]BF4 (cod = 1,5-cyclooctadiene).

Table 1. Asymmetric Hydrogenation of Methyl-2-
hydroxymethylacrylate Derivatives S1−S6 Using
[Rh(L1)(L2)(cod)]BF4 (1) as Catalyst

a

substrate R1 R2 R3 conversion (%) ee (%)

S1b OH Me H 100 99
S2b OH tBu H 100 99
S3b OH Me Ph (E) 83 98c (S)
S4 OMe Me Ph 67 25 (S)
S5 H Me Ph 55 7
S6 OH Me Ph (Z) 80 74

a[complex 1] = 0.2 mM; [substrate] = 0.1 M; solvent, CH2Cl2;
reaction performed at 10 bar H2 pressure at 25 °C for 16 h. bResults
previously reported in ref 89. cee obtained for this substrate varies
between 96% and 99%.
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state structure obtained from X-ray analysis at low temperature
reveals the anticipated hydrogen bonding (Figure 2).

A solution of complex 1 in CD2Cl2 was hydrogenated under
5 bar for 2 h at −90 °C. The hydrogenation of the
coordinating diene was monitored by 1H NMR until complete
disappearance of the precatalyst was observed. The sample was
then degassed by four freeze−pump−thaw cycles, after which a
31P NMR spectrum was recorded. At low concentration (C =
0.015 M), a mixture of several species with broad signals was
observed. The spectrum did not sharpen at lower temperature
in the range 293−183 K indicating the formation of undefined
solvate species at low concentration, most likely being
monomeric solvate species (solvate complex 2). When 10
equiv of acetonitrile-d3 was added to a solution of solvate
complex 2, a new major species was observed in solution by
31P NMR (δ P1 140.91 ppm, 1JP,Rh = 267.1 Hz, 2JP,P′ = 59.7 Hz;
δ P2 50.6 ppm, 1JP,Rh = 178.0 Hz, 2JP,P′ = 59.7 Hz). A series of
NMR experiments (31P NMR, 2D COSY 1H−1H NMR)
demonstrated that the monomeric acetonitrile solvate complex
2′ had formed.92 In the 1H NMR spectrum a downfield
chemical shift of the NH group of the phosphoramidite at 5.76
ppm was observed, indicating that also in the monomeric
acetonitrile complex 2′ a hydrogen bond is formed between
the two ligands. This is further supported by the X-ray crystal
structure of the acetonitrile complex 2′ (Figure 3).
Characterization of Substrate−Catalyst Complexes.

When 3 equiv of (E)-methyl 2-(hydroxymethyl)-3-phenyl
acrylate (substrate S3, Table 1) was added to a solution of
solvate complex 2, the 31P NMR spectrum revealed the
formation of a new species, appearing as a set of doublet of
doublets (Figure 4, δ P1 133.22 ppm, 1JP,Rh = 308.2 Hz, 2JP,P′ =
37.1 Hz; δ P2 47.67 ppm, 1JP,Rh = 205.1 Hz, 2JP,P′ = 37.1 Hz).
On the basis of a 13C NMR experiment, we identified the new
species as a catalyst−substrate complex 3 in which the
carbonyl group of the substrate is coordinated to the metal
center.92 The coordination of the alkene group could not be
established from the complicated 13C NMR/HSQC spectra.

However, the 1H NMR/2D 1H−1H COSY NMR experiments
identified the methylene group of the coordinated substrate as
a set of diastereotopic protons (see the experimental sections
in the SI).
The strong desymmetrization of the methylene group can

only be attributed to coordination of the double bond adjacent
to the methylene group. Therefore, the NMR spectra confirm
the formation of a catalyst−substrate adduct in solution in
which both the carbonyl group of the substrate and the double
bond are coordinated to the metal center. Since we could not
determine the exact coordination mode of the catalyst−
substrate complexes (Re or Si face coordinated), we calculated
by DFT the free energy of the four possible diastereoisomers
that can be generated after coordination of the prochiral
substrate S3 on the C1-symmetric catalyst. Interestingly, the
diastereoisomer with the lowest energy (Figure 5, structure 3a)
features a unique structure in which two hydrogen bonds are
formed between the catalyst and the substrate. One hydrogen
bond is formed between the NH of the phosphoramidite and
the oxygen of the hydroxyl group of the substrate, and the
second one is formed between the carbonyl of the urea group
on the phosphine and the proton of the hydroxyl group of the

Figure 2. ORTEP view of the X-ray crystal structure of complex 1
([Rh(L1)(L2)(cod)]BF4; cod= 1,5-cyclooctadiene). The anion, all
C−H hydrogen atoms, and solvent molecules have been omitted for
clarity. The hydrogen bond between the two ligands has a length of
2.05(3) Å.

Figure 3. ORTEP view of the X-ray crystal structure of the
acetonitrile-d3 complex 2′ ([Rh(L1)(L2)(acetonitrile)2]BF4). The
anions and all C−H hydrogen atoms have been omitted for clarity.
The hydrogen bond between the two ligands has a length of 2.24(3)
Å.

Figure 4. 31P NMR spectrum after the addition of 3 equiv of substrate
S3 to solvate complex 2 in CD2Cl2 (162 MHz): ■, solvate complex
undefined species; ▲, minor diastereomers.
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substrate. As a consequence, the hydroxyl group of the
substrate is inserted between the functional groups of the two
ligands resulting in a highly stabilized substrate−catalyst
complex through supramolecular interactions.95 Also, we
calculated the energy of diastereomer 3a of the same
conformation but without the H-bond (hydroxyl group
pointing out). This complex was found to be 5.45 kcal
mol−1 higher in energy than diastereomer 3a. The formation of
a different hydrogen bond interaction in substrate−catalyst
complex 3 was further supported by NMR spectroscopy. The
NH group of the phosphoramidite ligands in substrate−
catalyst complex 3 was further downfield shifted (δ = 5.54
ppm) compared to the same hydrogen bonded NH in complex
2 (δ = 6.24 ppm).
Upon hydrogenation of the chelate complex 3a, no late

intermediates of the reaction mechanism could be observed by
high pressure (HP) NMR experiments, even at low temper-
atures. After completion of the hydrogenation, the product of
the reaction is obtained with an enantiomeric excess of 98% in
favor of the S-enantiomer, as indicated by GC analysis.96

Importantly, in the substrate−catalyst complex 3a, the

substrate is coordinated on its prochiral Si face, yielding the
S-enantiomer of the product, as was observed experimentally.
These observations are in line with a lock-and-key mechanism
in which diastereomer 3a is the most stable and the most
reactive intermediate in the follow-up steps in the hydrogen
reaction.

Study of Analogue Substrates. To further study the
influence of the supramolecular interaction in the catalyst−
substrate complex 3, comparative experiments were carried out
with substrate S4, lacking the hydrogen bond donor (entry 4,
Table 1). Under standard conditions,97 the hydrogenation of
substrate S4 gives an enantiomeric excess of 25%, showing a
drastic decrease in the enantioselectivity of the reaction when
compared to the hydrogenation of the substrate bearing a H-
bond donor group (substrate S3, 98% ee). To form the
substrate-adduct of the complex, 3 equiv of substrate S4 was
added to the solvate complex 2, but this did not lead to the
formation of well-defined species according to the 31P NMR
spectrum, most likely due to low binding constant of substrate
S4. Upon addition of 12 equiv of substrate S4 to a 0.01 M
solution of solvate complex 2, two doublets of doublets were
observed in 31P NMR indicating the formation of one
diastereomer in solution (δ P1 133.09 ppm, 1JP,Rh = 308.2
Hz, 2JP,P′ = 37.0 Hz; δ P2 48.16 ppm, 1JP,Rh = 205.1 Hz, 2JP,P′ =
37.0 Hz) (Figure 6).

Even though the chemical shifts and coupling constants
observed in the 31P NMR signals for the catalyst−substrate S4
complex are very similar to those observed for catalyst−
substrate S3 complex, the exact coordination mode of the
substrate could not be determined from the NMR analysis
(pro-S or pro-R). Therefore, we calculated the possible
diastereomers that can be formed upon coordination of the
prochiral double bond to the rhodium center (Figure 7). As
can be seen from Figure 7, no hydrogen bonds between the
catalyst and the substrate are present in the optimized
structures of the four diastereomers. Interestingly, the
diastereomer of lowest energy (structure 4a, Figure 7) has
the same configuration as 3a, corresponding to the
coordination of the pro-S face to the metal center.
The stoichiometric hydrogenation of catalyst−substrate 4a

provides the S-product.98 Therefore, in the mechanism of
hydrogenation of substrate S3 and S4, the major diastereomer
observed in solution reacts with hydrogen to provide the
product of the reaction (S-enantiomer). Even though the
hydrogen bond does not have a large effect on the relative
energies of the substrate complexes, still a large difference in

Figure 5. Calculated structures of the four possible catalyst−substrate
complexes 3 (optimized with DFT, BP86, def2-TZVP/disp3).92 Most
hydrogen atoms on the complexes have been removed in the figure
for clarity (except the hydrogen atoms involved in the H-bond, the
hydrogen atom of the hydroxyl group, and the hydrogen atom of the
alkene). When no hydrogen bonds are present between the substrate
and the catalyst in 3a, the relative energy calculated was found to be
ΔG298K = +5.5 kcal mol−1. In the chemdraw structure P = L1 and P*
= L2.

Figure 6. 31P NMR spectrum after addition of 12 equiv of substrate
S4 to solvate complex 2 in CD2Cl2 (162 MHz).
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enantioselective conversion is observed between substrate S3
and S4. Upon pressurizing a solution of the solvate complex 2
under hydrogen (10 bar) under otherwise standard conditions,
no hydrides species were detected by NMR, even at very low
temperature (−90 °C). This implies that the mechanism does
not follow the classical dihydride pathway proposed by
Gridnev and co-workers, but most likely the unsaturated
pathway. As demonstrated by Gridnev, the possible crossovers
between the unsaturated pathway and the dihydride pathways
(and the reversibility of the steps inherent to these two paths)
involve the existence of a common intermediate that connects
the two routes in the late stages of the mechanism.99

Evaluation of Substrate Coordination (S3, S4) to
Coordination Complex 2 by UV−vis. The equilibrium
defined in Scheme 1 (substrate S3) and Scheme 2 (substrate
S4) has been studied by means of UV−vis spectroscopy.92 The
binding constants of substrate S3 and S4 to the solvate
complex 2 in dichloromethane have been determined by
titration experiments, and these were found to be 137 and 62
M−1, respectively. These values are in accordance with values
found in the literature (Halpern found a binding constant of 3
M−1 for the association of methyl acrylate to a similar

bisphosphine-based solvate complex in methanol).40 Interest-
ingly, the difference in free energy between the binding of the
substrate that can (substrate S3) and cannot (substrate S4)
donate a hydrogen bond is in the typical order of magnitude of
a hydrogen bond (ΔΔG = ±2.2 kcal mol−1). The difference in
energy is in line with the existence of a secondary interaction in
structure 3a, as was observed computationally.
The rates of association of substrate S3 and S4 on solvate

complex 2 (Schemes 1 and 2) were studied using stopped-flow
time-resolved UV−vis spectroscopy. A solution of solvate
complex 2 in CH2Cl2 (CRh = 2.5.10−4 M) and a solution of an
excess of substrate (Csub= 3.75.10−2 M) were rapidly mixed in a
stopped-flow spectrophotometer, and the change in absorb-
ance (λ = 390 nm) was recorded until the equilibrium was
reached.92 The measurements were performed under pseudo-
first-order conditions by using a 150-fold substrate excess.
Under these conditions, the rate law of the substrate
coordination can be simplified as

t
k

3
2

d
d obs
[ ] = [ ]

(1)

with kobs = k1[S3].
The coordination reaction is initially fast (at 1/3 in the first

10 s), but the equilibrium is reached only after 10 min. A
pseudo-first-order rate is observed only during the first seconds
of the reaction.92

Dependency of the Enantiomeric Excess on the
Hydrogen Pressure. The influence of H2 pressure on the
enantioselectivity provides indirect information on the
mechanism.100−103 For this reason, we studied the influence
of the hydrogen pressure in the range 1−40 bar on the
enantioselectivity of the hydrogenation reaction of substrates
S3, S4, and S5 and by using complex 1 as the catalyst (Figure
8).104

Remarkably, the enantioselectivity obtained in the hydro-
genation of substrate S3 is independent of the hydrogen
pressure while the enantioselectivity of the hydrogenation of
substrates S4 and S5 is highly influenced by the hydrogen
pressure. Within the range 1−10 bar, the enantiomeric excess
of the hydrogenation of substrate S4 drops from 86% to 25%
while the enantiomeric excess of the hydrogenation of S3 is
very high between 1 and 40 bar. These observations can be

Figure 7. Calculated structures of the 4 possible catalyst−substrate
complexes 4 (optimized with DFT at the BP86 level, def2-TZVP/
disp3).92 All hydrogen atoms on the catalyst have been omitted for
clarity (except the hydrogen atoms involved in the hydrogen bond
between the two ligands). In the chemdraw structure P = L1 and P* =
L2.

Scheme 1. Coordination of Substrate S3 to Complex 2
Leading to Complex 3, As Identified by NMR, Leading to
Formation of the S-Product after Reaction with Molecular
Hydrogen

Scheme 2. Binding of Substrate S4 to Catalyst 2 and
Subsequent Stoichiometric Hydrogenation To Form the S-
Product P4
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explained by two mechanistic hypotheses: (1) Substrates S3
and S4 are following the same reaction pathway (anti-lock-and-
key or lock-and-key), but in the case of substrate S3, the
secondary interaction makes the enantioselection less depend-
ent on the hydrogen pressure. (2) The secondary interaction
induces a switch in the mechanisms of substrates S3 and S4
(lock-and-key for substrate S3, anti-lock-and-key for substrate
S4). To distinguish between these different hypotheses, we
further investigated the kinetics of the hydrogenation of
substrates S3 and S4.
Analysis of the Kinetics by Gas-Uptake Experiments.

We studied the kinetics of the hydrogenation reaction of
substrate S3 by complex 1 in more detail. Monitoring the
reaction progress by the gas uptake for experiments with
different initial substrate concentrations reveals a positive-
order dependency of the reaction rate (TOF in mol mol−1 h−1)
on the substrate concentration (Table 2 and Figure 9). Also,

experiments performed at different pressures of hydrogen
revealed a positive dependency of the TOF on the hydrogen
concentration (Table 2 and Figure 9). The comparison of the
TOF as a function of substrate concentration and the TOF as a
function of the H2 pressure (Figure 9) clearly shows that the
reaction has a higher order in the hydrogen concentration than
in the substrate concentration. Both in situ HP NMR
spectroscopy and gas-uptake experiments are in accordance
with a rate-determining step late in the catalytic cycle, being
either oxidative addition or hydride migration.105

We performed the same series of experiments with substrate
S4, the substrate that cannot form hydrogen bonds with the
catalyst. The rate of the reaction was much lower than for
substrate S3. Therefore, the catalyst concentration had to be
increased to from 0.2 to 1 mM to obtain suitable gas-uptake
curves. The analysis of the TOF for different initial substrate
concentrations reveals a zero-order dependency of the reaction
rate on the substrate concentration and a positive-order
dependency of the TOF on the hydrogen pressure (Table 3
and Figure 10).106

The Michaelis−Menten (MM) kinetic model has been used
to describe the reaction rates of transition-metal-catalyzed
reactions including hydrogenation50 and hydroformylation.107

In the asymmetric hydrogenation reaction following an
unsaturated pathway, the system can be described by the
reversible coordination of the alkene to the catalyst followed by
the irreversible reaction of the catalyst−substrate complex with
molecular hydrogen (Figure 11). As the current catalytic
system displays such behavior, we used the MM kinetic model
to further investigate the mechanism of hydrogenation of
substrate S3 and substrate S4. As product inhibition was

Figure 8. Dependency of the enantiomeric excess on the hydrogen
pressure for substrates S3, S4, and S5 catalyzed by complex 1.
Conditions: Rh/substrate = 1:100, c0 (substrate) = 0.1 M, 1−40 bar
H2, CH2Cl2, r.t., 18 h.

Table 2. Gas-Uptake Experiments Performed on the
Hydrogenation of Substrate S3 by Complex 1 and
Corresponding TOFa

entry C0 (M) p(H2) (bar) conversion [%] TOFb ee [%]

1 0.1 10 99.5 671 99.9
2 0.15 10 98 834 99.4
3 0.2 10 98 875 95.5
4 0.25 10 95 924 99.1
5 0.2 20 94 1620 98
6 0.2 30 87 2498 98
7 0.2 40 100 3398 99

aReagents and conditions: [Rh] = 0.2 mM; solvent (8 mL), CH2Cl2;
at 298 K for 20 h. bTOF in mol mol−1 h−1 calculated at 15%
conversion from the slope of the gas curves.

Figure 9. Left: TOF (in mol mol−1 h−1, calculated at 15% conversion)
as a function of the substrate S3 concentration. Right: TOF (in mol
mol−1 h−1, calculated at 15% conversion) as a function of the
dihydrogen pressure observed for substrate S3.

Table 3. Gas-Uptake Experiments Performed on the
Hydrogenation of Substrate S4 by Complex 1 and
Corresponding TOFa

entry C0 (M) p(H2) (bar) conversion [%] TOFb ee [%]

1 0.1 10 89 58 42
2 0.15 10 83 61 27
3 0.2 10 76 58 38
4 0.25 10 72 59 37
5 0.2 20 87 98 38
6 0.2 30 90 133 45
7 0.2 40 94 116 36

aReagents and conditions: [Rh] = 1 mM; solvent (8 mL), CH2Cl2; at
298 K for 20 h. bTOF on mol mol−1 h−1 calculated at 15% conversion
from the slope of the gas curves.

Figure 10. Left: TOF (in mol mol−1 h−1, calculated at 15%
conversion) as a function of the substrate S4 concentration. Right:
TOF (in mol mol−1 h−1, calculated at 15% conversion) as a function
of the dihydrogen pressure observed for substrate S4.
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observed in the gas-uptake experiments, the MM kinetic model
with competitive product inhibition was used in this study (eq
2; V = reaction rate (in M h−1), Vmax = maximum reaction rate
(in M h−1), KMM = Michaelis−Menten constant (in M), Ki =
product inhibition constant (in M), [S] = substrate
concentration (in M), and [P] = product concentration (in
M)).

V
V

K

S

S PK
K

max

MM
MM

i

=
[ ]

+ [ ] + [ ] (2)

The combined data from gas-uptake experiments obtained
for substrate S3 as well as for substrate S4 were fitted
successfully to the MM rate equation (eq 2), giving the kinetic
parameters of the reactions (Table 4).

The maximum reaction rate (Vmax) observed for substrate S3
is higher than for substrate S4, in line with the analysis of the
turnover frequencies at different initial substrate concen-
trations. Small values of KMM in Table 4 indicate that most of
the catalyst is present as the catalyst−substrate complex 3a (or
catalyst−substrate complex 4a in the case of substrate S4), i.e.,
the resting state of the catalyst. Also the Michaelis−Menten
constant KMM observed for substrate S3 is lower than for
substrate S4, and therefore, substrate S3 has a stronger affinity
for the catalyst than substrate S4. This is in line with the
binding constants measured for substrate S3 and substrate S4
(which are 137 and 62 M−1, respectively) as well as with the
coordination experiments.
At high substrate concentration (i.e., at the beginning of the

reaction), the concentration of the intermediate complex 3a is

constant. Therefore, the quasi-steady-state approximation
(QSSA) can be applied and allows for the estimation of the
value of KMM, given as

K
k k

kMM
1 cat

1
=

+−

(3)

From eq 3, we calculated the reaction rate constant of the
reaction kcat for substrates S3 and S4 using the values of k1, k−1,
and KMM calculated from the different kinetics and
coordination experiments.92 The values of kcat for substrate
S3 and substrate S4 are 0.616 and 0.401 s−1, respectively
(these values are in the same order as reported in the literature
for the asymmetric hydrogenation using similar complexes and
substrates).40 Thus, the rate constant of the reaction kcat for the
hydrogenation of substrate S3 is higher than for substrate S4
suggesting a beneficial effect of the hydrogen bond between
the catalyst and the substrate S3 in the late stages of the
catalytic cycle.
Also, under the standard conditions ([S] = 0.1 M, 10 bar

H2)

k kcat 1<

Thus, for both substrates the rate-determining step of the
reaction (RDS) is located at the late stages of the mechanism,
i.e., after the coordination of the substrate. The RDS can be
either the oxidative addition of H2 to the square planar
complex 3a or the hydride migration step.
The combined experiments show that the reaction follows

the unsaturated pathway, with the rate-limiting step late in the
catalytic cycle. The hydrogen bond between the catalyst and
the substrates not only influences the substrate coordination,
but also leads to higher rates and higher enantioselectivity. To
gain insight in the role of the hydrogen bond at the different
stages of the catalytic cycle, we performed DFT calculations.

DFT-Calculated Reaction Pathways. Experimental stud-
ies suggest that the mechanism of the reaction is likely to
follow an unsaturated mechanism under standard conditions
(1−10 bar H2). Also, in-depth kinetic studies disclosed that the
rate-determining step of the reaction is located after the
coordination of the substrate in the reaction mechanism. To
unravel the mechanism of the reaction, we decided to take into
account the various possible competitive pathways for the
reaction: the unsaturated pathway, the dihydride pathway, and
the more recently proposed semidihydride pathway. We
calculated the potential energy profiles for these paths, and
we found that the unsaturated pathway is the lowest in energy
in the full energy landscape (see the Supporting Information).

Investigation of the Unsaturated Pathway. The
coordination of the prochiral substrate to the C1-symmetric
solvate complex 1 can lead, in theory, to the formation of four
diastereoisomers: two pro-S diastereomers and two pro-R
diastereomers. As described in the Characterization of
Substrate−Catalyst Complexes section, one of these diaster-
eomers is stabilized by two hydrogen bonds between the
substrate and the catalyst. We also computed the same
diastereomer but without the H-bond stabilizing substrate−
catalyst interaction revealing that this one was 5.45 kcal mol−1

higher in energy than the one stabilized by H-bonding (Figure
12). To understand if the H-bond stabilized diastereomer is
the most active, we studied all the intermediates and transition
states of the unsaturated pathways stemming from the same

Figure 11. Proposed catalytic cycle for the asymmetric hydrogenation
of substrate S3/S4 using complex 1.

Table 4. Kinetic Parameters Obtained from the Fitting of
the Kinetic Data for Substrate S3 and Substrate S4 to the
Michaelis−Menten Rate Equation with Competitive
Product Inhibition

substrate S3 substrate S4

Vmax (M h−1) 0.38701 0.15815
KMM (M) 0.04282 0.06002
Ki (M) 0.01449 0.00424
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pro-S diastereoisomer, with and without hydrogen bond
interactions (Figure 14).
We first computed the unsaturated pathway from the H-

bond stabilized diastereoisomer 2 with TS3 as the highest
energy barrier (Figure 13) (black pathway, Figure 14). The
presence of the hydrogen bond network on the upper face of
the catalyst prevents the approach of the molecular hydrogen
on this face, thus reducing the number of possible
intermediates. In fact, the approach of hydrogen can only
take place via the lower face of the catalyst (structure 3)
leading to σ-hydrogen complex 4. Upon oxidative addition, the
substrate must rotate to evolve into a dihydride octahedral
complex. Due to the hydrogen bond interaction between the
substrate and the catalyst, the clockwise rotation of the
substrate is favored, thus forming the dihydride octahedral
complex 5 via a low barrier transition state TS1. On the other
hand, the rotation of the substrate in a counterclockwise
manner is prevented by the interaction that pulls the substrate
in the opposite direction, leading to a higher energy barrier
TS2 and reducing the number of possible pathways (purple
path, Figure 14). The dihydride intermediate 5 undergoes
hydride migration by a high energy barrier (TS3) leading to
the alkylhydride species 6 (Figure 13). The reductive
elimination (TS4) affords the complex solvate-product 7 in
which the product is coordinated through the carbonyl and the
hydroxyl groups to the complex.
To evaluate the importance of the hydrogen bonds in the

pathway stemming from diastereoisomer 2, we computed the
unsaturated pathways from the same pro-S diastereomer that
does not involve a secondary interaction between the substrate
and the catalyst (structure 8; for energy profile curves, see the
Supporting Information). In this case, the upper face of the
catalyst is less hindered, and the approach of molecular
hydrogen can take place from both the upper face (red path,
Figure 14) and the lower face (green and blue path, Figure 14).
For each “non-H-bond” path, we have computed the σ-

Figure 12. Calculated structures of the two major pro-S catalyst−
substrate complexes, with and without H-bonding between the
catalyst and the substrate (optimized with DFT, BP86, def2-TZVP/
disp3). Hydrogen atoms on the catalyst have been removed for clarity,
except the hydrogen atoms involved in the H-bonding.

Figure 13. Optimized structure of the hydride migration transition
state TS3 (ΔG298K = +20.9 kcal mol−1/2, υ⧧ = 626.2i cm−1).
Hydrogen bonds are drawn in orange. The black dotted line
represents the hydride insertion to form the alkyl hydride species 6.

Figure 14. Structures of the intermediates and transition states stemming from the pro-S diastereomers 2 and 8. In between brackets are indicated
the relative free energies of the transition states and intermediates in kcal mol−1 at 298 K. These were calculated on the basis of the energy of
structure 2 (catalyst−substrate adduct with hydrogen bond).
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hydrogen complexes (9 and 10), the transition states of the
oxidative addition step (TS5, TS6, and TS7), the dihydride
octahedral complexes (11, 12, and 13), the transition states of
the hydride migration step (TS8, TS9, and TS10), the
alkylhydride species (14, 15, and 16), and the reductive
elimination step TS11. For all of these calculated pathways,
only one path is competitive with the pathway with the
interactions between the substrate and the catalyst (blue path
in Figure 14). Under standard conditions (i.e., 10 bar of H2,
room temperature), the thermodynamic catalyst−substrate
complex 2 is formed rapidly, leading to only one major species
in solution (as could be observed by NMR experiments).
Complex 2 is the resting state, and the non-H-bond path is
accessible only via intermediate 8.108 Therefore, the

feasibilities of the different pathways must all be compared
on the basis of the energy barriers relative to the energy of
complex 2, which is the TOF-determining intermediate (TDI).
This result is in agreement with the experimental data that
assigned diastereomer 2 as being the resting state of the
reaction (NMR experiments). The H-bond path (black path in
Figure 14) has similar energy transition states as compared to
one path in which no hydrogen bond is present (blue path in
Figure 14). Therefore, both paths are preferred, and the H-
bond path is involved in producing the S-product. The overall
energy barrier is represented by the hydride migration step
TS3 (as well as TS6, which has a similar energy), i.e., the TOF-
determining transition state (TDTS).
To evaluate the importance of the H-bond effect in the

preferred unsaturated pathway (black pathway, Figure 14), we
removed the hydrogen bond interactions in the structures 2, 4,
5, and 6 and the transition states TS1, TS3, and TS4 by
replacing the hydroxyl group on the substrate by a hydrogen.
The SCF energies of the structures were plotted on the same
energy profile, taking the energy of the diastereomers 2 (or 2′)
as a reference. As can be seen from Figure 15 the hydrogen
bond interaction is responsible for the stabilization of the
reaction path by approximately 2 kcal mol−1, compared to the
structures not featuring hydrogen bonds between the catalyst
and the substrate. These results reflect the role of the H-bond,
as without this extra transition state stabilization, the
alternative routes become competitive leading to lower
selectivity.

Origin of the Selectivity. The influence of the hydrogen
bond between the substrate and the catalyst affects the
enantioselectivity of the reaction, which was further inves-
tigated by computing the competing pathways starting from
the pro-R diastereomer of lowest energy (structure 31, Figure

Figure 15. Relative SCF energies of the reaction with and without
hydrogen bond interaction between the catalyst and the substrate; 2
and 2′ are set to zero.

Figure 16. Energy profile of the unsaturated pathways from the pro-S diastereoisomer and the pro-R diastereoisomer (free energies at 298 K in kcal
mol−1).
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16). The approach and coordination of molecular hydrogen
from the lower face of the catalysts is favored as compared to
the upper face since the interactions between the two ligands
block the approach from the upper face (structure 32, Figure
16). Upon oxidative addition of hydrogen at 32, the substrate
can rotate in two directions leading to two different dihydride
octahedral complexes (structures 33 and 34). This step occurs
for both ways with a close energy barrier (TS20 and TS21).
After the oxidative addition step, structure 34 (pro-R)
undergoes hydride migration with a high energy barrier
(TS23), making this path energetically unfavorable. For the
formation of the R-product, the pathway via TS20 is also
available, and this is lower in energy. For the formation of the
S-product the path via TS3 is the lowest in energy. As this is
the lowest energy pathway available from resting state complex
2 (which is supported by NMR experiments), these
calculations are in line with the preferential formation of the
S-product observed experimentally (black path).109 The
method of calculation used is probably not accurate enough
for quantitative analysis of the calculated enantioselectivity.

■ SUMMARY AND CONCLUSION

The characterization of the precatalyst and solvate species
revealed a hydrogen bond between the two ligands. Upon
coordination of a substrate functionalized with a H-bond
donor, the catalyst modifies its conformation to establish
hydrogen bonds with the substrate. The hydroxyl group of the
substrate is inserted in the hydrogen bond between the two
ligands giving a total of two hydrogen bonds, leading to a high
stabilization of the diastereomeric complex 3a. This complex
could be observed during catalysis under standard conditions
by in situ NMR and therefore is most likely the resting state of
the reaction. Upon hydrogenation of diastereomer 3a, no other
intermediates could be detected. The product of the reaction is
obtained with 98% enantiomeric excess. All the experiments
performed on the mechanism of hydrogenation of substrate S3
are in line with a lock-and-key mechanism in which several
hydrogen bonds are involved in the stabilization of different
intermediates along the reaction mechanism. The in-depth
study of the mechanism of hydrogenation of substrate S4 (the
substrate that lacks the hydrogen bond donor group) showed
that this substrate follows also a lock-and-key mechanism, but
in this reaction pathway no hydrogen bonds between the
catalyst and the substrate are formed. As a result, this substrate
is hydrogenated with lower rates. Also, the dependency of the
selectivity on the hydrogen pressure for substrate S4 (Figure 8)
indicates that both substrates follow a lock-and-key mecha-
nism, in which the hydrogenation of substrate S4 is more
sensitive to the hydrogen pressure due to the lack of H-bond
effect during the reaction. Additionally, the hydrogen bonds set
up between the catalyst and the substrate lead to high
enantioselectivity by providing for the discrimination of the
prochiral faces of the coordinated alkene in the pro-R and pro-
S diastereoisomers, as was demonstrated by DFT. Importantly,
this work shows that supramolecular interactions between the
substrate and the functional groups of the catalyst influence the
activity and the selectivity of the rhodium-catalyzed asym-
metric hydrogenation reaction. Understanding this in detail
now sets the stage for implementation of such strategies in the
rational design of new supramolecular catalysts.
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