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The  catalytic  system  prepared  from  [Rh(COD)2]BF4 and  (R,R)-Me-BPE  provides  a spectacular  detrimental
hydrogen  pressure  effect  on  ee  from  94%  down  to 56%  in  the  hydrogenation  of methylacrylate,  whereas  it
has  a  strong  beneficial  effect  on  the  hydrogenation  of  E-emap  (from  42%  up to  72%).  The kinetic  parameters
have  been  determined  for both  systems  and  have  helped  to  identify  the  most  enantioselective  controlling
steps  (MECS).  Accordingly,  further  explanations  for the  structure-ee  and  hydrogen  pressure  relationship
are proposed.
ey words:
symmetric hydrogenation
ydrogen pressure
nantiomeric excess
R,R)-Me-BPE
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. Introduction

Catalytic enantioselective hydrogenation is one of the most
romising and industrially viable methodologies for the synthe-
is of chiral �/� dehydroamino acids and their derivates which are
f key importance to the pharmaceutical, flavour and fragrance,
nimal health, agrochemical and functional materials industries
1–5]. Numerous efforts were spent to reach high enantioselec-
ivity through the synthesis of different families of chiral ligands
hus calling for high throughput methods for the screening (HTS) of
he very large chemical diversity available over four work decades
6–9]. Despite a large number of researchers focused on asym-

etric hydrogenation, there are no predictive tools to design a
atalytic system for a given substrate. This is as yet due to the still
nclear relation between the molecular properties (steric and elec-
ronic factors) of the catalyst/substrate system and macroscopic
actors (concentrations, pressure, temperature) influencing the
nantioselectivity. Thus, the origin of enantioselectivity remains
ncertain and still motivates much ongoing research [10–18].
hile screening methods are the only way to select enantioselec-
ive catalysts, only mechanistic and kinetic studies can help to bring
 fundamental understanding of enantio-discriminating factors.

∗ Corresponding author. Tel.: +33 472 43 17 54; fax: +33 472 43 16 73.
E-mail address: claude.debellefon@lgpc.cpe.fr (C. De Bellefon).

381-1169/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.molcata.2012.06.012
Rhodium complexes are often used as catalysts for the enantio-
selective hydrogenation reactions. Two mechanisms are proposed
(Scheme 1). The unsaturated mechanism, proposed very early by
Brown and Halpern, is strongly supported by kinetic measure-
ments, NMR  characterization of reactive intermediates and X-ray
analyses [10–14,19–26]. In this mechanism, diastereomeric com-
plexes are formed by coordination of a prochiral substituted olefin
to the chiral catalyst-solvent complex through the C C bond and
the oxygen atom of the pendant amide group. These intermedi-
ates react in a sequence of elementary steps (oxidative addition of
hydrogen, insertion and reductive elimination to give enantiomer
products). Recent results have provided considerable refinement
of the enantioselective hydrogenation mechanism. The dihydride
mechanism is an alternative with the hydrogen oxidative addition
step occurring before the substrate coordination step [27–31].

Like any reaction with selectivity issues due to a multiple reac-
tion network, enantioselective reactions are influenced by many
macroscopic parameters among which the hydrogen pressure, i.e.
the actual hydrogen concentration, is significant. As early as the
1970s, several studies have reported the effect of hydrogen pres-
sure on enantioselectivity [15–18].  In a recent paper, using a large
number of catalytic systems, it has also been demonstrated that
the hydrogen pressure effect on ee is rather general and that an

equivalent distribution between beneficial and detrimental pres-
sure effects on enantioselectivity prevails [32]. Some quantitative
explanations for the hydrogen pressure-enantioselectivity depend-
ence are given in the literature but plausible reasons are not yet

dx.doi.org/10.1016/j.molcata.2012.06.012
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:claude.debellefon@lgpc.cpe.fr
dx.doi.org/10.1016/j.molcata.2012.06.012
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Table 1
Range of conditions used in the kinetic study.

Conditions Operating range

M-acrylate E-emap

[Substrate], kmol m−3 0.02–0.3 0.025–0.14
cheme 1. Mechanisms of Rh(I)-catalysed hydrogenation. L is a bidentate chiral
iphosphine. S is a bidentate substrate.

nown. The understanding of this relationship is still one of the
ost challenging questions in the field of asymmetric catalysis.

urther, the mechanism of rhodium-catalysed hydrogenation of
namides, as discussed in previous paper [33], strongly depends
n the electronics of the substrate, particularly the ability to sta-
ilize the forming negative charge in the dihydride intermediates
t either the � or the � carbon of the olefin double bond. This
ependence can have a significant impact on the origins of enan-
ioselectivity.

The present study was therefore undertaken to provide some
urther understanding of these issues. In fact, this work will focus
n the impact of substrate structure and hydrogen pressure on
e. The chosen reaction is the hydrogenation of acetamidoacry-
ates with rhodium complexes. The followed methodology is the
hoice of the reaction mechanism, the quantification of the kinetic
onstants involved in the elementary steps, the identification of
he most enantioselective controlling steps and the proposal of a
tructure-enantioselectivity relationship.

. Experimental

.1. Chemicals and analysis

The catalyst precursor [Rh(COD)2]+ BF4
− (Alfa-Aesar) and the

igand (R,R)-Me-BPE (Strem) were used as received. Methanol was
egassed and purged under argon prior to use. A ligand/Rh ratio of
.05 was used. The catalyst was prepared ex situ from [Rh(COD)2]+

F4
− and the (R,R)-Me-BPE in methanol. This mixture was  stirred

t room temperature for about 1/2 h and stored at 6 ◦C at which
emperature the catalyst was stable as proved by reproducible cat-
lytic tests. M-acrylate (methyl 2-acetamidoacrylate) was  provided
rom Aldrich whereas E-emap (ethyl 4-methyl-3-acetamido-2-
entanoate) and MAC  (methyl Z-�-acetamido-cinnamate) were
repared according to the published procedure [34,35]. Con-
ersions yields and enantioselectivities were determined by gas
hromatographic analysis on a Lipodex E (10 m × 0.1 mm)  and CHI-
ASILVAL (25 m × 0.25 mm)  column. Experimental enantiomeric
xcess is obtained as: ee = ([R] − [S])/([R]+[S]).

.2. Reactors and chemical regime
Hydrogenation experiments were performed in a stainless
teel mini-autoclave of 15 cm3 equipped with a magnetic stirrer
2200 rpm, kLa up to 0.87 s−1), under hydrogen pressure (2–41 bar)
PH2, bar 2–41 1.3–41
H2, kmol m−3 0.0084–0.14 0.0084–0.14
Rh, kmol m−3 10–4 10–3

in degassed MeOH (4 cm3). Samples were periodically collected and
analysed by GC. The reaction regime under which the rate data
were obtained was kinetically controlled. The effects of catalyst
loading and the stirring rate on the apparent rate of reaction were
investigated. The initial rate of reaction was  found to increase lin-
early with catalyst charge (from 10–5 to 10−4 kmol m−3 of catalyst),
also, it is independent of agitation speed beyond 2200 rpm. This
indicated that external mass-transfer resistance is not significant
under the operating conditions. With the help of our experimental
measures, we extrapolated the correlation for solubility of hydro-
gen in methanol described by Liu [36,37] by according to the range
of operating conditions (hydrogen pressure and temperature).

2.3. Range of operating conditions

The different operating conditions used in the kinetic study for
the selected catalytic systems are summarized in Table 1. All exper-
iments were performed at 308 K.

3. Results and discussion

3.1. Choice of the catalytic system

Understanding structure-enantioselectivity relationship
requires working on systems, i.e. catalyst + chiral diphos-
phine + substrates, presenting very strong hydrogen pressure
effects for a very small change in the substrate structure. This
would ensure a quantitative and high quality for the kinetic
parameters estimation and a straightforward attribution of the
effect of the substrate changes. Thus, a catalytic system with
opposite hydrogen pressure effect on ee would be the best
case. Three substrates, methyl Z-�-acetamidocinamate (MAC),
methyl 2-acetamidoacrylate (M-acrylate), and ethyl 4-methyl-
3-acetamido-2-propanoate (E-emap) were selected. They are all
readily available in large quantities and have been the subject of a
large number of publications. These substrates present stepwise
changes in their structure such as the position of the acetamido
group, the steric hindrance and the substituent nature at the sp2

carbons (Scheme 2).
The choice of the catalyst was  operated by screening a restricted

library of 6 commercially available chiral diphosphines (Scheme 3)
over a large range of hydrogen pressure (2–41 bar) for the three
different substrates (MAC, M-acrylate and E-emap) and at 308 K
(Table 3). The choice of these 6 chiral diphosphines was motivated
by their known ability to lead to higher ee, and so to induce hydro-
gen pressure effect, compared to other chiral diphosphines that are
not prone to hydrogen effect such as the BINAP’s [32].

In order to verify our methodology, a first series of experiments
was  performed and the ee was compared to published results
(Table 2). It appears that under the tested conditions and for the
selected couples substrate/ligand, similar ee are obtained, except
in the case of (R,R)-Me-BPE for which the ee variation with the

pressure is more significant.

Then, the selected reaction systems were evaluated. The results
show a very small hydrogen pressure effect for MAC whereas in pio-
neering works, a larger effect has been observed with this substrate
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Scheme 2.

Scheme 3. Chiral diphosphi

Table 2
Comparison of ee obtained in this work with literature data under similar operating
conditions.

Diphosphine Substrate PH2 ee Ref.

(R,R)-Et-BPE MAC
2 77 This work
5 79 [32]

(R,R)-Me-BPE
MAC

41  80 This work
30 76 [32]

E-emap
41 −72 This work
30 −62 [32]

(S,S,R,R)-TANGPHOS
MAC

2  99 This work
5 98 [32]
1.4  99 [38]*

E-emap
41 32 This work
30 32 [32]

2  95 This work

C

w
i
t
s
d
s

(
e
A

T
R

(R,R)-iPr-DuPHOS MAC 5 96 [32]

onditions: MeOH, [Rh]/[L] = 1.05, 308 K; (*): 298 K, [Rh]/[L] not available

ith the DIPAMP chiral diphosphine [13]. However, an interest-
ng system involving the Me-BPE chiral diphosphine, presents
wo opposite effects with hydrogen pressure depending on the
ubstrate: a beneficial effect with M-acrylate (�ee = −38%) and a
etrimental effect with E-emap (�ee = +30%) (Table 3). These two
ystems were thus investigated by detailed kinetic studies.

Conditions: MeOH; L/Rh = 1.05; 308 K; ee

%) = ([R] − [S])/([R] + [S]); ee2 (%) = ee at 2 bar hydrogen pressure;
e41 (%) = ee at 41 bar hydrogen pressure. �ee = |ee41| − |ee2|%.
ll results are at close to quantitative conversion. For the sake

able 3
esults of the variation of ee upon hydrogen pressure from 2 to 41 bar.

Catalyst (Rh/L) MAC  M-acrylate E-emap

L= ee2 ee41 �ee ee2 ee41 �ee ee2 ee41 �ee

(R,R)-Et-BPE 77 70 −7 79 77 −2 n.a. n.a. n.a.
(R,R)-Me-BPE 89 80 −9 94 56 −38 −42 −72 +30
(S,S,R,R)-TANGPHOS 99 98 −1 98 95 −3 90 32 −58
(R,R)-iPr-DuPHOS 95 98 3 58 30 −20 n.a. n.a. n.a.
(R,R)-Et-DuPHOS 27 24 −3 2 1 −1 n.a. n.a. n.a.
(R,R)-Me-DuPHOS n.a. n.a. n.a. 96 91 −5 +97 96 −1
nes used in this work.

of conciseness, only ee values at boundaries (2 and 41 bar) of the
hydrogen pressure range are presented. Further data can be found
in the supplementary material. n.a.: not tested.

3.2. Kinetic study

A quantitative kinetic study for the hydrogenation reaction was
undertaken on the two  catalytic systems identified previously. The
influence of reaction parameters such as substrate concentration
and hydrogen pressure has been evaluated.

3.2.1. M-acrylate (methyl-2-acetamidoacrylate)
The typical concentration vs. time profiles of M-acrylate and

the two enantiomeric products is given in Fig. 1a. Enantiomer R is
the main reaction product within the range of hydrogen pressure
investigated here.

The initial rate of formation of isomer S, at constant hydrogen
pressure (6 bar), does not vary with the substrate concentration,
ranging from 0.02 to 0.3 kmol m−3 (Fig. 1b). That of isomer R
increases slowly at low concentration and then reaches a plateau.
Overall and despite the rate increase of isomer R, the enantiomeric
excess does not vary much with the substrate concentration with
an average value of 85 ± 5% (see supplementary material). There-
fore, the concentration of the substrate does not much affect the
enantioselectivity. The effect of the hydrogen pressure was also
tested. A significant increase of the initial rate with pressure has
been noted, which seems to level off for the major R enantiomer.
Thus the rate of formation of the minor S enantiomer is proportion-
ally increased with the increase of hydrogen pressure (Fig. 2a). As
a consequence, a detrimental effect of hydrogen pressure on enan-
tioselectivity is observed, and the enantiomeric excess decreases
from 94 to 56% with increasing the hydrogen concentration in the
liquid phase (Fig. 2b).

3.2.2. E-emap (ethyl-4-methyl-3-acetamido-2-propanoate)
In contrast to M-acrylate, the major product is the S enantiomer.

As seen above for M-acrylate, different hydrogenation tests were

also undertaken with E-emap at different operating conditions.
The linear dependence of the initial rate on substrate concentra-
tion suggests that the formation of the enantiomers was of first
order with respect to E-emap (Fig. 3a). However, since the rate
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Fig. 1. (a) Concentration vs. time profiles for the hydrogenation of M-acrylate; (�) [M-acrylate]; (�) [R]; (�) [S] ([M-acrylate] = 0.1 kmol m−3; [Rh] = 10−4 kmol m−3; L/Rh = 1.05;
PH2 = 2 bar; T = 308 K) and (b) dependence of the observed initials rates riR (�) and riS (�) on substrate concentration ([Rh] = 10−4 kmol m−3; L/Rh = 1.05; PH2 = 6 bar; T = 308 K).
The  lines are included to show the profiles clearly and do not represent a model.
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pressure effect on ee is related to the interplay between steps 1, 2
and 3 as long as the rate determining steps are taking place after
substrate coordination. Under these considerations, the possibility
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F
o
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iR iS

crylate] = 0.1 kmol m−3; [Rh] = 10−4 kmol m−3; L/Rh = 1.05; T = 308 K). The lines are 

ependence on the substrate concentration is similar for both
nantiomers, no effect is observed on the enantiomeric excess
Fig. 3b).

Increasing the hydrogen pressure affords a noticeable increase
n enantioselectivity, |ee|  varying from 20 to 70% over a broad pres-
ure range of 40 bar (Fig. 4b).

.3. Kinetic modelling

As mentioned in the introduction, two mechanisms can be
onsidered for asymmetric hydrogenations involving a chiral
iphosphine rhodium complex (Scheme 1). The dihydride mecha-

ism depicts the formation of two rhodium hydrides diastereomers

rom the chiral Rh-diphospine solvated complex (I) followed by
oordination of the substrate A (Scheme 4). It has been demon-
trated that these two isomers are rapidly exchanged without
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rofiles clearly and do not represent a model.
ed to show the profiles clearly and do not represent a model.

complete dissociation of hydrogen [27]. Thus, this step can be
described by a simple equilibrium (Eq. (1)). Hence, any hydrogen
(IIH2)2
k-2 S      +           I +     A

k2S

Scheme 4. Elementary steps for the dihydride mechanism of Rh(I)-catalysed asym-
metric hydrogenations.
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All attempts to determine the equilibrium of reaction 1R and 1S
(Scheme 5) by tracing intermediates using 31P NMR failed despite

I         +         A

IIR

IIS

R         +            I
k2R

 +    H2 S        +            I
k2S

 +    H2
k1R

k-1R

k1S

k-1S

(1R)

(1S)

(2R)

(2S)

Scheme 5. Elementary steps for unsaturated mechanism of Rh(I)-catalysed asym-
metric hydrogenation.

Table 4
Estimated kinetic parameters for M-acrylate hydrogenation.

Kinetic parameter Unit Estimated value

k m3 kmol−1 min−1 (1.3 ± 0.6) × 105
ig. 4. (a) Dependence of the observed initials rates riR (�) and riS (�) on hydr
map]  = 0.1 kmol m−3; [Rh] = 10−3 kmol m−3; L/Rh = 1.05; T = 308 K). The lines are inc

f hydrogen pressure effect on ee within the dihydride mechanism
an be discussed.

 = [(IIH2)1]
[(IIH2)2]

(1)

Rh]tot = [I] + [(IIH2)1] + [(IIH2)2] (2)

Taking into account the equilibrium (Eq. (1)), the rhodium mass
alance (Eq. (2))  and considering the steady-state approximation
n the rhodium solvated complex (I), the product formation rate
an be deduced (Eq. (3)).

rR = (Kk1R + k2R)[A]
K B [Rh]tot

1 + B + BK
with : B = k1 + k2

Kk−1 + k−2
[H2] (3)

rR

rS
= Kk1R + k2R

Kk1S + k2S
(4)

The rate for reaction (S) is obtained by switching the R and the
 indices. As the instantaneous enantioselectivity ratio is related to
he ratio of the rate of formation of the R and the S enantiomers
Eq. (4)), it demonstrates that ee cannot vary with the hydrogen
ressure. Indeed, all attempts to fit this model to the experimen-
al data failed. Note however that if the equilibrium of reaction (3)
ould have been hydrogen dependent, this conclusion would not
old. Another reason for rejection of the dihydride mechanism lies

n the fact that the operating conditions under which the diastereo-
ers of rhodium dihydrides have been observed are far from those

eing applied in our work [30]. Hence, for the catalytic systems
tudied in this work, the kinetic model derived from the dihydride
echanism can be disregarded.
On the contrary, the hydrogen pressure enantioselectivity

ependence has been proved for MAC  hydrogenation with
Rh(R,R)-DIPAMP] complex proceeding through the unsaturated

echanism [13]. Many examples have been also found in the lit-
rature [32]. The simplified unsaturated mechanism presents six
lementary steps (Scheme 5).

The application of the steady-state approximation on diastereo-
ers intermediates leads to the following rate laws (Eq. (5)).

R = k1Rk2R

(k−1R + k2R[H2])

[A][Rh]tot[H2](
1 + (k1R[A]/k−1R + k2R[H2]) + (k1S[A]/k−1S + k2S[H2])

) (5)

rR

rS
= k1Rk2R(k−1S + k2S[H2])

k1Sk2S(k−1R + k2R[H2])
(6)

The rate for reaction (S) is obtained by switching the R and the S

ndices. Thus for the unsaturated mechanism, the possible pressure
ffect of hydrogen on ee is clearly evidenced (Eq. (6)). The model
erived from the unsaturated mechanism will be the subject of this
odelling section.
ressure and (b) dependence of enantiomeric excess on hydrogen pressure ([E-
 to show the profiles clearly and do not represent a model.

The estimation of the unknown model parameters is performed
through the entire concentration vs. time profiles by means of
React’Op software (ChemInform-St. Petersburg) [39]. For the M-
acrylate hydrogenation, Fig. 5 illustrates the experimental and
calculated data, which suggests that the kinetic model provides
satisfactory agreement between them. For clarity, only a few exper-
iments are represented in Fig. 5a; the lines represent the model and
points are experimental results.

The results of the estimation with global kinetics indicate that
only 5 kinetic constants on a set of 6 can be identified, 4 being true
mechanistic constants (k1R; k−1R; k2R; k2S), and the other one being
a ratio of two mechanistic constants (KS = k1S/k−1S). Thus k1S and
k−1S are strongly correlated and not distinguishable. The correla-
tion matrix is given in the supplementary information.

Table 4 summarizes numerical values of the estimated kinetic
constants. The parameters which are responsible for the descrip-
tion of the rate for the main product formation were determined
with a satisfactory accuracy. In order to adapt the kinetic model
to experimental results, the relation k−1S � k2S[H2] has been sup-
posed, and its validity has been checked by a numerical estimation.
Hence the rate laws corresponding to the catalytic cycle of enan-
tiomer S can be simplified:

rS = KSk2S

(
[A][H2][Rh]

1 + (k1R[A]/k−1R + k2R[H2]) + KS[A]

)
with : KS = k1S

k−1S
(7)
1R

k−1R min−1 (3.2 ± 0.9) × 102

k2R m3 kmol−1 min−1 (2.6 ± 0.2) × 104

k2S m3 kmol−1 min−1 (1.4 ± 0.8) × 104

KS = k1S/k−1S m3 kmol−1 16.6 ± 3
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(�)  [M-acrylate] = 0.3 kmol m−3 PH2 = 6 bar and (b) calculated vs. experimental concentration for R (the same results have been obtained with S and M-acrylate).
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b)  calculated vs. experimental concentration for R (the same results have been obt

he different applied methods for mixture preparation, and only a
ew secondary species have been identified.

The estimation of the kinetic parameters for the second system
as also performed by React’Op, using the kinetic model derived

rom the unsaturated mechanism as explained above. The kinetic
odel fits the experimental data well (Fig. 6), but the estimation

llows only the identification of 4 parameters due to the strong
orrelation between pairs of rate constant (k−1R, k2R) and (k−1S, k2S)
orresponding to substrate decoordination and oxidative addition

teps (Table 5).

H3CO

NH NH

O

C2H5O
OCH3

NH
OO

O O

O

M-acrylate E-emap MAC

Scheme 6.

able 5
stimated kinetic parameters for E-emap hydrogenation.

Kinetic parameters Unit Estimated value

k1R m3 kmol−1 min−1 (2.2 ± 0.7) × 102

k1S m3 kmol−1 min−1 (3.5 ± 2) × 103

K = (k−1R/k2R) m3 kmol−1 0.076 ± 0.003
K′ = (k−1S/k2S) m3 kmol−1 0.435 ± 0.2
ap] = 0.025 kmol m−3, PH2 = 6 bar; (�) [M-acrylate] = 0.14 kmol m−3, PH2 = 6 bar and
 with S and E-emap).

The experimental work has demonstrated that the rate forma-
tion of enantiomers was of first order with respect to the E-emap
concentration, so the kinetic model can be written as follows:

rR = k1R ([A][H2][Rh])
K + [H2]

(8)

rS = k1S ([A][H2][Rh])
K ′ + [H2]

(9)

This implies:

k1R[A]
k−1R + k2R[H2]

� 1 and (10)

k1S[A]
k−1S + k2S[H2]

� 1 (11)

By using the estimated kinetic parameters of each system, it
has been possible to reproduce the experimental results; in fact
the model predicts the enantiomeric excess and hydrogen pressure
dependence, which validates again our estimate (Fig. 7).

The kinetic modelling with E-emap and M-acrylate did not
provide full set of kinetic constants separate due to the strong
correlation between some constants. Hence, considering the ratio
between the kinetic constants of enantiomeric elementary steps
lies in the range 0.002 ≤ kiR/kiS or kiS/kiR ≤ 500 [40], the evaluation of
rate constant corresponding to the M-acrylate is achievable. In fact,
the lowest value for k−1S (6.104 min−1 ≤ k−1S) is estimated since the
ratio KS is no longer constant and the numerical estimation leads
to divergence. However, the upper limit of k−1S is imposed by that

relation 0.002 ≤ k−1S/k−1R ≤ 500, and that maximum value of k−1S
is 1.57 × 105 min−1. The upper and lower values of k−1S are con-
sidered thereafter (Table 6). For E-emap, the rate constant still not
evaluated separately.
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The ratio between the kinetic constants of enantiomeric ele-
entary steps (kiR/kiS or kiS/kiR with i the step number) has been

nvestigated to understand the structure-enantioselectivity
nd hydrogen pressure relationship, and thus the iden-
ification of the most enantioselective controlling steps
Table 6). That calculation was carried out for M-acrylate/(R,R)-

e-BPE and MAC/(R,R)-DIPAMP [13]. This last was  the
nly system for which the kinetic parameters have been
dentified [41].

At first sight, it is clear that all the elementary steps are
nvolved in the enantioselection process, i.e. kiR/kiS /= 1. For M-
crylate, the coordination and the decoordination of the substrate
re heavily controlling for the enantioselection process, whereas
or MAC, the oxidative addition of hydrogen is the dominating
tep.

The explanation of the shift of the most enantioselective con-
rolling steps may  be found in the structure of the substrates
Scheme 6). In the case of M-acrylate, the olefin double bond is
lectron poor compared to that of MAC  which has an electron-
onor substituent. This makes the relative electronic density on
he two olefin carbon atoms different. E-emap is supposed to
resent a similar electronic density to that of MAC, owing to the
resence of two  substituents on the olefin carbon atoms with oppo-
ite inductive effect. Hence, the same enantiomeric determining
tep, i.e. the oxidative addition as it plays for the enantioselec-
ive hydrogenation of MAC, is foreseen for E-emap. Nevertheless,
e are not able to further support this assumption since the val-
es of the kinetic parameters cannot be determined as discussed
reviously. According to previous experimental [42] and computa-
ional [33,43] works, for �-dehydroamino substrates such as MAC
nd M-acrylate, the reaction mechanism should proceed through
-monohydride pathway, and for the �-dehyroamino substrates,
uch as E-emap, through �-monohydride pathway. Indeed, albeit
t may  be that the hydride transfer step (migratory insertion) is the
ame for MAC  and for M-acrylate, the most enantioselective con-
rolling step is different and can be driven by other factors such
s the electronic density or steric properties at the double bond.

urther, � and �-monohydride pathways lead to opposite enantio-
electivity, but it can not explain the hydrogen pressure effect. Even
f we fully agree that opposite enantioselectivity may  be obtained
or one of the enantioselective controlling steps (that of migratory

able 6
atios of elementary steps constants.

System i = 1 sub
coordin

kiR/kiS

or
kiS/kiR

M-acrylate (R,R)-Me-BPE 234 

156
MAC  (R,R)DIPAMP 1.9 
insertion), it remains that the global measured enantioselectivity
relies on many interplaying steps.

Concerning the effect of hydrogen pressure, a previous report
has shown that, considering the unsaturated mechanism, the enan-
tiomeric excess dependence with hydrogen pressure is related to
the sign of the derivative of ee with hydrogen pressure (Eq. (12))
[32].

Sign
dee

d[H2]L
= Sign

dee
dPH2

= Sign�ee = Sign(˛); ˛

=
(

k−1R

k2R
− k−1S

k2S

)
(12)

In which, �ee is the difference between the ee measured at
higher pressure and the ee measured at lower pressure. In practice,
four situations can be encountered. For catalytic systems provid-
ing R configurations (ee > 0), the hydrogen pressure effect can be
beneficial (�ee > 0) or detrimental (�ee < 0). Conversely, for S con-
figurations (ee < 0), the hydrogen pressure effect can be beneficial
(�ee < 0) or detrimental (�ee > 0). For the two substrates E-emap
and M-acrylate, �ee values amount −30 and −38 with configu-
rations S and R respectively. Thus, a beneficial hydrogen pressure
effect for E-map is observed and a detrimental impact plays for M-
acrylate. This experimental observation is perfectly in line with the
sign of the � parameter for E-emap (  ̨ < 0) and M-acrylate (  ̨ < 0).
More generally, the values of kinetic constants of independent steps
determined by e.g. NMR  or computational methods may  be used
to compute the sign of ˛ hence to predict the effect of hydrogen
pressure on ee.

Another facet of asymmetric homogeneous catalysis is the
major/minor concept, i.e. the minor diastereomer leads to the
major product of the reaction, contrary to the lock-and-key concept
derived for enzyme catalysis. The lock-and-key and major/minor
concepts are two over-simplified forms of the mechanism of cat-
alytic asymmetric hydrogenation and were often taken as rivals
and exclusive. Heller and co-workers proposed the idea of a
possible coexistence of the two  concepts through an intellec-

tual exercise based on the set of the kinetic constants identified
experimentally by Halpern for MAC/(R,R)-DIPAMP system [44].
Permutation of the 6 rate constants leads to cases for which
the concentrations of both diastereomers could be reversed with

strate
ation

i = −1 substrate
decoordination

i = 2 oxydative
addition of H2

ee at 1 bar
(R or S)

190 1.85 94 (R)
500 1.85

18 500 97 (R)
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he hydrogen pressure, i.e. going from the major/minor descrip-
ion to the lock-and-key. The obtained results for M-acrylate
an contribute to this discussion. In fact, considering the range
f respective confidence interval, the value impact of each rate
onstant on the concentration of both diastereomers has been
tudied. Asymptotic profiles without crossing for the diastere-
meric concentration, i.e. with the lock-and-key concept operating,
ere obtained except for some values of k1R. Within the confi-
ence interval [0.7 × 105; 1.9 × 105], for k1R > 1.1 × 105 kmol m−3,
n asymptotic behaviour with no crossing is observed (Fig. 8a)
hereas values of k1R ≤ 1.1 × 105 kmol m−3 results in the presence

f two zones with crossing of the diastereomer concentrations
Fig. 8b). In other words, the experimental data found in this
ork can account for a catalytic system moving from a zone of

perating condition (PH2) under which the concept lock-and-key
ould prevail to a zone where the major/minor concept would

perate.

. Conclusion

Two opposite effects of hydrogen pressure have been observed
ith the same catalytic complex Rh/(R,R)-Me-BPE for the hydro-

enation of M-acrylate and E-emap. A kinetic study was undertaken
o further understand this striking behaviour. Numerical integra-
ion using the entire concentration vs. time profiles provided values
or the kinetic parameters of the Halpern type kinetic model. The
ubstrates electronic properties influence the most enantioselec-
ive controlling steps, the oxidative addition of H2 for E-emap
nd the coordination/decoordination step for M-acrylate, thereby
xplaining the opposed observed hydrogen pressure effects. To
each a more detailed understanding on the structure-ee and
ydrogen pressure relationships, it seems advisable on the one
and to explore other catalytic systems as diverse as possible, and
n the other hand to focus on steps (coordination and decoordina-
ion of substrate) upstream from oxidative addition and migratory
nsertion. Advances with the help of theoretical chemistry are on
he way to help assigning the importance of these steps in the
nantioselection process. It is also worth mentioning that this work
epresents one of the few experimental examples showing that the
ajor/minor and the look-and-key principles can operate for the

ame catalytic system, the switch being driven by the hydrogen
ressure.
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
molcata.2012.06.012.
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