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Abstract: (S)-3-Hydroxy-2-methylpropionate, known
as the Roche ester, and several of its derivatives
were successfully synthesized through asymmetric
rhodium-catalyzed hydrogenation, using INDOL-
PHOS (diisopropyl{1-[(S)-3,5-dioxa-4-phosphacyclo-
hepta[2,1-a ;3,4-a’]dinaphthalen-4-yl]-3-methyl-2-in-

dolyl}phosphine) as the chiral ligand, in excellent
yield and the highest ee reported up to now (TOF
over 5500 h�1 at 25 8C; up to 98% ee at �40 8C).

Keywords: asymmetric catalysis; hydrogenation; P li-
gands; rhodium; Roche ester

Introduction

Transition metal-catalyzed asymmetric hydrogenation
has evolved in recent years as a practical and econom-
ical strategy in the preparation of fine chemical inter-
mediates for the pharmaceutical industry.[1] In this
course, a broad range of chiral hydrogenation cata-
lysts have been developed, most of which rely on
chiral mono- or bidentate phosphorus ligands.[2] The
continuous development of new ligands has been
shown to be vital in order to discover good catalysts.
Two successful strategies in catalyst development
have been reported that aim at catalysts for a broad
substrate scope; the privileged ligand approach and
combinatorial ligand approach. Privileged ligands, as
defined by Jacobsen, usually consist of a rigid chiral
backbone and give high selectivities for a broad range
of substrates requiring only minor or no changes in
the ligand structure.[3] In ultimate examples the li-
gands provide selective catalysts for several transition
metal-catalyzed conversions. Alternatively, the combi-
natorial ligand approach utilizes the facile preparation
of ligands enabling the construction of large and di-
verse libraries that, in conjunction with automated
screening methods, allows the identification of the op-
timum catalyst for each individual substrate.[4] Our
group has contributed to this field by developing both
combinatorial[5,6] as well as privileged ligands.[7,8] To il-
lustrate the potential of these ligands though, it is es-
sential to employ them in the synthesis of relevant
and challenging chiral targets.[6]

In the past decade, only a few reports appeared on
the asymmetric synthesis of methyl 3-hydroxy-2-meth-
ylpropionate 1a, known as the Roche ester, by means

of enantioselective hydrogenation.[9–11] The Roche
ester is a very important chiral starting material for
the total synthesis of pharmaceutical compounds, e.g.,
in the synthesis of the anti-tumor agents tedanolide
and discodermolide.[12] Importantly, as the Roche
ester is a liquid the optical purity cannot be increased
by crystallization and therefore asymmetric synthesis
of this building block is only interesting if the ee of
the product is very high (more than 95%). Jeulin
et al. reported the synthesis of Roche ester derivatives
with bulky ester groups in high enantioselectivity
using an Ru-SYNPHOS catalyst.[9] However, the
parent Roche ester containing a methyl ester (1a) was
obtained in only 88% ee. Saito and co-workers report-
ed 90% ee using an Rh-DuPHOS catalyst.[10] These
examples represent the leads in the asymmetric syn-
thesis of 1a by enantioselective hydrogenation, but
routes that provide over 90% enantiomeric purity
remain a challenge.

Recently, we reported the synthesis of a new hybrid
bidentate phosphine-phosphoramidite ligand INDOL-
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PHOS (4) and its application in asymmetric rhodium-
catalyzed hydrogenation and hydroformylation.[8] In
terms of bite angle and rigidity, the ligand shows simi-
larities with DuPHOS, up to now the most successful
ligand for the preparation of 1a, which therefore
prompted our interest in applying INDOLPHOS in
the synthesis of Roche ester derivatives. We here
report the asymmetric synthesis of the Roche ester
and its derivatives through rhodium-INDOLPHOS-
catalyzed hydrogenation.

Results and Discussion

INDOLPHOS ligands 4a–f are prepared in one step
from the corresponding indolylphosphines 3a–d by
condensation with a bisnaphthol phosphorochloridite
(Scheme 1).[13] It was observed previously that bulky

phosphines were important in order to achieve high
selectivity in asymmetric hydrogenation.[8] Therefore,
we expanded the INDOLPHOS library with a cyclo-
hexylphosphine (4c) and an o-tolylphosphine (4d)
donor group.

Ligands 4a–f were studied in the rhodium-catalyzed
hydrogenation of methyl 2-hydroxymethylacrylate 2a,
which is available in one step via Baylis–Hillman re-
action of methyl acrylate and formaldehyde, giving
Roche ester 1a. The catalysts were generated in situ
from [Rh ACHTUNGTRENNUNG(nbd)2]BF4 and the corresponding INDOL-
PHOS ligand in dichloromethane (Table 1). All li-
gands give rhodium catalysts that display high activity
as all reactions are (almost) complete after 20 h at
10 bar H2 and room temperature, providing 1a as the
only product. On the other hand, large variations are
observed with regard to the enantioselectivity of the
catalysts based on the various ligands. The catalyst
generated from the parent INDOLPHOS ligand 4a
gives an almost racemic product, whereas the intro-
duction of bulky groups on the bisnaphthol moiety or
the use of bulky phosphines results in moderate to ex-

cellent enantioselectivities of up to 91% ee (Table 1,
entries 1–6). This large dependence of the enantiose-
lectivity on the steric properties of the ligand may be
rationalized by the formation of the bis-ligated spe-
cies [Rh(4a)2]BF4. In previous studies we detected
this species by NMR when mixing equimolar amounts
of 4a with [Rh ACHTUNGTRENNUNG(nbd)2]BF4.

[8] Importantly, when chang-
ing the steric properties of the ligand to more bulky
substituents on either the phosphine (4b–d) or bis-
naphthol (4e), only mono-ligated species [Rh(4)-
ACHTUNGTRENNUNG(nbd)]BF4 were observed. Additional factors disfa-
vouring bis-ligated species in the case of 4b, 4c and 4f
are the lack of p-stacking interactions and the stron-
ger trans-effect of alkylphosphines.

The ligand screening experiments indicate that es-
pecially bulky, electron-rich alkylphosphines are re-
quired for catalysts that provide the product in ee
values over 80%. Comparison with Monophos con-
firms this necessity and demonstrates the added value
of hybrid ligands in this transformation (Table 1,
entry 7).[14]

After the encouraging screening results, conditions
were optimized for the most selective catalyst based
on ligand 4b. These optimization experiments were
carried out in the AMTEC SPR16 consisting of 16
parallel reactors equipped with temperature and pres-
sure sensors, and a mass flow controller, allowing the
reaction rates to be determined from gas-uptake pro-
files. The rate measurements revealed turnover fre-
quencies of over 5500 mol1a·molRh

�1 h�1 (Table 2,
entry 2). Lowering the hydrogen pressure does not
affect the ee but leads to an almost linear decrease of
the rate suggesting a first order dependency on the
partial hydrogen pressure (Table 2, entries 1 and 2).

Scheme 1. Synthesis of INDOLPHOS ligands.

Table 1. Ligand screening in the rhodium-catalyzed asym-
metric hydrogenation of methyl 2-hydroxymethylacrylate.[a]

Entry Ligand % Conv. % ee[b]

1 4a 100 7
2 4b 100 91
3 4c 100 85
4 4d 100 66
5 4e 80 62
6 4f 100 74
7 (S)-Monophos[c] 100 43

[a] Reactions were performed in CH2Cl2, Rh/L=1:1.1, Rh/
substrate=1:100, [Rh]=1.0 mM, 10 bar of H2, at 20 8C
for 20 h using [Rh ACHTUNGTRENNUNG(nbd)2]BF4 as metal precursor.

[b] The (S)-enantiomer was obtained in all cases.
[c] (S)-(+)-(3,5-Dioxa-4-phosphacyclohepta[2,1-a ;3,4-a’]di-

naphthalen-4-yl)dimethylamine.
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When the catalyst loading was reduced to 0.25–0.1
mol%, activity dropped and full conversion was no
longer reached (Table 2, entry 2–4). The gas-uptake
profiles (Supporting Information) for entries 3 and 4
level off at 95% and 46% conversion, respectively, in-
dicating catalyst deactivation at lower catalyst load-
ing, which is most probably caused by small, undetect-
able, impurities in the substrate. In order to increase
the enantioselectivity we conducted the hydrogena-
tion at �15 8C and �40 8C which results in an unpre-
cedented ee of 98% and full conversion (Table 2, en-
tries 5 and 6). Following these optimized reaction con-
ditions (�40 8C), Roche ester 1a was obtained on a
50-mmol scale in high isolated yield (87%) and excel-
lent ee up to 98% (Table 2. entry 7).

The scope of the Rh-INDOLPHOS-catalyzed hy-
drogenation towards Roche ester derivatives 1b–d
was studied to explore the limits of the approach and
to identify structural motifs in the substrate governing
the stereoselective outcome. First, the methyl ester
was replaced with a benzyl ester (2b), and also this
substrate was fully converted in high stereoselectivity
(Table 3, entries 1 and 2). The substrate that is pro-
tected with an acyl group at the primary alcohol func-
tionality (2c) seems less reactive as it is not fully con-
verted under these conditions and the ee of the prod-
uct reaches only 35%, indicating the importance of
the alcohol group in the enantiodiscriminating step
(Table 3, entries 3 and 4). Introduction of a phenyl
group on the double bond (2d) also reduces the reac-
tivity of the substrate (35% conversion), and the
product formed is racemic (Table 3, entries 5 and 6).

The asymmetric hydrogenation of the structurally
related a-methylcinnamic acid 5 results in moderate
yield and an enantioselectivity of 78% ee (Table 3, en-
tries 7 and 8). Considering the structural similarity of

2d and 5, the difference in reactivity and selectivity
towards asymmetric hydrogenation is remarkable.

As control experiments we also studied Monophos-
based rhodium catalysts in these hydrogenation reac-
tions. As is clear from the results, in none of the ex-
amples did this catalyst give better results than the
INDOLPHOS-based catalysts (Table 1, entry 6, and
Table 3, entries 2, 4, 6 and 9). This superiority of IN-
DOLPHOS over Monophos in the hydrogenation of
Roche ester derivatives shows the importance for che-
lating ligands in this reaction.

Conclusions

In conclusion, Roche ester 1a is successfully synthe-
sized through asymmetric rhodium-catalyzed hydroge-
nation using INDOLPHOS in high yield and unprece-
dented enantioselectivity (up to 98% ee) on a prepa-
rative scale. The bidentate character of INDOLPHOS
is of importance as all experiments with monodentate
Monophos ligands resulted in poor ee of the product.
A short study of the substrate scope revealed little
sensitivity of the catalyst with regard to the ester
group present in the substrate; both methyl as benzyl
esters were converted in high selectivity. However,
the primary alcohol function seems to have an impor-
tant function as the acyl-protected substrate could not

Table 2. Variation of conditions in the rhodium-catalyzed
asymmetric hydrogenation of methyl 2-hydroxymethylacry-
late using ligand 4b.[a]

Entry S/C P [bar] T [8C] % Conv. TOF[b] % ee[c]

1 100 5 25 100 3.2P103 93
2 100 10 25 100 5.7P103 93
3 400 10 25 95 1.1P103 93
4 1000 10 25 46 2.5P103 92
5[d] 100 10 �15 100 n.d. 95
6[d] 100 10 �40 100 n.d. 98
7[d,e] 100 20 �40 100 (87)[f] n.d. 98

[a] Reactions were performed in CH2Cl2, Rh/L=1:1.1 for
1.5 h using [Rh ACHTUNGTRENNUNG(nbd)2]BF4 as metal precursor.

[b] Turnover frequency determined at 10% conversion (mo-
l1a·molRh

�1·h�1)
[c] The (S)-enantiomer was obtained in all cases.
[d] 15 h of reaction time.
[e] Reaction performed on a 50-mmol scale.
[f] Isolated yield after flash chromatography.

Table 3. Scope of the rhodium-INDOLPHOS-catalyzed hy-
drogenation.[a]

Entry Substrate Ligand %
Conv.

% ee
(config.)

1 4b 100 89 (S)
2 (S)-Mono-

phos[b]
90 48 (S)

3 4b 34 35 (S)
4 (S)-Mono-

phos[b]
50 0

5 4a 33 0
6 (S)-Mono-

phos[b]
23 0

7 4e 45 78 (R)
8[c] 4e 46 73 (R)
9[d] (R)-Mono-

phos[b]
43 8 (S)

[a] Reactions were performed in CH2Cl2, Rh/L=1:1.1, Rh/
substrate=1:100, 10 bar of H2, at 20 8C for 20 h using
[Rh ACHTUNGTRENNUNG(nbd)2]BF4 as metal precursor. Additional catalytic
results are available in the supporting information.

[b] (S)-(+)-(3,5-Dioxa-4-phosphacyclohepta[2,1-a ;3,4-a’]di-
naphthalen-4-yl)dimethylamine.

[c] 20 bar H2.
[d] Literature value.[15]
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be hydrogenated in high selectivity. The trisubstituted
substrate with an additional phenyl group at the 3-po-
sition, is less reactive and forms the product as a race-
mate. Hydrogenation of the structurally related a-
methylcinnamic acid 5 results in moderate activity
and high enantioselectivity up to 78% ee.

Experimental Section

General Procedure for the Synthesis of
Indolylphosphines 3a–d

To a solution of 3-methylindole (1.78 g, 13.6 mmol) in THF
(40 mL) was added dropwise 5.7 mL of n-BuLi (2.5M in
hexanes) at �70 8C. The resulting suspension was stirred at
�70 8C for 20 min. Carbon dioxide was bubbled through the
suspension for 10 min to give a clear pale yellow solution
which was allowed to warm to room temperature after
which the solvent was removed under vacuum. The resulting
white residue was dissolved in THF (40 mL) to give a clear
pale yellow solution which was cooled to �70 8C. To this so-
lution, 8.4 mL of t-BuLi (1.7M in pentanes) was added and
the resulting orange solution was stirred at �70 8C for 1 h.
The appropriate chlorophosphine (13.6 mmol) was added
and the reaction mixture was stirred for 16 h while being al-
lowed to warm to room temperature. The resulting yellow
solution was washed with 40 mL degassed saturated aqueous
NH4Cl. The organic layer was dried over MgSO4, filtered
and the solvent was removed under vacuum. The crude,
pale yellow solid was recrystallized from hot MeOH to yield
the product as colourless crystals.
Dicyclohexyl(3-methyl-2-indolyl)phosphine (3c): Yield:

2.84 g (64%).
Di-(o-Tolyl)-(3-methyl-2-indolyl)phosphine (3d): Yield:

3.88 g (83%).

General Procedure for the Synthesis of
INDOLPHOS Ligands 4a–f

To a solution of the corresponding indolylphosphine 3
(1.46 mmol) in THF (5 mL) was added dropwise 0.58 mL of
n-BuLi (2.5M in hexanes) at �70 8C. The resulting pale
yellow solution was stirred for 0.5 h at �70 8C. To this solu-
tion, a solution of (S)-(�)-2,2’-bisnaphthol phosphorochlori-
dite (0.51 g, 1.46 mmol) in THF (4 mL) was added at
�70 8C. The reaction mixture was stirred for 1 h at �70 8C
and then allowed to warm to room temperature. The result-
ing pale yellow solution was concentrated under vacuum.
Toluene (5 mL) was added and the suspension was filtered
over Celite after which the solvent was removed under
vacuum to obtain a white powder. In selected cases the
crude product was further purified by SiO2 chromatography.
Dicyclohexyl{1-[(S)-3,5-dioxa-4-phosphacyclohepta[2,1-

a ;3,4-a’]dinaphthalen-4-yl]-3-methyl-2-indolyl}phosphine
(4c): Yield: 553 mg (59%).
Di-(o-Tolyl)-{1-[(S)-3,5-dioxa-4-phosphacyclohepta[2,1-

a ;3,4-a’]dinaphthalen-4-yl]-3-methyl-2-indolyl}phosphine
(4d): Yield: 749 mg (78%).

Preparative Scale Asymmetric Hydrogenation of
Methyl 2-Hydroxymethylacrylate (2a)

INDOLPHOS ligand 4b (309 mg, 0.55 mmol) and [Rh-
ACHTUNGTRENNUNG(nbd)2]BF4 (187 mg, 0.50 mmol) were dissolved in dry DCM
(50 mL). Methyl 2-hydroxymethylacrylate 2a (5.8 g,
50 mmol) was added and the mixture was transferred to a
150-mL stainless steel autoclave equipped with a glass insert
and a mechanical stirrer. The autoclave was cooled to
�40 8C and subsequently purged three times with 15 bar of
dihydrogen and pressurized at 20 bar H2. The reaction mix-
ture was stirred for 15 h at �40 8C after which it was allowed
to warm to room temperature. The pressure was reduced to
1.0 bar and the solvent was removed under reduced pres-
sure. Et2O (50 mL) was added to the residue and the result-
ing yellow suspension was filtered through a plug of SiO2

which was rinsed twice with Et2O (2P50 mL). Removal of
the solvent under reduced pressure gave a colourless oil ;
yield: 5.16 g (87%); 98% ee (chiral GC); [a]20D : +15.4 (c 3.1,
CHCl3);

1H NMR (CDCl3, 500 MHz, 298 K): d=3.72 (m,
5H), 2.68 (m, 1H), 2.10 (br s, 1H), 1.18 (d, J=7.5 Hz, 3H);
13C NMR (CDCl3, 125.5 MHz, 298 K): d=176.14 (Cq), 64.57
(CH2), 51.83 (CH3), 41.62 (CH), 13.40 (CH3).

Supporting Information

Spectroscopic and analytical data of ligands, additional ex-
perimental details for the AMTEC SPR16, catalytic results,
and gas-uptake profiles are available in the Supporting In-
formation.
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