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Abstract—The enantioselective synthesis of an avb3 integrin antagonist intermediate was approached via asymmetric hydrogenation of a
b,b-disubstituted-a,b-unsaturated ester. As a result of the rapid parallel screening of a selection of ligands and catalysts, we found that
neutral Me-BoPhoz-rhodium and iridium catalysts effect the required transformation with a high enantioselectivity. Both the activity and
selectivity of the catalysts were strongly dependent on the choice of solvent and counter-ion. The addition of iodine modified the iridium
catalyst such that the reduction of the 3-substituted quinoline ring took place.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The asymmetric hydrogenation of C@C bonds is a well
established methodology,1 which has provided a cost-effec-
tive synthesis of a number of molecules of industrial rele-
vance.2 To develop an efficient synthetic route to an avb3

integrin antagonist,3 we explored the asymmetric hydroge-
nation of unsaturated ester 1 to enantiomerically enriched
ester (S)-2. Hydrogenation of (S)-2 to tetrahydroquinoline
3 would generate the key building block for the synthesis of
the target avb3 integrin antagonist 4 (Scheme 1).

Few relevant references are currently available for the
enantioselective hydrogenation of unsaturated esters using
homogeneous late transition metal catalysts. While it is
0957-4166/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetasy.2008.03.031

* Corresponding author. Tel.: +44 1223 225800; fax: +44 1223 438037; e-mail

BocN
CO2Me

N

BocN

(S)-2 3

BocN
CO2Me

N
1

Scheme 1. Retrosynthesis of 4.
known that unsaturated acids bind to the metal catalyst
as carboxylate ligands prior to the coordination of the
C@C bond and hydride transfer from the metal center,
the mechanism of the asymmetric hydrogenation of unsat-
urated esters is unclear, and no general experimental proce-
dure has been established.4 Only a limited number of
ruthenium and iridium-bisphosphine catalysts have been
reported to work under different conditions on some unsat-
urated ester, ketones, and lactams.5 In addition, unsatu-
rated esters can be regarded as isolated, electron poor
C@C bonds, and subjected to hydrogenation in the pres-
ence of P^N-iridium catalysts.6

The presence of different substituents at the b-position of
the unsaturated ester and the possible existence of E/Z
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Figure 1. Ligands used in the hydrogenation screen.
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isomer mixtures may, in principle, affect the enantioselec-
tive hydrogenation step. It was advantageous that, in this
case, substrate 1 was available as a single Z-isomer.7 The
presence of a quinoline moiety in the substrate, however,
introduced a further element of uncertainty since both
the ester and the quinoline could competitively bind to
the metal.

Faced with the challenge of a transformation for which no
general effective procedure was known or available, we
envisaged a broad screen of catalysts based on different
metals (ruthenium, rhodium, iridium) and ligands of wide
structural diversity (Fig. 1). Bo-Phoz, 5, a mixed phos-
phino-aminophosphine ligand with a ferrocene backbone,
has produced high activity and selectivity in asymmetric
hydrogenation of C@C bonds.8 P-Phos 6a is the represen-
tative of the wider class of atropoisomeric phosphines and
has often displayed higher activity and selectivity than the
analogous BINAP ligands.9 Phanephos 7a, a paracyclo-
phane-based bisphosphine, has found applications in a
number of C@C and C@O asymmetric hydrogenations.10

A selection of P^N ligands including i-Pr-PHOX 8 Ph-
PHOX 9 was also considered (Fig. 1).
Table 1. Hydrogenation of 1 with rhodium catalystsa

Catalyst Solvent Conv.b (%) eeb (%)

1 [DiPFc Rh COD]BF4 MeOH 51 —
2 [(S)-7a Rh COD]BF4 MeOH 21 11 (R)
3 (R)-5 + [(COD)2Rh]OTf MeOH 15 41 (S)
4 (R)-5 + [(COD)2Rh]OTf DCE 8 90 (S)
5 (R)-5 + [(COD)2Rh]OTf THF 10 80 (S)
6 (R)-7a + [(C2H4)2RhCl]2 DCE 58 79 (S)
7 (R)-5 + [(C2H4)2RhCl]2 DCE 87 95 (S)
8c (R)-5 + [(C2H4)2RhCl]2 DCE 78 90 (S)
9 (R)-5 + [(C2H4)2Rh(acac)] DCE 33 93 (S)

10 (R)-5 + [(CO)2Rh(acac)] DCE 10 80 (S)
11 (R)-5 + [(C2H4)2Rh(acac)] i-PrOH 55 68 (S)
12 (R)-5 + [(CO)2Rh(acac)] i-PrOH 12 20 (S)
13 (R)-6b + [(C2H4)2Rh(acac)] DCE 13 16 (S)
14 (R)-6b + [(CO)2Rh(acac)] DCE <5 —

a Reaction conditions: Biotage Endeavor, 0.2 mmol of substrate,
0.004 mmol of catalyst, S/C = 50/1, 3 mL of solvent, 50 �C and 25 bar of
hydrogen overnight (16–18 h). COD, 1,5-cyclooctadiene; OTf, triflate;
acac, acetylacetonate.

b By HPLC, Diacel ChiralPak AD, 0.46 � 25 cm, hexane/2-propanol (80/
20), 1 mL/min, 35 �C, 210 nm.

c The reaction was performed at 70 �C.
2. Results and discussion

The catalyst screen was run at relatively high catalyst load-
ings (substrate to catalyst molar ratio, S/C, of 50/1) and on
a small scale (0.2 mmol of substrate for each reaction)
using a parallel screening hydrogenation reactor Biotage
Endeavor. Time constraints and substrate availability lim-
ited the number of tests that could be carried out and im-
posed early choices on the combinations of metal, ligand,
and reaction conditions that could be pursued for further
optimization.

2.1. Ruthenium catalysts

Preformed ruthenium catalysts bearing ligands of the P-
Phos, Phanephos, and BoPhoz families were tested in two
different solvents: methanol and 1,2-dichloroethane
(DCE), at S/C 50/1, 50 �C, 25 bar of hydrogen, over-
night.11 Only limited activity was obtained, despite the
relatively forced reaction conditions. As a consequence,
ruthenium catalysts were abandoned at an early stage in
favor of rhodium and iridium catalysts.
2.2. Rhodium catalysts

The usually highly reactive achiral catalyst DiPFc-rho-
dium12 was used to produce the racemic product giving
51% conversion in MeOH at S/C 50/1, 50 �C, 25 bar of
hydrogen, overnight (Table 1, entry 1). Most of the chiral
cationic rhodium catalysts, which were tested under the
same conditions, gave low conversion.13 The BoPhoz-de-
rived catalysts were prepared in situ from [(COD)2Rh]OTf,
as described in the literature,8 and gave enantioselectivity
ranging from 41% ee in methanol to 80% ee in THF and
90% ee in DCE (entries 3–5). Moving from cationic
rhodium catalysts to neutral rhodium chloride catalysts
produced a very significant increase in activity and enantio-
selectivity in the presence of BoPhoz catalysts (entries 6
and 7), which produced up to 95% ee. When the best
catalytic system was tested at higher temperature (entry
8), the overall activity remained similar while the enantio-
selectivity decreased to 90% ee. Rhodium-acetylacetonate
(acac) catalysts were produced in situ from both
[(acac)Rh(ethylene)2] and [(acac)Rh(CO)2] and led to high
enantioselectivities in the presence of Me-BoPhoz in DCE
(entries 9 and 10). 2-Propanol was used as the protic
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Scheme 2. Reagents and conditions: (a) 0.005 mmol [Rh (C2H4)2Cl]2 +
0.011 mmol (R)-Me-BoPhoz at rt in DCE for 1 h, then 0.5 mmol substrate
(0.1 M in DCE) at S/C 50/1, 60 �C, 30 bar H2 for 16 h; (b) 0.005 mmol [Rh
(C2H4)2Cl]2 + 0.011 mmol (R)-Me-BoPhoz at rt in DCE for 1 h, then
1 mmol substrate (0.2 M in DCE) at S/C 100/1, 60 �C, 30 bar H2 for 60 h.
Crude purified by chromatography (30% EtOAc in heptane).

Table 2. Hydrogenation of 1 with iridium catalystsa

Catalyst Solvent Conv.b (%) eeb (%)

1 [(R)-8 Ir COD]BArF MeOH 66 70 (S)
2 [(R)-8 Ir COD]BArF EtOH 30 65 (S)
3 [(R)-8 Ir COD]BArF 2-PrOH 23 34 (S)
4 [(R)-8 Ir COD]BArF DCE <5 —
5 [(R)-9 Ir COD]BArF MeOH 19 68 (S)
6 [(R)-9 Ir COD]BArF DCE <5 —
7 (S)-6a + [COD Ir Cl]2

c MeOH 5 —
8 (S)-6a + [COD Ir Cl]2

c DCE 7 90 (S)
9 (S)-6b + [COD Ir Cl]2

c MeOH 26 45 (S)
10 (S)-6b + [COD Ir Cl]2

c DCE 27 90 (S)
11 (R)-7a + [COD Ir Cl]2 DCE <5 —
12 (R)-5 + [COD Ir Cl]2 MeOH 24 19 (S)
13 (R)-5 + [COD Ir Cl]2 DCE 88 95 (S)
14 (R)-5 + [COD Ir Cl]2 THF 46d 95 (S)
15 (R)-5 + [COD Ir Cl]2 Toluene 80d 91 (S)
16 (R)-5 + [COD Ir Cl]2 EtOAc 62d 94 (S)
17e (R)-5 + [COD Ir Cl]2 DCE 90d 93 (S)
18f (R)-5 + [COD Ir Cl]2 DCE 90d 92 (S)
19g (R)-5 + [COD Ir Cl]2 DCE 75h 90 (S)

a Reaction conditions: Biotage Endeavor, 0.2 mmol of substrate,
0.004 mmol of catalyst, S/C = 50/1, 3 mL of solvent, 50 �C and 25 bar of
hydrogen overnight (16–18 h). COD, 1,5-cyclooctadiene; BArF, tetra-
kis(4-fluorophenyl)borate.

b By HPLC, Diacel ChiralPak AD, hexane/2-propanol (80/20).
c The catalyst was formed from 1 equiv of [COD IrCl]2 with 2.05 equiv of

ligand and, after solvent evaporation, used without further purification.
d Between 5% and 10% by-product was identified by 1H NMR analysis of

the crude.
e The reaction was performed at 70 �C.
f The reaction was performed at 90 �C.
g The reaction was performed at 90 �C at S/C = 100/1 and 0.25 M.
h 1
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solvent for comparative experiments and the activity was
found to be similar to the one achievable in DCE, albeit
with reduced selectivity (entries 11 and 12). The catalysts
derived from [(acac)Rh(ethylene)2] (entries 9 and 11) and
[(acac)Rh(CO)2] (entries 10 and 12) gave different selectiv-
ities, suggesting that the formation of different phosphine-
rhodium complexes depends on the nature of the metal
precursor.

The reaction with the in situ prepared Me-BoPhoz-rho-
dium-chloride catalyst14 was successfully repeated on 0.5-
mmol (S/C = 50/1) or 1 mmol scale (S/C = 100/1). The
reaction was conducted at 60 �C, which was a compromise
between the increased activity and erosion of selectivity, to
provide high conversion and 92–93% ee (Scheme 2).
H NMR analysis showed the presence of around 10% unreacted starting
material and 15% by-product.
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Scheme 3. Reagents and conditions: (a) 0.005 mmol [Ir COD Cl]2 + 0.011
mmol (R)-Me-BoPhoz at rt in DCE for 1 h, then 0.5 mmol substrate
(0.1 M in DCE) at S/C 50/1, 60 �C, 30 bar H2 for 16 h. (b) 0.005 mmol [Ir
COD Cl]2 + 0.011 mmol (R)-Me-BoPhoz at rt in DCE for 1 h, then
1 mmol substrate (0.2 M in DCE) at S/C 100/1, 60 �C, 30 bar H2 for 60 h.
Crude purified by chromatography (30% EtOAc in heptane).
2.3. Iridium catalysts

The cationic iridium catalysts [i-Pr–Phox Ir COD]BArF

and [Ph-Phox Ir COD]BArF (Table 2, entries 1–6) were
tested in various solvents. Better results were obtained in
methanol rather than in DCE, with 2-propanol being inter-
mediate in terms of activity and selectivity.15 Conversely,
the P-Phos and Xyl-P-Phos catalysts16 gave up to 90% ee
in DCE. However, these catalysts were discarded for fur-
ther development because of their limited activity (entries
7–10).

The catalyst prepared in situ from (R)-Me-BoPhoz and
[COD Ir Cl]2 gave the best combination of activity and
enantioselectivity in the aprotic solvents, with DCE,
THF, toluene, and ethyl acetate leading consistently to
high enantioselectivity (Table 2, entries 13–16). Increasing
the reaction temperature from 50 �C to 70–90 �C (entries
17 and 18) resulted in a slightly higher conversion with
some erosion of enantioselectivity. 1H NMR analysis of
the reactions showed that up to 10% of a side-product
was formed (see Section 2.5). The reaction conditions of
60 �C and 30 bar were found to be the best compromise.
The reaction was reproducible under such conditions at
S/C = 50/1 (0.5 mmol) or S/C = 100/1 (1 mmol) (Scheme
3). The purity of the crude product by NMR was some-
what reduced with respect to that obtained in the reaction
with the analogous rhodium catalyst.
2.4. Influence of added acids

In an effort to improve catalyst activity, we evaluated the
addition of protic acids, which could have an influence
on the reaction by preventing the coordination of the quin-
oline to the metal center (Table 3).17

The cationic [(S)-Phanephos Rh COD]BF4 catalyst was
chosen based on the fact that it was the most reactive chiral
cationic rhodium catalyst on substrate 1. We also found
that, in the presence of acids, the activity remained modest



Table 3. Hydrogenation of 1 in the presence of acidsa

Catalyst Acid (equiv) Conv.b (%) eeb (%)

1 [(S)-7a Rh COD]BF4 TsOH (1) 27 67 (R)
2 [(S)-7a Rh COD]BF4 TsOH (0.2) 16 77 (R)
3 [(S)-7a Rh COD]BF4 AcOH (1) 13 67 (R)
4 [(S)-7a Rh COD]BF4 AcOH (0.2) 14 64 (R)
5 [(S)-7a Rh COD]BF4 HBF4 (1) 37 75 (R)
6 [(S)-7a Rh COD]BF4 HBF4 (0.2) 25 85 (R)
7 (S)-6a + [(COD Ir Cl]2

c HBF4 (1) 14 80 (S)
8 (S)-6b + [(COD Ir Cl]2

c HBF4 (1) 22 83 (S)
9 (R)-5 + [COD Ir Cl]2 HBF4 (1) 19 73 (S)

10d (R)-5 + [COD Ir Cl]2 HBF4 (1) 40 80 (S)
11d (R)-5 + [(C2H4)2Rh Cl]2 HBF4 (1) 14 80 (S)

a Reaction conditions: Biotage Endeavor, 0.2 mmol of substrate,
0.004 mmol of catalyst, 0.2 mmol of acid, S/C = 50/1, 3 mL of MeOH,
50 �C and 25 bar of hydrogen overnight (16–18 h). COD, 1,5-
cyclooctadiene.

b By HPLC, Diacel ChiralPak AD, hexane/2-propanol (80/20).
c The catalyst was formed from 1 equiv of [COD IrCl]2 with 2.05 equiv of

ligand, and, after solvent evaporation, used without further purification.
d Reactions run in DCE.

Table 4. Hydrogenation of (S)-2 in the presence of iodinea

Catalyst Solvent 2b (%) 3b (%)

1 (R)-5 + [COD Ir Cl]2 DCE 88 12
2 (R)-5 + [COD Ir Cl]2 THF 17 83
3 (R)-5 + [COD Ir Cl]2 Toluene 58 42
4 (R)-5 + [COD Ir Cl]2 MeOH 92 8
5 (R)-5 + [COD Ir Cl]2 AcOEt < 1 >99
6 (S)-6b + [COD Ir Cl]2 AcOEt 12 88
7 (R)-7b + [COD Ir Cl]2 AcOEt 76 24

a Reaction conditions: Endeavor, 0.2 mmol substrate (S)-2, 0.004 mmol of
catalyst, 0.02 mmol of iodine, S/C = 50/1, 3 mL of solvent, 50 �C and
25 bar of hydrogen overnight (16–18 h). The ligand (0.0044 mmol) and
the iridium precursor (0.002 mmol) were stirred at rt for 30 min in 1 mL
of solvent prior to addition of stock solutions of the substrate and
iodine. COD, 1,5-cyclooctadiene.

b By HPLC, Diacel ChiralPak AD-H, hexane/2-propanol (80/20).
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but the enantioselectivity increased significantly, in partic-
ular when sub-stoichiometric amounts of a non-coordinat-
ing acid were used in methanol (cf. Table 3, entries 1–6 and
Table 1, entry 2).18 The neutral Bo-Phoz, P-Phos, and Xyl-
P-Phos-iridium catalysts displayed a similar behavior in
methanol with added HBF4 (cf. Table 3, entries 7–9 and
Table 2, entries 7, 9, and 12). This behavior could be ratio-
nalized by assuming that the modest enantioselectivity in
methanol in the absence of the acid is at least partially
due to the co-existence of different catalytic cycles. In one
of these catalytic cycles the quinoline substituent might
act as the coordinating moiety and give a lower-selectivity
pathway. The addition of acids may possibly shut down
this pathway and favor other more selective catalytic cy-
cle(s). Test reactions with an aprotic solvent (DCE) involv-
ing Me-BoPhoz-iridium and rhodium catalysts led to the
opposite situation (cf. Table 3, entries 9–11 with Table 2,
entries 12 and 13 and with Table 1, entry 8). With neutral
catalysts, the addition of protic acids caused a significant
degradation of both activity and selectivity. This may sug-
gest that the higher selectivity seen in DCE is associated
with the existence of a privileged catalytic pathway, possi-
bly involving, at some stage, the coordination of the quin-
oline moiety to the metal.
N
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Scheme 4. Hydrogenation of 1 to 3. Reagents and conditions: (a) (R)-Me-
BoPhoz + [COD IrCl]2, S/C 100/1, AcOEt, 65 �C, 67 h, 25 bar H2 (b) 20%
I2 added in EtOAc, 65 �C, 25 bar H2, 24 h.
2.5. Hydrogenation in the presence of iodine

Bisphosphine-iridium19 and P^N-iridium20 catalysts have
recently been shown to produce, in the presence of iodine,
the asymmetric hydrogenation of 2-substituted quinolines.
We speculated that the side-product formed in the presence
of Me-BoPhoz-iridium catalysts may be due to some over-
reduction involving the quinoline ring. This hypothesis was
supported by the comparison of the 1H NMR spectra of
the reactions reported in Table 2 with the NMR traces of
authentic samples of 3, which could be prepared by the
hydrogenation of 2 in the presence of Pd/C.3c

When the reduction with the iridium catalyst was repeated
on the isolated product (S)-2 and in the presence of iodine,
we confirmed that BoPhoz-iridium catalysts can effectively
reduce the heteroaromatic ring of the quinoline (Table 4).
However, the reaction was found to be surprisingly solvent
dependent. While in DCE, THF, toluene, and MeOH, the
hydrogenation of the 3-substituted quinoline only occurred
to a limited extent (Table 4, entries 1–4), in AcOEt the
reaction took place smoothly to give two diastereoisomers
of the target product, 3 (Table 4, entry 5). The reaction,
however, occurred with no diastereoselectivity at the newly
formed stereogenic center at the 3-position of the tetrahy-
droquinoline. It is notable that, under the same conditions
in AcOEt, the iridium catalysts bearing the Xyl-P-Phos and
Xyl-Phanephos ligands gave lower conversion than the
Me-BoPhoz catalysts (entries 6 and 7).

While the Me-BoPhoz-Ir-chloride catalysts responsible for
the asymmetric hydrogenation of the conjugated C@C
bond were able, to a limited extent, to cause the reduction
of the quinoline as a side reaction, the same catalysts could
be modified in situ to produce iridium species that effi-
ciently catalyzed the hydrogenation of the quinoline ring.
By adding iodine to the hydrogenation mixture in AcOEt
(without exposure to air) once the first hydrogenation step
(1 to 2) had been completed with 90% ee at S/C = 100/1, a
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new homogeneous catalytic species was formed and 2 was
further reduced to an almost equal mixture of diastereoiso-
mers of 3 (Scheme 4). As expected from the results in Table
4, the second hydrogenation was quantitative in ethyl ace-
tate, while it was less effective in DCE.21
3. Conclusions

We have approached the problem of the asymmetric
hydrogenation of a,b-unsaturated ester 1 by testing a selec-
tion of ligands with significant structural diversity in com-
bination with three different metals, ruthenium, rhodium,
and iridium, and both coordinating and non-coordinating
counter-ions. The results achieved so far, although not
yet conducive to the development of a cost-efficient indus-
trial process, due to the requirement for high catalyst load-
ings, serve to establish the BoPhoz-iridium and rhodium
catalysts as effective tools for the asymmetric reduction of
such unsaturated esters. Our results have also revealed
some unexpected counter-ion and solvent effects in this
process.

The well-established rhodium cationic hydrogenation cata-
lysts gave limited activity and selectivity. However, the
enantioselectivity could be significantly enhanced by the
addition of non-coordinating acids (such as TfOH,
HBF4) in a protic solvent (MeOH).

Enantioselectivities as high as 95% ee were achieved in the
presence of neutral Me-BoPhoz rhodium and iridium cata-
lysts. The application of these classes of catalysts to asym-
metric hydrogenation is unprecedented and their broader
application is currently under study. The use of coordinat-
ing counter-ions (chloride, acetylacetonate) and aprotic
solvents (DCE, toluene, EtOAc, THF) was found to be
crucial for achieving a high enantioselectivity.

The next required synthetic step, 2 to 3, which involves the
hydrogenation of the quinoline ring, could be performed
by refining the reactivity of the BoPhoz-iridium-chloride
catalyst with the addition of iodine while operating in an
appropriate solvent.
4. Experimental

All ligands and metal precursors are commercially avail-
able from Alfa Aesar (Johnson Matthey) or Strem Chemi-
cals. All the reactions were run using anhydrous solvents
purchased from Fluka. Substrate 1 was available as single
Z-isomer, 95% pure by HPLC analysis (210 nm) and 85%
pure by 1H NMR analysis.7 All the reactions were run in
a Biotage Endeavor parallel pressure reactor (eight wells).

4.1. General procedure for the hydrogenation of 1

Procedure A (preformed catalysts): substrate 1 (0.2 mmol,
82 mg) and the catalyst (0.004 mmol) were weighed in a
glass liner, placed in the Endeavor under an inert atmo-
sphere. The solvent was added (3 mL) through the injection
port, after which the reaction was purged with hydrogen
five times, stirred at 800–1000 rpm, heated, and pressurized
to the set values.

Procedure B (in situ catalysts): the metal precursor
(0.002 mmol in the case of [COD Ir Cl]2 and [(C2H4)2 Rh
Cl]2 or 0.004 mmol in the case of [(COD)2 Rh]OTf, [(ethyl-
ene)2 Rh acac] and [(CO)2 Rh acac] and the ligand
(0.005 mmol) were weighed in a glass liner, placed in the
Endeavor under an inert atmosphere. The solvent (1 mL)
was added through the injection port and the solution
was stirred under nitrogen for 30–40 min at room temper-
ature. A solution of substrate 1 (0.2 mmol, 82 mg in 1 mL)
and more solvent (1 mL) were added, the reaction was
purged with hydrogen five times, stirred at 800–1000 rpm,
heated, and pressurized to the set values.

The crude reaction mixtures were directly analyzed by
HPLC at 210 nm on a Diacel ChiralPak AD column,
0.46 � 25 cm, eluent: hexane/2-propanol (80/20), 1 mL/
min, 35 �C: starting material 1 (9.6 min), (S)-2 (13.2 min),
(R)-2 (25.9 min).
4.2. Hydrogenation of 1 with (R)-Me-BoPhoz-rhodium
catalyst

At first, 1.9 mg (0.005 mmol, S/C 100/1) of [(C2H4)2 Rh
Cl]2 and 6.7 mg of (R)-Me-BoPhoz (0.0011 mmol) were
weighed in a glass liner, placed in the Endeavor under an
inert atmosphere. Dichloroethane (DCE, 1 mL) was added
through the injection port and the solution was stirred un-
der nitrogen for 30 min at room temperature. A solution of
410 mg of substrate 1 (1 mmol) in DCE (3 mL) was added
through the injection port, followed by more DCE (1 mL)
to rinse the injection port. The reaction was purged with
hydrogen five times, stirred at 800–1000 rpm, heated to
60 �C, and pressurized to 30 bar of hydrogen for 60 h.
The solvent was evaporated under reduced pressure. The
analysis of the crude mixture by HPLC showed 97% con-
version of 1 and formation of (S)-2 in 93% ee. 1H NMR
(CDCl3) showed that the product was 86% pure, which cor-
responded to the purity of the starting material. The crude
mixture was purified by flash column chromatography on
silica gel (2 cm diameter, 30–35% EtOAc in heptane) to
yield 276 mg of a pale yellow oil that crystallized upon
standing (67% yield). LC/MS (ES+) m/z: 413.4 (M+1).
1H NMR (300 MHz, CDCl3) d 8.80 (s, 1H), 8.10 (m,
1H), 7.94 (m, 1H), 7.80 (m, 1H), 7.67 (m, 1H), 7.55 (m, 1
H), 4.0 (m, 2H), 3.57 (s, 3H), 3.45 (m, 2H), 2.70 (m, 1H),
2.52 (m, 2H), 1.8 (m, 2H), 1.6 (m, 1H), 1.43 (s, 9H), 1.3–
1.0 (m, 4H).7
4.3. Hydrogenation of 1 with (R)-Me-BoPhoz-iridium
catalyst

The same procedure as mentioned above was used with
[COD IrCl]2 (3.3 mg, 0.005 mmol). The analysis of the
crude mixture by HPLC showed 96% conversion to (S)-2
and with 93% ee. 1H NMR (CDCl3) showed that the prod-
uct was 74% pure. The crude mixture was purified by chro-
matography (30% AcOEt in heptane) to yield 258 mg of
product as a white solid (63% isolated yield).
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4.4. General procedure for the hydrogenation of 2 to 3

[COD Ir Cl]2 (0.002 mmol) and the ligand (0.0044 mmol)
were weighed in a glass liner, placed in the Endeavor under
an inert atmosphere. The solvent (1 mL) was added
through the injection port and the solution stirred under
nitrogen for 30 min at room temperature. A solution of
substrate (S)-2 (0.2 mmol, 82 mg) and iodine (0.02 mmol,
5 mg) in 1 mL solvent and more solvent (1 mL) were
added, the reaction purged with hydrogen five times, stir-
red at 800–1000 rpm, heated, and pressurized to the set val-
ues. The crude reaction mixtures were directly analyzed by
HPLC at 210 nm on a Diacel ChiralPak AD-H column,
0.46 � 15 cm, eluent: hexane/2-propanol (80/20), 35 �C: 1
(5.5 min), (S)-2, (7 min), (R)-2, (10 min), (S,R)-3
(4.6 min), (S,S)-3 (5.6 min), (R,R)-3 (7.1 min), (R,S)-3
(7.3 min).
4.5. Hydrogenation of 1 to 3 with (R)-Me-BoPhoz-iridium
catalyst

At first [COD Ir Cl]2 (0.005 mmol) and (R)-Me-BoPhoz
(0.011 mmol) were weighed in a glass liner, placed in a
50-mL Parr autoclave with magnetic stirring. The auto-
clave was purged with nitrogen, then AcOEt (5 mL) was
added. The reaction mixture was stirred at room tempera-
ture for 1 h, then a solution of 1 (1 mmol) in AcOEt (5 mL)
was added. The reaction mixture was purged five times
with hydrogen, pressurized to 25 bar, and placed in an oil
bath pre-heated to 65 �C. After 67 h, the reaction mixture
was allowed to cool to room temperature and sampled
while keeping it under a hydrogen atmosphere. HPLC
analysis (AD-H, see below for conditions) showed >97%
conversion to (S)-2 with 90% ee. 1H NMR analysis
(CDCl3, 400 MHz) showed full conversion to 2 with
�85% purity, consistent with the purity of starting material
1. A solution of iodine (0.2 mmol, 50 mg) in AcOEt (3 mL)
was added, the reaction purged with hydrogen, pressurized
to 25 bar, and placed in an oil bath pre-heated to 65 �C.
After 22 h, the reaction was stopped and the reaction solu-
tion was analyzed by HPLC at 254 nm on a Diacel Chir-
alPak AD-H column, 0.46 � 25 cm, eluent: hexane/2-
propanol (80/20), 1 mL/min, 35 �C: 1 (10.1 min, 3%),
(S,R)-3 (8.8 min, 45%), (S,S)-3 (10.7 min, 43%), (S)-2,
(R,S)-3 and (R,R)-3 (co-eluted, broad, 14 min, 3%), (R)-2
(21.5 min, <1%), other impurities (�5%). Integration at
254 nm was found to be in better agreement with purity
by NMR analysis than integration at 210 nm. 1H NMR
analysis (CDCl3, 400 MHz) showed full conversion to 3
with >90% purity.
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