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Rh-Catalyzed Asymmetric Hydrogenation of Prochiral Olefins with a
Dynamic Library of Chiral TROPOS Phosphorus Ligands

Chiara Monti,"”! Cesare Gennari,*'* Umberto Piarulli,*™ Johannes G. de Vries,'!
André H. M. de Vries,'! and Laurent Lefort!®!

Abstract: A library of 19 chiral tropos
phosphorus ligands, based on a flexible
(tropos) biphenol unit and a chiral P-
bound alcohol (11 phosphites) or sec-
ondary amine (8 phosphoramidites),
was synthesized. These ligands were
screened, individually and as a combi-
nation of two, in the rhodium-catalyzed
asymmetric hydrogenation of dehydro-
oa-amino acids, dehydro-f3-amino acids,

midite [13-P(O),N]. Kinetic studies of
the reactions with the single ligands
and with the combination of phosphite
[4-P(0),0] and phosphoramidite [13-
P(O),N] have shown that the phos-
phite, despite being less enantioselec-
tive, promotes the hydrogenation of
methyl 2-acetamidoacrylate and methyl
2-acetamidocinnamate faster than the
mixture of the same phosphite with the

phosphoramidite, while the phosphora-
midite alone is much less active. In this
way, the reaction was optimized by
lowering the phosphite/phosphorami-
dite ratio (the best ratio is 0.25 equiv
phosphite/1.75 equiv phosphoramidite)
with a resulting improvement of the
product enantiomeric excess. A simple
mathematical model for a better under-
standing of the variation of the enan-

enamides and dimethyl itaconate. ee
values up to 98% were obtained for
the dehydro-o-amino acids, by using
the best combination of ligands, a
phosphite [4-P(O),0] and a phosphora-

ric catalysis

Introduction

The rhodium-catalyzed asymmetric hydrogenation of prochi-
ral olefins is a well established methodology for the industri-
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tiomeric excess with the phosphite/
phosphoramidite ratio is also present-
ed.

al preparation of chiral building blocks and enantiomerically
enriched amino acids.! Chiral bisphosphorus ligands have
played a major role in this reaction since the pioneering
work of Knowles and Kagan.””! Recently, monodentate phos-
phorus ligands have been applied successfully, providing
high enantioselectivities, sometimes even higher than the bi-
dentate ligands.”) In particular, readily accessible, inexpen-
sive and highly diverse chiral monodentate ligands such as
phosphoramidites, phosphites and phosphonites have been
introduced,” which comprise different units attached to the
phosphorus atom: a diol with a stereogenic axis (often bi-
naphthol) and a N- or O- or C-substituent, which may con-
tain additional stereogenic elements (stereocenters). In the
presence of stereocenters, it is the diol stereogenic axis
which usually dictates the absolute configuration of the re-
action product.”? An important breakthrough in this area
was recently made independently by Reetz and co-workers®!
and Feringa and co-workers!®! who used of a mixture of
chiral monodentate P-ligands.”’ By mixing two ligands (L*
and L") in the presence of Rh, three species can be formed
in various ratios:® RhL'L?, RhL’L® and RhL"L". The heter-
ocombinations allowed for better yields and enantioselectiv-
ities compared to the corresponding homocombinations.>°l
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Usually mixtures of two chiral monodentate P-ligands (bi-
naphthol based) were used, but also mixtures of a chiral and
an achiral P-ligand were recently tested with some suc-
cess.Pt® Application of this approach to the asymmetric
hydrogenation of cinnamates has recently led to an industri-
al process.”!%

Following our longstanding interest in the search for com-
binatorial/high-throughput approaches to enantioselective
catalysis,'"!! we became interested in the development of
chiral phosphorus ligands for asymmetric hydrogenation
comprising different elements attached to the phosphorus
atom: a cheap and flexible (tropos)!? biphenol unit and an
alcohol or secondary amine, which contains stereocenters
(Scheme 1).¥1 This motif had recently been described by

R R R R
L, g
AN AN
P === PX
PN N
R R R R
(arR) L° (@s) L

Scheme 1. Chiral phosphorus ligands based on a flexible (tropos) biphe-
nol unit. R = H, Bu, Me; X* = secondary amine or alcohol, containing
stereocenters.

Alexakis and co-workers (phosphoramidite ligands) and
Dieguez and co-workers (diphosphite ligands) in the enan-
tioselective copper-catalyzed conjugate addition of diethyl-
zinc to enones'“! and Me,Al to nitroalkenes,'® by Reetz
and co-workers in the Rh-catalyzed hydrogenation (diphos-
phite ligands),!'"” by van Leeuwen and co-workers in the Rh-
catalyzed hydroformylation reaction (diphosphite li-
gands),™® by Alexakis and co-workers in the enantioselec-
tive copper-catalyzed allylic substitution (phosphoramidite
ligands)," and by Pamies, Dieguez and co-workers in the
Pd-catalyzed asymmetric allylic substitution (phosphite-oxa-
zoline and diphosphite ligands).”” Kondo and Aoyama ap-
plied the same concept to the asymmetric Grignard cross-
coupling reaction, using a phosphorus ligand based on a
chiral amine with a conformationally flexible (tropos) N-Ar
axis.?!)

Our ligands (Scheme 1) exist, in principle, as a mixture of
two rapidly interconverting diastereomers, L* and L?, differ-
ing in the conformation of the biphenol unit. Upon com-
plexation with Rh, the ligand (L* in equilibrium with L*)
should give rise to three different species, namely RhL'L?,
RhL*L*, RhL*L". These three diastereomeric species, which
might be interconverting, are generated in proportions
which most likely differ from the statistical value (1:2:1).
The novelty of our approach consists in the use of a combi-
nation of two of these ligands (L* in equilibrium with L
and L’ in equilibrium with L") resulting in the generation of
a dynamic “in situ” library,” with up to 10 different species
theoretically present in solution: RhL*L?, RhL*L¥, RhL*L?,
RhL’L’, RhL°L’, RhL’L”, RhL°L’, RhLL", RhL*L"
RhL*LY. Although each species could, in principle, be pres-
ent and catalyse the reaction, one of them could overcome
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the others, determining the direction and the extent of the
enantioselectivity.

Herein, we report a full account on our results in the Rh-
catalyzed asymmetric hydrogenation of prochiral olefins
(dehydroamino acid derivatives, enamides and dimethyl
itaconate) using a dynamic library of chiral phosphorus li-
gands containing a flexible (tropos) biphenol unit.!'’!

Results and Discussion

Synthesis of the ligands: Biphenolic phosphites and phos-
phoramidites display several potential sites of diversity (R,
R!, R%, R?) and their preparation can be readily accomplish-
ed through a modular two-step synthesis (Scheme 2).*2

R'OH r 7 biphenol R— O
CH,Cl, , Et;N, THF o
PCl, R'-0-PCl, | ————> P-0

R

O«

25°C, 2h 25°C

R2R°NH r - biphenol R— O
EtN, toluene | R% Et:N, toluene o R
PCly —Zocen™ | _MNPCL | Zampsc P-N

R3 -78 >=25°C O O/ R?
L ] R—

Scheme 2. Synthesis of the phosphorus ligands.

For the synthesis of phosphites [1-P(O),0-11-P(0O),0]
(Figure 1), the alcohol was treated at room temperature
with PCl; in dichloromethane, followed by the slow addition
of a solution of biphenol in tetrahydrofuran (Scheme 2).
The reaction mixtures were purified by flash chromatogra-
phy to give the phosphites as white foamy solids. Phosphora-
midites [12-P(O),N-19-P(O),N] (Figure 1) were synthesized
by treatment of the appropriate chiral secondary amine with
PCl; at 70°C in toluene and in the presence of triethylamine
(Scheme 2). After cooling to —78°C, a solution of biphenol
in toluene was slowly added. The resulting mixtures were
slowly warmed to room temperature and then purified by
flash chromatography to give the phosphoramidites as white
powders (see Experimental Section for details).

A library of 19 ligands was readily synthesized, by using
three different biphenol backbones, that is, biphenol,
3,3,5,5'-tetramethylbiphenol and 3,3',5,5'-tetra-tert-butylbi-
phenol, and either a chiral alcohol [1-P(O),0-11-P(0),0]
or a chiral secondary amine [12-P(O),N-19-P(O),N]
(Figure 1).

Rhodium-catalyzed asymmetric hydrogenation of N-acetyl-
dehydroamino acid derivatives: The hydrogenation experi-
ments were initially performed on methyl 2-acetamidoacry-
late, by using a library of 16 ligands [eight phosphites, 1-
P(0),0-8-P(0),0 and eight phosphoramidites, 12-P(O),N-
19-P(O),N]. The hydrogenation reactions were carried out
overnight at 1 bar hydrogen pressure, in dichloromethane,
by using 1 mol% [Rh(cod),BF,] and a total of 2 mol% li-
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1-P(0),0 2-P(0),0 3-P(0),0
Ph Ph
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4-P(0),0 5-P(0),0 6-P(0),0

16-P(O),N

17-P(O),N 18-P(O),N

Figure 1. Library of 19 ligands, eleven phosphites [1-P(0),0-11-P(0O),0]
and eight phosphoramidites [12-P(O),N-19-P(O),N].

gands. The ligands were first screened individually (homo-
combinations, Table 1): in general, the phosphites were
much more reactive than the phosphoramidites, allowing for
excellent yields (up to 100%) and moderate enantiomeric
excesses [up to 55 %, entry 5, 5-P(0O),0].

By using combinations of two different ligands, 85 reac-
tions were performed. Selected results are shown in Table 2
(entries 1-4), while further details can be found in the Sup-
porting Information. By mixing two phosphoramidite li-
gands (see the Supporting Information), the hydrogenation
product was generally obtained in moderate ee (lower than
with the corresponding homocombinations), and poor con-
version. The phosphite—phosphite combinations (see the
Supporting Information) gave the product quantitatively,
but with poor ee values. The phosphite/phosphoramidite
combinations were the most productive, retaining the phos-
phite high reactivity (resulting in high conversions) and
often improving the enantioselectivities compared with the

Chem. Eur. J. 2005, 11, 6701 -6717
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Table 1. Rh-catalyzed hydrogenation of methyl 2-acetamidoacrylate
(ligand homocombinations).*!
0.01 equiv [Rh(cod),BF,]

NHAc 0.02 equiv L NHAc
CO,Me 1 bar H, CH,Cl,, 25 °C CO,Me
Entry Ligand Yield [%] ee [%] Abs. config.
1 1-P(0),0 100 11 S
2 2-P(0),0 100 11 R
3 3-P(0),0 100 25 R
4 4-P(0),0 80 53 N
5 5-P(0),0 100 55 R
6 6-P(0),0 100 48 R
7 7-P(0),0 100 0 -
8 8-P(0),0 100 36 S
9 12-P(O),N 7 52 R
10 13-P(O),N 7 52 S
11 14-P(O),N 100 44 S
12 15-P(O),N 100 44 R
13 16-P(O),N 15 0 -
14 17-P(O),N 15 0 -
15 18-P(O),N 30 13 S
16 19-P(O),N 30 13 R
[a] Reaction  conditions:  ligand  (0.004 mmol),  [Rh(cod),BF,]

(0.002 mmol), methyl 2-acetamidoacrylate (0.2 mmol), CH,Cl, (2.0 mL),
H, (1 bar), RT, 60 h. Yields and ee values were determined by GC equip-
ped with a chiral capillary column (MEGADEX DACTBSp, diacetyl-
tert-butylsilyl-B-cyclodextrin) by using n-tridecane as internal standard.

homocombinations. The best combination 4-P(0),0/13-
P(O),N (entry 1) gave (S)-N-acetylalanine methyl ester in
87% ee (100% yield), while the corresponding mismatched
combination [4-P(0O),0/12-P(O),N, entry 4] gave (R)-N-ace-
tylalanine methyl ester in 35% ee (100% yield). The
amount of cooperation of these two ligands in the matched
heterocombination is remarkable: the product ee is in-
creased by some 34-35% compared to the corresponding
homocombinations (see Figure 2), which is a much more
pronounced increment than those usually observed by Reetz
and Feringa in their studies."®! The effect of the solvent!*!
was then studied and it was noticed that the use of more
polar solvents (THF, EtOAc, alcohols) was beneficial to the
enantioselectivity of the reaction (Table 2, entries 5-9); in
particular, when isopropanol was used, the product was ob-
tained in 94 % ee and 100 % yield (entry 7).

Selected heterocombinations were also tested in the hy-
drogenation of 2-acetamidoacrylic acid: under the optimized
conditions (iPrOH, room temperature, 1 bar hydrogen pres-
sure, overnight) the combination of ligands 4-P(0),0 and
13-P(O),N gave (S)-N-acetylalanine in 94% ee and 100 %
yield (Table 3, entry 6; see also Figure 2).

We then decided to upgrade the library to nineteen li-
gands, with three new phosphites [9-P(O),0, 10-P(O),0, 11-
P(0),0], and to screen it in the hydrogenation of methyl 2-
acetamidocinnamate. The library screening was performed
with a Premex-96 Multi reactor.’ 94 Hydrogenation reac-
tions were performed in parallel at room temperature in di-
chloromethane with 10 bar hydrogen pressure: 14 homo-
combinations (enantiomeric ligands were screened only
once) and 80 heterocombinations. The combinations involv-
ing either two phosphites or two phosphoramidites were not

—— 6703

www.chemeurj.org


www.chemeurj.org

CHEMISTRY:

C. Gennari, U. Piarulli et al.

A EUROPEAN JOURNAL

Table 2. Selected results of the Rh-catalyzed hydrogenation of methyl 2-acetamidoacrylate (ligand heterocom-
binations).™
0.01 equiv [Rh(cod),BF,]

NHAc  0.01 equiv L? 0.01 equiv L° NHAc
COMe 1 par H,, solvent, 25 °C COMe
Entry L L° Solvent Yield [%] ee [%] Abs. config.
1 4-P(0),0 13-P(O),N CH,Cl, 100 87 S
2 3.P(0),0 13-P(O),N CH,Cl, 40 73 S
3 1-P(0),0 12-P(O),N CH,CL, 50 7 R
4 4-P(0),0 12-P(O),N CH,Cl, 100 35 R
5 4-P(0),0 13-P(O),N MeOH 100 88 S
6 4-P(0),0 13-P(O),N EtOH 100 89 S
7 4-P(0),0 13-P(O),N iPrOH 100 94 s
8 4-P(0),0 13-P(O),N EtOAc 100 91 S
9 4-P(0),0 13-P(O),N THF 100 88 S
[a] Reaction conditions: ligands (0.002 mmol L* and 0.002 mmol L"), [Rh(cod),BF,](0.002 mmol), methyl 2-

acetamidoacrylate (0.2 mmol), solvent (2.0 mL), H, (1 bar), RT, 60 h. Yields and ee values were determined by
GC equipped with a chiral capillary column (MEGADEX DACTBSf diacetyl-tert-butylsilyl-f-cyclodextrin)
by using n-tridecane as internal standard.

Table 3. Rh-catalyzed hydrogenation of 2-acetamidoacrylic acid.!
0.01 equiv [Rh(cod),BF,]

NHAc  0.01 equiv L? 0.01 equiv L° NHAc

COH 1 bar H,, iPrOH, 25 °C CO,H
Entry L L® Yield [%] ee [%)] Abs. config.
1 3-P(0),0 3-P(0),0 100 37 R
2 4-P(0),0 4-P(0),0 100 48 S
3 13-P(O),N 13-P(O),N 90 65 S
4 14-P(O),N 14-P(O),N 100 22 S
5 4-P(0),0 13-P(O),N 100 92 S
6l 4-P(0),0 13-P(O),N 100 94 S
7 4-P(0),0 14-P(O),N 90 46 S
8 3-P(0),0 14-P(O),N 100 92 S

[a] Reaction conditions: ligands (0.002 mmol L* and 0.002 mmol L°), [Rh(cod),BF,] (0.002 mmol), 2-acetami-
doacrylic acid (0.2 mmol), iPrOH (2.0 mL), H, (1 bar), RT, 60 h. Yields and ee values were determined by GC
equipped with a chiral capillary column (MEGADEX DACTBSf diacetyl-tert-butylsilyl-B-cyclodextrin) by
using n-tridecane as internal standard, after treatment with a 2M solution of trimethylsilyl diazomethane in
Et,0. [b] Substrate/rhodium 50:1.

Table 4. Selected examples of Rh-catalyzed hydrogenation of methyl 2-acetamidocinnamate.”!
0.01 equiv [Rh(cod),BF 4]

Ph NHAc 001equivl? 001equivl® Ph ~ NHAc
CO,Me 10 bar H,, CH,Cl,, 25 °C CO,Me
Entry L L° Conv. [%] ee [%)] Abs. config.
1 4-P(0),0 4-P(0),0 100 64 S
2 5-P(0),0 5-P(0),0 100 51 R
3 6-P(0),0 6-P(0),0 100 19 R
4 13-P(O),N 13-P(O),N 2 6 S
5 14-P(O),N 14-P(O),N 100 39 S
6 18-P(O),N 18-P(O),N 73 31 S
7 4-P(0),0 13-P(O),N 82 85 S
8 4-P(0),0 14-P(O),N 100 54 S
9 5-P(0),0 19-P(O),N 100 69 R
10 6-P(0),0 19-P(O),N 100 64 R

[a] Reaction conditions: ligands (0.0035 mmol L* and 0.0035 mmol L") [Rh(cod),BF,] (0.0035 mmol), methyl
2-acetamidocinnamate (0.175 mmol), CH,Cl, (2.5 mL) H, (10 bar), RT, 16 h. Conversions and ee values were
determined by GC equipped with a chiral capillary column (CP-Chirasil-L-Val).

screened, on the basis of the limited reactivity and/or enan-
tioselectivity showed by these combinations in the case of
methyl 2-acetamidoacrylate. Selected results are shown in
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Table 4; further details of the
results can be found in the Sup-
porting Information. The homo-
combinations gave results rang-
ing from 6% ee and 2% con-
version [entry 4, 13-P(O),N] to
64% ee and 100% conversion
[entry 1, 4-P(O),0]. The best
result was obtained with the
heterocombination of ligands 4-
P(0),0 and 13-P(O),N, allow-
ing for 85% ee and 82% con-
version (Table 4, entry 7). Also
in this case the ee increment
obtained by the use of the
ligand heterocombination com-
pared to the corresponding ho-
mocombinations is quite re-
markable (see Figure 3).

The solvent screening was
carried out by using a multi-
reactor autoclave (Argonaut
Endeavor) that allows eight re-
actions to be run in parallel: in
particular, isopropanol allowed
for 95% ee and 100% conver-
sion at 5 bar hydrogen pressure
(entry 3, Table 5).

The best heterocombinations
[4-P(0),0/13-P(O),N, 5-
P(0),0/19-P(O),N and 6-
P(0),0/19-P(O),N] and the
corresponding homocombina-
tions identified in the hydroge-
nation of methyl 2-acetamido-
cinnamate were also screened
for the hydrogenation of 2-acet-
amidocinnamic acid (Table 6)
and excellent results were ob-
tained with the combination
4-P(0),0/13-P(O),N (93% ee,
100% conversion, entry 6; see
also Figure 3).

Substituted 2-acetamidocin-
namic acids were then tested by
using the heterocombination
4-P(0),0 and 13-P(O),N
(Table 7). The introduction of a
Cl substituent in the phenyl
ring resulted in a significant in-
crease of the enantioselectivity:
with both N-acetyl-2-chlorode-
hydrophenylalanine and N-
acetyl-4-chlorodehydrophenyla-

lanine as substrates, excellent enantioselectivities (98-97 %
ee) and quantitative conversions were obtained in iPrOH
(Table 7, entries 3 and 9; see also Figure 4).

Chem. Eur. J. 2005, 11, 6701 -6717
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Figure 2. Best ligand heterocombination and corresponding ligand homo-
combinations for the hydrogenation of 2-acetamidoacrylic acid and
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Figure 3. Best ligand heterocombination and corresponding ligand homo-
combinations for the hydrogenation of 2-acetamidocinnamic acid and
methyl ester: | [4-P(O),0],, m 4-P(0),0/13-P(O),N, /// [13-P(O),N],.

reason, the ligand library was
screened in the hydrogenation

Entry L L° Solvent H, [bar] Conv. [%] ee [%] Abs. config.  of methyl (Z)-3-acetamidocrot-
1 4-P(0),0 13-P(O),N CH,Cl, 10 %) 85 Ky onate. Preliminary tests were
2 4-P(0),0 13-P(O),N iPrOH 10 98 92 S performed by using the Argo-
3 4-P(0),0 13-P(O),N iPrOH 5 100 95 S naut Endeavor multireactor au-
4 4-P(0),0 13-P(0),N  EtOAc 10 67 88 S

Table 6. Rh-catalyzed hydrogenation of 2-acetamidocinnamic acid.”!
0.01 equiv [Rh(cod),BF,]

a] Reaction conditions: ligands (0.01 mmol L* and 0.01 mmol L"), [Rh(cod),BF,] (0.01 mmol), methyl 2-acet-
amidocinnamate (0.5 mmol), solvent (5.0 mL), H, (5-10 bar), RT, 90 min. Conversions and ee values were de-
termined by GC equipped with a chiral capillary column (CP-Chirasil-L-Val).

toclave: eight reactions were
run in parallel, in isopropanol
as solvent, with a single ligand
in each vessel (homocombina-
tions) (Table 8).

The enantioselectivities were
modest, nonetheless we decided

Ph NHAc  0.01 equivL® 0.01 equivl® Ph ~ NHAc to perform a more comprehen-

- COH 10 bar Hy, iPrOH, 25 °C COM sive screening, including 80 het-

erocombinations, by using a 96-

Entry L L’ Conv. [%] ee [%] Abs. config. o1t Reactor (see Supporting

1 4-P(0),0 4-P(0),0 100 87 S Information). Stock solutions of

i zgggig :gggtg 188 gl § the ligands and' [Rh.(cod)zBF4]

4 13-P(O),N 13-P(0),N 83 54 B were prepared in dichlorome-

5 19-P(O),N 19-P(O),N 100 14 R thane, while the substrate was

6 4-P(0),0 13-P(O),N 100 93 N dissolved in iPrOH; the reac-

7 5-P(0),0 19-P(O),N 100 18 R tions were thus performed in
8 6-P(0),0 19-P(O),N 100 10 R

1:3 dichloromethane/iPrOH.

[a] Reaction conditions: ligands (0.01 mmol L* and 0.01 mmol L"), [Rh(cod),BF,] (0.01 mmol), methyl 2-acet-
amidocinnamate (0.5 mmol), ;PrOH (5.0 mL), H, (10 bar), RT, 24 h. Conversions and ee values were deter-

mined by chiral HPLC (Chirobiotic T).

The enantioselectivity decreases very modestly with in-
creasing pressure (cf. entries 3 and 4), while the solvent has
a dramatic effect on the outcome of the reaction: the activi-
ty of the catalyst is depressed in dichloromethane (entries 5
and 10), possibly due to the poor solubility of the substrates,
while in methanol the ee values are decreased (entries 6 and
11).

The enantioselective hydrogenation of -acylamino acryl-
ates™™] gives access to chiral f-amino acid derivatives which
are important pharmaceutical building blocks. For this

Chem. Eur. J. 2005, 11, 6701 -6717
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Enantioselectivities were still
only moderate (up to 45% ee;
see the Supporting Information
for further details of the screen-
ing); better results were ob-
tained in pure {PrOH (Table 9). It is worth noting that the
effect of the solvent on both enantioselectivity and conver-
sion is not always consistent. For example, iPrOH turned
out to be the best solvent, leading to 71 % ee for the hetero-
combination 3-P(0),0/19-P(O),N (Table 9 entry 3; see also
Figure 5) and to 69% ee for the heterocombination 9-
P(0),0/19-P(O),N (entry 10), where iPrOH/CH,CIl, resulted
in lower conversions and enantioselectivities (Table 9, en-
tries2 vs 3, and 9 vs 10). In other cases [5-P(O),0/18-
P(O),N and 9-P(0O),0/15-P(O),N], this trend was reverted

www.chemeurj.org
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Table 7. Rh-catalyzed hydrogenation of substituted 2-acetamidocinnamic acid.l? single ligands promted us to try
A NHA 0.01 equiv [Rh(cod);BF,] e NHA to shed some light into the
r C ivL? i r C . .

= 007 equvl’, 00T equvl’ “black box” of this ligand
COH H solvent, 25 °C COH system. A comparison of the
Entry  Ar L L’ pH, [bar]  Solvent  Conv.[%] ee[%] Abs. config. rates of the hydrogenation of
1 2-CI-CH, 4P(0),0 4P0),0 10 iPrOH 100 89 s methyl  2-acetamidocinnamate
2 2-CI-CiH, 13-P(O),N 13-P(O),N 10 iPrOH 34 72 N by using single ligands 4-
3 2-CI-CH, 4-P(O),0 13-P(O),N 10 iPrOH 100 98 S P(0),0 and 13-P(O),N and
4 2-CI-CH,  4-P(0),0 13-P(O),N 25 iPrOH 100 95 N . . . . o
5 2CLCH, 4P(0),0 13-PO)N 10 CH.CL 0 i C their hﬁ:ter(?comblnatlon is dis
6 2CLCH, 4P(0),0 13-PO)N 10 MeOH 100 89 s played in Figure 6. These traces
7 4-CI-CH, 4-P(0),0 4-P(0),0 10 iPrOH 100 88 s represent the hydrogen uptake
8 4-Cl-CH,  13-P(O),N  13-P(O),N 10 iPrOH 16 56 S during the hydrogenation, at
9 4-CI-CgH, 4-P(O),0 13-P(O),N 10 iPrOH 100 97 S 3 bar pressure in iPrOH, per-

10 4-Cl-CH, 4P(0),0 13-P(O),N 10 CH,CL 0 - - ¢ d simult Iv by usi
11 4-Cl-CH, 4-P(0),0 13-P(O),N 10 MeOH 98 67 s ormed simultaneously by using

[a] Reaction conditions: ligands (0.01 mmol L* and 0.01 mmol L"), [Rh(cod),BF,] (0.01 mmol), substrate
(0.5 mmol), solvent (5.0 mL), H, (10-25 bar), 90 min. Conversions and ee values were determined by chiral

HPLC (Chirobiotic T).

Table 8. Rh-catalyzed hydrogenation of methyl (Z)-3-acetamidocrotonate. !

0.01 equiv [Rh(cod),BF ]

the Argonaut Endeavor multi-
reactor autoclave which allows
continuous monitoring of the
hydrogen uptake for eight par-
allel reactions.

Phosphite 4-P(O),0 proved
to be the most active with full

AcHN  CO:Me  0.01equivL® 0.01equivL®  AcHN CO,Me conversion whithin 30 minutes
H,, iPrOH, 25 °C / (with 79% ee). The reaction
seemingly follows a zero-order
Entry Ligand (L*=L") Substrate/Rh pH, [bar] Conv. [%] ee [%)] Abs. config. L gy [26]
N 1P(0).0 ” m 3 : = kinetic law.™® In the case of
- X - i
) 4-P(0),0 50 10 100 31 < phosphoramldlte? 13-P(O),N,
3 5.P(0),0 50 10 100 6 R the hydrogenation was much
4 9-P(0),0 20 25 100 26 R slower, giving poor conversion
5 11-P(0),0 50 10 100 9 N even after 5 h at 5 bar hydrogen
6 12-P(O).N 30 10 0 - - pressure (3% conversion, 36 %
7 19-P(O),N 50 10 79 1 R Wh he 1:1 h bi
8 19-P(O),N 20 25 62 12 R ee). efnlt € d' . et‘gocoom ld
nation of ligands 4-P an
[a] Reaction conditions: ligand (L*=L"=0.02 mmol), [Rh(cod),BF,] (0.01 mmol), methyl (Z)-3-acetamidocrot- & (0),

onate (0.2-0.5 mmol), solvent (5.0 mL), H, (10-25 bar), 90 min. Conversions and ee values were determined by

GC equipped with a chiral capillary column (CP-Chirasil-Dex-CB).

Table 9. Solvent screening for the hydrogenation of methyl (Z)-3-acetamidocrotonate. !

13-P(O),N was employed, the
reaction was definitely slower
than the phosphite-catalyzed
reaction and apparently follows
a first-order kinetic law. How-

Entry L L° Solvent Conv. [%] ee [%)] Abs. config. ever, as expected, the highest
1 5-P(0),0 19-P(O),N iPrOH/CH,Cl, 100 45 R enantioselectivity (95% ee) was
2 3-P(0),0 19-P(O),N iPrOH/CH,CL, 100 43 R obtained with complete conver-
3 3-P(0),0 19-P(O),N iPrOH 100 71 R o

4 5-P(0),0 18-P(O),N iPrOH/CH,Cl, 100 35 s sionin2h. _ ‘

s 5-P(0),0 18-P(O),N iPrOH 100 14 s As we anticipated in the in-
6 9-P(0),0 15-P(O),N CH,Cl, 43 50 R troduction, the use of a combi-
7 9-P(0),0 15-P(0),N iPrOH/CH,Cl, 100 34 R nation of two ligands (L* and
8 9-P(0).0 15-P(O),N iPrOH 100 18 R L") should result in the genera-
9 9.P(0),0 19-P(O),N iPrOH/CH,CL, 100 41 R : e E :
10 9.P(0),0 19-P(O),N iPrOH 100 69 R tion of a dynamic “in situ” li-

[a] Reaction conditions: ligands (0.0035 mmol L* and 0.0035 mmol L"), [Rh(cod),BF,] (0.0035 mmol), methyl

brary, with several, different,

(Z)-3-acetamidocrotonate (0.175 mmol), solvent (2.5 mL), H, (25 bar), RT, 16 h. Conversions and ee values catalytically active species, si-
were determined by GC equipped with a chiral capillary column (CP-Chirasil-Dex-CB). multaneously present in the re-

and better results were obtained in {PrOH/CH,Cl, 3:1 or
pure dichloromethane (Table 9, entries 4-5, 6-8).

Kinetic studies and improvement of the heterocombination
ligand ratio: The remarkable increase of ee which was ob-
tained with the heterocombinations compared with the

action medium. On the basis of

this assumption, we envisaged
that, by modifying the L*/L" ratio, we could influence the
concentration of the different species and possibly the ste-
reochemical outcome of the reaction. In particular, we
speculated that lowering the ratio 4-P(0),0/13-P(O),N, but
keeping constant the (L* 4+ L°)/Rh ratio (equal to 2), less
rhodium complex containing only 4-P(0),0 (very active,
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Figure 4. Best ligand heterocombination and corresponding ligand homo-
combinations for the hydrogenation of N-acetyl-2-chlorodehydrophenyla-
lanine and N-acetyl-4-chlorodehydrophenylalanine: @ [4-P(O),0],, m 4-
P(0),0/13-P(O),N, /// [13-P(O),N],.

BO
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Figure 5. Best ligand heterocombination and corresponding ligand homo-
combinations for the hydrogenation of methyl (Z)-3-acetamidocrotonate:
[3-P(0),0],, m 3-P(0),0/19-P(O),N, /// [19-P(O),N],.
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Figure 6. Hydrogen uptake in the hydrogenation of methyl 2-acetamido-
cinnamate at 5 bar in iPrOH, by using 4-P(O),0 (), 13-P(O),N (), and
a 1:1 combination of 4-P(0),0 and 13-P(O),N (a).

but less enantioselective) would be present in solution. This
would in turn favour the concentration of mixed complexes
containing both 4-P(0),0 and 13-P(O),N, apparently the
most selective ones. The species containing only 13-P(O),N
would become predominant but, being almost not-active,
should not influence significantly the reaction outcome. To
confirm this hypothesis, a model was considered, by using li-

Chem. Eur. J. 2005, 11, 6701 -6717
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gands 6-P(0),0 and 12-P(O),N for the hydrogenation of
methyl 2-acetamidocinnamate, for which we knew that only
moderate enantioselectivities had been obtained during the
library screening. In fact, phosphite 6-P(O),O gave the hy-
drogenation product with full conversion and 21 % ee; phos-
phoramidite 12-P(O),N gave only 2% conversion and 30 %
ee, and the 1:1 combination of 6-P(O),0 and 12-P(O),N al-
lowed for 100% conversion and 34% ee. When a 0.25 to
1.75 of 6-P(0O),0 and 12-P(O),N was employed, the enantio-
selectivity of the reaction increased to 59 % ee (40 % conver-
sion). Encouraged by these results, we applied the same
principle to the best heterocombination: 4-P(0O),0 and 13-
P(O),N. A screening of the relative ratio of the two ligands
was carried out, keeping constant the (L*+L")/Rh ratio
(equal to 2) (Figure 7). The best L¥L" ratio identified was

100
90 1
80
70 A
60 A
50
40 A
30 A
20 A
10 4

ee [%]

13-P(O),N [%]

Figure 7. Dependence of the product ee on the ratio 4-P(0),0/13-P(O),N
for the hydrogenation of methyl 2-acetamidocinnamate at 5 bar, in
iPrOH.

0.25 to 1.75 for 4-P(O),0 and 13-P(O),N, respectively,
which gave the hydrogenation product in 98% ee and 79 %
conversion (79% ee and 100% conversion with 4-P(0O),0;
36% ee and 2% conversion with and 13-P(O),N; 95% ee
and 100% conversion with a 1:1 ratio of 4-P(0),0/13-
P(O),N).

The same study was then performed for the hydrogena-
tion of methyl 2-acetamidoacrylate. The kinetic curves for,
respectively, the homocombination of phosphite 4-P(O),0,
the homocombination of phosphoramidite 13-P(O),N and
the heterocombination of these two ligands (the best combi-
nation identified) were compared (Figure 8). The hydrogen
uptake profile of the heterocombination was quite similar to
the homocombination of the phosphite, and resembles a
zero-order kinetic law.’® In this case the reaction with the
heterocombination of ligands is faster and a complete con-
version was observed within 20 min.

When the screening of the relative ratio of the two ligands
was performed, similar trends to those identified in the hy-
drogenation of methyl 2-acetamidocinnamate were observed
(Figure 9). The best L¥/L" ratio identified was again 0.25 to
1.75 for 4-P(0),0 and 13-P(O),N, respectively, allowing for
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Figure 8. Hydrogen uptake in the hydrogenation of methyl 2-acetamidoa-
crylate at 5 bar in iPrOH, by using 4-P(O),0 (e), 13-P(O),N ('), and a
1:1 combination of 4-P(0O),0 and 13-P(O),N (a).
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Figure 9. Dependence of the product ee on the ratio 4-P(0),0/13-P(O),N
for the hydrogenation of methyl 2-acetamidoacrylate at 5 bar, in iPrOH.

98% ee and 100% conversion (61% ee and 100% conver-
sion with 4-P(0O),0; 89% ee and 3% conversion with 13-
P(O),N; 94% ee and 100 % conversion with a 1 to 1 ratio of
4-P(0),0 and 13-P(O),N).

When the rates of the hydrogenation of methyl (Z)-3-
acetamidocrotonate by using ligands 3-P(O),0, 19-P(O),N
and their heterocombination were measured by hydrogen
uptake, a different behaviour was displayed (Figure 10). In
this case, phosphoramidite 19-P(O),N gives rise to a very
active catalyst, that allows for full conversion within 1 h,
while the reaction performed by using the heterocombina-
tion is slower although more enantioselective.

This result was confirmed by the study of the relative
ratio of the two ligands, in iPrOH at 25 bar hydrogen pres-
sure (Figure 11), which showed that the 1:1 ratio 3-P(0O),0/
19-P(O),N was the most effective, both in terms of enantio-
selectivity and conversion (71 % ee, 100% conversion). An
excess of either one of the two ligands reduces the overall
enantioselectivity (19% ee and 100% conversion with 3-
P(0),0; 22% ee and 91 % conversion with and 19-P(O),N;
60% ee and 83% conversion with a 0.5:1.5 ratio 3-P(O),0/
19-P(O),N).
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Figure 10. Hydrogen uptake in the hydrogenation of methyl (Z)-3-acet-
amidocrotonate at 5 bar in iPrOH, by using 3-P(0),0 (a), 19-P(O),N
(), and a 1:1 combination of 3-P(0),0 and 19-P(O),N ().
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Figure 11. Dependence of the product ee on the ratio 3-P(O),0/19-
P(O),N for the hydrogenation of methyl (Z)-3-acetamidocrotonate at
25 bar, in iPrOH.

Rhodium-catalyzed asymmetric hydrogenation of enamides:
Asymmetric hydrogenation of arylalkylenamides such as 20
and 21¥"  (Figure 12) gives

access to enantiomerically en-

riched arylalkylamines, which NHAC NHAC
are  particularly interesting =
building blocks for pharmaceuti-
cal compounds and are exten-
sively used in organic synthesis
and catalysis (as resolving
agents and chiral auxiliaries). These prochiral enamides
were synthesized in two-steps from simple ketones.?”!

A full screening (94 reactions performed in parallel) was
carried out for the hydrogenation of enamide 20, at 25 bar
hydrogen pressure in dichloromethane (enamides are less
reactive substrates than dehydroamino acid derivatives). Se-
lected results are shown in Table 10, entries 1-6; further de-
tails can be found in the Supporting Information. The hy-
drogenation generally proceeded to completion, and the
best result (85% ee, entry 1) was obtained in this case with
a single phosphite ligand [4-P(0O),0]. The hydrogenation of
enamide 21, carried out in a 96 Multireactor, at 25 bar hy-

20 21

Figure 12. Enamide substrates.
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Table 10. Selected results for the hydrogenation of enamides 20 and 21.1
NHAc  0.01 equiv [Rh(cod),BF,]
xR 0.01 equiv L? 0.01 equiv L°

R 25 bar H,, CH,Cl,, 25 °C

NHAc
R

FULL PAPER

shown in Table 11, whereas fur-
ther details can be found in the
Supporting Information. With
this substrate, the best result

20.R=H 22.R=H . . .
21:R=CH, 23:R=CH, was obtained with a single
Entry Substrate L L’ Conv. [%] ee [%)] Abs. config. phosphoraml.dlte l1g.and (18-
; ” TP(0).0 4P(0)0 m " 5 P(O),N or its enantiomer 19-
- ) - ! : 0,
5 2 11-P(0),0 11-P(0),0 100 75 s P(O)zNz, allowmg for 75% ee
3 20 1-P(0),0 18-P(O),N 100 64 S and 94 % conversion (Table 11,
4 20 4-P(0),0 13-P(O),N 100 82 S entries 5, 6). Phosphite 6-
5 20 4-P§O;ZO 16-P§O;2N 100 79 N P(0),0 gave 74% ee and 90 %
6 20 8-P(0),0 14-P(O),N 100 66 N .
7 21 1-P(0),0 18-P(O),N 72 39 [b] convers13229] (Table 11,
8 21 8-P(0),0 12-P(0),N 55 36! (vl entry 2).
9 21 10-P(0),0 18-P(O),N 100 38 (o]
10 21 11-P(0),0 18-P(O),N 100 47 fvl A simple mathematical model

[a] Reaction conditions: ligands (0.0035 mmol L* and 0.0035 mmol L") [Rh(cod),BF,] (0.0035 mmol), substrate
(0.175 mmol), CH,Cl, (2.5 mL), H, (25 bar), RT, 16 h. Conversions and ee values were determined by GC
equipped with a chiral capillary column (CP-Chirasil-L-Val). [b] Not determined. [c] The major enantiomer ob-
tained in entry 8 has the opposite configuration in comparison to entries 7, 9, 10.

drogen pressure, in dichloromethane, proceeded slower than
the hydrogenation of the less hindered enamide 20 (selected
results are shown in Table 10, entries 7-10). However, run-
ning the hydrogenations overnight, moderate to good con-
versions were obtained in several cases. As for the ee, the
heterocombination 11-P(0),0/18-P(O),N allowed for 47 %
ee (entry 10), which is a valuable result, considering that es-
sentially no good monodentate ligand has ever been report-
ed for tetrasubstituted enamides.

Rhodium-catalyzed asymmetric hydrogenation of dimethyl
itaconate: The hydrogenation of dimethyl itaconate had pre-
viously been studied in great detail by using both mono- and
bidentate ligands."™ A full screening (94 hydrogenation re-
actions performed in parallel) was performed at 10 bar hy-
drogen pressure in dichloromethane. Selected results are

Table 11. Selected results for the hydrogenation of dimethyl itaconate.
0.01 equiv [Rh(cod),BF 4]

for a better understanding of
the variation of the enantiomer-
ic excess with the ratio of
P(0),0/P(0),N: Experiments
have shown that by using a
ratio P(0O),0/P(O),N different
from 1:1 while keeping the (L* + L")/Rh ratio equal to 2
can lead to a significant improvement of the ee of the hydro-
genated products. A simple mathematical model was built
to describe and better understand this phenomenon. This
model is not a kinetic analysis in the sense that it does not
use any kinetic laws nor does it rely on the reaction mecha-
nism involved in the transformation.

Building the mathematical model: As long as the ratio li-
gands [P(0),0 + P(O),N] to Rh is kept equal to 2 and if
we assume that Rh complexes bearing only one or more
than two phosphorus ligands are not stable relatively to
RhL, species, only three Rh complexes co-exist in equilibri-
um in solution.’”! Their inter-conversion is fully described
by the following equation.

Rh[P(0),0], + Rh[P(O),N],
& 2 Rh[P(0),0][P(O),N]

YGOZMG 0.01 equiv L%, 0.01 equiv L° COMe (1)
CO,Me 10 bar H,, CH,CI,, 25 °C CO,Me
Entr L? LY Conv. [% ee [% Abs. config. .
N Y +PO)0 2700 - %] 69[ ] = £ The equilibrium constant
- 2 - 2 :

5 5.P(0),0 5.P(0),0 100 46 S (K),.allows us to estimate the
3 6-P(0),0 6-P(0),0 90 74 S relative amount of each of the
4 9-P(0),0 9-P(0),0 100 60 N three species in solution for var-
5 11-P(0),0 11-P(0),0 100 2 R ious amounts of P(0),0 and
6 13-P(O),N 13-P(O),N 0 - - P(O),N initially used. K is,
7 15-P(O),N 15-P(O),N 79 3 S b L d d h
8 16-P(O),N 16-P(O),N 3 5 R above all, dependent on the
9 18-P(0),N 18-P(0),N 94 75 s nature of the P(0),0 or
10 19-P(0),N 19-P(O),N 94 75 R P(O),N ligands. Its value is un-
11 5-P(0),0 18-P(O),N 100 63 S known,PY and thus constitutes a
12 9-P(0),0 15-P(O),N 100 59 S . )
13 11-P(0),0 13-P(O)N . 66 R parameter.to fit our model with
14 ll—P(O)ZO 16-P(O)2N 40 61 R the experlmental data. Equa-

[a] Reaction conditions: ligands (0.0035 mmol L* and 0.0035 mmol L"), [Rh(cod),BF,] (0.0035 mmol), dimethyl
itaconate (0.175 mmol), CH,Cl, (2.5 mL), H, (10 bar), RT, 16 h. Conversions and ee values were determined

by GC equipped with a chiral capillary column (CP-Chirasil-L-Val).
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tion (1) leads to a characteristic
distribution for the three differ-
ent complexes at the equilibri-
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um for different ratios of P(O),0/P(O),N (see Figure 13).
Note that in Figure 13 and all related subsequent figures,
the x axis gives the amount of P(0O),0 ligand to Rh. Consid-
ering that we kept the ligands to Rh ratio equal to 2, a value
of 0 for P(O),0 amount is equivalent to a value of 2 for the
P(O),N amount. For any value of K, the maximum amount
of hetero-complex is always obtained for a 1:1 mixture of
P(0),0/P(O),N. Higher or lower values of K only cause the
amplitude of the parabolic curve for the equilibrium amount
of Rh[P(O),0][P(O),N] (see 2 in Figure 13) to vary. More
importantly the ratio of Rh[P(O),0][P(O),N] to Rh-
[P(0),0], increases exponentially when the amount of
P(0),0 is reduced (see x in Figure 13). In the case of a
mixture of catalytic species all able to catalyze the same re-
action, the ratio between these species is indeed the crucial
parameter to consider and we can easily foresee, as it has
been demonstrated experimentally, how a 1:1 mixture of li-
gands may not lead to the optimal catalytic mixture.

Rh[P(0);0][P(O):N]
Rh[P(0),0],

equilibrium amount of  Rh[P(0),0],,

RA[P(O)NL,
ratio Rh[P(O),0][P(O),N] /

amount of P(0),0

Figure 13. Amount of 0: Rh[P(O),0],, ----- : Rh[P(O),N],, a: Rh-
[P(O),0][P(O),N] at the equilibrium vs amount of P(0),0
[P(O),0+P(0),N kept constant, equal to 2], plotted for K=7, x: ratio
Rh[P(0),0][P(0),N/Rh[P(O),0,.

The ee values obtained in asymmetric hydrogenation by
using the mixtures of the three Rh complexes as catalysts
can be calculated after making a few additional assump-
tions/simplifications concerning the hydrogenation rate and
selectivity of each individual species:

e for the Rh[P(0O),0], and Rh[P(O),N], complexes: As
these species can be prepared cleanly, the rate and ee
can be measured and are assumed to be the same in the
mixtures. In our model, when we calculate the ee ob-
tained with a mixture of P(0),0 and P(O),N, only the
ratio between the rates of the three catalytic species
present in solution is needed. We will consequently use
relative rates (without unit). Moreover, we assume that
these relative rates remain constant throughout the reac-
tion. Based on the experimental data, we estimate the
rate of the Rh[P(O),0], complex to be approximately
two orders of magnitude higher than of the Rh[P(O),N],
complex. For example, for the 4-P(0),0/13-P(O),N mix-
tures, the TOF of the homo-complexes are around

6710
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300 h™* for the Rh[4-P(0O),0], and 0.6 h™* for the Rh[13-
P(O),N],. In our model, for example, the rate of Rh[13-
P(O),N], can then be arbitrarily set to 1, imposing the
rate of Rh[4-P(0O),0], to be 500.

® for the Rh[P(O),0][P(O),N] complexes: neither the
rate, nor the ee of a pure Rh[P(O),0][P(O),N] complex
can be measured since the hetero-complex only exists in
presence of both homo-complexes. Nevertheless, we can
estimate that its rate is comparable to the one of the Rh-
[P(0),0], complex otherwise it would not make a signif-
icant contribution to the observed ee values. Also, when
considering cases where the mixture of ligands leads to
an improvement, we can estimate the ee of the pure Rh-
[P(O),0][P(O),N] complex to be at least equal or most
probably better than the value of the observed improved
ee.

o The three catalytic species are entirely selective towards
the production of hydrogenated products and are not in-
volved in side reactions leading to the formation of
other products or to their own decomposition.

Knowing the distribution of the three catalytic species in
solution based on K and their respectives rates and enantio-
selectivities, it is easy to calculate the ee according to a for-
mula of the type below:

E(R) = f{Rh[P(0),0} - r{Rh[P(0),0} -
+ {{Rh[P(O),N],} - r{Rh[P(O),N],} - Sp{Rh[P(O),N],}
+ f{Rh[P(O),0][P(O),N]} - r{Rh[P(O),0][P(O),N]}

- Sr{Rh[P(O),0][P(O),NJ}

E(S) = f{Rh[P(0),0} -

+ f{Rh[P(O),N],} - r{Rh[P(O),N],} - Sg{Rh[P(O),N],}
+ f{Rh[P(O),0][P(O),N]} - r{Rh[P(O),0][P(O),N]}
- Ss{Rh[P(O),0][P(O),N]}

where E is the amount of enantiomer, f the fraction of a
catalytic species, r the relative rate and S the enantioselec-
tivity. The fractions of each complex, f Rh[P(O),0],, f Rh-
[P(O),N],, and f Rh[P(O),0][P(O),N] depend on the
amount of P(O),0 and P(O),N used {which is equal to
2-P(0),0}, and on the equilibrium constant (K) as already
shown in Figure 13.

Before trying to fit the model to the experimental data,
we investigated what, according to our model, the effects of
both the equilibrium constant (K) and the rate ratios would
be on the overall variation of the ee with the P(O),0/
P(O),N ratio.

Effect of K, the equilibrium constant between the different
catalytic species: In Figure 14, a set of curves representing
the variation of the ee with the amount of P(O),0 for differ-
ent values of K are plotted. These curves were obtained
with the following parameters for the individual catalytic
species: Rh[P(0),0],: r = 20, e¢ = 25%, Rh[P(O),N],:

Chem. Eur. J. 2005, 11, 6701 -6717
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r = 1, ee = 25%, Rh[P(O),0][P(O),N]: r = 10, ee =
95 %, that is, based on the experimental observations where
Rh[P(0),0], appears to be much faster than Rh[P(O),N],,
and the hetero-complex is more enantioselective than both
homo-complexes.

The first comment we can make is that the obtained
curves match grossly the one obtained experimentally. They
indeed show improved ee for the mixture of ligands. As can
be seen upon examination of Figure 14, the optimal catalytic
mixture (i.e., the mixture giving the highest ee) is obtained
for an excess of P(O),N [low P(O),0 amount] when K is
low. When K increases, the optimal ratio P(0),0 to P(O),N
increases and becomes close to 1:1 for K=500. Moreover,
for this large value of K, the curve is more flat at its opti-
mum. This can be easily interpreted. For low K values, the
concentration of the homo-complexes is important and one
needs to use a large excess of P(O),N ligand to reduce sig-
nificantly the amount of the fast but not selective Rh-
[P(O),0], catalyst. On the contrary, for high K values the
main catalytic species is always the hetero-complex and con-
sequently decreasing the amount of P(O),0 does not lead
to a significant improvement.

100 -

K =500

calcd ee

Amount of P(0),0
Figure 14. Effect of K on the variation of the ee with the P(O),0/P(O),N

ratio (P(0),0+P(0),N/Rh 2:1) {Rh[P(0),0],: r=20, ee 25%; Rh-
[P(O),N],: r=1, ee 25%; Rh[P(O),0][P(O),N]: r=10, ee 95%}.

Effect of the relative rate of the hetero-complex: As already
mentioned, it was observed experimentally that the Rh-
[P(O),0], catalyst is much faster than the Rh[P(O),N],. An
intermediate rate between the ones of the Rh[P(O),0], and
Rh[P(O),N], species was attributed to the Rh[P(O),0]-
[P(O),N] catalyst, based on the fact that the overall rate
measured in the case of the mixture of ligands is intermedi-
ate between the ones of the two pure homo-complexes.
However, the precise relative rate of the Rh[P(O),0]-
[P(O),N] catalyst cannot be determined and consequently, is
the second variable (with K) of our model. At this stage, we
examined how it influences the shape of our calculated
curves (ee vs P(O),0/P(O),N ratio). For this purpose, we as-
signed the following values to the individual catalytic spe-
cies: Rh[P(0),0],: r=50, ee=25%; Rh[P(O),N],: r=1,
ee=25%; Rh[P(O),0][P(O),N]: r varies, ee=95%, and K
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was set to 5. The calculated curves for various values of the
relative rate of the Rh[P(O),0][P(O),N] species are shown
in Figure 15.

100
75 A

50 -

calcd ee

25 A

0

0  optimal 0.5 ! "o ’
ratio Amount of P(0),0

Figure 15. Effect of the rate of the Rh[P(O),0][P(O),N] species on the
variation of the ee with P(O),0/P(O),N ratio [P(0O),0 +P(O),N/Rh 2:1]
{Rh[P(0),0],: r=50, ee 25%; Rh[P(O),N],: r=1, ee 25%; Rh[P(O),0]-
[P(O),N]: ee 95%, K=5}.

As can be seen in Figure 15, varying the rate of the pure
Rh[P(O),0][P(O),N] catalyst does not change the position
of the optimal ratio P(O),0/P(O),N [P(O),0 = 025/
P(O),N = 1.75]. Nevertheless, it has an important effect
over the best value obtained for the ee {from 34 % for r Rh-
[P(0),0][P(O),N] = 1 to 90% for r Rh[P(O),0][P(O),N]
= 100}. Moreover, the shape of the curve in the excess
P(O),0 region changes a lot with the value of r Rh-
[P(O),0][P(O),N] from concave to convex. This can also be
explained quite simply by considering that the effect of a
slow Rh[P(O),0][P(O),N] catalyst will be observed only
when the relative amount of the fast Rh[P(O),0], will be
low, that is, at low P(O),0 amounts. On the contrary, if the
Rh[P(O),0][P(O),N] species is faster than the Rh[P(O),0],
species, it will make a significant contribution to the ob-
served ee even at high P(O),0 levels, rendering the curve
convex.

Two conclusions can be drawn from our simple model:

o The optimal ligand ratio is entirely dependent on the
equilibrium constant (K) between the two homo-com-
plexes and the hetero-complex. This means that for each
combination of P(O),0/P(O),N ligands, there is an opti-
mal ratio P(O),0/P(O),N, eventually different from the
1:1 mixture, leading to the highest ee.

o The position of the optimal ratio P(0),0/P(O),N does
not depend on the intrinsic activity of each of the three
hypothetic catalytic species. Nevertheless, if the hetero-
complex has an intrinsic activity much lower than the
unselective fast homo-complex, a sharper maximum is to
be expected in the (ee vs ligand ratio) curves.

Fitting the model to the experimental data: By varying
the three handles of our model, that is, the equilibrium con-
stant (K) of the three catalytic species, the relative rate of
the hetero-complex, r Rh[P(O),0][P(O),N], and within a
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certain extent the ee of the hetero-complex Rh[P(O),0]-
[P(O),N] (assumed to be at least equal or better than the
best obtained ee for the ligand mixture), we tried to fit the
model to the experimental data.

1) 6-P(O),0/12-P(O),N—Hydrogenation of methyl 2-acet-
amidocinnamate (iPrOH).
For this ligands system, a good fit between the model
and the experiment (see Figure 16) is obtained with the
following values for the different complexes:

e [%]

4] 05 1 1.5 2
Amount of 6-P{0)L0

Figure 16. Experimental (m) and calculated (——) ee values vs 6-P(0),0/
12-P(O),N ratio for different values of r {Rh[12-P(O),N][6-P(O),0]}; ex-
perimental data obtained with [Rh(cod),BF,] (0.01 mmol), methyl 2-acet-
amidocinnamate (0.2 mmol), iPrOH (5 mL), H, (5 bar), room tempera-
ture, 6 h.

K =10
relative rates:
r {Rh[6-P(0O),0],} = 50
r {Rh[12-P(O),N][6-P(O),0]} = 4
r {Rh[12-P(O),N],} =1
selectivity:
ee {Rh[6-P(0),0],} = 21
ee {Rh[12-P(O),N],} = 30
ee {Rh[12-P(O),N][6-P(O),0]} = 95
It is worth noting that the best fit is obtained assuming
that K is higher than 1, that is, that there is a preference
for the hetero-complex over the homo-complexes. More-
over, the hetero-complex is still slow compared to the
Rh[6-P(0),0], homo-complex (around 10 times) and
consequently must be highly selective.

2) 4-P(0),0/13-P(O),N—Hydrogenation of methyl 2-acet-
amidocinnamate (iPrOH).
For this ligands system, the best fit is obtained with the
following values for the different complexes (Figure 17):
K = 250
relative rates:
r {Rh[4-P(0O),0],} = 50
r {Rh[13-P(O),N][4-P(0),0]} = 15
r {Rh[13-P(O),N],} = 0.1
selectivity:
ee {Rh[4-P(0O),0],} = 79
ee {Rh[13-P(O),N],} = 36
ee {Rh[13-P(O),N][4-P(0),0]} = 99
In this case, the model predicts a higher value of K than
for the preceding case. Moreover, the rate difference be-
tween the fast homo-complex Rh[4-P(O),0], and the
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ee [%]

Q 0.5 1 1.5 2
Amount of 4-P{0).0

Figure 17. Experimental (m) and calculated (—) ee values vs 4-P(0O),0/
13-P(O),N ratio for different values of r {Rh[13-P(O),N][4-P(O),0]}; ex-
perimental data obtained with [Rh(cod),BF,] (0.01 mmol), methyl 2-acet-
amidocinnamate (0.2 mmol), iPrOH (5 mL), H, (5 bar), room tempera-
ture, 6 h.

hetero-complex is only a factor 3 while the slow homo-
complex Rh[13-P(O),N], is now two orders of magnitude
slower compared to both other species.

3) 3-P(0),0/19-P(O),N—Hydrogenation of methyl (Z)-3-
acetamidocrotonate (iPrOH).
For this ligands system, the Rh[19-P(O),N], homo-com-
plex has been shown to be as active as Rh[3-P(O),0],
homo-complex. This fits well with the model where the
best fit is obtained with the following values (Figure 18).
K=25
relative rates:
r {Rh[3-P(0),0],} = 55
r {Rh[19-P(O),N[][3-P(0O),0]} = 30
r {Rh[19-P(O),N],} = 30
selectivity:
ee {Rh[3-P(0),0],} = 19
ee {Rh[19-P(O),N],} = 22
ee {Rh[19-P(O),N][3-P(0),0]} = 95
In this model, one can notice that the rate of the three
Rh complexes are in the same order of magnitude and
that K has an average value to permit some contribution
of the homo-complexes in the 1:1 3-P(0),0/19-P(O),N
ratio region.

100

e [%]

Amount of 3P{0)L.0

Figure 18. Experimental (m) and calculated (—) ee values vs 3-P(O),0/
19-P(O),N ratio for different values of r {Rh[19-P(O),N][3-P(O),0]}; ex-
perimental data obtained with [Rh(cod),BF,] (0.01 mmol), methyl (Z)-3-
acetamidocrotonate (0.2 mmol), iPrOH (5 mL), H, (25 bar), room tem-
perature, 6 h.
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In summary, we built a model for the description of the
behaviors observed when non-equivalent amount of the two
ligands are used. As simple as it is, this model can be used
to fit the experimental data and consequently provides
semi-quantitative information on values that are not accessi-
ble via the experience, such as the rate of the hetero-com-
plexes relative to the rate of the homo-complexes. It also
allows an estimation of the distribution of the homo/hetero-
complexes. The model also gives guidelines whether it is
pertinent to screen outside the ratio of 1:1 for the ligands
and how much improvement could be expected by doing so.
In general, we would recommend to use non-equivalent
amounts of ligands every time the following conditions are
met: i) the hetero-complex is much more enantioselective
than the two corresponding homo-complexes; ii) the rates of
the two homo-complexes are significantly different; iii) the
equilibrium constant (K) is relatively low.

Conclusion

In conclusion, a library of 19 chiral tropos phosphorus li-
gands (11 phosphites and 8 phosphoramidites), based on a
chiral P-bound alcohol or secondary amine and a flexible
(tropos) P-bound biphenol unit, was synthesized. These li-
gands exist, in principle, as a mixture of two rapidly inter-
converting diastereomers, L* and L?, differing in the confor-
mation of the biphenol unit. Upon complexation with Rh,
the ligand (L* in equilibrium with L*) should give rise to
three different species, namely RhL’L?, RhL*L?, RhL*L?.
Our novel approach consists in the use of a combination of
two of these ligands (L® in equilibrium with L* and L® in
equilibrium with L") resulting in the generation of a dynam-
ic “in situ” library, with several different species (up to ten,
in principle) present in solution. These ligands were
screened, individually and as a combination of two, in the
rhodium-catalyzed asymmetric hydrogenation of several
prochiral olefins, such as dehydro-a-amino acids, dehydro-§3-
amino acids, enamides and unsaturated esters. ee values up
to 98% were obtained for the dehydro-a-amino acids, by
using the best combination of ligands, a phosphite, [4-
P(0),0], and a phosphoramidite, [13-P(O),N]. Kinetic stud-
ies of the reactions with the single ligands and with the com-
bination of phosphite [4-P(O),0] and phosphoramidite [13-
P(O),N] were then performed, by measuring the rate of hy-
drogen uptake. It was shown that the phosphite, despite
being less enantioselective, promotes the hydrogenation of
methyl 2-acetamidoacrylate and methyl 2-acetamidocinna-
mate faster than the mixture of the same phosphite with the
phosphoramidite, while the phosphoramidite alone is much
less active. In this way, the reaction was optimized by lower-
ing the phosphite/phosphoramidite ratio (the best ratio is
0.25 equiv phosphite/1.75 equiv phosphoramidite) with a re-
sulting improvement of the product enantiomeric excess. A
simple mathematical model for a better understanding of
the variation of the enantiomeric excess with the phosphite/
phosphoramidite ratio is also presented. The new concept of
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using a non-equivalent amount of the two ligands (while
keeping total L/Rh=2) is a novel powerful tool to enhance
enantioselectivity in selected cases.

Work is in progress in our laboratories to expand the
scope of this ligand-combination approach to other enantio-
selective transformations.

Experimental Section

General remarks: All reactions were carried out in flame-dried glassware
with magnetic stirring under argon atmosphere. All commercially avail-
able reagents were used as received. The solvents were dried by distilla-
tion over the following drying agents and were transferred under nitro-
gen: CH,Cl, (CaH,), THF (Na), Et,0 (Na), toluene (Na), Et;N (CaH,),
pyridine (CaH,). Reactions were monitored by analytical thin-layer chro-
matography (TLC) by using silica gel 60 F,5, precoated glass plates
(0.25 mm thickness). Visualization was accomplished by irradiation with
a UV lamp and/or staining with a ceric ammonium molybdate (CAM) so-
lution. Flash column chromatography was performed by using silica gel
60 A, particle size 40-64 um, following the procedure by Still and co-
workers.”? Proton NMR spectra were recorded on a spectrometer oper-
ating at 400.13 MHz. Proton chemical shifts are reported in ppm (J) with
the solvent reference relative to tetramethylsilane (TMS) employed as
the internal standard (CDCl; 6 7.26 ppm; [D¢]benzene, 6 7.15 ppm). The
following abbreviations are used to describe spin multiplicity: s=singlet,
d=doublet, t=triplet, q=quartet, m =multiplet, br=broad signal, dd=
doublet of doublet. Carbon NMR spectra were recorded on a 400 spec-
trometer operating at 100.56 MHz, with complete proton decoupling.
Carbon chemical shifts are reported in ppm (d) relative to TMS with
the respective solvent resonance as the internal standard (CDCl;,
0 77.0 ppm). *'P NMR spectra were recorded on a 400 spectrometer oper-
ating at 162 MHz, with complete proton decoupling. *P NMR chemical
shifts are reported in ppm (J) relative to external 85% H;PO, at 0 ppm
(positive values downfield). Infrared spectra were recorded on a standard
FT/IR; peaks are reported in cm™'. Optical rotation values were mea-
sured on an automatic polarimeter with a 1 dm cell at the sodium D line.
Gas chromatography was performed on a GC instrument equipped with
a flame ionization detector, by using a chiral capillary column. HPLC
analyses were performed with a chiral stationary phase column. High res-
olution mass spectra (HRMS) were performed on a hybrid quadrupole
time of flight mass spectrometer equipped with an ESI ion source. A Re-
serpine solution 100 pguL~' (about 100 counts™), 0.1% HCOOH/
CH;CN 1:1, was used as reference compound (Lock Mass).

General procedure for the synthesis of phosphites (Method A): PCl,
(2 equiv, 6 mmol, 525 pL) was added to a solution of the alcohol (1 equiv,
3 mmol) in dichloromethane (17 mL), in a Schlenk tube, under argon, at
room temperature. After stirring for 2 h, the solvent and excess PCl;
were removed under reduced pressure. The resulting residue was dis-
solved in tetrahydrofuran (7 mL), and a solution of the biphenol (1 equiv,
3 mmol) and triethylamine (3 equiv, 9 mmol, 1.25 mL) in THF (10 mL)
was slowly added. Upon addition, the formation of a white precipitate
was observed immediately. The reaction mixture was left under stirring
overnight, before being filtered over a PTFE membrane filter. The sol-
vent was removed and the crude product was purified either by recrystal-
lisation, or by chromatography, to give the desired compound as a white
foamy solid.

Several phosphites reported in Figure 2 [2-P(0O),0, 3-P(0),0, 5-P(0),0,
7-P(0),0, 8-P(0),0, 9-P(0),0] had previously been synthesized by Xiao
and Chen.”” However, their results were influenced by experimental
problems associated with the purity of the ligands. In fact, in our hands
this class of compounds shows a single set of signals at room temperature
by 'H, *C and *'P NMR (see below), confirming their tropos nature.
Only upon complexation with Rh, two sets of signals might possibly be
observed at low temperature (—65°C).” This is in sharp contrast to the
information from the Xiao and Chen paper, where the ligands were de-
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scribed to display two singlets (*'P NMR) with the same intensity (1:1
ratio) at room temperature (without Rh).’!

General procedure for the synthesis of phosphoramidites (Method B): A
solution of the amine (1 equiv, 3 mmol) and triethylamine (1.13 equiv,
3.4 mmol, 472.5 uL) in dry toluene (2.6 mL) was added to a solution of
PCl; (1 equiv, 3 mmol, 262 uL) in toluene (38 mL), in a Schlenk tube,
under argon. The reaction mixture was heated to 70°C for 6 h, and al-
lowed to cool to room temperature. Triethylamine (2.26 equiv,
6.78 mmol, 945 uL) was added, and the mixture was cooled to —78°C. A
solution of biphenol (1 equiv, 3 mmol) in toluene/THF 4:1 (7.5 mL) was
added slowly. The reaction mixture was left under stirring overnight, al-
lowing to slowly warm to room temperature. The mixture was filtered
over a pad of Celite, and the solvent removed under reduced pressure.
The crude product was purified either by recrystallisation, or by chroma-
tography, to give the desired compound as a white powder.
Bis-[(S)-1-naphth-1-yl-ethyl]amine and  bis-[(R)-1-naphth-1-yl-ethyl]-
amine were synthesized in two steps, as reported in literature.*” (R,R)-
2,5-diphenylpyrrolidine and (S,5)-2,5-diphenylpyrrolidine were prepared
following literature procedure.’” 3,3',5 5 -Tetramethyl-biphenol™!) and
3,3',5,5'-tetra-tert-butyl-biphenol®! were prepared following the reported
procedures.

1-P(0),0, biphenol/(1S,2R,5S)-(+)-menthol: 97% yield; [a],=+17.4
(¢=1.00 in chloroform).

2-P(0),0, biphenol/(1R,2S,5R)-(—)-menthol: 88% yield; m.p. 98°C;
[a]p=—17.4 (c=1.00 in chloroform); '"H NMR (400 MHz, CDCl,, 25°C):
0=749 (d, *J(H,H)=7.6 Hz, 2H, ArH), 7.37 (t, *J(H,H)=7.6 Hz, 2H,
ArH), 730 (t, *J(H,H)=7.5Hz, 2H, ArH), 7.22-7.20 (m, 2H, ArH),
4.20-4.16 (m, 1H, CH), 2.32-2.27 (m, 1H, CH), 2.25-2.18 (m, 1H, CH),
1.73-1.69 (m, 2H, CH), 1.51-1.35 (m, 2H, CH), 1.08-1.04 (m, 3H, CH),
0.99 (d, *J(H,H)=6.5 Hz, 3H, CHj), 0.96 (d, *J(H,H) =7.0 Hz, 3H, CHs),
0.88 ppm (d, *J(H,H)=6.9 Hz, 3H, CH;); "CNMR (100 MHz, CDCl,,
25°C): 0=156.0, 149.8, 131.8, 130.3, 129.4, 128.1, 125.4, 122.5, 120.3,
118.5, 76.7 (d, J(C,P)=17.4 Hz), 48.9, 44.6, 34.5, 32.2, 25.7, 23.3, 22.5,
21.4, 16.0 ppm; *P NMR (162 MHz, CDCl,, 25°C): 6=152.8 ppm; IR
(CCL): Ve =3068, 3030, 2958, 2871, 1943, 1910, 1600, 1570, 1556, 1545,
1499, 1476, 1438, 1386, 1370, 1271, 1249, 1210, 1187, 1097, 1013, 992,
900 cm~'; HRMS (ESI): m/z: caled for [Cy,H,;NaO,P]*: 393.1595; found:
393.1579 [M+Na]*; elemental analysis caled for C,H,,0O5P: C 71.33, H
7.35; found: C 71.23, H 7.32.

3-P(0),0, biphenoV/(1R,2R,3R,55)-(—)-isopinocampheol: 76% yield;
m.p. 106°C; [a]p=—17.0 (c=1.00 in chloroform); 'H NMR (400 MHz,
CDCl;, 25°C): 6=7.49 (d, *J(H,H)=7.6 Hz, 2H, ArH), 7.38 (t, *J(H,H) =
7.6 Hz, 2H, ArH), 7.29 (t, *J(H,H)=7.6 Hz, 2H, ArH), 7.21 (t, *J(H,H) =
7.6 Hz, 2H, ArH), 4.77-4.69 (m, 1H, CH), 2.59-2.52 (m, 1H, CH), 2.41-
2.36 (m, 1H, CH), 2.27-2.23 (m, 1H, CH), 2.10-2.03 (m, 1H, CH), 1.99-
1.97 (m, 1H, CH), 1.87-1.84 (m, 1H, CH), 1.25 (s, 3H, CH;), 1.20 (d, *J
(H,H)=7.2 Hz, 3H, CH,), 1.15 (d, *J(H,H)=10 Hz, 1H, CH), 0.91 ppm
(s, 3H, CH;); *C NMR (100 MHz, CDCl,, 25°C): §=150.0, 130.4, 129.4,
125.4, 122.6, 122.4, 76.1 (d, J(C,P)=15Hz), 48.2, 46.1, 42.0, 38.8, 38.2,
34.4, 28.0, 243, 204 ppm; *'PNMR (162 MHz, CDCl;, 25°C): 0=
147.7 ppm; IR (CClLy): #,,,,=3069, 3029, 2959, 2910, 2872, 1943, 1911,
1601, 1567, 1553, 1499, 1476, 1437, 1386, 1370, 1260, 1249, 1210, 1187,
1097, 996, 942, 897, 857cm™!; HRMS (ESI): m/z: caled for
[C,,H,NaO,P]*: 409.1545; found: 409.1538 [M+Na+H,O]*; elemental
analysis calcd for C,,H,;05P: C 71.72, H 6.84; found: C 71.80, H 6.86.
4-P(0),0, biphenol/(1R,25)-(—)-trans-2-phenyl-1-cyclohexanol: 63 %
yield; m.p. 117°C; [a]p=-53.6 (c=1.00 in chloroform); 'H NMR
(400 MHz, [Dg4]benzene, 25°C): 6=7.46-6.90 (m, 12H, ArH), 6.50-6.40
(m, 1H, ArH), 4.50-4.38 (m, 1H, CyH), 2.80-2.65 (m, 1H, CyH), 2.35-
2.20 (m, 1H, CyH), 2.10-1.20 ppm (m, 7H, CyH); *C NMR (100 MHz,
[Dg]benzene, 25°C): 6=149.9, 143.9, 130.4, 130.1, 129.5, 129.4, 129.1,
129.0, 128.4, 127.3, 125.5, 125.4, 122.8, 122.7, 79.3 (d, J(C,P)=17 Hz),
522, 36.0, 34.5, 26.3, 25.7 ppm; *'P NMR (162 MHz, [D¢]benzene, 25°C):
0=151.5 ppm; IR (CCL): #,,,=3066, 3031, 2961, 2936, 2859, 1942, 1911,
1604, 1556, 1498, 1476, 1437, 1260, 1250, 1210, 1187, 1097, 1025, 901, 855,
831 cm™'; HRMS (ESI): m/z: caled for [C,,H,sNaO,P]*: 431.1388; found:
431.1370 [M+Na+H,0]*; elemental analysis caled for C,,H;O5P: C
73.83, H 5.94; found: C 71.15, H 6.16.
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5-P(0),0, biphenol/(—)-borneol: 82% yield; m.p. 88°C; [a]p=-5.5 (c=
1.00 in chloroform); 'H NMR (400 MHz, CDCl,, 25°C): 6=7.49 (d, 3
(H,H)=7.6 Hz, 2H, ArH), 7.40-7.36 (m, 2H, ArH), 7.30-7.26 (m, 2H,
ArH), 7.20 (d, *J(H,H) =8.0 Hz, 2H, ArH), 4.62-4.56 (m, 1H, CH), 2.26—
2.18 (m, 1H, CH), 2.06-2.00 (m, 1H, CH), 1.87-1.62 (m, 2H, CH), 1.32—
1.24 (m, 3H, CH), 0.94 (s, 3H, CH,), 0.88 (s, 3H, CH3), 0.77 ppm (s, 3H,
CH;); "CNMR (100 MHz, CDCls, 25°C): 6=150.2, 131.6, 131.5, 130.3,
129.4, 129.3, 125.3, 122.5, 81.5, 50.2, 48.1, 45.4, 38.4, 28.5, 26.9, 20.4, 19.0,
13.8 ppm; *'P NMR (162 MHz, CDCl,, 25°C): 6=145.4 ppm; IR (CCl,):
Tmax = 3069, 3030, 2961, 2881, 2453, 1943, 1601, 1499, 1476, 1438, 1264,
1210, 1188, 1097, 891, 858cm™'; HRMS (ESI): m/z: caled for
[C,H,5sNaO5P]*: 391.1439; found: 391.1427 [M+Na]™*; elemental analysis
caled for C,,H,sO5P: C 71.72, H 6.84; found: C 71.78, H 6.87.

6-P(0),0, biphenol/(1R,2S)-(—)-trans-(1-methyl-1-phenylethyl)cyclohex-
anol: 79% yield; m.p. 128°C; [a]p=-12.6 (¢=1.00 in chloroform);
'HNMR (400 MHz, CDCl,, 25°C): 6=7.58-7.10 (m, 13H, ArH), 4.32-
424 (m, 1H, CH), 2.28-2.24 (m, 1H, CH), 1.99-1.92 (m, 1H, CH), 1.76-
1.56 (m, 3H, CH), 1.50 (s, 3H, CHj;), 1.46 (s, 3H, CHj;), 1.38-1.19 (m,
1H, CH); 1.19-0.88 ppm (m, 3H, CH); "CNMR (100 MHz, CDCl,,
25°C): =150.3, 149.6, 131.4, 129.9, 129.4, 129.0, 127.9, 126.0, 125.3,
124.9, 124.8, 122.2, 122.0, 121.0, 117.0, 77.5 (d, J(C,P) =16 Hz), 52.6, 40.8,
36.8, 30.4, 27.6, 25.6, 24.8, 24.6 ppm; *'P NMR (162 MHz, CDCl,, 25°C):
0=153.4 ppm; IR (CCl,): ¥,,,,=3065, 3031, 2935, 2859, 1943, 1553, 1499,
1476, 1437, 1260, 1210, 1187, 1098, 1016, 900, 847, 830 cm™'; HRMS
(ESI): m/z: caled for [CyH,NaOsP]*: 455.1752; found: 455.1743
[M+Na]*; elemental analysis caled for C,;H,,O;P: C 74.98, H 6.76;
found: C 72.39, H 6.90.

7-P(0),0, 3,3,5,5-tetra-tert-butylbiphenol/(1R,2R,3R,5S)-(—)-isopino-
campheol: 87 % yield; m.p. 75°C; [a]p=45.3 (¢=1.00 in chloroform);
"H NMR (400 MHz, CDCl,, 25°C): 6=7.53-7.51 (m, 1H, ArH), 7.45-
7.43 (m, 1H, ArH), 7.28-7.26 (m, 1H, ArH), 7.19-7.17 (m, 1H, ArH),
4.75-4.57 (m, 1H, CH), 2.59-2.52 (m, 1H, CH), 2.41-2.36 (m, 1H, CH),
2.27-2.23 (m, 1H, CH), 2.10-1.94 (m, 2H, CH), 1.87-1.84 (m, 1H, CH),
1.50 (s, 18H, Bu), 1.45 (s, 3H, CH,), 1.36 (s, 18H, Bu), 1.20 (d, °*J
(H,H)=7.2 Hz, 3H, CH,), 1.06 (d, */(H,H)=10 Hz, 1H, CH), 0.89 ppm
(s, 3H, CH;); ®*CNMR (100 MHz, CDCl,, 25°C): 6=127.0, 126.9, 125.4,
124.5, 76.7, 48.2, 46.0, 45.7, 42.0, 38.2, 33.9, 31.9, 31.8, 31.6, 27.9, 24.3,
20.5 ppm; *'P NMR (162 MHz, CDCl;, 25°C): 6 =146.7 ppm; IR (CCl,):
Tmax = 2963, 2907, 2871, 2448, 1945, 1595, 1556, 1545, 1475, 1440, 1397,
1363, 1260, 1229, 1094, 1018, 937, 879 cm*; HRMS (ESI): m/z: caled for
[C3sHs;NaOsP]*: 615.3943; found: 615.3935 [M+Na]™*; elemental analysis
caled for C3Hs;05P: C 76.99, H 9.69; found: C 77.02, H 9.71.

8-P(0),0, 3,3,5,5'-tetra-tert-butylbiphenol/(1R,2S,5R)-(—)-menthol:
84% yield; m.p. 140°C; [a]p=—17.3 (¢=1.00 in chloroform); 'H NMR
(400 MHz, CDCl;, 25°C): 0=7.44 (s, 1H, ArH), 7.43 (s, 1H, ArH), 7.19
(s, 1H, ArH), 7.18 (s, 1H, ArH), 4.11-4.06 (m, 1H, CH), 2.25-2.15 (m,
1H, CH), 2.10-1.80 (m, 2H, CH), 1.70-1.55 (m, 2H, CH), 1.50 (s, 18H,
2xtBu), 1.50-0.60 (m, 4H, CH), 1.36 (s, 18H, 2 xBu), 0.87-0.84 (m, 6 H,
2xCH,), 0.73 ppm (d, *J(H,H)=6.9 Hz, 3H, CH;); "C NMR (100 MHz,
CDCl;, 25°C): =150.0, 131.7, 130.3, 129.4, 125.4, 122.5, 79.1, 76.7, 76.6,
58.3, 48.9, 44.5, 34.5, 32.2, 25.7, 23.3, 22.5, 21.4, 16.0 ppm; *'P NMR
(162 MHz, CDCl;, 25°C): 6=147.0 ppm; IR (CCL): #,,,,=2962, 2870,
1595, 1558, 1547, 1456, 1413, 1396, 1362, 1093, 1017 cm™'; HRMS (ESI):
mlz: caled for [CyHsoNaO;P]*: 617.4099; found: 617.4093 [M+Na]*; ele-
mental analysis calcd for Ci3sHsyO;P: C 76.73, H 10.00; found: C 76.69, H
9.97.

9-P(0),0, biphenol/(1R)-endo-(+)-fenchol: 78% yield; m.p. 104°C;
[alp=49.8 (c=1.00 in chloroform); '"H NMR (400 MHz, CDCl,, 25°C):
0=17.50 (d, *J(H,H)=7.6 Hz, 2H, ArH), 7.44-7.21 (m, 6H, ArH), 3.96 (d,
3J(H,H)=11.6 Hz, 1H, CH), 1.85-1.67 (m, 4H, CH), 1.58-1.40 (m, 3H,
CH), 1.24 (s, 3H, CHj;), 1.04 (s, 3H, CH;), 0.96 ppm (s, 3H, CHj;);
BCNMR (100 MHz, CDCl,, 25°C): 6 =130.5, 129.6, 125.6, 125.5, 122.9,
89.2 (d, J(C,P)=12.0 Hz), 50.1, 48.8, 41.8, 40.4, 30.6, 26.7, 26.5, 22.2,
20.2 ppm; *'P NMR (162 MHz, CDCl;, 25°C): 6 =148.6 ppm; IR (CCl,):
Tmax = 3069, 3030, 2962, 2873, 1944, 1911, 1602, 1569, 1556, 1499, 1476,
1437, 1260, 1210, 1187, 1098, 1015, 904, 857 cm™'; HRMS (ESI): m/z:
caled for [C,H,sNaO,P]*: 391.1439; found: 391.1423 [M+Na]*; elemen-
tal analysis calcd for C,,H,s0;P: C 71.72, H 6.84; found: C 69.42, H 7.07.
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10-P(0),0, 3,3,5,5-tetramethylbiphenol/(—)-borneol: 76% yield; m.p.
81°C; [a]p=+2.5 (c=1.01 in chloroform); "H NMR (400 MHz, CDCl,,
25°C): 0=7.13 (s, 2H, ArH), 7.08 (s, 2H, ArH), 4.65-4.60 (m, 1H, CH),
2.40 (s, 12H, 4xCHj;), 2.27-2.20 (m, 1H, CH), 2.07-2.00 (m, 1H, CH),
1.76-1.67 (m, 2H, CH), 1.33-1.23 (m, 3H, CH), 0.96 (s, 3H, CH,), 0.91
(s, 3H, CH,), 0.86 ppm (s, 3H, CH;); *C NMR (100 MHz, CDCl,, 25°C):
0=134.2, 131.6, 130.6, 128.6, 81.8 (d, J(C,P)=12.0 Hz), 50.5, 48.4, 45.7,
38.5, 28.9, 27.3, 21.6, 20.8, 19.4, 17.5, 14.1 ppm; *'P NMR (162 MHz,
CDCl,, 25°C): 0=145.7 ppm; IR (CCly): ¥,,,=2957, 2880, 1557, 1478,
1260, 1245, 1214, 1188, 1154, 1119, 1030, 866, 830 cm™'; HRMS (ESI):
mlz: caled for [C,H3;sNaO,P]™: 4652171; found: 4652141
[M+Na+H,O]*; elemental analysis calcd for C,sHy;O5P: C 73.56, H 7.84;
found: C 72.15, H 8.06.

11-P(0),0, 3,3,5,5'-tetramethylbiphenol/(1R)-endo-(+)-fenchol: 78 %
yield; m.p. 91°C; [a]p=-27.5 (c=1.01 in chloroform); 'H NMR
(400 MHz, CDCl,, 25°C): 6=7.13 (d, *J(H,H)=7.2 Hz, 2H, ArH), 7.08
(s, 2H, ArH), 3.94 (dd, *J,(H,H)=12.0 Hz, */,(H,H)=1.6 Hz, 1H, CH),
2.41 (s, 6H, 2x CH;), 2.40 (s, 6 H, 2x CHj;), 1.84-1.69 (m, 4H, CH), 1.59—
1.43 (m, 3H, CH), 1.21 (s, 3H, CHj;), 1.09 (s, 3H, CHj;), 0.90 ppm (s, 3H,
CH,); *CNMR (100 MHz, CDCl;, 25°C): 6=146.9, 146.4, 134.3, 132.0,
131.7, 131.5, 130.7, 128.6, 88.8 (d, J(C,P)=15.0 Hz), 50.0, 48.7, 41.9, 40.4,
30.8, 26.9, 26.4, 22.4, 21.6, 20.1, 17.7, 17.5 ppm; *'P NMR (162 MHz,
CDCl;, 25°C): 6=149.7 ppm; IR (CCl,): 7,,,=2962, 2872, 1945, 1557,
1478, 1260, 1214, 1187, 1154, 1098, 1012, 871, 831 cm™'; HRMS (ESI):
mlz: caled for [CyHs;NaO,P]*: 465.2171; found: 4652153
[M+Na+H,O0]*; elemental analysis calcd for C,sH3;O5P: C 73.56, H 7.84;
found: C 72.39, H 7.98.

12-P(0),N, biphenol/(R,R)-bis(a-methylbenzyl)amine: 89 % yield; [a]p=
+238.0 (¢=1.00 in chloroform).

13-P(0),N, biphenol/(S,5)-bis(a-methylbenzyl)amine: 80% yield; m.p.
105°C; [a]p=-238.0 (c=1.00 in chloroform); '"HNMR (400 MHz,
CDCl,, 25°C): 6=7.56-7.49 (m, 2H, ArH), 7.41-7.22 (m, 6H, ArH),
7.20-7.11 (m, 10H, ArH), 4.66-4.58 (m, 2H, 2xH-benzyl), 1.77 ppm (d,
3J(HH)=7.2Hz, 6H, 2xCHsbenzyl); "CNMR (100 MHz, CDCl,,
25°C): 0=151.5, 143.4, 131.6, 130.4, 130.2, 129.5, 129.4, 128.3, 128.2,
127.0, 125.0, 124.4, 122.9, 122.4, 53.1, 53.0, 22.7 ppm; 3P NMR (162 MHz,
CDCl;, 25°C): 6=147.6 ppm; IR (CCL): ¥, =3065, 3030, 2963, 2905,
1943, 1911, 1602, 1546, 1497, 1476, 1436, 1375, 1261, 1211, 1194, 1098,
1015, 889, 830 cm™'; HRMS (ESI): m/z: calcd for [CsH,sNNaO,P]*:
462.1599; found: 462.1574 [M+Na]*; elemental analysis caled for
CyH,NO,P: C 76.52, H 5.96, N 3.19; found: C 76.60, H 5.97, N 3.21.
14-P(O),N, biphenol/(S)-(—)-N,a-dimethylbenzylamine: 55% yield;
[a]lp=423.0 (¢ = 1.00 in chloroform).

15-P(O),N, biphenol/(R)-(+)-N,o-dimethylbenzylamine: 40 % yield; m.p.
109°C; [a]p=-23.0 (¢ = 1.00 in chloroform); 'HNMR (400 MHz,
CDCls, 25°C): =17.54-7.09 (m, 13H, ArH), 4.92-4.84 (m, 1H, CH), 2.23
(d, *J(H,H) =4.8 Hz, 3H, CH,), 1.69 ppm (d, *J(H,H)=7.2 Hz, 3H, CH;);
BCNMR (100 MHz, CDCl;, 25°C): 6=152.3, 142.7, 131.6, 130.3, 129.8,
129.0, 128.0, 127.7, 1251, 125.0, 122.6, 56.3, 55.9, 27.7, 19.2 ppm;
3'P NMR (162 MHz, CDCl,, 25°C): 6 =149.6 ppm; IR (CCl,): 7o = 3067,
3030, 2963, 2905, 1603, 1564, 1556, 1498, 1476, 1436, 1260, 1208, 1194,
1098, 1013, 934 cm™'; HRMS (ESI): m/z: caled for [C,H,,NNaO,P]*:
372.1129; found: 372.1112 [M+Na]*; elemental analysis caled for
C, H,(NO,P: C 72.20, H 5.77, N 4.01; found: C 72.31, H 5.79, N 3.98.
16-P(0),N, biphenol/bis-[(S)-1-naphth-1-yl-ethyl]amine: 60% yield;
[a]lp=4204.8 (¢=0.53 in chloroform).

17-P(0O),N, biphenol/bis-[(R)-1-naphth-1-yl-ethyl]Jamine: 71 % yield; m.p.
not determined due to decomposition; [a],=—204.8 (c=0.53 in chloro-
form); 'H NMR (400 MHz, CDCl,, 25°C): =795 (d, *J(H,H)=8.0 Hz,
2H, ArH), 7.62-7.22 (m, 18H, ArH), 6.86 (t, *J(H,H)=7.6 Hz, 2H,
ArH), 5.61-5.53 (m, 2H, 2x CH), 1.83 ppm(d, *J(H,H)=7.2 Hz, 6H, 2x
CH,); "CNMR (100 MHz, CDCl,, 25°C): §=139.1, 133.8, 131.5, 130.9,
130.8, 129.9, 129.8, 129.0, 127.6, 125.9, 125.5, 125.3, 125.2, 124.7, 123.9,
123.1, 123.0, 51.5, 51.4, 23.7, 23.6 ppm; *'P NMR (162 MHz, CDCl,,
25°C): 0=150.1 ppm; IR (CCly): ¥,,,,=3053, 2964, 2905, 2876, 1943,
1912, 1600, 1566, 1499, 1476, 1435, 1396, 1373, 1262, 1212, 1194, 1175,
1142, 1098, 1016, 960, 891, 850 cm™'; HRMS (ESI): m/z: caled for
[C3H3NNaO,P]*: 562.1912; found: 562.1910 [M+Na]™; elemental analy-
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sis calcd for C;H;)NO,P: C 80.13, H 5.60, N 2.60; found: C 80.15, H
5.63, N 2.59.

18-P(O),N, biphenol/(R.R)-2,5-diphenylpyrrolidine: 67% yield; [a]p=
+111.4 (c=1.03 in chloroform).

19-P(0)-N, biphenol/(S,5)-2,5-diphenylpyrrolidine: 73% yield; m.p.
101°C; [a]lp=-111.4 (¢ = 1.03 in chloroform); 'H NMR (400 MHz,
CDCl,;, 25°C): 6=7.50-6.96 (m, 18H, ArH), 5.10 (d, *J(H,H)=5.6 Hz,
2H, CH), 2.51-2.38 (m, 2H, CH), 1.89-1.78 ppm (m, 2H, CH); “C NMR
(100 MHz, CDCl;, 25°C): 6=144.1, 130.4, 129.9, 129.6, 129.2, 128.9,
127.5, 125.0, 124.4, 122.7, 1222, 63.4, 63.1, 34.3, 33.0 ppm; *'P NMR
(162 MHz, CDCl;, 25°C): 0=149.2 ppm; IR (CCl,): 7,,,=3065, 3029,
2963, 2904, 1943, 1603, 1546, 1497, 1476, 1436, 1261, 1211, 1097, 1019,
829 cm™!; HRMS (ESI): m/z: caled for [CsH,,NNaO,P]*: 460.1442;
found: 460.1431 [M+Na]*; elemental analysis calcd for CsH,,NO,P: C
76.87, H 5.53, N 3.20; found: C 76.70, H 6.00, N 3.21.

General procedure for the Rh-catalyzed asymmetric hydrogenations at
ambient hydrogen pressure: Hydrogenation reactions were performed by
using standard Schlenk techniques. Seven flame-dried glass test tubes
with stirring bars were placed in a Schlenk, under argon. In each test
tube, the ligands (0.02 equiv, 0.002 mmol L* and 0.002 mmol L") and [Rh-
(cod),BF,] (0.01 equiv, 0.002 mmol, 0.8 mg) were weighed and dry di-
chloromethane was added (1 mL). After 30 min under stirring, a solution
of the substrate (0.2 mmol) in the appropriate solvent (1 mL) was added,
and the reaction mixtures were purged with argon, followed by two
vacuum/hydrogen cycles. The reactions were left stirring overnight at
room temperature under ambient H, pressure. Samples were taken for
chiral GC analysis.

General procedure for the Rh-catalyzed asymmetric hydrogenations at
5-25 bar hydrogen pressure in the 96-Multireactor:*! Stock solutions of
the ligands (0.0233 M) were prepared in dry dichloromethane, and stored
in a glovebox. A solution of [Rh(cod),BF,] in dry dichloromethane was
prepared prior to use (0.0175m); the substrate was dissolved in the ap-
propriate solvent. In a glovebox, 0.15 mL of each of the stock solutions
of ligands L* and L" were dispensed (using a Zinnser Lizzy robot) in the
reaction vessels (96 vessels, in a 12 x 8 plate). 0.2 mL of the stock solution
of rhodium were added, followed by addition of 2.25 mL of the solution
of the substrate (0.0311m for substrate: Rh=20, 0.0778 M for substrate:
Rh=50). The reactions were capped, and hydrogenated at the hydrogen
pressure required, overnight. After completion, the reactors were opened
and samples were analysed by chiral GC for conversion and ee determi-
nation.

General procedure for the Rh-catalyzed asymmetric hydrogenations in
the Argonaut Endeavor multireactor autoclave: The autoclave allowed
eight hydrogenation reactions in parallel in glass vessels. L* (0.01 mmol)
and L" (0.01 mmol) [or alternatively, 0.02 mmol of a single ligand], [Rh-
(cod),BF,] (0.01 mmol, 4.06 mg) and the substrate (0.2 mmol) were
weighed in the reaction vessels. The vessels were placed in the reactor
and the appropriate solvent was added (5 mL). The reaction vessels were
then semi-automatically purged repeatedly with N, and H,, before apply-
ing a hydrogen pressure and stirring. After completion of the reaction,
the reactors were opened and samples were analysed by chiral GC for
conversion and ee determination.
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