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ABSTRACT: A series of tridentate ferrocene-based amino-phosphine acid (f-
Ampha) ligands have been successfully developed. The f-Ampha ligands are
extremely air stable and exhibited excellent performance in the Ir-catalyzed
asymmetric hydrogenation of ketones (full conversions, up to >99% ee, and
500 000 TON). DFT calculations were performed to elucidate the reaction
mechanism and the importance of the −COOH group. Control experiments also
revealed that the −COOH group played a key role in this reaction.

Catalytic asymmetric hydrogenation is a powerful and
economically feasible method for the construction of chiral

organic compounds.1 Chiral alcohols are important building
blocks in many pharmaceuticals.2 Asymmetric hydrogenation of
prochiral unfunctionalized ketones is one of the most
straightforwardmethods to access them.3This powerful synthetic
method was demonstrated in Noyori’s [RuCl2(diphosphine)-
(diamine)] catalytic system with excellent results.4 Encouraged
by this fundamental study, numerous ligands were successfully
developed for the asymmetric hydrogenation of simple ketones.5

Most of these ligands are sensitive to air and are synthesized via
multistep complicated reactions with expensive chemical
reagents, which limit their application. Therefore, the develop-
ment of more efficient and practical ligands in terms of excellent
enantioselectivity and activity, tolerance of wide range of
functional groups, good air stability, and ease of preparation
remains challenging in asymmetric catalysis. Herein, we
successfully developed tridentate ferrocene-based amino-phos-
phine acid (f-Ampha) ligands by introducing easily accessible
chiral amino acids to the ferrocenylphosphine motif (Figure 1).
The highly modular f-Ampha ligands exhibited excellent
performance in Ir-catalyzed asymmetric hydrogenation of simple
ketones affording chiral alcohols (full conversions, almost all

products up to >99% ee, TONup to 500 000). Density functional
theory (DFT) calculations revealed that the carbonyl group of the
−COOHgroup in f-Ampha ligands coordinatedwith iridium, and
the −OH group was involved with the formation of O−H···
substrate interaction with a new catalytic bifunctional mode.
Control experiments identified the importance of the −COOH
group (Figure 2).

The novel f-Ampha ligands L1−L5 with high air stability were
easily prepared via a simple synthetic route (Scheme 1).6−8

Starting from commercially available (S)-Ugi’s amine 1, a one-pot
sequential reaction provided aminophosphines (SC, RP)-2
efficiently.6 The acetates (SC, RP)-3 were obtained in high yields
byheating the solutionof (SC,RP)-2 in acetic anhydride.

7 (SC,RP)-
3 reactedwith amino acid (S)-2-amino-3,3-dimethylbutanoic acid
via condensation generating ligands L1−L4.8 Ligand L5 was
synthesized to investigate the relationship between the stereo-
selectivity and configuration of the ligand, which is the
diastereoisomer of ligand L1.
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Figure 1. Ferrocene-based f-Ampha ligands.

Figure 2. Key transition state for Ir/f-Ampha-catalyzed asymmetric
hydrogenation of ketone.
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With the f-Ampha ligand L1 in hand, we started our
investigation by evaluating its catalytic effect in the asymmetric
hydrogenation of acetophenone 4a as the model substrate with
the catalyst generated in situ bymixing [Ir(COD)Cl]2 with ligand
L1 (S/C = 1000) in various solvents. As shown in Table 1, the

solvent greatly affected this transformation. Excellent results were
observed in toluene, DCM, and iPrOH (>99% conversion, 93−
94% ee, entries 1−2, 6). Moderate enantioselectivities were
obtained in THF, EtOH, and 1,4-dioxane (84−89% ee, entries 3,
5, 7). iPrOH was the best solvent in terms of reactivity and
enantioselectivity (entry 6). We also obtained the same result
when the catalyst loading was reduced to 0.01 mol % (S/C =
10 000, entry 8).
Subsequently, different bases were screened for this trans-

formation catalyzed by Ir-L1 (S/C = 10 000) in iPrOH (Table 2).
Moderate enantioselectivities were observed in the presence of
tBuOK, K2CO3, and Cs2CO3 (78−89% ee, 97 to >99%
conversions, entries 1, 4−5). tBuONa, MeONa, and tBuOLi
provided excellent results (94−96% ee, >99% conversions,
entries 2−3, 6), and tBuOLi was identified as the best choice
with 96% ee. This reaction cannot occur without a base (entry 7),
which revealed the significance of the base, although it is not clear
whether the base truly acts as the cocatalyst or activates the Ir−Cl
complex or ligand to form an active Ir-ligand complex. The
promising results encouraged us to investigate the ligand effects of
L1−L5. The results revealed that the substituents on the P atom
had an important effect on the enantioselectivity. Increasing the
size of the substituents on the P atom was beneficial to improve
the enantioselectivity (entries 8−10). Ligand L4 with the
sterically hindered 3,5-di-tert-phenyl group afforded >99% ee

and >99% conversion (entry 10). No reactionwas observedwhen
ligand L5was applied in this reaction. It indicated the importance
of configurationmatching for the reactivity and enantioselectivity.
Having established the optimal reaction conditions (Ir-L4/20

atmH2/1.0mol%
tBuOLi, S/C= 10 000/rt), we explored various

simple ketones to evaluate the substrate scope. The results are
summarized in Scheme 2. A series of alkyl aryl ketones were

hydrogenated affording chiral alcohols with excellent results
(almost all products up to >99%ee, >99% conversions). Alkyl aryl
ketones (4a−4p, 4v−4y) containing different substitution
patterns (ortho-, meta-, para-) at the phenyl ring were hydro-
genated smoothly, regardless of their electronic properties
(electron-neutral, electron-rich, electron-deficient). It is worth
mentioning that heterocyclic substrates (4q−4s) also proceeded

Scheme 1. Synthetic Route of f-Ampha Ligands L1−L5

Table 1. Screening Solvents for Asymmetric Hydrogenation of
Acetophenone 4aa

entry solvent conv (%)b ee (%)c

1 toluene >99 93
2 CH2Cl2 >99 93
3 THF >99 89
4 MeOH NR NA
5 EtOH <5 84
6 iPrOH >99 94

7 1,4-dioxane 95 87
8d iPrOH >99 94

aReaction conditions: 0.2 mmol scale, [substrate] = 0.2 M, 0.05 mol %
[Ir(COD)Cl]2, 0.105 mol % L1, 1.0 mol % NaOH, 1.0 mL of solvent,
rt (25−30 °C). bDetermined by 1H NMR analysis. cDetermined by
HPLC analysis. dS/C = 10 000. NR = no reaction. NA = not available.

Table 2. Screening Bases and Ligands for Asymmetric
Hydrogenation of Acetophenone 4aa

entry base ligand conv (%)b ee (%)c

1 tBuOK L1 >99 89

2 tBuONa L1 >99 94

3 MeONa L1 >99 94
4 K2CO3 L1 97 89
5 Cs2CO3 L1 >99 78
6 tBuOLi L1 >99 96

7 − L1 NR NA
8 tBuOLi L2 >99 96

9 tBuOLi L3 >99 98

10 tBuOLi L4 >99 >99

11 tBuOLi L5 NR NA
aReaction conditions: 2.0 mmol scale, 0.005 mol % [Ir(COD)Cl]2,
0.0105 mol % ligand, 1.0 mol % base, 2.0 mL of iPrOH, rt (25−30
°C). bDetermined by 1H NMR analysis. cDetermined by HPLC
analysis. NR = no reaction. NA = not available.

Scheme 2. Asymmetric Hydrogenation of Various Ketones
with Catalyst Ir-L4a

aReaction condition was the same with Table 2, for substrates 4q−4u,
4y−4z: S/C = 1000. The conversion was determined by 1H NMR
analysis; the ee was determined by GC or HPLC analysis.
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efficiently with >99% conversion and 96 to >99% ee. The
challenging aliphatic substrates tert-butyl (4t) and cyclopropyl
(4z) methyl ketone also worked well with moderate enantiose-
lectivities (66−70% ee). To our delight, ferrocene-substituted
ketone (4u) reacted smoothly to produce chiral ferrocene-
substituted alcohol (5u) with 98% ee, which is an important
skeleton for the construction of chiral ligands.
To shed light on the reaction mechanism, systematic DFT

(M06/6-31G*+def2-TZVP method) calculations have been
carried out by using the L1 ligand and substrate acetophenone
4a.9a,b,10Our calculations suggest that themost favorable pathway
initiates with a Ir(III)-dihydride complex (IND, Figure 3), which is
derived from reaction of the Ir(I) precursor, L1, the base, and one
H2 molecule along with dissociation of the COD ligand (Scheme
S1). Then, another H2 molecule coordinates to IND to form IIND.
The carboxylate group and metal facilitate heterolytic H2
cleavage9c with assistance of one alcohol molecule (as a proton
relay) to give an active Ir(III)-trihydride intermediate VND. The
barrier for this step is about 21.7−24.4 kcal/mol in iPrOH
solution (while the barrier is dramatically increased to 33.6−34.5
kcal/mol without the proton relay). Moreover, four conformers
for the Ir(III)-trihydride intermediate were found: VND, VNU,
VNDF, andVNUF (Figure S2).

11VND (i.e.,VND‑R1 andVND‑S1) is the
most reactive one for the subsequent rate- and enantio-
determining hydrogenation. The substrate coordinates to
VND‑R1 to form aH-bond inVIND‑R1. Afterward, stepwise transfers
of proton from the acidic −CO2H group with hydride from the
Ir−H part to the substrate9c (outer-sphere mechanism) occur.
The pathway via TS2ND‑R1 leading to the (R)-alcohol has the
lowest barrier. More steric repulsion between the Ph part of the
substrate and the ferrocene part (Figure 4) in the (S)-form
transition states than the (R)-form transition states leads to the

observed enantioselectivity (the computed ee value: 96% at 300
K). After the product dissociates, IND is regenerated for the next
catalytic cycle. Another outer-sphere pathway through stepwise
transfer from the less acidic N−H group requires much higher
barriers (about 48.0 kcal/mol, Figure S5) and should be excluded.
These results suggest the key role of the carboxylic acid group of
the ligand for this hydrogenation.
In order to further investigate the role of the−COOHgroup of

the f-Ampha ligand, we synthesized ligand L6 by replacing the
−COOHgroupwithmethyl ester. Poor conversion andmoderate
enantioselectivity were observed under the same conditions (65%
conversion, 83%ee, Scheme3) in the Ir/L6-catalyzed asymmetric

hydrogenation of acetophenone 4a. The −COOH group of f-
Ampha ligand played an important role in this transformation.
Our calculations showed that the free energy difference between
two enantio-determining (R- and S-) transition states is reduced
to 0.3 and 1.0 kcal/mol if the carboxylate group in ligands L1 and
L4 are esterified, respectively.
The Ir-L4 complex was very stable and exhibited high catalytic

activity.When the catalyst loading was decreased to 0.0002mol%
(S/C = 500 000), the asymmetric hydrogenation of acetophe-
none 4a on a 12.0 g scale proceeded well providing product 5a
with full conversion and >99% ee within 60 h at rt (Scheme 4).

Figure 3. Free energy profile for the key reaction pathways of the Ir-catalyzed asymmetric hydrogenation in solution by M06/6-31G*+def2-TZVP
method.

Figure 4. Steric map9d for intermediate VND‑R1 (the top view from the
ligand; red (more bulky) and green (less bulky)). The ferrocene part is
simplified for clarity.

Scheme 3. Control Experiments

Scheme 4. Asymmetric Hydrogenation of 4a with High S/C
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In summary, we successfully developed a series of new
tridentate f-Ampha ligands with high air stability. They exhibited
excellent performance in Ir-catalyzed asymmetric hydrogenation
of simple ketones affording chiral alcohols (full conversions,
almost all products up to >99% ee, TON up to 500 000). And the
DFTcalculations showed that the carbonyl groupof the−COOH
group in f-Ampha ligands coordinatedwith iridium, and the−OH
group was involved with the formation of O−H···substrate
interaction with a new catalytic bifunctional mode. Control
experiments identified the importance of the −COOH group.
Our f-Ampha ligands are extremely easily accessible and highly
stable with a low cost, which motivates us to explore their
application in other asymmetric reactions.
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