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Table 1.9 Combinational approach to the identification of the most active and selective
ligand combinations in the rhodium-catalyzed asymmetric hydrogenation.

MeO

O

N
H

Me

O

MeO

O

N
H

Me

OMe
[Rh(LAD)(LDA)]BF

4
(0.5 mol%),

H
2 
(6 bar)

DCE, rt 

Step 1 LAD
Do*

S

NN
H

Piv

17

Do*NN
H

Piv

16

LDA Do

(S)-17a

(S)-17b

(S)-17c

(S)-17c

(S)-17e

(S)-17f

(S)-16a

(S)-16b

(S)-16c

(S)-16c

(S)-16e

(S)-16f

Step 2
Do*

S

NN
H

Piv

17

LDA Do
(S)-17a

(S)-17e

(S)-17b

(S)-17d

(S)-17c

(S)-17f

Step 3

Do*
S

NN
H

Piv

17

Do*

NH

O

18

(S)-18a

(S)-18b

(S)-18c

(S)-18d

(S)-18e

(S)-18f

84% ee

(quant.)

79% ee

(quant.)

LDA Do (S)-17a (S)-17e

Do*

NH

O

18

(S)-18a

(S)-18e

99% ee 93% ee 87% ee

Do*

NH

O

18

(S)-18a 99% ee 99% ee

(S)-18b

(S)-18c

92% ee 89% ee 89% ee 

(S)-18e 99% ee 98% ee 

NH

N

Do*

19

(S)-19a

(S)-19b

(S)-19c

(S)-19d

62% ee

(92%)

(S)-18d

(S)-18f

82% ee 84% ee 84% ee

Reaction conditions: [Rh(nbd)2]BF4, [Rh] : LAD : LDA : substrate = 1 : 1.05 : 1.05 : 200, H2 (6 bar),
DCE, c0(substrate) = 0.3 M, 12 hours, RT. Enantioselectivity was determined by chiral GC,
conversion was determined by 1H NMR spectroscopy.
The shades should highlight the conditions which gave the highest yield and enantioselectivity.

At room temperature, both diastereomeric complexes are indistinguishable, but at
lower temperatures, one complex is favored.

The potential of this concept was shown in rhodium-catalyzed asymmetric hydro-
genation. With the ligands 20S and 20R, enantiomeric excess up to 90% could be
achieved (Table 1.10). Control experiments in MeOH showed how crucial hydrogen
bonding is to achieve enantioselectivity.
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Induced axial chirality in supramolecular structures

Asymmetric catalysis

S* = chiral substituent
 

At rt:
equilibrium

At lower temperature:
equilibrium in favor

of the more
stable diastereomer

Scheme 1.10 Induced axial chirality in supramolecular structures.

Table 1.10 Asymmetric hydrogenation of methyl acetamidoacrylate.

AcHN CO
2
Me

[Rh(cod)
2
]BARF (5 mol%),

ligand (11.1 mol%)
AcHN ∗ CO

2
Me

Me (S) O

O

O N
H

PPh
2 PPh

2

Me
(R) O

O

O N
H

Me

20S 20R

H
2
,

–10 °C

# Ligand Solvent Conversion (%) ee (%)

1 20S DCE 85 84 (S)
2 20R DCE 81 85(R)
3 20S o-DCB 93 90 (S)
4 20S MeOH 1 rac.

[Rh]/L/substrate 1 : 2.2 : 20; c(substrate) = 0.02 M; conversion and ee determined by chiral-phase
GC. BARF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.

1.4 Other Catalytic Applications

Self-assembling ligands are not limited to rhodium-catalyzed hydroformylation or
hydrogenation reactions. This methodology was successfully applied on several
reactions.

1.4.1 Hydration of Alkynes

The addition of water to alkynes is an important way to install functional groups
into a carbon skeleton. This transformation usually follows the Markovnikov rule
[27–31]. An anti-Markovnikov selective hydration of a terminal alkyne would be a
convenient method to generate aldehydes. For this unusual hydration mode, only
few ruthenium catalysts were previously reported [32–37]. Bidentate ligands [35],
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phosphinopyridine ligands [34], and the preorientation of the water molecule by
hydrogen bonding [33] seemed to have positive effects in the reported processes.
Self-assembling ligands also incorporate a pyridinyl-functionalized phosphine
group, and they emulate bidentate ligands with their hydrogen bonding system,
which might interact with water.

To obtain further insight, the hydration of 1-nonyne catalyzed by half-sandwich
ruthenium complexes with different ligands was investigated [38]. With mono-
or bidentate phosphine ligands, only low activity and selectivity were observed
(Table 1.11, entries 1–3). The 6-DPPon ligand, which should be able to self-assemble
by hydrogen bonding, showed similar results (entry 4). However, a catalyst
based on the complementary self-assembling of the heterodimeric aminopyri-
dine/isoquinolone ligands yielded the desired product in perfect selectivity with
excellent catalyst activity (entry 5). By control experiments, it was shown that the
heterodimeric ligand combination is responsible for the best catalyst (entries 6
and 7).

NPh2P N
H

Ph2P Ph2P Ph2PO

PPh2

PPh2
N
H

ON NHPiv

dppy dppe 6-DPPon 7a 8a

Table 1.11 Ruthenium complex-catalyzed hydration of 1-nonyne.

C
7
H

15 C
7
H

15 C
7
H

15

Ru
+

MeCN

L
2

L
1

PF
6

–

H

O O

Me
+

anti-Markovnikov

product
Markovnikov

product

120 °C, acetone,

H
2
O

# Cat. L1 L2 t (h) Aldehydea)(%) Ketonea)(%)

1 PPh3 PPh3 140 1.2 18
2b) dppy dppy 168 4.0 2.4
3 dppe — 168 2.1 20
4b) 6-DPPon (1) 6-DPPon(1) 168 2.1 25
5 (7a) (8a) 26 94 0
6b) (7a) (7a) 72 39 3.8
7 (8a) (8a) 48 1.9 0

a) Yield calculated from GC response factors relative to internal standard hexadecane.
b) κ1-P, κ2-P,N coordination of the phosphinopyridine with replacement of the acetonitrile

ligand.
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Figure 1.4 X-ray crystal
structure of a [(Cp)Ru(7a)(8a)
(NCMe)]+-complex (carbon-
bonded hydrogen atoms and the
PF6

− counterion are omitted for
clarity.

N

O

N

N

Piv

H

H

Ph
2
P PPh

2

Ru+ NCMe

The structure of the best catalyst was further analyzed by X-ray crystal structure
analysis and the hydrogen bonding was confirmed (Figure 1.4). This catalyst
was applied on a scope of 10 different alkynes with in almost all cases perfect
chemoselectivity for the aldehyde and good-to-excellent activities.

1.4.2 Hydration of Nitriles

Classical hydration of nitriles to amides requires very harsh conditions [39]. Transi-
tion metal catalysis offers a powerful tool to perform this reaction under very mild
conditions [40, 41]. For this reason, the hydration of nitriles to amides is an impor-
tant example of an industrially important atom economic reaction [42]. After the
successful application of the self-assembly ligands in the hydration of alkynes, it
seemed promising to apply these ligands also to nitriles. For this reason, homo- and
heterodimeric bis(acetylacetonato)ruthenium(II) complexes of the ligands 7a and
8a were prepared [43]. The structure of these complexes was investigated in solu-
tion and in solid state. Especially for the heterodimeric combination, some unusual
hydrogen bonding patterns were observed involving hydrogen bonding in between
the 8a ligand and an oxygen atom of an acac ligand (Figure 1.5).

However, the homo-complex of 8a showed the highest activity in the hydration of
p-tolylcarbonitrile (Table 1.12).

Figure 1.5 X-ray crystal
structure of a [Ru(acac)2
(7a)(8a)]-complex
(carbon-bonded hydrogen atoms
are omitted for clarity) [43].

Ru

P

O

PO

O

O

N

N

Piv

Ph
Ph

N
H

O

Ph
Ph

Me

Me

Me
Me

H
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Table 1.12 Ruthenium complex-catalyzed hydration of nitriles.

NC Me

O

Me
DME,150 °C, 22 h

[Ru(acac)
2
(L1)(L2)]+ H

2
O

H
2
N

# L1 L2 Conversion (%) TOF (h−1)

1 8a 8a 100 20
2 8a 7a 90 5
3 7a 7a <5 nd

Reaction conditions: [Ru(acac)2(L1)(L2)]/substrate/water = 1 : 100 : 200, DME (1 ml), substrate
(1 mmol), water (2 mmol), 150 ∘C, 22 hours.

P

N

O

H O H

H N

N

P

Cl

Cl
Pd

Piv

H
Ph

Ph

Ph Ph

Figure 1.6 X-ray crystal
structure of [Cl2Pd(8a⋅H2O)
(7a)] (carbon-bonded
hydrogen atoms are omitted
for clarity) [44].

1.4.3 Allylic Substitution with Allylic Alcohols

It was possible to synthesize crystals of a [Cl2Pd(8a⋅H2O)(7a)] suitable for X-ray
structure analysis (Figure 1.6) [44]. Interestingly, a single water molecule was
incorporated in the hydrogen bonding system of the complementary self-assembly
ligands.

Inspired by this interaction of water with the ligand backbone, it seemed reason-
able that alcohols might form similar interactions [44]. Especially allylic alcohols
might be directed by this interaction in a beneficial orientation with the palladium
center. Indeed, it was possible to apply directly allylic alcohols as substrates in allylic
substitution with water as the only by-product (Scheme 1.11). The common sub-
strates of classic allylic substitution catalysts are in most cases allylic acetates or
carbonates [45]. These substrates have to be prepared in an extra step and release
always a stoichiometric amount of a coupled byproduct. The palladium-catalyzed
allylic substitution with the self-assembly ligands can directly apply allylic alcohols
and generates as stoichiometric by-product only water.

1.4.4 Hydrocyanation

The nitrile group is often found in many natural products as well as in different
pharmaceuticals, agrochemical products, and functional materials [46]. The nitrile
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Ph2P

N

O

Pd

H
O

H

H X

N

PPh2
HO Nu +  H2O

Nu

14 examples
up to 96% yield

Scheme 1.11 Palladium complex-catalyzed allylic substitution of allylic alcohols directed
by substrate pre-orientation through hydrogen bonding to self-assembled ligands.

CNHO

Me Me Me Me

O

[Ni(cod)(LAD)(LDA)],
Toluene, 60 °C

CN
CN+

NPivHN P

OMe

OMe

HN

O

P

OMeMeO

7b

8b

97 : 3

96% yield

Scheme 1.12 Nickel complex-catalyzed hydrocyanation of alkenes.

group is also quite useful in organic synthesis because it can easily be transformed
into different functional groups such as amines, aldehydes, ketones, and other car-
boxylic acid derivatives [47]. An elegant method to generate these molecules is the
hydrocyanation of alkenes by the formal addition of HCN to a C=C double bond
[48, 49]. Most industrial catalysts are based on (bidentate) phosphite or phosphinite
ligands, but bidentate phosphine ligands showed also interesting reactivities [50].
Van Leeuwen et al. showed that electron poor bidentate ligands with bite angles
around 105∘ seem to have positive results on the catalysts activity [51–53].

It has been demonstrated that the complementary heterodimeric self-assembly
ligands can form Ni0 complexes, which are promising catalysts in the hydrocyana-
tion of styrenes [54]. A 5× 4 ligand matrix of ligands derived from the isoquinolone
and aminopyridine platform was used to identify the best ligand combination.
The so found catalyst provided very high activity, perfect regioselectivity, and a
good functional group tolerance in the nickel-catalyzed hydrocyanation of alkenes
(Scheme 1.12). It is worth to highlight that the best ligand combination (7b/8b)
bares electron-rich groups in contrast to previously reported catalysts, which seem
to give better results with electron-poor ligands [52].

1.5 Concluding Remarks

In this chapter, the self-assembly of monodentate phosphine ligands in transition
metal complexes by hydrogen bonding was described.

We have introduced the unique 6-DPPon ligand platform in homogeneous catal-
ysis based on the homodimeric 2-pyridone/2-hydroxypyridine system. Catalysts
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based on this platform showed an outstanding performance in rhodium-catalyzed
hydroformylation of allenes, alkynes, and terminal alkenes, in some cases even at
room temperature and under one atmosphere of syngas. Considering the limited
accessibility of high-pressure equipment in many laboratories, this is a major
advantage of this system. In addition, by introducing chiral substituents at the
pyridone platform, an axial chiral self-assembled ligand system can be generated,
which showed promising first results in asymmetric hydrogenation.

The A–T base pairing in the DNA inspired the complementary self-assembly
of heterodimeric ligands. This approach offers easy access to the formation of
structurally diverse ligand libraries. The huge advantage compared with classical
bidentate ligands is that a catalyst composed of two unsymmetrical donors is easily
realized just by mixing two complementary ligands together. For the synthesis of a
comparable classic bidentate ligand with a covalent backbone and two unsymmet-
rical donor sites, a huge synthetic effort is necessary. Using these ligand libraries,
it was possible to identify potent catalysts for many different transformations
such as hydrocyanation, hydration of alkynes, or allylic substitution. Especially
in rhodium-catalyzed hydroformylation, it was possible to generate outstanding
active and selective catalysts. These catalysts enable perfect selectivity for the linear
aldehyde even in protic solvents, which is an impressive proof for the stability of
the supramolecular ligand backbone by hydrogen bonding. Nevertheless, large
ligand libraries can still lead to a huge experimental effort to test all possible ligand
combinations. In asymmetric hydrogenation, it was possible to give an example
for the superiority of combinatorial methods to identify the most active catalyst,
compared with the classical testing of all ligand combinations (17 instead of 120
reactions).

All those findings clearly show that the self-assembly of ligands by hydrogen
bonding is a valuable tool for the synthetic chemist to use in homogeneous
transition metal catalysis.
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